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Executive summary

1 Motivation

The nced for increased food and timber production has led 10 increases in imgated and forestry lands
in South Afnca. Agnculture and forestry face increased competition for water by industnes,
mumcipahities and other groups. This ever-growing demand for water makes it imperative that water
resource management procedures and policies are wisely implemented and improved. The accurate
assessment of evaporation s essential i this is 10 be done. Funhermore, the real and'or potential
impact of global warming and climate change on all forms of walter resources increases the imperutive
for a knowledge base on water use (and productivity) of commercially-managed lands and natural
vegetation. In particular, what is the potential impact of these large-scale changes on evaporation”
Implied in this question is the definition of a standard or a benchmark for evaporation measurement or
cstimation,

The 1995 Republic of South Afnca National Water Act refers 1o the possible prescription, by the
Minister. of methods for making a volumetric determination of water for purposes of water allocation
and charges in the case of activities resulting in stream flow reduction. Given this scenano and the
above-mentioned demand on water resources it is important 10 consider how evaporation, one of the
main components of the water balance. is 10 be measured or estimated routinely with reliable accuracy
and precision.

So, what is the standard or benchmark for evaporation measurement or its estimation” This
important and fundamental question needs to be addressed 10 achieve the ideal of accurate and reliable
evaporation data, This investigation focuses on one method. using o surface layer scintillometer (SLS)
and other measurements, 1o estimate evaporation, The SLS method involves the more fundamental
aspects of micrometeorological rescarch. Advances i this field will have direct benefits to water
resources assessments and management processes. Examples of arcas not casily addressed using the
more  traditional cvaporation measurement and modelling methods  include amongst  others:
measurement of evaporation in fipanan zones. determination of open water evaporation from rivers
and dams (both lurge and small): effluem water management from saline dams in the mining
environment; measurement of evaporation from shimes tatlings: water use of trees and crops in
agro-forestry trials: remote sensing apphications; determination of bascline evaporation from natural
communitics (¢.g.. indigenous forests); imgation research.

Since John Dalion first introduced the mass transpont equation for cvaporation estimation,
numerous methods for estimating or measuring evaporation have been developed. In certain instances,
these methods are accurate and reliable: in others, they are unsuitable or unreliable for cenain surfaces
or cenain tumes or provide only rough approximations. Currently. there ts no single accepted method
capable of providing both good spatial and temporal measurements or estimates of evaporation that is
rehiable and has adequate resolution. This has been confirmed by Drexler et al. (2004) who concluded
in their review that there s no single approach that is best for estimating wetland total evaporation,
Similarly, Hanson ¢t al. (2004) concluded that no single tested model (using hourly, daily or annual
time steps ). for capturing mtra- and mier-annual forest water and carbon cvele, consistently performed
best ar all ume steps or for all vanables considered. However, they did find thar mter-model
compansons showed good agreement of water cvele fluxes.

Executive summary



Theory and practice of evaporation measurement, with special focus on i
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage of al,

South Afncan rescarchers have had good suceess with the heat pulse velocity (HPV) (Dye ot al.
1992, Dye and Olbricht 1993) and encrgy balance methods (Savage ot al. 1997). The encrey halance
is defined by the balance of energy between the net irmadince at a surface and the energy terms used
for evaporating water, heating the atmosphere. heating the soil and for photosynthesis. [Net irmadiance
refers 10 the flux density of net radiant energy comprised of the incoming solar energy minus the
reflected solar plus the incoming fong wave energy minus the outgoing long wave, Flux density 1s the
change in an entity, for example net radiant energy per unit ume per unit arca. Hence net irradiance is
the net radiant energy per unit time per unit area with unia W m ),

The HPV method for estimating sap flow 15 based on using heat as a tracer for sap flow in plant
stems. Temperature needles and 4 hester probe are inseried in the plant stem and & pulse of hewt is
apphied at regular imtervals of time. The rate of change in lemperature as measured by the needles o
known distance for the heater s related to the sap flow. However, the HPV method is suited only 1o
mono-specific stands of trees, is problematic when scaling from singhe trees 10 whole stands and is a
destructive method since the tree must be felled 10 calculate sapwood arcas and wound size. The lack
of wound size information at the time of measurement makes calculations of transpiration only
possible at the end of an experiment. Another method fo determining sap flow, the stem steady state
heat energy balance techmique. has also received atiention m South Afnica (Savage ot al. 1993, 2000),

Another traditional method for estimating evaporation. the Bowen ratio (BR) method. uses
measurements of profile differences in air semperature and water vapour pressure above the canopy,
surface net irradiance and soil heat flux densaty, The method assumes that the coefficients of exchange
between the surface and the atmosphere for sensible heat [heat ransferred from the atmosphere 10 a
surface, or viee versa, that results i o wemperature change| and latent energy are identical. Latemt
encrgy refors 10 the energy removed from a surface when water from the surface evaporates. The
evaporation causes a cooling effect duc 10 the loss of energy. The term latent 15 used since largely the
process 15 mvasible and results i no temperature chunge. The BR method, compared 10 the HPV
method, s well suned 1o mived species communities such as grassland, but s limited by constraints
imposed by both feich distances and measurement height and s essentially a point measurement.
Fewch refers 1o the upwind distance from the instrument location across a uniformly rough surface
such as a forest or a grassland until there s 3 discontinuous change in surface roughness, Thus, the BR
method is not suned o narrow stnps (e.g., ripanan zones, wetlands, ¢ic.), where fetch distances are
short, or above 1all vegetation where there are small gradients of air wemperature and water vapour
pressure (caused by the increased wind twrbulence above tall canopies) or sbove almost any surface in
the dry scason 1ypical of even the humid arcas of South Africa. These gradients may be outside the
measurement resolution of the sensors particularly when placed abose forest canopics.

The EC method is alse a traditional method for direct and point measurement of one or more of
sensible heat and lment encrgy flux density. The method uses uses high frequency (typically 10 Hz)
measurements of air tempersture and vertical wind speed (for sensible heat) and air wemperature and
water vapour pressure (for latent encrgy flux density). In recent vears, direct measurements of
turbulent fluxes have been achieved using the oddy covanance (EC) method in KwaZulu-Natal
(Monnik ¢1 al. 1995, Savage ¢t al. 19954, b). If only sensible heat flux density is measured using the
EC method. then Luent energy flux density may be estimated by also measuring net irradiance and soil
heat flux density. A drawback of EC measurements is that they. ke BR measurements. are pomnt
measurements although both sets of measurements are affected by fluxes from upwind source arcas.
However, the application of the EC method 1s sometimes problematic. The necessary sensors for
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vertical wind speed. ar temperature and water vapour pressure (or equivalent) must respond very
quickly (frequency of 3 Hz or grester) and at the same time must not show noticeable dnft, This
makes them dehcate, expensive and in some cases difficult 10 calibrate. However, more serious is the
mrflow distortions by the sensor, mast, ¢ic.. as well as the honzontal misalignment measurement
errors. In addition, there are wechnical problems because temporal co-spectra, measured at a fixed local
sensor, extend to very low frequencies, To achieve acceptable significance ofien demands averaging
periods of several tens of minutes. Such long averaging periods reduce the temporal resolution and
conflict with the requirement of atmosphenc stationarity within averaging periods.

Because of the above-mentioned theoretical and practical difficulties associated with the vanous
measurcment methods, aliernative or complementary flux measurement methods for estimating
evaporation have been sought. Recent investigations have demonstrated the potential of using a
scintillometer to measure arcally-averaged sensible hear flux density. A scimtillometer measures the
intensity fluctuations of visible or mfrared radiation afier propagation above the plant canopy of
mierest. A scmtillometer 15 an instrument that opuically measures a parameter associated with
refractive index fluctuations, over stmospheric path lengths from 50 m up 10 ot least 3 km and beyond
in some cases. from which sensible heat flux density may be calculated The refractive index
fluctuanions are caused by imterference after the radiation has been scattered by inhomogeneities of the
refractive index of air, the laner caused by turbulent fluctuations of air temperature and atmosphenc
humidity. The parameter is referred 1o as the structure parameter for refractive index fluctuations C; .
Once C] has been determined. the sensible heat flux density may be estimated from air temperature,
atmospheric pressure, offective beam height and beam path length. In contrast 10 BR and EC
measurements. scintillometers provide path-averaged results. Surface layer scintillometer (SLS)
systems have beam paths between about 50 and 250 m and large apertures scintillometer (LAS)
systems usually operate over distances of between 500 m and 3 km or even up to 10 km for
boundary-laver scimtillometer (BLS) systems.

The man objective of this project is to estimate areally averaged sensibie heat flux density using
the SLS method, previously untested in South Africa. and 10 compare these estimates with those
obtained using the more tradinonal BR and EC methods. A preliminary investigation on the use of the
so-called surface renewal (SR) method, also previously untested in South Africa, is also conducted.
The SR method s a hagh frequency, typically ¥ Hz, single-iemperature measurement 1echnigoe tha
also allows for the estimation of sensible heat flux density.

For most of the measurement methods used in this study, the use of the energy halance, requinng
measurcment of the net irradiance and soil heat flux density, s cructal. The measurements are required
together with sensible heat flux density 10 estimate evaporation, Net sradiance and soil heat flux
density measurements are made above and within the surface respectively and need 10 reflect the
spattal vanability of the surface and therefore the spatsal variation of evaporation. Auention 1o these
measurements for heterogeneous termun s all the more crucial,

This project falls within the hvdroclhimatological rescarch programme of the WRC. In this
programme the projoct will contnibute to rescarch support for water resources  assessment,
management and sustamable utilisation i South Afnca, by improving the methodologies for
monitoring cvaporation from surfaces with variable vegetation cover and water surfuces, possibly
resulting n a standard for evaporation estimation by which other methods will be judged.
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2 Aims

2.1 Project aims
The ongimal mms of the project were:

1. 10 make recommendations on the feasibility, 10 provide guadehnes for the use, and 1o specify the
lmstations of the SLS method for the estimation of arcally averaged sensible heat flux density over
heterogencous surfaces:

2. 1o provide catchment rescarchers and consultants with a practical, accurate and operational 100l 10
improve our undenstanding of comparative evaporative losses of water from land surfaces and water
bodies associated with vanous forms of land use and a range of catchment conditions,

Once the project had commenced, it became clear that as complete a set of measurements as
possible using a vanety of methods over & couple of years would be more useful than obtaining an
ncomplete set of data for a whole range of land surfaces. To that end, all measurements were oblained
from a mixed grassiand site in the KwaZulu-Natal mdlands near Pietermuntzburg. Furthermore,
became clear that the SLS measurements in solation would be insufficiemt to determine the
measurement accuracy and limtation(s) of the SLS method It was therefore necessary to perform
measurement comparsons with measurements obtained from the other methods such as the BR, EC
and SR measurement methods.

2.2 Background

This project was primanly concerned with the use of the SLS method for the measurement of sensible
heat Nux density from which path-averaged evaporation, for distances of between 50 and 250 m, can
be determined based on addiional measurements of net irradiance and soil heat flux density,

2.3 Investigation of other micrometcorological methods

2.3.1 Baseline comparisons

Prior 10 our study, the SLS method for the estimation of cvaporation had not been tested m South
Afnca.

It was our mtention 10 use the SLS method for estimating cvaporation and compare this method
with other methods of estimating evaporation and in partucular the traditional BR and EC encrgy
balance methods reponed on in a previous Water Rescarch Commission repont (Suvage ef al. 1997).
Afier the research had commenced, a fourth method was used: the SR method, also previously
untested in South Africa. for the determination of the sensible heat flux density from which latent
energy flux density could be estimated using other wrms of the energy balance.

2.3.2 Sensible heat wsing ficld measurements and estimation of evaporation
We wished 10 compare the SLS mathod with other evaporation methods that also use encrgy balance
measurements of net smadiance and soil heat flux density and use the SLS method for cstimating

cvaporabion i a mived grassland community for almost two years and compare the SLS estimates
with

(1) BR energy balunce estimates of evaporation:
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(i) EC estimates of evaporation using EC measurements of sensible heat flux density and the net
irradiance and soil heat Mux density 1erms of the energy balance:

(1) prehiminary measurements of sensible heat flux density using the SR method for estimating
cvaporation. The SR method was not pant of the ongmnal proposal but was subsequently
rescarched as pan of a preliminary investigation,

In the process of testng the vanous methods, scasonal estimates of evaporation for the grassland
sie using both SLS and EC methods were collecied and the impact of mowmng and buming
nvestigated.

2.3.3 Laboratory investigations

Our aim was 10 mvestigate {f a cooled dew point murror, ofien used as pan of BR equipment. could be
replaced by a cheaper sensor that reguired much less maintenance and avoided the possibility of diuta
loss. The dew point marror used required a weekly service and resulted in unscceptable data whenever
the mirror inexplicably iced up,

3 Products

Products include a new method for estmating arcal averages of latent energy (evaporation) over large
and hewcrogencous surfaces, with recommendations on its use, feasibility, and limuations under
varous conditions. In addition, the theory and practice of a number of evaporation measurement
methods s presented.

Target Waler resource managers: rescarchers in the following sectors: agnculture, forest, miming,
agroforesiry: caichment management agencies or any group interested in understanding and

quantifying evaporative processes.

Application To provide catchment managers with a practical means of sccurately quantifying and
comparing cvaporative losses of wuter from land surfacces and water bodies assocated with vanous
forms of land use and a range of catchment conditions.

4 Structure of report

Chapier | introduces the study, emphasising that currently there 1s no single accepable method for
cvaporation measurement or estimation that 1s capable of providing both good spatial and 1emporal
data of evaporation that is reliable and has adequate resolution. Additional arguments are presented 1o
Justify the need for the investigation,

An imtroduction 10 wrbulence and a brief introduction 10 scintillometry, and the Monin-Obukhov
similanty theory (MOST) upon which the SLS method is based, s presented in Chapter 2. The
Muonin-Obukhov similarity theory is a widely-accepted body of semi-empirical theory of atmosphenc
turbulence, assuming similanty between fluxes, that allows the dimensionless stabilny faciors for
s¢nsible heat flux density 10 be estimated from the so-called Monin-Obukhov length. In establishing
the link between turbulence and energy, the vanous radiation and energy balance components existing
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at the surface is discussed first. Following this, the Kolmogorov cascade theory of turbulence 18
discussed. A discussion on eddy structure and stability functions leads 10 the Monin-Obukhov stability
Iength and the Momn-Obukhov stability theory., Methods for the measurement or estimation of
sensible heat flux densaty., including the scmtillometer method are discussed. Most of these methods
mvolve turbulence theory for the estimation of sensible heat flux density and application of the energy
balance which in wm allows evaporstion 10 be estmated. The theoretical basis of various methods,
with special emphasis on the scintiliometer method. for the estimation of sensible hewt flux density, 1s
presented.

Chapter 3 15 devoted solely 10 the SLS method and the logistics of estimating evaporation from
SLS data. The methodology assockned with the use of the dual-bcam SLS method s discussed in
dewail, The procedures associated with the crucial siep of beam alignment are presented as are the
procedures for error-checking the data post-data collection. The seasonal march of the percentage of
error-free data 1s discussed. The assumption of a horizontal beam above a horizontal surface, required
by MOST. is also investigated by comparison of non-horizontal beam SLS measurements with
simultancous EC measurements. Also, for a himnted time. SLS measurements at 4 very Jow beam
beight were compared with EC measurements, An crror analvsis is undertaken 10 determine the
worst-case seenano influence of the mput data on the measured sensible heat flux densaty as well s
the influence of net irmadiance and soil heat flux density on the estimated evaporation. In a sense. these
so-called errors reflect the spatial vartability in the surface cover,

Chapter 4, the bulk of the repor. presents the comparisons between the SLS, BR, EC and SR
scnsible heat flux donsity measurements and cvaporation estimates ot various time scales: 2-min,
20-min, and daily. Pecuhiarities of the collected data such as the asvmmetrical nature of the diumnal
sensible heat flux density curve and the so-called coumer-gradient lment energy flux densities, also
receive atiention n this chapter. Also, a footprint [which refers 10 the relative contnibution of upwind
surface sources 1o the measured flux density ] model is improved upon and used 10 calculase three key
footprint parameters: the peak location of the footprint. the footprint fraction itsclf and the 90 % fetch
10 measurement height ratio. the relive contribution of upwind surface sources 10 the measured fluy
densaty. This chapter 1s also concerned with BR measurements and in particular the replacement of 4
cooled mirror dew point sensor by a thin film polymer capacitive sensor

Chapter 5 s concermed with seasonal evaporation aspects of the collected dma over the 1¥-month
penod. The mfluence of a fire and two mowings af the site on the evaporation estimations is also
discussed.

Chapier 6 presents the overall findings and recommendations for future research.

5 Results and conclusions

The vanous methods used for the estimation of evaporation are discussed, particularly with reference
to thewr theoretical basis and instrumentation requirements. The operational procedures for use of the
surface layer sciillometer (SLS) method s discussed in detml. The procedures for checking the
mtegnity of the data in real-time are high-lighted s are the post-data collecuion rejection procedures.

Surface layer scmtillometer measurements were performed af the Hay Paddock sie near
Prctermantzburg for most of 2003 until November 2004, The system allowed for the real-ime
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estimanion of sensible heat flux density every two minutes. For most of the swudy, the amomatic
alignmem option was enabled except near the end of the study. Without the use of the amomatc
alignment option, measurements were someumes possible for penods of five davs and longer. Longer
penods would be possible theoretically with an increased beam height and or a decreased path length,
In addition 10 the SLS sensibic heat flux density measurements, an encrgy balance system was used 10
measure the sol heat flux denssty and the net irrsdhance from which the latent encrgy Nux density was
calculsed as a residual using the energy balance.

5.1 The logistics of estimating latent energy Nux densities from raw surface laver
scintillometer data

The logistics of estimating latent energy fluy density from SLS data was the focus of a thorough
mvestigation,

5.2 The rejection criteria for the exclusion of out-of-range and “bad™ or doubtful data
We successfully used logical rejection cniteria 10 exclude SLS measurements where necessary. Data
rejection or filtering procedures were apphied in Excel 10 the sensible heat flux density 2-min values.
Sensible heat flux density values were repected, blanks were created or data recalculaed:

* if the percentage of error-free data was less than or equal 10 25 %e. data were rejected;
* if the mner scale of refractive index fluctuations was less than or equal 10 2 mm data were rejected:
* for nussing data, designated by zeros, a blank cell was used for sensible heat flux density:

* the sign of sensible heat flux density was assigned depending on the measured  vertical air
temperature gradionts,

5.3 Error considerations of the surface scintillometer method

The percentage of "acceptable® 2-min SLS sensible hest flux density measurements for the daytime
hours (taken as 06h00 to 18h(0) showed lintle scasonal variation and was consistently high - between
86.7 "o and 94K % for the 22-month penod. The nighttime vanation in the percentage had a more
pronounced seasonal pattern with the lowest percentage acceptable measurements occurming between
January and March of cach year. The lower nighttime percentage values were due 10 the effects of dew
and mist. Included in these percentages are the times for which the electncal power was interrupted,
At worst, this period was no longer than a day or so. Other munor interruptions, usually Jess than two
days in duration, were due 10 an accidental fire and accidental cutting of the cables. The average
percentage error-free data varied between 62 and 835 % for the 06000 10 I8RO0 period and 33 10 73 %
for the nighttime. The lowest percentages were during the summer runfall period (September 1o
March), presumably due 10 the influence of rain ¢cvents on beam fransmission

For the SLS measurements, a sensitivity analysis was used 1o determine the relative importance of
the data inputs of air temperuture. atmospheric pressure, beam path length and beam height on
sensible heat flux density estimates. Beam height was the height of beam above the level -2 at
which the wind speed is assumed 10 be 0 m s, In addition. errors in the measurement of soil heat flux
density and net irradiance also affected the estimated latent energy flux densiny.

The influence of surface slope on sensible heat flux density measurements was investigated by
altening the height of the receiver relative to the transmitter. Theoretically, a non-honzontal beam
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relative 10 a honzontal surface, or vice versa, wvalidates MOST. A recerver 1o transmtier verical
height difference of 1.0 m was used 10 alter the effective slope, For measurements performed over five
days, there was no significant consisient difference between 2-min SIS and EC sensible heat flux
density measurements in spite of the fuct that MOST s mvalid for a non-honzontal beam.

The mfluence of beam height was imvestigated by also aliering the height of the mmsmitier and
receiver units. For most of the study, the beam was about 1,68 m above the soil surface with
vegetation height varying between virtually 0.0 m and @ maximum of 1,13 m. The effective beam
height therefore vanied between 082 m and 1,68 m, The lowest beam height used was a height of
0.5 m. The comparison between sensible heat flux density measured using the EC and SLS methods
showed that the SLS measurements were not significantly influenced by even this low beam height,

Worst-case crrors i atmosphenc pressure, ar temperature, beam path length and beam height
resulied in fractional errors in sensible heat flux density of 10015 0015, F0.03 and =0
respectively. Clearly, the beam hetght above o < = needs 1o be accurately known as the error in beam
betght contributes the most 1o the overall error, Overall, the worst-case 1otal fractional error in sensible
heat flux density was < 0,053 and the typical fractional error amounted to < 0.032.

The error m estimated latent energy flux density from independenmt measurements of the energy
balance components depended on the error in the SLS sensible heat flux density und errors in
measured net irradiance and so1l heat flux density. Most-often however, the error in SLS sensible heat
flux density was smaller than the error in net irradiance and soil heat flux density measurements.
Using four 1o five soil heat flux plates and averaging thermocouples, we investigated the sctual
variation in soil heat flus density over an arca of about a square metre. Using this information as well
as other eror values from the literature, including measurement error in net irradiance, we estimated
the ceror in laent encrgy Nux density. The scasoral vartation in the crror in latent energy s gencrally
less than 0.2 mm day™ (0.39 MJ m*) in winter when the daily evaporation rate was around 1 mm day”’
(2.45 MJ m~) and typically less than 0.4 mm day”’ (0.98 MJ m™) when the evaporation rate excecded
4 mm day” (9.8 M) m™), The mcasurement with the greatest contributing crror is the soil heat flux
density measurement. Care therefore needs 10 be exercised to ensure that sl heat flux densaty
measurement procedures do not compromise the estimates of lament energy flux densuy using SLS
sensible heal measurements. The same caution would apply 10 BR estimates of latent encrgy flux
density and the EC method when only sensible heat flux density s measured and latent energy flux
density 1s estimated using the net irmadiance and soil heat flux densay encrgy balance components,

5.4 Ficld comparison of evaporation measurements using surface laver scintillometry,
eddy covariance, Bowen ratio, and surface renewal methods

The musin amm of thas research is 10 mvestigate dual-beam surface layer scintillometer (SLS) estimates
of sensible heat flun density wlso obtained using the following methods: Bowen ratio (BR), eddy
covariance (EC), reference evaporation, and surface rencwal (SR). These measurements and
measurements of net irradiance and sorl heat flux density allowed cvaporation 10 be be estimated as »
residual using the energy balance. The influence of wind direction, in particular winds perpendicular
and paralicl 10 the SLS beam. on these measurement comparnisons s examined. Since the measurement
height of the various instrumemation was necessarily different. the relative contribution of upwind
surface sources 10 the sensible heat flux density measured at u height above the canopy surface was
investigated using a footprint analysis.

Exceutive summary



Theory and practice of evaporation measurement, with special focus on x
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

In order to obtiin nccurale compansons using the BR method. we also investigated the possibility
of replacing the ofien problematic Dew-10 cooled dew point mirror usually used with such sysiems
with a thin film polymer capacitive sensor such as a Vaisala sensor. The mam disadvantage of the use
of a Vaisala sensor is that two measurements, relative humidity and 1emperature, from two different
sensors was required  for the estimation of the wrstream water vapour pressure, A laborutory
experiment showed that potentially, 3 Vaisala CS300 and the predecessor of the Vaisala HMPASC
could replace the Dew- 10 sensor. A four-month field-companson between 20-min latent energy flux
density obtained using the HMPI5C and a Dew- 1) sensor (6002 data points) yvielded a slope of 0.993%
and y-intercept of -0.095 W m™. This excellent agreement shows that the HMPASC would be a
cheaper and adequate replacement for the Dew-10 cooled mirror sensor. Furthermore, the HMP4SC
requires no servicing compared 10 the Dew-10 which requires o bias adjustment and mirror cleaning
cach week. The water vapour pressure measurement noase Tor the HMPASC sensor was greater than
that for the Dew-10 but the average water vapour pressure profile difference for the two sensors was
highly correlated (slope of 09334, »* = 095899, n = 12965). The HMP43C sensor used was not as
accurate as the Dew-10 but the resolution of the HMPA3C profile difference measurements was better
than the mimimum resolution of 0.01 kPa required for BR measurements when averaged over 20 min,
The even cheaper Vaisala CS300 sensor was also used for ficld measurements. Companson of the
HMP45C with the CS500 vielded a slope of 1.0236 (© = 0,9956, n = 213), The CSS00 sensor
exhibited greater variation in measured water vapour pressure mainly as a consequence of greater
variation in iemperature using the CS500 temperature sensor even when compared to the HMP4ASC
iemperature sensor. In spite of this, the resolution i the CS300 water vapour pressure was beter than
0.01 kPa. The water vapour pressure vanation could be reduced by replacing the temperature sensor
with a thermocouple. These findings will make BR measurements of evaporation considerably
cheaper, more relable than in the past and casicr to assemble.

Polar diagrams were used 1o show that dunng dayvtime hours. the wind vector wind direction 1s
generally from the SE (180 10 2707) but sometimes from the NW (0 to 90%), The SLS beam was
ahgned from 20" cast of S 1o 157 W of north - almost from S 1o N. The largest SLS and EC differences
in the daily sensible heat density occurred for the 0 10 607 wind direction, These winds were from
residential arcas and the fetch more imited than the other wind directions. However, there were many
days when the wind direction was almost perpendicular 10 the beam and seldom paralicl.

The footprint model of Hsich et al. (2000) was corrected and extended 1o include a surface with a
zero plane displacement height, The more unstabie the stmosphernic conditions, the closer was the peak
location of the footprint 10 the measurement position. For convectively unstable conditions, the peak
location was within metres of the measurement position. Generally, duning the dayvtime hours, the
10021 ferch 1o measurement height ratio is we stringent for the atmosphenc conditions experienced.
The general stability condition for the 9 am 1o noon hours 15 not the same as that for the noon 10 3 pm
peniod. Surpnisingly, the moming hours are generally more unstable than are the afiernoon hours. This
asymmetry in stability ofien results m asymmetrical diurnal sensible heat flux density curves.

The gencral agreement between the 2-min SLS and EC measurcements was very good. The EC
measurements showed greater vanability since they are pont estimates. The SLS measurements
represent @ linc-average and were much less varable. The cormespondence between the two
measurement wechmgues improved when there was reduced turbulence, particularly for uniformly
cloudless days and before 10 am and afier 2 pm. There did not appear 10 be a consisient bias between
the two measurement methods. This implies that the correct value for the zero plane displacement
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height, based on two-thirds of the canopy height, was chosen. The 2-nmin SR sensible heat flux densaty
wis more variable than the other methods (error mean square of 2299.1 W m™ when compared with
SLS measurements). Averaging SR measurements over 20 mun is recommended.

Latent energy flux density 1s estimated as o residual from the energy balance cquation, Negative
latent energy values correspond 1o normal evaporation but cases were found when the knent energy
flux density was positive for briet periods. Positive latent energy flux density values conrespond to the
magnitude of the sensible heat flux density exceeding the available heat flux density. Counter-gradient
fluxes of sensible heat were detected. Some of the selected data displayed show that counter-gradent
fluxes may be associated with large reductions in solar irradiance but were shon-lived.

The BR 20-min mcasurements of sensible heat and latent energy flux density were in good
agreement with the corresponding SLS, EC and SR estimates. Examples of this correspondence were
selecied from the large data set collected. There was no consistent under- or overestimate m the SLS
sensible heat flux density meusurements compared 1o the sensible heat flux density messurements
from the three other methods. The magnitude of the SR sensible heat flux density meassurements, if
anything, tended 10 be less than the sensible heat flux density measured using the other measurement
methods and therefore tended 10 overestimate the latem energy flux density. The SR method is the
least expensive n terms of instrumentation and datalogging requirements. The good agreement
between the different measurements s remarkable considening the different underlving theory of each
method, the differemt measurement  heights,  different  footprints.  differing  spatial  scales of
measurement (1.¢.. point measurements s path averaging) and differing measurement frequencies.
Furthermore, it would appear that the EC sensibie heat flux density measurements do  not
underestimate as stated in the literature,

Comparisons of the daily estimates of sensible heat density for EC and SLS 1echniques showed
good agreement (error mean square of 0.188 MJ m™ which 15 equivalent to 0.077 mm). These
compansons were separaied out according 10 wind direction which showed that best comparisons
between EC and SLS measurements were obtaned for the 180 10 270" wind directions (error mean
square of 0,171 M) m~ compared 10 0.229 M) m” for the 0 10 90° wind directions). The 0 10 90" wind
directions corresponded 10 wind from residential areas and relatively limied feich.

Measurement comparisons over a penod in excess of 35 davs showed that the ECopen svstem
daily latemt encrgy density measurements had a vanable relationship with danly latemt energy density
estimated using SLS measurements. net irradiance and soil heat (error mean square of 0,632 M m~,
= 0.239). Daily esumates of latent energy density for the SLS and EC techniques were compared
for a penod of about 250 days duning 2003, The 95 %6 confidence bands for a single predicted value
were within 0.5 mm of the regression line and the crror mean square was 0,295 MJ m~ or about
0.12 mm. There wis no statistical difference between daily latent energy density estimates oblained
using the EC method based on point measurements and the Jine-averaged estimates obtained using the
SLS method.

5.5 Estimation of seasonal evaporation wsing surface laver scintillometer and eddy
covariance measurements

The mamn aim of this rescarch is to nvestigate the apphication of the dual-beam surface layer
scitillometer (SLS) and eddy covanance (EC) methods for estimating evaporathion in an open and
mixed grassiand community i a summer rainfall arca. Evaporative water loss is ofien the larpest
component of the hydrological eycle and is usually calculated as the remainder 1erm of the soil water
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mass balance. Quantifymg the total cvaporative loss s difficult but necessary for an informed.
objective long-term management plan of catchment areas. Determination of 1otal evaporation from a
grassland site 1n the midlands of KwaZulu-Natal. South Africa (-29.617" S, 304177 E. alutude of
706 m with a very shight slope) was camed omt over eighteen months (mid January 2003 10 June
2004). The measured sensible heat flux densiy, net imadiance and sml heat flux density were used 10
estimate laent energy flux density every two minutes. The 2-min cstimates were then wtalled for cach
day for the 6 am 10 6 pm penod. The esttimates from the SLS and EC methods were averaged for cach
day. The dmly valves were 1otalled to form a monthly total, The scasonal trend in latent energy density
(evaporation) and the impact of the mowing and fire treatments over the 1 8-month period s discussed,
Afier the 2004 mowing. the Bowen ratio increased significantly. Following the removal of vegetation,
the sensible heat daily 1otal increased and the latent energy daily 10tal decreased. The levels were
maintamed for nearly two months, except for rumn days.

Pricstiey-Taylor evaporation was a poor estimate of evaporation amounts duning this period with
below-average expecied rinfall, overestimating the measured evaporation. The evaporation 1otal of
673 mm for 2003 and 306 mm for the finst six months of 2004 exceeded the ranfall 10tals of 532 and
248 mm respectively. The magnnude of the daily 1otal lmtent encrgy density typically vaned from a
summer maximum of about 12 MJ m™ (4 mm) 10 a winter scason minimum of 2 MJ m”~ (Jess than
I mm). The SLS and EC methods were shown 10 be suitable for long-term monitoring of daily total
evaporation and capable of detecting the offects of management fires and mowing.

6 Extent to which contract objectives have been met

Owr research has taken the contract objectives further than was onginally envisioned. We have.

o nvestigated evaporation measurement using Two methods not previously tested in South Afnca: the
SLS method and the low-cost SR method;

* thoroughly investigated the SLS method and identified the sources of crror(s) in the estimation of
surface evaporation using this method including the influence of beam angic and beam height on
sensible heat flux density measurements;

» made extensive comparisons between SLS and EC methods of estimating evaporation using the
energy balance ax well as performed comparsons with direct measurements of EC evaporation that
do not involve use of the energy balance:

* identified the pracucal imntations of the BR method and presented duta using a replacement sensor
for the commonly-used dew point marror svstem:

» made comparisons between SLS. BR and EC energy halance estimates of evaporation for a penod
of 1en months,

o mvestigated footprint aspects of the SLS measurements. An improved footprnt analysis framework
was apphied 10 the SLS measurements:

o made prehminary comparisons of sensible heat Nux density between the SR and SLS methods:
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« obtamncd a sct of cvaporation data using SLS and'or EC measurcments for an open and mixed
grassland community in 3 summer rainfall arca for a penod of 22 months.

7 Future research

7.1 General comments

One of the major Hmnations 10 real economic growth of South Africa is the limitation imposed by
imadequate water resources 10 support the given human population and their actvities. Evaporation s
a process whereby water is used consumptively. The measurement and'or the estimation of
evaporation 1 key 10 quantifying this consumption in relation 10 the productive or beneficial use of
water. Also, the quantification of water use can assist management in shifling from less 10 more
productive consumptive water use and therefore rescarch inlo evaporation measurement or its
estimation 18 crucial 1o South Africa.

7.2 Large aperture scintillometer and surface laver scintillometer comparisons

Our research has concentrated on the use of the SLS method. There was insufficient time o extend the
focus 10 comparisons with » large apenture scintillometer (LAS). Such a comparison would prove
useful and allow evaporation measurements to be scaled 1o pixel size with greater confidence.

7.3 Bowen ratio methodology

Our rescarch has concentrated on energy and water movement exclusively and therefore has ignored
the important aspect of plant productivity in terms of the amount of water used. We believe that the
BR rescarch needs 1o be extended 10 rescarch on a BR carbon dioxide and water vapour system. Thas
rescarch would allow such a BR CO; system 10 determine waler use efficiency m real-time.

7.4 Surface renewal methodology

Prelimmary but important work on the SR method s reported on m this report (Chapter 4). Given the
simphicity of the method theoretically and practically, the results found and that 1 s relauvely
mexpensive, the method cenainly deserves funther investigation.

7.5 Soil heat Mux density and net irradiance influences

This repont has shown the impontance of the energy balance components net smadiance and soil heat
flux density measurements for estimating laent energy fluy density from a measured sensible hea
flux density measurement. Since these measurements are required for both SLS and LAS
measurements, future rescarch would need 10 consider these two measurements 10 more detail, In
particular, for shont vegetation and for heterogencous terran, the measurement of sl heat flux densaty
closer 10 the surface requires attention.

7.6 Collected data not used in the report

It appears possible 10 use canopy temperature and remote sensing techniques for the determination of
sensible heat flux density if measures of acrodynamic resistance are also possible using the SLS or
LAS methods. In view of the possibility of “areal™ measures of sensible heat flux density, it may then
be possible 10 alse calculate surface evaporation from estimates of net mradiance and soil heat flux
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density. Furthermore, the temperature vanance method, used together with measurements or estimales
of the frction velociy, needs 10 be mvestigated as a possible method for the estimation of sensible
heat flux density.

7.7 Technology transfer

In & sense. this project has already resulied in technology transfer. The results produced carly on were
valuable and resulted in much greater confidence in the use of the EC method for the measurement of
sensible heat flux density. This confidence did not previously exist. Furthermore, the results of 2004
have confirmed the suspicion that BR measurements would be made more reliable by introducing a
sensor replacement for the cooled dew pomnt mirror sensor. Furthermore, preliminary imvestigations
mvolving the use of the SR method, indicated that this technigue can be implemented at locations
where data logging capability currently exists as s the case for automatic weather stations.

It s proposed that a vanety of methods be used 10 transfer some of the technology of the rescarch
investigated here: small workshops, conference workshops and c-mail interest groups. A cooperstive
cffort 15 needed. The WRC has been proactive in this regard through a call for solicited rescarch
proposals on cvaporation measurement or cstimation. Technology transfer forums should encourage
young scientists as much as possible. These processes would quickly permin the wansfer of the
technology described in thes report

Much of the rescarch described here has already benefited students, rescarchers and 1echnical staff
at the University of KwaZulu-Natal and the CSIR.

It i the mtention 10 publish parts of this repont in scientific journals and present the results wt
conferences. Speaifically., the error analvsis of Chapter 3, the role of wind direction on the SLS and
EC comparisons in Chapter 4. the compansons between BR measurements for the vanouns sensors
used, the footprint analysis and the seasible heat measurement comparnisons between the vanous
methods used m this repont could be published and'or presented at sciemtific  conferences,
Furthermore, 1t 1s envisaged that at keast two PhD theses will siem from this project.

8 Capacity building

The SLS results produced carly on in this project were extremely valuable and resulied in much
greater confidence in the use of the EC method and also confidence in the SLS method for the
meusurement of sensible heat. So these methodologies can be used by rescarchers and studemts with
confidence,

Mr Rasool (ex CSIR) and Mr Naba (both previously disadvantaged individuals) have funhered
their technical traming by completing the course on: Environmental Instrumentation for the Life and
Earth Sciences 1in 2002, Both wechmicians are now capable of servicing the micromeicorological
instrumentation associated with this project.

Ms Jarmain and Dr Everson attended a course on the Linux operating svstem used for the open
path EC system.

Ms Jarmain has been trained 10 use the open path EC instrumentation and the LAS system.
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In 2003, Dr Everson visited the Metcorology and Air Quality Group, Wageningen University,
Wageningen, The Netherlands,

A PhD student (Mr George O, Odhiambo) s using the experiment as the subyect for a PhiD thesis
on SLS. Mr Michacl G, Mengistu 1s also using the SLS and SR methods for a PhD registration as part
of his rescarch, A third student will use the method as pant of his PhD rescarch. Two other students
from Zimbabwe are making plans 10 undentake postgraduate study starming next year on the use of o
or more of these evaporation methods for imgation rescarch (one masters student and one PhD
student). Another student from outside South Afnica, that has been accepted for PhD study in the arca
of energy and water relations, would be involved in these techmigues. He is in the process of applying
for a study permit.

Studems from various undergradunte courses have visited the site for practical demonstrations on
the various methods for evaporation estimation,

In addition, studems and rescarchers from Swaziland and Mozambigue spent 8 morming visiting the
rescarch site and receiving instruction on the use of scintillometers,

Scintillometry is a new echnology 10 Afnca - we have confirmed that there are no other SLS units
available in Afnica. There are however some LAS units in operation, With any new technology. a
great deal of effort is needed first 10 understand 1t and spply it Capacity has therefore been built
terms of this now technology m all the members of the project team. The success i the use and
application of the methodologics has been encouragmg and advantage should be taken of this.
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10 Statement regarding the archiving of material

The raw data has been archived 10 one DVD (SLS DATAL and 10 a second as o backup
(SLS_BUDATAI1). The subdirectory structure for the raw data 15 contamed in the file read_me.txit
contained mn the root subdirectory, All of the SLS data 15 space delmited. The EC. BR. SK. enerpy
balance and automatic weather station data are comma delimited. The worked data (that s, Excel
spreadsheets, files for the graphics created including Plotit and Origin graphics files) has also been
archived 1o one DVD (SLS_DATA2) and 10 a second as a backup (SLS_BUDATA) The report itsell
has been converted 10 a number of pdf files

11 Information about this report and data handling

Initsally the Microsoft Word (2000) word processing software package was used for entering text for
this report. In the final repon stages, the deskiop publishing program Corel Ventura 10 was used
Virtually all of the computer graphics were generated using Plotit 3.1 and version 3.20k (Scientific
Programming Enterprises, Haslet, Michigan), TextPad 4.6.2 was used for combining SLS and data
logger files. The data required 1o generate the graphics was copied from Excel to Plotit using the
Windows clipboard and suved in Plotn as 1x1 files. The Plotn graphics were either copied 10 the
Windows chipboard and pasted individually directly imo Ventura frames or exported from Plott as
wmf files and then imponied into Ventura. Some of the soientific graphics were gencrated using
Ongm, version 7.5 from OrigmbLab Corperation and copied 10 the Windows clipboard and pasted
directly in Ventura frames. The report was printed using & Hewlett Packard Laserdet 4 printer at the
600 dpi by 600 dpi resolution. Mast of the calculations for this repont were performed using MicroSoft
Excel (version 2002),
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A List of Figures

Fig. 1.1 (a) The EC system that allows measurements of the three components of wind velocity as well
os air temperature w1 10 Hz; (b) a SR thermocouple for measuring air temperature at 8 Hz that then
allows sensible heat flux density 1o be determined: (¢) the SLS beam when viewed at the receiver. The
SLS method involves meassurements of the transmission propertics of a laser beam across a distance of
between S0 and 250 m: (d) the BR system consists of a pair of air temperature and water vapour
pressure measurements, net irradince and soil heat flux density: (¢) the EC open path system showing
the open path sensor (white, upper nght of the must), (1) the SLS receiver (bottom right) and the
trunsmitier is shown at the 1op lefi comer. Also barely in view at the top is the BR equipment as well
as the EC sonic anemometer 6

Fig. 1.2 Top: Map showing the location of the site: bottom: acrial view of the experimental sie 8

Fig. 2.1 Diagrmmmatic representation of the two-dimensional mternal boundary layer problem tafter
Rosenberg 1974, Oke 1978, Brutsaen 1982, Raupach and Legg 1984 and Heilman et al. 19589) 18

Fig. 2.2 The energy spectrum E{x) associated with turbulence for a range of wave numbers x for the
vanous boundary laver flows (tuken from Kaimal and Finmugan 1994): A corresponds 1o regions of
encrgy production, B 10 the mertial sub-range of turbulence and C 10 the dissipation range where
kinctic energy i convened 10 mtemal energy acting 1o rase the temperature of the lud. The mtegral
length scale of turbulence 1s denoted A and ndenotes the Kolmogorov microscale of length 27

Fig. 2.3 An illustration of the mange of eddy sizes, from the mner scale /| 10 the outer scale L, and the
corresponding wave numbers. The different turbulent ranges, based on Fig. 2.2, are shown. The term
“variance range” 15 wken from Green (2001). For the SLS method, the dissipation range 15 used 3l

Fig. 2.4 The so-called Hill spectrum showing f_ as a function of k7 . The hump in the dissipation
range of wrbulence 1s evident, The Hill spectrum was denved from iemperature fluctustions assuming
they dominate refractive-index Mluctuations at optical wavelengths 47

Fig. 2.5 A factor, used by Wesely (1976) for estimating C'; from €, (Eq.2.39). mvolving the Bowen
rato [ Assuming correlation between air temperature {luctuations 77 and water vapour pressure
fluciuations ¢, for Bowen ratios greater than 1, the factor exceeds 0.942 and for factors greater than
0.97 the Bowen ratio would have 10 be greater than 2 4X

Fig. 3.1 Schematic of the rescarch site and sensor placement. The diagram is 10 scale (- scale shown at
bottom right in metres). The SLS transmitter and receiver positions are indicated by SLS T, SLS R
(generally with the dual-beam 1.5 m above canopy in 2002 winter and 0.8 m in 200172 summer), the
two EC systems are indicated by ECAT (100-mm somic path at a height of 1.5 m above the soml
surface) and ECopen (150-mm sonic path at a height of 2.67 m above the soil surface) indicates the
open path L1-7500 water vapour pressure and carbon dioxide concentration sensor; the energy halance
system (net irrudiance. soil heat flux density, soil water content, soil temperature, canopy lemperature,
fine wire thermocouplies for air temperature profile measurements) before the 2003 accidental fire s
indicated by EB; the BR system 1s indicated by BR which was subsequently used as an energy balance
and weather station svstem afier the acoidental fire: the automatic weather station system s indicated
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by AWS (in operanen for day of vear 31 w 138, 2003) the two SR thermocouple positions, not
shown, were adjacent the ECAT position 6

Fig. 3.2 A schematic of the SLS system: the swiich-box, the signal processing unit (SPLY) and the
personal computer (PC) and associated batienes. battery chargers and mains power supply were all
housed o a temt 1o prevent water damage, The power requirements of the switch-box are typical for a
transmitter o recover distance of 101 m and a recover 10 switch-box distance of 50 m. The
transmatter and recerver SLS unns also require mmpod stands 68

Fig. 3.3 A side-view schematic of the SLS40-A transmitter. OF partiicular note for alignment purposes
15 the embedded alignment hole and the three positioning screws - one ts obscured 66

Fig. 3.4 An illustration of the error of parallax problem when viewing the distant laser ot the receiver
alignment hole. The problem s avorded by standing back some five or more metres from the receiver
so that the two circles converge or ensuring that the two circles are concentric as is the case shown for
the middle set of circles 70

Fig. 3.5 The SLSRUN version 2.24 stant-up screen showing the five different menus used as well as
some of the input data and options specified 71

Fig. 3.6 The SLSRUN start up scroen showing the selection of the Alignment option and the two
sub-options: Level Sereen or Automutic alignment T

Fig. 3.7 The options for avtomatic beam alignment. Routncly, the beam is first centred five or more
1mes 7

Fig. 38 For measurement of the background und crosstalk values, ¢lick on Settings and then
Background Measure Background. Prompts are displayed on the sereen for when to block both beams,
the one beam and then the other beam [

Fig. 3.9 The rear of the SLS40-A receiver with the buck metal plate removed. The two rows of dip
switch settings shown are used 10 set different voltage settings for cach of the two SLSS0-A beams
(Tabic 3.3) 74

Fig. 3,10 Temporal varation, for the 1X-momth penod, in: (a) and (b) bottom 1we graphs - percent of
acceptable 2-min SLS sensible heat flux density measurements for the 06h00 10 18h00 period and for
the 18M0 to O6H00O penods respectively: (¢ and (d) 10p two graphs - the average 2-min SLS Nok%
values for the 0600 to 18h00 period and for the 18hO0 10 06h00 periods respectively.

The horizomal line is the average for the entire | 8-month period: 92 %4 for (a). 85 "L for ib). 75 % for
(c) and 55 % for (d) 835

Fig. 3.11 Histogram plots, for the 18-month penod. of the percentage of the mner scale of turbulence
for the categonies /| <2 mm, 2104 mm, 4 10 6 mm 10 12 10 14 mm and > 14 mm for the 06h00 10
IXhO0 period. Each plot s for roughly 90 days. The top histogram also includes a line plot for the
entire period for average / values. The zones of 7 values for which data were accepted are shown by
the horizomal arrows N7

Fig. 3.12 Hisogram plots, for the 18-month penod, of the percentuge of the imer scale of wrbulence
for the categones /| <2 mm, 2104 mm, 410 6 mm to 12 10 14 mm and > 14 mm for the 18600 10
06h00 period. Each plot is for roughly 90 days. The top histogram aiso includes a line plot for the
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entire peniod for average 7 values. The zones of /_ values for which data were accepied are shown by
the horizontal arrows XN

Fig. 3.13 The components of the energy bulance for 23 Feb 2003 (day of veur 84) [upper] and § Jan
2004 [lower]. Exch poim represents a 2-min peniod except on § Jan some of the data s 20-min data X9

Fig. 3.14 The results of the sensitivity analysis for the cffect of fractional error in air wmpersture
(from 10 “s below the measured value for the time indicated 10 10 %4 above) on the fractional error in
sensible heat flux density 91

Fig. 3.15 The results of the sensitivity analysis for the effect of fractional error in atmospheric
pressure (from 2 % below 941 hPa average for the day 10 2 %s above) on the fractional error sensible
heat flux density. Atmosphenc pressures greater than that at sea-level (1013 hPa) were excluded in the
analysis 92

Fig. 3.16 The results of the sensitivity analysis for the effect of fractional error in beam path length
(from 2 % below 101 m 1o 2 %w above) on the fractional error in sensible heat flux density a2

Fig. 3.17 The results of the sensitivity analysis for the effect of fractional error in beam height above
the reference level a which the wind speed s 0 m s (from S *o below 1.04 m 1o 5 " above) on the
fractional crror in sensible heat flux density 93

Fig. 3.18 The scasonal march of the path-weighted canopy height, for o path length of 100 m and an
mner scale of turbulence 7~ 4 mm, for the duration of the study. Events such as the two mowings and
the fire are indicated ud

Fig. 3.19 The path-weighted function used for determining the path-weighted canopy height for a path
length of 100 m and an mner scale of urbulence of 4 mm. based on 1the path-weighting function used
by Thicrmann (1992) for log-amplitude variances but normalised 10 an arca of | ol

Fig. 3.20 Two-minute variation in SLS and ECAT sensible heat flux density for (a) above: a horizontal
beam at an effective beight of 1.5 m for day of year 223 10 230, 2004: (b) below: a non-horizontul
beam angle. The change m angle was on day 23], indicaed by the dotted line. The beam was distance
was 101 m. The effective beam height was 1.08 m and the heights of the transmatter and receiver were
1.6X and (.68 m respectively with the vegetation height about 0.1 m 98

Fig. 3.21 Two-minute variation in inner scale of turbulence 7 (mm) (a) above: a horizontal beam at an
effective height of 1.5 m for day of vear 223 10 230, 2004; (b) below: a non-horizomal beam angle.
The change in angle was on day 231, indicated by the dotted line. The beam distance was 101 m. The
cffective beam height was 1.08 m and the heights of the transmitter and roceiver were 168 and 0.68 m
respectively with the vegetation herght about 0.1 m 97

Fig. 3.22 Two-minute vanation, for an effective beam height of 0.5 m for dav of vear 223 10 230, 2004
in (1) ahove: sensible heat flux density (W m™ ). (b) below: inner scake of turbulence /. (mm).

The change in effective beam height was on day 242, indicated by the dotted line. The beam was in
the horizontal position with the vegetation height about 0.1 m N

Fig. 323 Diumal vanation m 2-min soil heat flux densaty (nght hand v-axis, and the standard
deviation in soil heat Nux density (measured und estimated) on the lefl hand v-axis for two almost
cloudiess davs (day of vear 54 (1op) and 189 (boftom}, 2003) 100
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Fig. 3.24 The diumal varation in the calculated component error terms (2-min data) of the energy
balance for a summer (upper) and a winter day ower). In brackets, upper left of both graphs, w the
total error amount for the day for cach component, converted mio mm units. The worst-case error
amount 15 used for sensible heat flux density 101

Fig. 3.25 Scasonal vanation m cvaporstion (mm day’'), @ L F_ (mm day’') and fractional eror
cvapormtion g L F_ (L F, ) for 2003, The smooth curves were created by smoothing the 3 values in
¥, v daw using o smoothing factor of 0.4 (Soienific Programming Emerpnises 1999), The worst-case
crror amount used for sensible heat flux density 1s used 10 dewermine a L F, 103

Fig. 4.1 An awealized arr temperature ramp for unstable conditions, upon which the SR method
depends, s visualised as consisting of a quicscent penod (penod § (5)) and & ramping penod (penod /)
for which the amplitude s o 1

Fig. 4.2 An idealized air wemperature ramp for stable conditions, upon which the SR method depends,
s visualised as consisting of a quicscent period (period s (51) and a ramping period (period () for
which the amplitude 1s -a 11

Fig 4.3 The relanonslup between the inner scale of wrbulence /. and the correlation cocflicient r
where r=8. (B, B.)' * for a 100-m path length where 8. is the covarsance of the logarithm of the
amplitude of the radiation received and B and 8. are the single detector variances for the SLS
method 113

Fig. 4.4 The algorithm (Hill 1997) used for the varions estimates obtained using the SLS method
based on weak scanering theory and measurements of the variances & and 8., covariance 8y, inputs
of beam hoight = above the zero plane displacement height, beam distance Ly ... air temperature 7.
atmospheric pressure und messurements of net imadiunce 7 and soil heat flux density £, (based on
Weiss (2002) but modified 10 reflect the role of single detector variances B, and 8, . that 7, and w, are
required 10 calcnlae @ . and @ and 10 reflect the estimation of L F_ ). The square boxes mdicate
data inputs and the shaded boxes are stasnucal caleulatons (varances and covanances) based on
measurement of the loganthm of the amplnude of the radiation ransmitied 1o the recever detectors

16

Fig. 4.5 The error m temperature ('C) for the two Vaisala relative humidity and temperature sensors,

The crror for any given 1emperature s between the upper and Jower corresponding set of sensor

curves. So for example, at 20 “C, the error for the CS300 15 = 0,46 "C and £ 0.2 °C for the HMP45C
129

Fig. 4.6 (a) Top: the error in the water vapour pressure for o Vaisals CSS00 sensor as a function of
relative humidiny and air temperture based on the manufacturers specification of an error of = 3 "
RH for RH between 10 and 90 "y and a temperature error that vanes with temperature and is a
minimum of = 0.3 "C a1 0°C and a maximum of = 0,62 °C a1 30 7

() botiom: the error in the water vapour pressure for a Vasala HMPA3C sensor as a function of
relative humadity and air temperature based on the manufacturers specification of an error of = 2 %,
RH for RH between 10 and 90 % and a wmperature crror that vanes with wemperature and 15 a

minimum = 0.2 °C 3t 20 °C and a msaximum of £ 0.3 °C at 0 and 20 °C 131
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Fig. 4.7 Reference water vapour pressure differences i kPa (de) measured using the LIG IO Dewpoint
Generator compared with the measured water vapour differences (de) using:

(2) Vaisalp CSS00 sensor air temperature and relative humidity sensor;

(b) Vaisala HMP3ISC air tempersture and relative humidity sensor:

(¢) Dew-10 cooled dew point mirror 132

Fig. 4.8 Comparison of the mean of the standard deviation of the water vapour pressure profile
differences (de) measured m the fickd using Visala HMPA3C and the CS300 sensors for the periods
indicated 134

Fig. 4.9 Companson of the mean of the standard deviation of the water vapour pressure profile
differences (de) measured in the field using Dew-10 and Vaisala HMP4SC sensors for the penods
indicated 135

Fig. 4.10 Onc second measurements of water vapour pressure for a 20-min penod for Dew-10 and
HMPA5C sensors during conditions of: top (a) low evaporative demand. botiom (b) high evaporative
demand. Also shown in the bottom graph on the right-hand v-axis is the block temperuture, which
illustristes the resolution problem 137

Fig. 4.11 Onc-s vanation i water vapour pressure for Dew-10 and Varsala HMPA3C sensors 1op (4)
for 3 40-s cquilibration penod: muddle (b) for a 405 cquilibration penod followed by an 805
averaging penod for ligh evaporative demand conditions. The vanation in block temperature s also
shown: bottom ¢) for a 40-5 cquilibration penod followed by an 805 averaging peniod for low
cvaporative demand conditions 138

Fig. 4.12 Regression of 20-min fickd-measured BR latent encrgy flux density obtained using a Dew-10
and Vaisals HMPASC sensors for the penod 17 January 10 3 June 2004 140

Fig. 4.13 Polar diagrams for davtime (06h00 to 1RK00) mcasurcements of.

(a) wind speed (m 5™ ) and wind direction (for the period day of year 48 10 283, 2003);

(b) SLS scnsiblc heat density (M) m” ) and wind dircction;

(c) for SLS and ECAT sensible heat density difference (MJ m™) and wind direction.

The two arrows in cach of a, b and ¢ show the resultamt wind vector for the 0 1o 90° and 180 10 2707
sectors for the entire measurement penod for day of vear 45 10 283 (2003) [B=

Fig. 4.14 a 10 ¢ Wind direction for selected days. A horizontal arrow from night 1o left s SN The
orientation of the beam 18 shown by an arrow from the transmitter (T) to the receiver (R) 145

Fig 4.15 Two-minute varation in SLS and ECAT sensibie heat flux density for selected penods for
which the wind direction is predominamly perpendicular (indicated by the upper truce lubelled
“Perpendicular™) or predominantly paraliel 10 the beam (indicated by the lower trace labelled "Wind
parallel 10 beam™), For day of year § (2004), the 20-min BR measurements obtained using a Vaisula
HMPASC sensor are also shown,

The effective beam height was approximately | m and the beam path length s 101 m. Winds
perpendicular or paraliel 1o the beam are defined as winds within 30 degrees of perpendicular or
parallel to the beam position 149

Fig. 4.16 (a) Top: Companson between the estimated footprint (Eg. 4.51) for selected days based on
2-mun SLS measurements of the Monin-Obukhoy stability length L, honzontal distance x (m) from the
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mcasurement positions. beam height relative 10 the zero plane displacement heght &, and the
stabilnty-dependem similanty constants D and £ of Hsich et al. (2000). The peak location of the
footprint 1 (m) 1s shown for cach date as s the stability condivon. The v value used was the
average of the 2-nun v values between 09500 and 13h00

(b) Bonom: Companson berween the rano of the flux density Fu.z, =d) 10 surface source flux
density § (Eq. 4.50) for selecied days based on 2-min SLS measurements of L 150

Fig. 417 Diurnal variation in the 2-min values of the 90 "o fetch 10 measurement height ratio
(Eq. 4.52) for three relatively cloudiess days (3 Jan 2004, and 6 and 5 July 2003) and one panly
cloudy day (2 Sept 2003). Duys with the lowest mtios have the greatest mstability. § Jan 2004 for
example, and days with the highest rano, 2 Sept 2003 for example. have the greatest stability. The
pownts are the 2-min values based on SLS estimates of L and the consequential stability state 152

Fig. 4,18 The difference in the average x4 values between 9 am 10 noon and noon 10 3 pm for two
-day perods where n s the number of points for which there is a positive or negative pesk location
difference. The x,, 4 values were estimated using Eq. 4.49 and are based on estimations of L from SLS
measurements and the stability-dependent similanty constants 0 and 7 (Eq, 4.45) 153

Fig. 4.19 Diumal varation in 2-min values of SLS-measured sensible heat flux density £, for four
near-cloudless davs: day of vear 13, 54, 62 and 6K, 2003, The asymmetrical shape of the F curves are
evident on most cloudless days. The other components of the energy balance, /.. LF, and F_, are
shown 154

Fig. 4.20 Diumal variation in 2-min values of SLS-measured sensible heat flux density £, for four
ncar-cloudless days: day of vear 71, 110 and 111, 2003, The asymmetncal shape of the F, curves is
evident on most cloudless days. The other components of the energy balance. /. LF, and F,, are
shown. The bottom-nght graph, a repeat for day of year 34 (2003) also shows the 2-min ECAT
senstble heat ux density measurements 155

Fig. 421 A compartson between EC sensible heat flux density (CA27 system) measured using a
20-min average and two-minute averages then averaged to 20 min 156

Fig. 4.22 Dwrnal vanation in 2-min sensible heat flux density as measured by SLS and ECAT sysiems
for a penod of 24 consecutive dayvs (day of vear 47 10 70 or 16 February to 11 March, 2003). On some
of the days. ECAT measurements were not performed. Also, occasional power disruptions prevented
ECAT or SLS measuremems 157

Fig. 4.23 Diurmnal vanation in 2-min sensible heat flux density as measured by SLS and ECAT sysiems
for a peniod of 24 days (day of year 71 10 94 or 12 March 10 4 April. 2003) IS8

Fig. 4.24 Histogram plots of the percentage frequency (lefi-hand v-axis) and number of occurrences
(nght-hand y-axis) of positive 2-min latent encrgy flux densities for the 2003 data set for ECAT and
SLS measurements. The histogram limits used were < 15 W m ™, between 15 and 30 W m ™, between
30 and 45 W m™, etc. up 10 135 10 150 W m™. The 1otal number of occurrences was 331X for SLS
measurements and 2638 for ECAT measurements 159

Fig. 4.25 Bouom: The variation i the 2-min energy balance components and solar irradiance for day
of year 320 (2003) before, during and afier a large reduction in solar imadiance. OF note is the positive
lutent energy hux densities after the reduction:
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Top two graphs. The variation in the air and IRT and the air profile temperature differences showing
that a change 1 sign due 10 the reduced solar imadiance did not occur 160

Fig. 4.26 Botom: The vaniation in the 2-min energy balance components and solar irradiance for day
of year 274 (2003 before, during and afier a large reduction in solar iradiance. Of nose 15 the positive
latent energy flux densities after the reduction;

Top two graphs: The vanation i the air and IRT and the wir profile temperature differences showing a
change in sign due 10 the reduced solar imadiance 161

Fig 4.27 Diumal vanation i 2-min SR and SLS sensible heat flux density for three consecutive days,
For the SR messurements. 2 frequency of 10 Hz and a 75-um rype-£ fine-wire thermocouple was used
163

Fig 4.28 Companson of 2-mm SLS 2nd SR sensible heat flux density for the period 21 51 Oct 1o 17 1h
Nov 2003, The SLS beam was at 1.5 m above the soil surface and the SR thermocouple was ¥t o
height of 0.8 m 163

Fig. 4.29 Diurmnal variation in 20-min sensible heat flux density for two cloudless days (lower set of
graphs for day of year § and 78, 2004) and for two days with variable cloud (upper grapas for days 19
and 22, 2004). The vanation i sensible heat flux densaty for all technigques used are shown, mcluding
the net imadiance (nght-hand y-axis) and the soil heat Nux density (lefi-hand y-axis) The height of the
SLS beam was sbout 1.5 m above the soil surface and the SR measurement was at 0.8 m. The BR arm
heights were at 1.55 m and 2.96 m above the soil surface 168

Fig. 430 Dhurnal vamation in 20-min latent energy fux demity values for two clondless days (Jower
set of graphs for day of year § and 7K, 2004) and for two days with vanable cloud (upper graphs for
days 19 and 22. 2004). The lutent energy flux density was estimated as a ressdual from the energy
balance. Also shown is the net irradiance (nght-hand y-axis) and the soil heat flux densaty (kefi-hand
v-axm) The beight of the SLS beam was about 1.5 m above the soil surface and the SR measurement
was at 0.8 m. The BR arm heights were at 1.55 m and 2.96 m above the soil surface 166

Fig 431 Half-hourly sensible heat flux density measurements for the two EC systems and the SLS
system for one week, All points represent J0-minute averages between 6 am to 6 pm of the specified
day 167

Fig 4.2 Compansons between daily sensible heat density measurements 10 MJ m* (taken from the
peniod day of year 28 to 283, 2003 ) for the vanous systems:

(a} ECAT v+ ECopen:

(b} ECAT vs SLS.

¢) ECAT vx SLS for daily percentage count of good dam exceeding 85 "o

1) ECAT vs SLS for wind durections detween 0 and 0" mainly from residential areus:

(e} ECAT »» SLS for wind directions between 150 ang 270" {largely perpendicular 10 beam )

The dotied line in cach case is the 1:1 line 168

Fig. 4.33 Comparisons between latent energy density in MJ m * (taker from the period day of vear 28
10 283, 2003)

(@) measured asing the open path EC system ECoper and that estunated from SLS semvible heat
density, net radian: and soil heat densities.

ib) estimated from SLS sensible heat density. net radiam and soil heat densities snd estimuted from
ECAT sensibic heat density, net radiant and soil heat densitics
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All measurements were 2-minute measurements summed over O6h00 10 IShOD apant for the ECopen
system which involved 30-min measurements summed over O6h00 1w | KhOU 170

Fig 2.1 Seasonal variation in weekly sensible heat, latent energy and soil heat density (lefi-hand
veaxis. M) m©), cumulative evaporation and daily rainfall (mm) for the period 14 Jun 2003 and
30 June 2004, The total ramnfall 1o date is shown. bottom nght of cach graph 174

Fig. 3.2 Scasonal vanation in daily sensible heat, latent encrgy and soil heat density (lefi-hand y-axis,
MJ m 7). cumulative evaporation and daily minfall (mm) for the periad 14 Jan and 30 June 2003, The
1otal monthly ranfall 1s shown, botsom night of cach graph 175

Fig. 5.3 Seasonal vanation in daily sensible heat, fatent energy and soil beut density (lefi-hand y-axis,
MJ m7), cumulative evaporation and daily ramfall (mm) (right-hand y-axis) for the period 1 Jul and
31 Dec 2003, The 1o1al monthly runfall s shown, bottom night of cach graph 176

Fig 5.4 Scasonal varation in daily sensible heat. latent energy and soil heat density (lefi-hand v-axis,
MJ m™), cumulative evaporstion and daily rainfall (mm) (right-hand y-axis) for the period | Jan and
30 June 2004, The wotal monthly rainfall is shown. bottom right of cach graph 177

Fig. 5.5 Scasonal variation in weekly latent energy und soil heat density (left-hand y-axis. MJ m™),
volumetnic soil water content and surface reflection coeflicient r (right-hand v-axis, "a) for the penod
14 Jan 2003 and 30 June 2004 180

Fig. 5.6 Scasonal variation in daily latent energy and soil heat density (lefi-hand y-axis. M) m~),
volumetne soil water content and surfuce reflection coefficient (") and daily ranfall (mm)
(right-hand y-axis) for the penod 14 Jan and 30 June 2003 181

Fig. 5.7 Scasonal variation in daily latent energy and soil heat density (lefi-hand veaxis. M) m”),
volumetne sorl water content and surfuce reflection cocfficient (") and datly rainfall (mm) for the
penod | Jul and 31 Dec 2003 182

Fig. §8 Scasonal variation in daily latemt energy and soil heat density (lefi-hand v-axis, M) m™).
volumetne sotl water contemt and surface reflection cocfficient (“s) and daily rainfall (mm) for the
peniod 1 Jun and 30 June 2004 183
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column 15 presented in the 1ext. Each data hine represents a 1 2-5 penod 76
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The meaning of the headings of cach column is presented i the 10xt 78
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C List of abbreviations and symbols

Abbreviations

ABL atmosphenc boundary layer - same as PBL

BLS boundary laver semtillometer that uses an extra-large aperture for
measurement of C° over distances between 300 m and 10 km

BR Bowen ratio method

BREB Bowen ratio method energy balance method

EC eddy covanance

ECAT Apphed Technologies eddy covariance system

ECopen open path eddy covariance system

HPV heat pulse velocity

IBL inner or internal boundary laver - region of atmosphere affected by a
step change in surface conditions

IRT infrared thermometer

LAS large apenure scintillometer for measurement of € over distances
between 500 m and 3.5 km

LIDAR hight detection and ranging system
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MWS microwave scinillometer (- see RWS)
MOST Monin-Obukbov  simularty  theory, 2 semi-empinical  theory  of
stmosphenc turhulence
PBL mmosphenic or planctary boundary layer
RWS radio wave scimtillometer
SBL surface boundary layer - Jowest 1010 15 % of the PBL
SLS surface layer scitillometer for measurement of € over distances
between 50 mand 250 m
SPU ssignal processing uni for SLS svstem
SR surface renewal, a method for determining sensible heat fux densny
from high frequency measurements of air (emperature ot a single
mmosphenc kevel
TKE rbulent kinetic energy
XLAS extra-large aperture seintillometer for measurement of C over distances
between 300 m and 10 km
Roman symbols
“WEFD percentage error free SLS data %o
a air temperature amplitude for the SR method b -
constant in the relationship between € and C (= 789« 107 K hPa')
regression cocfficient
, proporionality constam
proportionality constamt
T T— buovant acccleration of a parcel of air ms*
4 area m"
4 available energy fux density 4=17_ + F_, W
. [ cross-sectional surface area of u lvsimeler m
.0 varance of the loganthm of the amplitude of SLS beam 1 signal
A covanance of the logarithm of the amplitude of the received SLS beam
radiation
‘ energy balance closure Wm-
s specific heat capacity of dry soil J kg" k!
¢, specific heat capacity of air at constant pressure (= 1004 J kg ' K') 1ke' K
e specific heat capacity of water Jkg &%
Ce specific heat capacity of soil Jkg! K
(o Bowen's defimition of the sum of conductive and convective heat energy Wom
fMlux densities C=R(L F_)
C concentration of scalar quantity kg m*
% constan used in Eq. 255 < vegetation type dependem
¢ structure parameter of refractive index
- structure parameter of air emperature
d SLS detecior separation distance m
Jd zero-plane displacement height m
o actual profile water vapour pressure difference kPa
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change m pressure due 1o a change in heat added 10 @ thermodynamic
system

heat encrgy added 10 3 parcel of air

tme imterval

actual profile air temperature difference

similanty parameter used in the Hsich ot al. (2000) footprint model
SLS detecrior dinmeter

separation distance of surface roughness clements

dav of vear

air iemperature structure function

waler vapour pressure scale of turbulence

surface boundary water vapour pressure

average water vapour pressure (usually over 20 min) at height =,
average water vispour pressure (usually over 20 min) at height =,

BR air stream water vapour pressure

SAtUrEtON Waler Vapour pressure

saturation water vapour pressure al the Vasala iemperature

Nuctuation i entity £

turbulent kinetic energy per unit mass

eddy covanance

energy spectrum as & function of wave number

uniform upwind feich

frequency

a function that descnibes the decrease of 8, with increasing /.  and D
a function that describes the decay of refractive index fluctuations in the
dissipation range of turbulence

footprint function at distance « from the source and a measurement
height = for a surface with & zero plane displacement height J
viscous force

flux density it measurement height

carbon dioxade flux density

flux density of entity £

scnsible heat Mux density (sometimes H is used)

correct sensible heat flux density

average plate-measured heat flux density (20-min average)

soil heat flux denssty

average soil heat fhuy densiy (20-min average)

average soil-stored heat flux density (20-min average)

water vapour Nux density

scalar flux density ot distance x from the source and a measurement
height = for a surface with 2 zero plane displacement height

Fresncl zone size

small aperture Fresnel zone size

acceleration due 10 gravity

kPa

<
kPa
kPa
kPa
kPa
kPa
kPa

J kg"

Jm

unitiess
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L. SLS beam heght m
h canopy height m
h height of roughness clements m
- SLS beam height m
Bt correct SLS beam height m
H sensible heat flux density Wm*
/, mean intensity for SLS beam 1
! netirradiance /=1, =l + L, - L, (sometimes R is used) Wm=
" 4 solar irradiance Wm”
/ sample lag between data points for the SR method unitless
k von Karman's constant (& =041)
A general turbulent exchange coefficient m s
A optical wave number (=2 /%) m’
K, turbulent exchange coefTicient for sensible heat transfer m s
A, turbulent exchange coefficient for momentum transfer m s’
A, turbulent exchange coefficient for quantity ¢ m's’
K, turbulem exchange cocfTicient for latent hem transfer (water vapour) ms’
A eddy diffusivity at height = m s’
AE, kinetic energy assocuted with buovancy )
KE mital wrbulent kinetic energy i)
/ breadih of surface roughness element m
! charactenistic length m
/ ramping penod used in the SR method s
/. mner scale of turbulence mm
Lor Monin-Obukhov kength m
- transmitter 1o receiver beam distance m
! N— correct SLS beam distance m
L4t leaf arca index m m>
LE latent energy flux density Wm?
L long wave irradiance in the downward dircction Wm=
Je outer scale of turbulence m
', long wave imadiance in the upward direction W
‘8 specific latent heat of vapourisation M) kg"
L P, evaporation of water (latent energy flux density) - sometimes LE s used W
L F ... lysimeter latent energy flux density Wm™=
L F_ ...  reference lent encrgy flux density Wm-
m number of dats points collected. using the SR method, in a certain time

mterval
M_ mass of air kg
n eddy frequency Hz
n number of acceptable two-minute wind speed measurements between
06H00 and | KhOO

n refractive index
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stability factor

coefficient of a third order polynomial used 10 solve for the amplitude of
the air temperature ramp of the SR method

penod (<23 /o

similarity parameter used in the Hsich o1 o/, (2000) footprint model
atmosphenc pressure

COmect atmosphenc pressure

cocflicient of a third order polynomial used 10 solve for the amplitude of
the air temperature ramp of the SR method

fux density of the entity g

eddy size

correlation coefficient

reflection cocflicient

aerodynamic resistance

cocfhicient of determination

acrodviamic reststance for sensible heat

acrodynamic resistance for momentum

acrodynamic resistance for latent energy (Waler vapour transpon)
canopy resistance (also referred to as the bulk stomatal resistance)
Richardson number: R/ = % _N,, b2

Revnolds number o

relative humidity

relative hunndity measured by a Vasala sensor

net imadiance

correlation function defined as the time-averaged comelation between
w'tehand w'(r) for a zero time lag

correlation funcuion defined as the iime-averaged comrelation between
w'trrand w'(ér) for time lag &t

quiescent penod used in the SR method

static stability parameter

soil heat flux densiy

eddy spectral density as a function of frequency »

the air wemperature  structure  parameiet 10 the » th  exponent
corresponding 1o a time lag »

surfuce source flux densny

nme

average air iemperature

ar temperature at height =,

air iemperature st height =

COMTOCT T ICMPCTAtUIT MCISUrement

mnfrared thermometer meusurement of canopy surface lemperature

air iemperature fluctuation

fluctuation in the measured somic iIemperaue
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T average wir temperature =
T:.T time-averaged air temperatures at heights = and = respectively Cork
T. temperature scale of turbulence K
TKE turbulent kinctic energy - ofien per unit muss m s
T. average surface \emperature LN
(T lower BR thermocouplke sr temperature K
D upper BR thermocouple air temperature K
A temperature of the Vaisala temperature chip .5
T, surface wemperature K
Tir.t) air temperature at position r and time “CorK
T virtual temperature “Cork
T, air temperature at height = ) =
i) air lemperature at aimospheric level = =
T, mean air icmperature at stmaosphenc level = CorK
 farall virtual temperature of an air parcel K
) A virtual iemperature of the surrounds K
& honzontal wind speed ms’
u' fluctuation of the resolved component of the honzontal wind speed in ms’
the x direction
u, wind speed in the v direction ms
v' fluctuation of the resolved component of the honizontal wind speed n ms’
the v direction
o, horizontal wind speed in the v direction ms’
u Muctuation of the horizontal wind speed ms’
u, fricton velocity ms'
v, average wind specd between height = « o and measurement height = ms'
" honzontal wind speed in the x dircction ms
u mean honzontal wind speed ms'
, mean of the horizomtal wind speed in the x direction ms’
u mean of the horizontal wind speed in the v direction ms'
' horizontal wind speed in the v direction ms!
wpd water vapour pressure deficit kPa
& volume of air m’
O volume of soil m"
W vertical wind speed ms’
w' vertical wind speed fluctuation ms’
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" average vertical wind speed ms
X fetch distance m
X distance in the y-direction m
<> average of SLS signal for beam |
' peak location of the footprint for sensible heat flux density m
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<Y> average of SLS signal for beam 2
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2, roughness length m

-3 roughness length for momentum m

Greek symbols

a wenghting factor used i the SR method
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! Bowen ratio
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& measured water vapour pressure profile difference kPa

8¢ ua Vamsala CS500 measured water vapour pressure profile difference kPa
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&' thickness of eguilibrium sub layer m

5T measured air temperature profile difference \

T finite difference in air lemperature ¢

a7, profile air tempersture difference K

an change m weight of a weighing lvsimeter between two known times kg

&z depth increment m

A slope of the saturation water vapour pressure v temperature relationship Pa C

At time difference s

AT v average soil temperature difference from one ime interval 10 the next c

As depth increment m

¢ encrgy dissipation rane Y kg" or
mos

€, fractional error in sensible heat flux density measurements unithess

By fractional Crror in air ICMperture measurements unibess

£, fractional error in atmosphenc pressure estimate unihess

e, fractional error in beam path length measurements unithess

G fractional error in beam height measurements unitless

@, stability parameter for the structure parsmeter for temperature

@, dimensionless stability function for sensible heat

L U dimensionless stability function for momentum

D, three-dimensional spectrum of refructive index inhomogencitics

P, dimensionless stability function for latent energy

LR normalised dissipation rate of turbulent Kinctic energy
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2.57)
" spatial wave number associated with eddy size m’
. specific latent heat of vapourisation J Lg"
R transmitter beam wave length nm
2. spectral wave length nm
M dynamic viscosity of air Pas
3] wind direction degrees
ante-clock -
wise from
N
e, gravimenc soil water conent kg kg :
© potential temperature K
C} virtual potential temperature K
P, air density kg m-
P density of air ky m
P density of a parcel of air ky m-
. MR density of the surrounding air kg m
P, density of water kg m™
o; vanance of the intensity of SLS beam |
G, standard deviation of a sensible heat flux densiy measurement Wm=
a, standard deviation of a sensible heat flux density measurement from the Wom
SLS30-A
a, standard deviavion of a soil heat flux density estimaie W'
G, standard devianion of a net irradiance measurement Wm
G, , standard deviation of a latent energy flux density measurement Wm-
G vartance of TKE
a’ variance of the amplitude of the scimillometer beam intensity relative
unins
T momentum flux density Pa
v kinematic viscosity of air me s
S quantum yicld J kg
% dimensioniess  stability  pamameter  proposed by Monin-Obukhoy
s=dyi L
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partial derivanive

List of Figures, Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on
SLS as an operational tool for the estimation of spatially-averaged evaporation

r
Savage et al.

D Table of contents

Title page

Executive summary

I Mativation

"~

Aims
2.1 Project aims

2.2 Background

v

5

v

.

2.3 Investigation of other micrometeorological methods
2.3.1 Bascline comparisons
2.3.2 Sensible heat using ficld measurements and estimation of evaporation
233 Laboratory investigations
3 Products

R Structure of report

5 Results and conclusions

.

i

.1 Logistics of estimating latent energy flux densities from raw surface layer

scintillometer data

vin

8.2  Rejection criteria for the exclusion of out-ol-range and "bad™ or doubtful

data

23 Error considerations of the surface layer scintillometer method

i

Vit

£4  Field comparison of evaporation measurements using surface layer
scintillometry. eddy covariance, Bowen ratio, and surface renewal methods 1y

»
n

eddy covariance measurements
6 Extent to which contract objectives have been met

7 Uscful contributions in the report

Estimation of scasonul evaporation using surface laver scintillometer and

\i

Xl

Xii

List of Figures, Tables. Abbreviations and Svmbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on .

SLS as an operational tool for the estimation of spatially-averaged evaporation Savage ef al,
7 Future research X1l
7.1 General comments xin

7.2 Large aperture scintillometer and surface layer scintillometer comparisons v

7.3 Bowen ratio methodology X
74 Surface renewal methodology X
75 Soil heat Mux and et irradiance influences Xl
7.6 Collected data not used in the report X
7.7 Technology transfer T
8  Capacity building X
9 Acknowledgements xvi
10 Statement regarding the archiving of material a
11 Information about this report and data handling a
A Listof Figures h

B List of Tables i
C  List of symbols i

D Table of contents f

Chapter | |

Introduction !

1.1 Abstract |

1.2 Motivation for this study !

1.2.1 The physical processes of evaporation and transpiration -

1.2.2 Evaporation measurement methods §

N

1.2.2.1 Lysimetry

List of Figures, Tables. Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with spectal focus on 1
SLS as an operational tool for the .ulhnf!km of spatially -averaged cvaporation Savage et al,
1.2.2.2  Transpiration 5
1.2.2.3  Micromercorological methods 5

1.2.2.4 Surface layer scintillometry

1.2.3  Site description

1.3 Project aim 9

1.4  Structure of report v

Chapter 2 1

Introduction to turbulence and scintillometry 1

2. 1 lIntroduction 8

2.2 Radiation balance and components of the energy balance 1

2.3 Closure of the shortened energy balance 12
2.4  Ficks Law 14
2.5 Ohm’s Law analogue to entity transport 15
2.6 Fetch and the Similarity Principle 15
2.7 Neutral wind profile equation 16
2.8  Boundary lavers and eddy size 17
281 Inertial sub-layer 17
282 Internal equilibrium sub-laver X
283 Atmospheric conditions and the planctary boundary laver 20
284  Boundary layer limitations on the placement of sensors 20
285 Blending height 21
286  Conclusion 21
2.9 Characteristics of turbulence 22
2.9.1 Buoyancy forces 2

List of Figures, Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on u

SLS as an eperational tool for the estimation of spatialls-averaged evaporation  Savage et al.
29.2  Inertial forces 23

293 Viscous forces 23

294 Inertial and viscous forces compared: Revnolds number 24

295  Characteristics of boundary layver spectra 24

2.9.5.1  Power spectrum of turbulence 24

2.9.5.2 Spectral regions 26

2.9.6 Turbulent Kinetic energy, energy dissipation rate and the two hyvpotheses

of Kelmogorov 27

210 Structure functions 29
101 Structure parameter of air temperature 29
2102 Kolmogoroy cascade theory of turbulence 30

211 Eddy structure and stability functions 30
1L Intreduction 30
2112 Generalised fluy expression 32
113 Richardson number 33
2114 Monin-Obukhoy similarity theory (MOST) i3

L1LS  Example of Monin-Obukhoy stability length assuming MOST conditions

M

2106 The Monin-Obukhov stability length and atmospheric stability 5

L1LT  Semi-empirical stability functions 35

2018 Alternative methods for determining the zero plant displacement 36

2,12 Methods for estimating surface evaporation 36

.12.1  Eddy covariance 37

2.12.2  Bowen ratio 37
2123 Surface renewal and other high frequency air temperature based methods

N

2124 Determining sensible heat using a surface temperature method 39

213 Scintillometry 42

21310 Intreduction 42

List of Figures, Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of exaporation measurement. with special focus on ‘
SLS as an operational tool for the estimation of spatially-averaged evaporation Siavage et al,

2132 Fresnel zone 43
2133 Scintillometer types 45
2134 Application of weak scattering theory 1o scintillometry 46
2135 Some disadvantages of scintillometer use 49
213.5.1 Direction of sensible heat flux density 49
2.13.5.2 Saruration 49

213.5.3 Friction velocity requirement and free convection estimate of sensible

heat flux density 4

2136 Application of scintillometry S0
213.6.1 Large aperture scintiflometry applications 50

2 13.6.2 Surface layer scintillometry " P

2.13.6.3 Path length details b
Chapter 3 56

Logistics of estimating evaporation from surface laver scintillometer data

36

31 Abstract 36
3.2  Intreduction 57
33 Theory ol
34 Material and methods 6l
34 General ol

342 Climate 63

343 Surface laver scintillometer 63

344 Scintillometer components and power requirements 66

345 Switching beam on 67

346  Procedures prior to alignment o8

347 Beam alignment O

348  Background and crosstalk measurcement 2

List of Figures, Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement. with special focus on w
SLS as an operational tool for the estimation of spatiallyv-averaged evaporation Savage et al.

349 Beam misalignment and beam saturation 73
3410 System inputs 73
3401 Svstem outputs to the computer screen 75
3A1L1 The diagnostic display 76
3.4.11.2 Real<time display of mrbulence data for unstable conditions 77
34113 Real-time display of turbulence data for stable conditions 8
3412 Dara files required or created during system operation 78

3413 Sign convention for the energy balance terms and the profile air

temperature difference 70

3404 Rejection criteria for the exclusion of out-of-range and "bad” or
doubtful SLS data 80

3405 Estimation of latent encrgy flux density from net irradiance and

SLS sensible and soil heat fluy density measurements 83

34151 Available energy flux density K3

3.4.15.2 Netirradiance K3

3.4.15.3 Soil heat flux density 83

24016 Miscellancous measurements and data logger programming 84

A5 Results and discussion N4
KRN | Fraction of acceptable SLS data L)

352 Sensitivity analysis 1o determine the relative importance of data inputs on

cvaporation estimates 85
2527 Effect of errors in air temperature 90
3.5.2.2 Effect of ervor in atmospheric pressure a0
3.52.3 Effect of ervor in beam path length a0
3.5.24 Effect of error in beam height 91
3525 Overall error in SLS sensible heat due to errors in data input
values gl

3526 Effect of beam height and beam angle on SLS sensible heat flux

density extimates 93
3827 Errors in soil heat flux density and net irradiance measurement
96

List of Figures. Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on A
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

3.5.2.8 Error in calculating latent energy flux density from SLS sensibie

heat flux densisy wy
36 Conclusions 1d
Chapter 4 108

Comparison of evaporation measurements using surface layer
scintillometry, eddy covariance, Bowen ratio, and surface renewal methods

105

4.1 Abstract 103
4.2  Introduction 107
4.3 Theoretical considerations 107
431 Bowen ratio theory 107

4.3.2  Surface renewal theory 109

433 Eddy covariance 2

434 Scintillometer theory 113

435 Reference evaporation IIX

4.3.6 Footprint estimation e

4.4 Material and methods 123
44 Bowen ratio laborators measurements 123

442 Bowen ratio fickd measurements 124

443 Surface renewal measurements 125

444 Eddy covariance measurements 126

445 Scintillometer measurements 126

446 Reference evaporation estimation 127

447 Footprint analyses 127

4.5 Results and discussion 127
4351 Bowen ratio measurements 128

List of Figures. Tables, Abbreviations and Svmbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on \
SLS as an operational tool for the estimation of spatially-ay eraged evaporation Savage et al.
4.5.1.1 Error analysis of Vaisala HMP45C and CS500 water vapour
pressure measurements 12K

4.5.1.2 Use of Vaisala semsors for water vapour pressure profile
difference measurements in the laboratory 130

4.5.1.3  Field use of a Vaisala sensor for water vapour pressure profile
difference measurements 132
4.5.1.4  Practical issues related to BR measurementy 139
4.5 1.5  Conclusions 142
452 Analysis of wind direction 142
4321  Daily wind vector analysis 143
4.5.2.2  Two-minute wind vector analysis 144
453 Footprint analyses 148
454 Flux comparisons 151
4.5.4.1  Averaging periods 151

4.3.4.2  EC (2-min) vs EC (20-min) sensible hear f1 ux density comparisons
151
4.5.4.3  EC and SLS 2-min sensible heat flux density comparisons 151

4.54.4  Two-minure latent energy flux density estimates using EC and SIS
methods and the saga of positive latent energy 153
4.5.4.5 SLS and SR 2-min sensible heat flux density comparisons 162

4.54.6 BR. EC, SR and SLS 20-min sensible heat and latent energy flux
density comparisons 164
4.54.7  EC and SLS 30-min sensible heat flux density comparisons 167
4.5.4.8  SLS and EC sensible heat density comparisons (daily values) 167
455  Latent energy density comparisons 169

4.6  Conclusions

170

List of Figures. Tables. Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on z

SLS as an operational tool for the estimation of spatially-averaged evaporation  Savage et al,
Chapter 5 172

Estimation of seasonal evaporation using surface layer scintillometer

and eddy covariance measurements 7

5.1 Abstract 172
52  Introduction In2
53 Material and methods 173
5.4 Results and discussion 173
5.5  Conclusions 184
Chapter 6 183

Conclusions and recommendations for future rescarch 185

6.1 Conclusions IS5
6.2 Recommendations for future rescarch 190
6.2.1 General comments 190

6.2.2 Large aperture scintillometer and surface layer scintillometer comparisons

190

623 Bowen ratio methodology 190
6.2.4 Surface renewal methodology 194)
6.2.5 Soil heat flux and net irradiance influences 190
6.2.6  Collected data not used in the report 190
6.2.7 Technology transfer 191
References 192

List of Figures, Tables, Abbreviations and Symbols and Table of Contents



Theory and practice of evaporation measurement, with special focus on 1
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

Chapter 1

Introduction

1.1 Abstract

The theory, use and apphcanon of the dual-beam SLS method for estimating evaporation in an open
and mixed grassland community in a summer rainfall arca 1s investigated. One of the justifications for
this work 18 the reference, in the 1998 Republhic of South Africa Water Act, 10 the possible prescription
by the Minister, of methods for making a volumetne determmation of water for purposes of water
allocation and charges in the case of acuvitics that result in stream flow reduction. Also, given the
demand on water resources and the potential and or real impact of global warming and or chmatw
change, it 5 imponant 10 consider how cvaporation ts 10 be measured or estimated with reliable
pecuracy and precision.

Currently there s no singhe accopted method th is reliable and results in adequate resolution that
can provide accurate temporal and spatial evaporation measurements or modelling estimates of
evaporation. The focus of this work is on evaporation esiimation using micrometeorological
measurement methods.

The specific objective is the use of the surface layer scmtillometer (SLS) method, previously
untested in South Africa, 1o estimate areally averaged sensible bewt flux density over a
mixed-community grassland canopy and companson with measurements obtained using an oddy
covarance (EC) method, The SLS methodology for evaporation estimation relies on the energy
balance and in particular relics on the measurement of the net imadiance, defined by net short wave
and net long wave irradiances, and the soil heat flux density and depends on the Monin-Obukhov
similarity theory (MOST) for determiming sensible beat flux density. Other evaporation micthods used
for comparison purposes also include the traditional Bowen ratio (BR) and the surface rencwal (SR)
method, the latter also previously untested i South Afnca.

This project falls within the hydrochimatological research progmmme of the Water Rescarch
Commission (WRC). In this programme the project will contribute 10 rescarch support for water
1OSOUrCes assessment, management and sustainable utilisation m South Africa, by mmproving the
methodologies for monttoring evaporation from both land and water surfaces, possibly resulung in a
standard for evaporation measurement by which other methods will be judged.

A summary structure of the report on a chapter-by-chapter basis 1s outlined,

1.2 Motivation for this study

The 1998 Republic of South Afnica National Water Act states that the Minister may make regulations:
“requinng that any water use be regstered” (p 19). Furthermore, the Mimister may also prescribe
“.methods for making a volumetric determination of water 10 be ascribed 10 a stream flow reduction
activity for purposes of water use allocation and the imposition of charges” (p 201,

The Water Research Commission (2004) has called for solicited research project proposals refiming
tols for evaporation momionng i support of water resource management. statmg that: "This (the
Act) makes it important 10 know (a) the degree of accuracy precision that can be achieved when
Chapter | Introduction
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measunng or cstimating cvaporation using currently avimlable methods, including those computational
methods built into hydrological and agrobydrological models, and (b) how closely these values come
10 meeting reguirements of IWRM (integrated water resource management) within the context of the
Wiater Act. There are also other compelling waler-resource related reasons for being able 10 montor
evaporation with sufficient confidence in the accuracy and precision of the measurements estimates.”
Given the reference in the Water Act 10 the possible prescription, by the Mimister, of methods for
making a volumetric determination of water for purposes of water allocation and charges in the case of
activities that result in stream flow reduction and given the demand on water resources and the
potential and’or real impact of global warming and or climate change. it 1s important 10 consider how
cvaporstion, one of the mamm components of the water halance, is 1o be measured or estimated
routinely with relable accuracy and precision.

The need for increased food and nmber production has led 10 dramatic increases in imgated and
forestry lands in South Africa. Agriculture and forestry faces increased competition for water by
industries, mumcipalines and other groups. This ever-growing demand for water makes 1t imperative
that water resource management procedures and policies are wisely implemented and improved. The
accurate assessment of evaporation is ¢ssential if this is 10 be done.

So. what is the standard or benchmark for evaporation measurement or estimation” This important
and fundamental question needs to be addressed 10 achieve the ideal of accurme and reliable
evaporation dute. Although this investigstion on the SLS method for estimating evaporation will also
necessarily focus on the more fundamental aspects of micrometeorological research. advances in this
field will ulumately have direct benefits 10 water resources assessments and management processes,
Examples of arcas no casily addressed using the more traditional evaporation  measurement
techmgues include amongst others: measurement of cvaporation in npanan zones, deicrminanon of
open water evaporation from nvers and dams (both large and small); effluent water management from
saline dams in the mining eavironment: measurcment of evaporation from shimes tailings; water use of
trees and crops in agro-forestry trials; remote sensing applications: determination of bascline
evaporation from natural communitics (¢.g. indigenous forests ) irmgation rescarch.

Since John Dalton first introduced the mass transport equation for evaporation estimation. and
Penman researched the potential evaporation formulation, numerous methods for estimating or
measuring evaporation have been developed. Currently. there is no single accepted method capable of
provading both good spatial and temporal measurements or estimates of evaporation that s rehable
and has adequate resolution,

South Afncan researchers have had good success with the heat pulse velocity (HPV) (Dye et al
1992, Dye and Olbnicht 1993) and encrgy balance techniques (Suvage et al. 19971, The HPV
technigue Tor estimating sap flow s based on using heat as a tracer for the flow of sap in the stem of
plants. Needles and a heater probe are inseried into the stem of the plant and a pulse of heat 1 applied
at regular imervals of ime, The rate of heat movement is related 10 the sap flow. However, the HPV
tochmque 15 sunted only to mono-specific stands of trees, is problematic when scaling from single trees
10 whole stands and 15 o destructive technigue - trees must be felled 1o calculate sapwood arcas and
wound siz¢. The lack of wound size information at the sime of measurement makes calculations of
transpiration only possible at the ond of an experiment. The stem steady state heat energy balance
techmque for determming sap flow has also recerved anention in South Africa (Savage of al. 1993,
2000),
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The Bowen ratio energy balance (BREB or simply BR) method on the other hand, is well-suned 10
mixed species communitics such as a grasshand community. The BR method 1s o traditional method
for the estimation of evaporation using measurements of profile differences in wir temperature and
water vapour pressure above the canopy. surface net irradince and soil heat flux density. The
technique assumes that the coeflicients of exchange between the surface and the wmosphere for
sensible heat [heat transferred from the atmosphere 10 4 surface. or vice versa. that results in a
temperature change] and kuent energy are identical. The BR method is limited by constuaints imposed
by both fetch distances and measurement height. Fetch refers 10 the upwind distance of traverse across
a untformly rough surface such as « forest or a grassland surface from the mstrument location until
there 1s a discontinuous change i surface roughness. The feich oftien depends on the wind direction
(unless the shape of the uniformly rough surface s circular). Thus, the BR method 15 not suned 10
narrow sinps (e.g. npanan zones, wetlands e1c.), where feich distances are short, or shove tall
vegetation where there are small gradients of air iempemature and water vapour pressure (caused by the
increased wind turbulence above tall canopies). These gradients may be outside the measurement
resolution of the sensors particularly when placed above forest canopics, The method s cnitically
dependent on 4 cooled dew point mirror sensor that s prone 10 bias, requires almost weekly
adjustment and peniodically and inexplicably occasionally ices up resulting in unacceptable data.

In recent years. direct measurements of turbulent fluxes have been achieved by eddy covanance
(EC) measurements in KwaZulu-Natal (Monnik ¢1 al. 1995, Savage ct al. 19954, b). A drawback of
EC measuremients 15 that they, like BR measurements, are poimt measurements although both sets of
measurements may represent @ farly large upwind arca depending on the atmosphenic stability,
However, the apphication of the EC method s sometimes problematic, The necessary sensors for
verucal wind speed, air wemperature and water vapour pressure must respond very quickly (frequency
of 5 Hz or greater) and at the same time must not show noticeable drift. This makes them delicate,
expensive and in some cases difficult 10 calibrte. However, more senous s the fact that airflow
distortions by the sensor, mast, ¢ic., as well as horizontal misalignments may cause measurement
crrors. In addion, there are technical problems because temporal co-spectra, measured at a fived local
sensor, extend 1o very low frequencies. To achieve acceptable significance ofien demands averaging
penods of several tens of minutes. Such long averaging penods reduce the temporal resolution and
confhict with the requirement of atmosphenic stationarity within the averaging penod.

Because of these and other theoretical and practical difficulties, altermatve and'or complementary
flux density measurement methods have been sought. Recent mvestigations have demonstrated the
potential of using a scimillometer 10 measure arcally averaged sensible heat flux densivies. A
scintillometer measures the imensity fluctuations of visible or infrared radunion after propagation over
the plant canopy of interest. The fluctuanions are caused by imterference afier the radaon has been
scattered by inhomogeneities i the refractve index of the air, the latter caused by turbulent
fluctuanons of wr temperature and humdity. In contrast 10 BR and EC measurements, scintillometers
provide path-averaged results. Surface laver scintillometers (SLS) have beam path lengths between
abouwt S0 and 250 m and large apertures semtillometers (LAS) usually operate over distances of
between SO0 mand 3 km or even up 1o 10 km for BLS iboundary laver scmtillometer) systems, For all
three types of seimullometer systems, measurement of the net imadiance and sol heat flux density
terms of the energy halance 15 required 1o estimate evaporation as a residual 1orm using the energy
balance eguation.
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The mann objective of this project 1s 10 use the SLS method, previously untested i South Afnica. 10
obtain measurements of arcally averaged sensible heat flux density and compare with measurements
using the BR and EC methods and also to estimate ¢vaporation from the addimonal measurements of
nct irradiance and soil heat Nux density. The fourth method chosen for preliminary measurement
compartsons 15 the relatively new surface renewal (SR) method, also previously untested m South
Africa, for measuring sensible heat flux density. 1t is the least expensive of the four methods used

This project falls within the hydrochmatological rescarch programme of the WRC, In this
programme the project will contnbute 10 rescarch support for water resources  assessment,
management and sustunable wilisation in South Africa. by improving the methodologies for
monitoring ¢vaporation from both land and water surfaces, possibly resuling m a standard for
evaporation measurement by which other methods will be judged.

1.2.1 The physical processes of evaporation and transpiration

Evaporation s a physical process for which a ligind or a sohid substance is transformed 10 a gas In
metcorology, evaporation is usually restricted 1o the change of hquid 1o gas/vapour without & change
in temperature. Sublimation i1s used 10 desenibe the change from solid 10 gas. In the case of the
evaporation of water, Large amounts of energy are required. The process of evaporation for the most
part 15 invisible. However, in times of drought, for example. water managers can see the depleting
water levels in dams and rivers, On the other hand, evaporation is a necessary process that provides us
with an inhabitable carth.

The evaporation of water exists everywhere in the hydrological eyvcle, from rain, land and water
surfaces and from vegetation in the form of transpiration. When water evaporates from a surface, there
15 & removal of energy. Thus, evaporation s a cooling process. Whilst pan of this encrgy remains
latent in the atmosphere, it is released when water vapour condenses. This is an ongoing process as the
average tenure of & water vapour molecule in the atmosphere is about nine days.

Thus water vapour i1s an energy cammier, and encrgy must be avarlable 10 cause the water 10
cvaporate, That pan of encrgy flux from a surface which produces a temperature change s ofien
referred 1o as sensible heat 10 distmguish it from latent energy. The word "laient™ 1s denved from the
Latin word Jateo meaning hidden and 1s used 10 descnibe the evaporation process since there 15 no
temperature change dunng the evaporation process even though a cooling effect at the surface »
evident. Also, the process of evaporation 1s usually mvisible, A1 25 °C. 1 kg of water will remove
about 2.44 M) of energy from the evaporating surface if all the water evaporates, The sources of this
encrgy in the soil-plant-asimaosphere svstem include:

e sun (solar energy) duning the day and long wave or 1errestnial radiant encrgy at mght:

o heut energy carned into the area by wind (advected energy i

e heat energy stored by vegetation and in fand masses:

e heat energy stored i waler bodies.

The most important of these energy sources is usually solar energy, but advected energy may on

occasion be considerable.
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1.2.2 Evaporation measurement methods

Most ofien. & water balance approach is used for the estimation of evaporation. The dissdvantages in
this approach (Slatyer 1967) include the low level of measurement accuracy and the difficulties of
determining total evaporation duning rainy perniods. However, even with careful measurements, it is
difficult 10 detect daily soil water changes to within 2 mm of water. This magmitude of error makes 1t
unsuiied for estimating daily 1otal evaporation for many locations and times of the year.

1.2.2.1 Lysimetry

Weighing lysimeters have been used for decades to estimate evaporative Joss from large contdiners,
filled with soil, water and other chemicals and whole plants. The contamers are weighed wt regular
time imervals 1o calculate evaporation. Improved instrumentation allows water Joss from such
comamners 1o be measured for very short time intervals and longer from minutes to days or longer,

Lysimeters are regarded as the standard for evaporation measurement although they may require
extensive engineening Jogistics 10 ensure accurate measurement and also require adequate dramage
mechanisms at their base. Also, lvsimetric methods are non-portable, expensive and destructive in the
sense that usually a relatively large volume of disturbed or sometimes undisturbed soil is placed m a
contamner usually of metal construction. Their lack of spatial scale and their high cost serve as a
sustification for the guest for altermative accurate evaporation measurement methods,

If evaporation could be measured using above-canopy methods, they would be more portable than
lysimetric methods. However, such measurement methods have not been fully rescarched. The height
placement of sensors above surfaces, i relation 10 the ferch distance, s important.

1.2.2.2 Transpiration

Transpiration may be measured directly using a variety of methods. Two of these, the heat pulse
velocity method (Dye et al. 1992) and u stem steady state heat encrgy balance method (Savage et al.
2000, formed the basis of previous WRC repons.

1.2.2.3 Micrometeorological methods

Above-surface flux measurement methods are complex. Estimates of sensible heat and Latent energy
exchange, for example, at the canopy surface arce affecied by a dynamic atmosphere changing m
character in time and three-dimensional space, i tum affected by mdiation and the vanable gascous
constituents. Over an extensive uniform stand of level vegetation, fluxes of waler vapour are constant
with height in the lowest parts of the urbulent boundary layer. Exchange fluxes between the canopy
and the air flowing over it can be determined by measunng vertical Mlunes, representative of surface
fluxes. in this part of the boundary laver provided there s adequate fetch. To measure evaporation
above a grassland surface. adeguate ferch would ensure that the measured evaporation is not
influenced by evaporation from adjacent non-grassland arcas,

Four methods of determining fluxes, above a uniform stand  of vegetation,  from
micrometeorological measurements i the boundary laver were used in this report. Two of the
methods are regarded as traditional methods and two have not previously been tested in South Africa.

The direct method, known as the eddy covanance (EC) method (Swinbank 1951, Verma ot al
1992) requires simultancous and rapid measurements of vertical wind speed and air iemperature for
the determination of sensible beat flux density (Fig. 1.1a). The covariance between these two
measurements is a direct measure of the sensible heat flux density at the point of measurement.  Most
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Fig. 1.1 (a) The EC system that allows messurements of the three components of wind
velocity as well as air temperature at 10 Hz: (b) a SR thermocouple for measuring air
temperature at 8 Hz that then allows sensible heat flux density 1o be determined; (¢) the
SLS beam when viewed at the receiver. The SLS method involves measurements of the
transmission properties of a laser beam across a distance of between 50 and 250 m: (d) the
BR system consists of a pair of air temperature and water vapour pressure
measurements, net irradiance and soll heat fluy density: (¢) the EC open path system
showing the open path sensor (white, upper right of the mast); (f) the SIS recelver
(bottom right) and the transmitter is shown at the top left corner. Also barely in view at
the top is the BR equipment as well as the EC sonic anemometer
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ofien, a single sensor, a somic ancmometer 18 used for measurement of both the vertical wind speed
and air temperature at high frequency and estimation of sensible heat flux density,

The BR method (Bowen 1926), an indirect method of determining fluxes (Fig. 1.1d), relics on the
measurement of mean air iemperatures and water vapour pressures and ther gradients in the
atmosphere as well as the net imadiance and sotl beat flux density terms of the energy balance.

The SR method involves high frequency air iemperature measurement (Fig 1.1b) and considering
8ir lemperature ramps (positive or negative) consisting of peniods during which there is no change n
air wemperature with time and then ramping periods for which there s an air wemperature ramp.
Posttive ramps occur for unstable conditions and negative ramps for stable conditions, The amplitude
of the ramps and the time taken for them s estimated from the high frequency record of ar
tempemture and the sensible heat flux density caleulated from the amplitude and the times,

The SLS method (Fig. 1.1c, 1) is intensively investigated in this report. It is a micrometeorological
method since turbulent fluctustions in air temperature affect the trunsmussion of the scintillometer
beam.

The emphasis in the rescarch documented in this repont is on the use of the SLS method for
cvaporation estimation largely based on measurements of sensible heat flux density and the
application of the encrgy balance equation. These estimates however need to be compared against
other methods i order that the accuracy of the SLS measurements may be ascertamed.

1.2.2.4 Surface layer scintillometry

Scmtillometry depends on the applicanion of the Monin-Obukhov similanty theory (MOST). A SLS
consisis of & transmitter and a recetver unit separated by between 30 and 250 m with a laser beam
between the transmitier and recerver In the case of the commercially-available dual-beam SLS used in
this project, two parallel and displaced beams with onhogonal polarizations are used, The receiver
unit measures the radiation ntensity fluctuations at 1 kHz. caused by atmospheric refractive scattering
of twrbulent eddies in the path of the SLS beam, The so-called mner scale of refractive mdex
Nuctuations (L) 18 calculated from the beam path length and the vanances of the loganthm of the
amplitude of the two beams and the structure parameter of refractive index fluctuations € is
caleulsted from the covanance of the loganithm of the amplitude fluctuations between the two beams,
Using an iterative method, and applying MOST, sensible heat flux denssty may be calculated from
inputs of air temperature, mmosphenc pressure, beam path length and the SLS beam height above the
level corresponding 10 a wind speed of 0 m &', The latent energy flux density is then estimated as a
residual using the energy balance cquation and measurements of net imadiance and soil heat flux
density.

1.2.3 Site description

Fickd measurements were conducted from 14 January 2003 10 November 2004 above an open and
mixed grassland community in the Hay Paddock arca ncighbouring Ashburion and close to
Pictermarnzburg (Fig, 1.2), South Africa (-29.6348" S, 30.4329° E) with an altnude of 671.32 m. The
average slope of the swudy sne s 1% 15" 10 the SE. The fewch distances m 1the prevailing S-E wind
direction is 135 m for the EC systems and 90 and 138 m for the SLS wransmitier and receiver
respectively. The fetch for the next-most dominant winds from the N-W is 117 m for the EC systems
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Fig. 1.2 Top: Map showing the location of the site: bottom: aerial view of the experimental site
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and 146 and 114 m for the SLS transmitier (indicated by SLS T) und SLS receiver (indicated by
SLS_R) respectively. Note thut the direction indicated in Fig. 1.2 1s the true nonh direction. Magnetic
north 1s 22" W of true N. Beyond these distances and 1o the south. the site 1s exposed and the siope
increases significantly. To the north of the study area, there is a residential arca and tall trees. The
contours, at 2-m intervals are shown. Entry 10 the site is gmned using the gate that s cast of the hight
red-roofed house i the top left comer of Fig. 1.2. The SLS measurements were collected for a full
22 months apart from imtcrruptions due 10 a fire, mowings, accidental damage 10 cables and infrequem
clecincal power cuts, First measurements were using a SLS beam path length of about 50 m but
subscquently 100 m was used. The EC measurements commenced on 17 February 2003 using a
Jedimensional somic anemometer although there were carhier measurements using a 1-D sonic. The SR
measurements commenced in October 2003 and the first reliable measurements from the BR systems
commenced in December 2003, The energy halance system, indicated by EB i Fig. 1.2, was moved
10 close 10 the BR systems after the aceadental fire.

For most of the study, encrgy balance measurements were collected as well as routine automatic
weather station and surface wemperature measurements. Additional measurements mcluded the sol
water content and Jeaf wetness, the latter from Apnl 2004 until August 2004,

1.3 Project aims
The onginal project aims were:

e 10 make recommendations on the feasibility, to provide guidehnes for the use. and 10 specify the
limuations of surface layer scintiflometry for the estimation of areally-averaged sensible heat flux

density over heterogencous surfaces.

o 10 provide catchment rescarchers and consultants with a practical, accurate and operational 1ol 1o
mmpeove the understanding of comparative evaporative losses of water from land surfaces and
water bodies associated with various forms of land use and a range of catchment conditions.

Once the project had commenced. it became clear that as complete a set of measurements as
possible using a vanety of methods would be more useful than obtaining an incomplete set of data for
a whole range of land surfaces. To that end, all measurements were obtained from a mixed grassland
site i the KwaZulu-Natal midlands. The collected data set, extending over a penod of 20 months, also
allowed for the nfluences of two mowmngs and a fire on the evaporation measurements 10 be
mvestigated. Furthermore, it became clear that the SLS measuremems in solation would be
msufficient 1o determine the measurement accurncy and hmitationds) of the SLS method. It was
therefore necessary to perform SLS measurement compansons with measurements obtamed from the
other methods such as the BR. EC and SR measurement methods,

1.4 Structure of report

There 1s a List of Figures. Tables and List of abbreviatons and symbols following the Executive
Summary. These may prove useful 10 the reader. The defimtion of & particular term may not he
sufficient in the kst of symbols so the reader may find a fuller definition in the body of the report, An
mtroduction 10 rbulence and a brief introduction scintillometry, and the Momin-Obukhov similanty
theory upon which the SLS method 15 based, s discussed in Chapier 2. The Monin-Obukhov
similanty semi-empincal theory s a widely-accepted body of theory of mmosphenc turbulence,
assumung simalarity between fluxes, that allows the dimensionless stability factors for sensible heat
flux_density 10 be estimated from the so-calied Monin-Obukhov length. In establishing the link
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between turbulence and energy. the various radiation and encrgy balance components exesting at the
surface 18 discussed. Following this, the Kolmogorov cascade theory of wirbulence s discussed. A
discussion on eddy structure and stabilsty functions leads 1o the Monmn-Obukhov stabiliny length and
the Momn-Obukhov stability theory. Methods for the measurement or estimation of sensible heat flux
density, including the scintillometer method are discassed. Most of these methods involve irbulence
theory for the estimation of sensiblke heat flux denssty and apphication of the energy balance which in
wrn allows evaporation 10 be estmated. The theoretical basis of vanous methods, with special
emphasis on the scintillometer method, for the estimation of sensible heat fluy density, 1s presented,

Chapter 3 1s devoted solely 10 the SLS method and the logistics of estimating evaporation from
SLS duts, The methodology sssocited with the use of the dual-beam SLS method i1s discussed in
detail. The procedures associated with the crucial step of beam alignment are presented as are the
procedures for the ermor-checking of the data post-data collection. The seasonal march of the
percentage of error-free data is discussed. The assumption of a honizontal beam above a horizontal
surface, a requirement of the SLS measurements, is also investigated by companson of non-horizonial
beam SLS measurements with simultancous EC measuremenms, Also, for a hmited ume, SLS
measurements at o very low beam height were compared with EC measurements, An error analysis is
undertaken 10 determine the worst-case scenario influence of the input data on the measured sensibie
heat flux density ax well as the mfluence of errors in net irradiance and soil heat flux density on the
estimated evaporation.

Chapter 4, the bulk of the repont, presents the comparisons between the SLS, BR, EC and SR
measurements at various time scales: 2-min, 20-min, and daily estimates of sensible heat as well ay
cvaporation estimates are compared for the vanous measurement methods. The influence of wind
dircction, i particular those perpendicular and those paraliel to the beam. on the SLS and EC
measurement comparisons s reported on. Also, a footprimt model is improved upon and wsed 10
calculute three key footprint parameters: the peak location of the footprint. the footprint fraction itself
and the 90 %% fetch 10 measurement heaght rato. This chapier is also concerned with BR measurements
and in particular the possible replacement of i cooled mirror dew pomnt sensor by i thin film polymer
capacitive sensor, Measurement data from two types of polymer sensors are presented and compared
with BR measurements using a cooled dew poimt marror. Peculianties of the collected SLS data such
as the asymmeincal nature of the diurnal sensible heat flux density cunve and the so-called
counter-gradient latent encrgy flux densitics, also receive anention in this chapter.

Chapter § discusses seasonal evaporation aspects of the collected data over the study penod. The
mfluence of a fire and two mowings a1 the site on the evaporation estimations s also discussed.

Chapier 6 presents the overall findings and recommendanions for future research
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Introduction to turbulence and scintillometry

2. 1 Introduction

Turbulence may be regarded as the irregular motion of wir resulting in uneven currents of wir It s
common, when turbulence is qualitatively desenbed, 10 speak of eddies. An eddy Is a rather abstract
concept gencrally used to describe turbulence or its effects. Eddies are three-dimensional structures
(e, that vary in x, v and = dircctions) that change with ume. A smoke-filled room may show
turbulent flow composed of 4 wide range of eddy diameters, typically from millimetres 10 metres,
referred 1o as length scales or the scale of wrbulence. The hink between turbulence and encrgy s ofien
evident. For example, we can see that vertical and honzontal eddy motion is driven by energy. Unlike
viscosity, turbulence is a feature of the flow of the flwd rather than a feature of the fluid nself. In
establishing the link between turbulence and energy. the various radistion and energy balance
components existing at the surface is discussed first. Following this, the Kolmogorov cascade theory
of wrbulence s discussed. A discussion on eddy structure and stability functions leads to the
Monmin-Obukbov  stability Jength and the Monin-Obukhov  stability theory. Methods for the
measurement or estimation of sensible heat flux density, includmg the scintillometer method are
discussed. Most of these methods nvolve wrbulence theory for the estimation of sensible heat flux
density and application of the encrgy balance which in turn allows evaporstion to be esumated. The
theorctical basis of vanous methods, with special emphasis on the seintillometer method, for the
estimanion of sensable heat flux density, is presented.

2.2 Radiation balance and components of the energy balance

Encrgy flux density available at the carth’s surface is either sensible heat £, (or 4, m W m”), which
results in & tempernture change with no phase change of water, or latemt energy L, F_or LE which
results in a phase change of water usually from hquid 10 vapour with no temperature chunge. The
water vapour flux density (F_ in kg s’ m”), multiplied by the specific latent heat of vapourization, L,
(in J kg') is the latent energy flux density L. F_.inWm~

For a short. horizontal and extensive surface, net irradiance 7, 1s the sam of the incoming short /,
and long wave £, imadiances, less the reflected short wave » -/ and emitted long wave L, irradiances:

1 =1 =-rd <L, ~L,. 2.1

commonly referred (o as the radiation balance. The net irradiance also appears as a term in the energy
balance equation. For a short and fla surface, the shonened form of the energy balance equation
ignores advection (both sensible and latent heat forms), the photosynthetic flux density 2 £ (W m™)
[where £ is the quantum vicld (J kg') and £ s the flux density of carbon dioxide in kg s’ m”).
physically and biochemically (photosynthetically) stored heat flux densities in the canopy as they are
considered neghgible (Thom 1975) compared 10 the mber energy balance components, So the
importam terms of the encrgy balance are the net imadiance and sensible heat, latent energy and soil
heat flux density of advection is neghigible. Rosenberg et al. (1983) used an operational definttion for
regional advection: that the sensible heat fux density is direcied towards the surface for conditions of
large positive net irmadiance. Due 1o its complex nature, advection is usually not routinely accounted
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for when using methods 1o estimate surface sensible heat and lstemt energy flux densities. always in W
m-

Two sign conventions are used for encrgy balance terms in relating therr direction 10 the sign
assigned 1o thewrr magnitude, Writing

=L F.¥F4F, 22

.

(commonly referred 10 as the shonened form of the energy balance equation), the sign convention s
that during the day the net irradiance (defined by Eq. 2.1) 1s positive with terms on the right hand side
of Eq. 2.2 leaving the carth’s surface being regarded as positive. The altemative convention reguires
that terms leaving the surface are negative:

I, 4L F. +F,+F,, =0 23

~

This sign convention results i negative latent energy and sensible heat values under normal daytime
condinons. This convention has been used throughout in this work. In an aliermative commonly-used
notation, the energy balance is given by:

R ALEsH+C=0

-

The available energy flux density 4 in W m” is the sum of the net irradiunce above a vegetated
surface and the soil heat flux density F_, stored by and entering (or leaving) the soil surface:

available energy lux densny A=/ ~F  =-L F, ~F,, 24

where all terms are in W m™. Using the aliemative energy balance sign convention and invoking the
shorened form of the energy balance. viz.,

Ll R AT S,

the available energy flux density 15 defined as follows:

Anl _ ~F =l F_4F,,

2.3 Closure of the shortened energy balance

If components of the energy balance are measured independemtly and correctly, then Eg, 2.3 should be
satisfied and closure 15 suid 10 be satisficd. However, the condition could still be satisfiod even if two
or more terms have incorrect vadue and that forturtously the 1erms still sum to 0 W m*. It would be
inconceivable however that an incorreet set would always sum 1o 0 W m™ for each time interval. Use
of the energy balance equation for independent measurements of the component terms results in:

Fo 4l F 4T &F , wug

where ¢ is termed the energy balance closure (W m ™). Closure 1s satisfied if ¢ = 0 W m™. A non-zero
vitlue for ¢ may be due 1o measurement errors in one or more of the component encrgy balance terms,
although & near-zero value for ¢ may be due 10 two or more of the component terms with incorrect
value tending to cancel cach other. As pomited out by Stannard et al. (1994), a near-zero value for ¢
only increases confidence in the flux density measurements but does not nocessarily vernify them.

The spatial scales of the measurements for the component energy balance terms are different due 10
the nature of their measurement. For example. the source ares of soil heat flux density measurements
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using a heat flux plate which is small in area, is very much less than 1 m* whereas the fraction F of the
source area 4 measured by a net radiometer placed a distance o above the canopy is grven by:

P

A_. +nd’
(Savage ¢t al. 1997), Defiming £ = 0.9, a value also used by Stannard ¢ al. (1994) for which the net
radiometer measures 90 %6 of the source area 4__ . results in 4__ . =97 d” or a source arca radius of
3d. Henee, for a net radometer measurement height of 2 m above canopy, the source arca radius
6 m, equivalent 10 an arca of 113 m’. The EC measurements of sensible heat flux density are point
measurements influenced by downwind source areas. The diffening spatial scales of measurements
tend 1o counter the achievement of closure especially for heterogencous ternun ( Stannand et al. 194d),

For their relatvely homogencous 1errain, Savage ot al. (1997) found that the mean closure value ¢
was positive. For their heterogencous 1emain using eddy covanance (EC) measurements, Stannard et
al. (1994) also found that the mean closure value ¢ was positive. Stunnard et al. (1994) histed a number
of possible mechanisms associated with ¢ > 0 W m™:

the magmitude of one or both of F, and L, F_ is underestimated;
the available encrgy flux density, /_, < F__. s overestimated:

the sensible heat or Latent encrgy content, or both, of the air advected mio the source arca of the flux
donsity measurements by the mean wind speed was less than that leaving the source area (-horizomal

flux divergence ).
mismatched source arcas for the different measurements of the energy balance component terms

Stannard ¢ al. (1994) reasoned that the influence of horizontal Mux divergence on & would be
small. They reasoned that divergence of sensible heat flux density would tend 10 be opposite in sign 10
the divergence of latent encrgy flux density since wetter arcas tended 10 be cooler and drier arcas
tended to be warmer. Therefore in total, these divergences would tend to be nullified. They concluded
that a detailed network of mr iemperature, relative humidity and wind speed sensors would be required
10 determine the net effect of divergence at any site. They also concluded that the underestimation of
sensible heat and Laent encrgy Mlux densines were the major cause of the tendency for © 10 be positive,

If closure 1 not satisfied. then, forexample, /_ + F_ > =L F_ = F, (or using the ahiernative sign
convention that /__ = F__ > L F_<F,). Another measure of the Jack of closure is the closure ratio,
which using the second sign convention (Eq. 2.3) is given by:

-L F,~F 23

closure o = .= J
+F_

L

for which a closure ratio of ] yvields the shoriened encrgy balance equation.

Han ¢t al. (2003) found that the encrgy imbalance persisted in different surfaces with an average of
about 20 % but that the encrgy balance closure was betier on average in the afiemoon than in the
momming. possibly suggesting the underestimation of storage terms, which are usually larger in the
morning.
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In the case of the BR 1echmque, for which by definition fi=F, 'L F_, and invoking the energy
balance viekds L, F_ = (=/_, = F_ 1 (1« ) the closure ratio is necessarily alwavs | Other methods
for estimating sensible heat flux density used in this report such as the EC, surface laver scintillometer
(SLS) and surface renewal (SR) methods involve measurements of F, and caleulation of L F_ by
assuming a closure rahe of 1. The EC svstems that measure £, and L. F, independemly of cach other
miake no assumpiion of the value of the closure runo,

2.4 Ficks Law

A generalised stement of Fick's Law s that the flux density of an entity s proportional 1o the
relevant concentration gradient. We assume for example that sensible heat flux density 1s given by:

F.up, c, K TlE: 26

where p _ (kg m”') is the density of air, ¢, (J kg ' K') is the specific heat capacity of dry (unsaturated)
air @ constant pressure, A, (m° s7) 18 the exchange coefficient for sensible heat flux density
FAW m® ) and o7 &= is the mean air temperature gradient (°C m”') typically sveraged over a time
penod of 20 min and usually measured across a vertical distance of 1 m just above the canopy. The
overbar for air wemperature T indicates that a time period is used 10 obtain its average value and does
not imply that i has & fixed value, In the literature, the exchange coefficient X, s also referred 10 as
the eddy diffusivity for sensible heat flux density. Notice in Eq. 2.6 that under normal daytime
conditions, the air temperature gradiemt 07 “Cz< 0°C m' since the surface warms the air closer to the
surface than air at higher clevation. Hence. under these conditions, £, < 0W m”~. Similarly, we assume
that the latent energy flux density 1s given by:

L F, =tp,c,K, Iy)Veeics 2.7

where K is the exchange coefficient for katent energy flux density L F, (W m ™) v (kPa K') the
psychrometric constant and O¢ / 7= the mean water vapour pressure gradient (kPa m™') where ¢ (kPa)
s the mean water vapour pressure usually measured at the same positions as the air lemperature
measurements. In Eq. 2.7 under daytime evaporative demand conditions. the waler vapour pressure
gradient ¢ ¢/ =< OkPa m' since the water vapour pressure closer 10 the surface is greater than that at
higher clevation. Hence, under these conditions, L F_ <0Wm*

In practice. &7 &= is estimated from two profile air temperature measurements and similarly for
Qe fz¢ where both gradients are negative:
T 't':alf; -T) {2<=2,)

enle, -8 )/ (2. ~2,)

and e

~

For the exchange of momentum flux density £ (Pa) from the surface 1o the atmosphere, we assume
that

r=p K, fuléz 28

where A 18 the momentum exchange cocflicient (m” 8 ') and Civ/ C= s the mean horizontal wind
speed gradient in the vertical direction (m s~ m™'). Momentum flux density © s an expression of drag
force per unit ares of level ground cuused by horizontal air motion. Dug 10 the friction that the surface
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offers. the wind speed gradient Cu /&2 > 0m » since wind speed increases with distance away from
the surface. Henee, under these conditions, © >0 Pa.

2.5 Ohm’s Law analogue to entity transport

Ohm’s Law relates clectneal resistance 10 the potential difference diaded by the clecinical current.
Applying Ohm's Law 10 sensible heat flux density using p ¢, as a propontionality constant, for
example,

acrodynamic resistance = proportionality constant » concentration difference / flus density

Hence, f -7 29
L !pa(r' 2
F

»
r,=(p_c, IVE -¢ VL F,.

and Foe =P ol 210
where r,. r,. and r,_ are the respective acrodynamic resistances (s m™' ) for sensible beat, katent
cnergy and momentum flux density, and T, & and # = 0 m &' are the average surface boundary
conditions for temperature, water vapour and wind speed respectively and 7. ¢ and u represent the
average wir temperature, water vapour pressure and wind speed respectively at height = Given that
under normal daytime conditions 7. =7 < 0°C and since F,<OW m”~ so that r_ >0 m'". Similarly,
under evaporative demand conditions ¢ =¢ <0Psand since L F_ <OWm~ sothatr, >0sm’

2.6 Fetch and the Similarity Principle

Venical transpont in the atmosphere 1s referred 10 as convection, Fully forced convection occurs when
the associted vertical motions are generated and mantamed by the surfuce which offers fnction 10 the
atmosphere above. In this case, we assume that a truly Jogarmhmic verncal wind speed profile exists
provided that the local effects of neighbouring trees, butldings, changes in topography, cic.. on the
horizontal air flow over the measurement site are msignificant. The assumption of a logarithmie
vermical wind speed profile assumes that the horizontal wind speed u s related 10 In = where = is the
vertical height

As a simplistic rule of thumb [often referred to as the 100:1 rule], for a canopy with height 4 (m),
the haghest measurement height should not exceed £ by more than | ®s of the uniform upwind feich:

greatest measurement height = A< 001 ¢ 211

where f(m) s the umiform gpwind fetch (Thom 1975), This rule of thumb takes no account of
atmosphene statnlity. So, for example for a canopy height of 2 m th = 2 m) and » uniform upwind
fesch of 50 m, the highest measurement height should be below 2.5 m. If the fetich were 250 m, then
the measurement height should be below 4.5 m.

If fully forced convection is assumed 10 cxist, the Similarny Principle 1s apphed. viz., tht

L
o
LD

K,=K_=K_

or, using Ohm's Law,

rotz .z r=r _f{3..2.)=r_(2,.2.)

Chapter 2 Introduction to turbulence and scintillometry




Theory and practice of evaporation measurement, with special focus on 16
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

213

In other words, the acrodvnamic resistance between the two Jevels ot height = and = m the
logarthmic wind profile region over vegetation 1s not related 10 the entity being transported (sensible
heat, latent energy or momentum flux denssty in this case) but 10 the exchange coeflicient (Eq. 2.12)
or acrodynamic resistance (Eq. 2.13).

Since the momentum fTus density (1 1n Py §s related 10 the momentum exchange coefficient (K m
m’ s ') and 10 the wind speed gradient, u / ¢z,

vep, A, Cw Czandr, =p_ v/t
where usmg a unit analysis, it can be shown that

Tep W 214

[that 1s. the unit of momentum flux density s Pa which 15 equal 10 the product of the unint of density
p .. (kg m ') and the square of 3 wind speed (defined as the square of friction velocity) (ms™)].

Hence. rolz, w0l ul -I"d; T

assuming that the friction velocity w1y constant with height. Hence

'"“'.“:"‘I-. (0w )T u ¢‘:b-d:aj‘:'(l/uf) xip, K, 1
[y p o, Ko

or r,(:,.:.l-jj tK_ ) d.

2.7 Neutral wind profile equation

The neutral wind profile (Jogarmhmic) equation. apphed 10 an extensive and flat cropped surface. s
used Tor turbulence studes. For neutral stmospheric conditions:

u=in, Ayhnjiz=-dy/ =] 218

where  1s the horizonial wind speed (m s '), w. i the friction velocity (m s '), & is the von Kirman
consiant (= 0.41). = the beight above the soil surface (m), = the roughness length height (m) and d 15
the zero plane displacement height (m). The height at which the wind speed 1s 0 ms™ corresponds 10
Inf(z-dyr 2 )=0for which(z -d)/ z_=lorz=d -z . Typically, for ncutral conditions, a graph of
wind speed measured at different heights as a function of In (= - d) for a particular value of J 1s lincar
with & slope of w, & and a y-intercept of ~(w, &) Inz . Normally. an nerative procedure by
choosing o range of values for J is apphied. and the regression cocfficient obtained for cach case. In
this way, the value of & corresponds 10 the maximum regression coeflicient.

In the absence of wind profile data. assumptions are made about the approximate values for J and
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(Oke 1957), based on the work by Tanner and Pelion ( 1960),

2.8 Boundary layers and eddy size

An understanding of boundary lavers, also discussed mn a previous repont (Savage ¢t al. 1998) and
partly repeated here for the sake of completencss. 15 crucial m this repon. Micrometcorology focuses
on phenomena that occur 0 the comparatively shallow laver of mfluence of the carth’s surface. This
layer s oflen referred 10 as the planctary boundary layer (PBL) or the atmosphenc boundary layer
(ABL). In this layer, the fnction of the carth’s surface causes significant exchange of energy, mass and
momentum between the surface and the stmosphere. Sharp varations in the properties of flow of
vartables such as wind velocity. ar iemperuture and mass concentration ([CO;] and water vapour
pressure, for example) also occur in this boundary laver. The PBL extends upwards to a fairly sharp
boundary between the irregular, turbulent motions within, and the considerably smooth laminar flow
of the free atmosphere sbove the PBL 10 a height of the order of 107 m varving from 100 10 2000 m
(Elhot 195K, Brutsacnt 1982 (Fig. 2.4), Aryva 198K%).

The surface boundary layver (SBL ). about the lowest 10 10 15 % of the PBL. has received @ great
deal of ancntion since in this layer most of our human activitics ke place. This layer also comams
most humans, ammals and vegetation, Of more mierest 10 micrometeorologists 18 the mner laver or
imtermal boundary laver (IBL) which s defined by Brutsaen (1982) as the region of the atmosphere
affected by a step change in the surface conditions. In other words, it 1s the height up 1o which a
disturbance (a step change i surface cover) has been propagated (Fig. 2.1), and s thus the appropriate
layer in which 10 perform micrometeorological measurements. The IBL may extend from | m (in
extremely stable noctumal mversion conditions ) 10 300 m (in convective, unstable conditions ),

A two-dimensional depiction of boundary layvers including. the IBL. following a discrete step
change of surface roughness (from smooth to rough). s shown in Fig 2.1

In the case of the Bowen ratio (BR) techmque. for example, the measuremem of water vapour
pressure and air temperature gradients between the two levels in the atmosphere must be done in the
transition zone of the IBL (Fig. 2.1), m order 10 correctly assess the respective fus densities. The
transition zone wonld be above the roughness sub-layer (Fig. 2.1) and ends where the effects of the
surface are no longer folt, The vemical profiles of water vapour content, wind speed and wir
temperature approach a new equilibnium with the active surface. Only once the boundary laver stops
growing upward has the air layer become representative of the new surface. The extent of the uniform
upwind fetch and the type of surface change (rough 10 smooth v smooth 1o rough, and moast 10 dry,
cte.) will determine the thickness of the IBL.

251 Inertial sub-laver

Mcasurement of the extent of the boundary laver is difficult as it fluctuates depending on both the
atmospheric stability conditions and the stage of crop growth, via the influence of =, where
= =01x & where & is the canopy height, Perhaps due 10 this fact, an mtermediate layer, the mertial
sub-laver, has also been defined (Raupach and Legg 19%4), and further confounds an absolute
definition of the outer himit of the boundary layer (Fig. 2.1
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Fig. 2.1 Disgrammatic representation of the two-dimensional inner (internal) boundary laver
problem (after Rosenberg 1974, Oke 1978, Brutsacrt 1982, Raupach and Lege 1984, Heilman et
al. 1989)

2.8.2 Internal equilibrium sub-layer

Ihe imternal equilibrium sub-laver is the lower portion of the boundary layer which has once again
COme 1IN0 Water sapour pressure. air iemperature and momentum egquilibrium with the surface (Fig
2. 1) defined by Brutsaen (1952) as the regon where the momentum fJux density is within 10 %6 of the
value at the surface. The roughness of the surface governs the thickness of the inmernal equilibrium
sub-laver and, thus for BR measurements, the lowest height setting of the lower measuning arm for
adequare horzomal spauzl homogenenty. More accurately, the mmmum sensor hesght s governed by
the vertical amplitude of the surface roughness. As a rule of thumb, five times the roughness structure
may be gsed as the lowest measuning height (where honzontal patchiness of arr temperature and
humidity are smaller than the sample height) (Tanner 1963, Brutsacert 1982), The measurement of the

roughness structure or clements is taken from = (o the 1op of the average structure extending above =
(Brutsacrt 1982). Garratt’s (1975) dta mdieated a mummum level of three 10 five times the roughness

clements. Conseguently. the mimmum level should be set conservatively high 1o decrease the margin
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for error. This recommendation will however need to be viewed against the available fetch should this
be himned.

The thickness of the internal boundary laver & for stable conditions, may be calculated using the
Munro and Oke (1975) equation:

Sug®t ¥ 217
where x 15 the fetch (m) and =, s the momentum roughness length of the surface (m). Instability will
increase boundury laver thickness (Hetlman ¢t al. 1989),

The use of Eq. 2.17 under unstable conditions would be expected 10 increase boundary laver
thickness (Munro and Oke 1975, Hellman ¢t al. 1989), The momentum roughness length may he
obtained from wind speed profiles. or from the approximation = =013 & (Tanner and Pelton 1960) or
=, =01k where A ts the canopy height. Using these values in Eq. 2.17, for a range of fetches. it can be
shown that the boundary layer thickness is most dependent on the fetch and only shghtly dependent
on the roughness of the cover. The TBL makes up abowt 15 % of the 1otal atmospheric boundary laver
ABL, but of this 15 %, maost 1s made up of a transition zone. This fayer s in the process of reaching
complete equilibrium with the charscienistics of the new surface over which it 1s now flowing. In the
transition zone the shear stress is expected 1o vary with height. which is in contrast 10 carly theories
which assumed equilibrium in the transiion zone, thereby leading 10 the misnomer for this layer “the
equilibrium sub-layer”,

Air flowing from smooth 10 rough surfaces must decelerate from the ground upwards due 10 the
increased shear stross caused by the greater surface roughness (as indicated by the roughness length
=0 and the wind speed profile therefore deviates from the logarithmic wind speed profile.

The extent of this equilibrium sub-layer has been found 1o be approximately 10 and S 5 for air
Nowing from relatively smooth 10 rough and rough 10 smooth transitions respectively (Brutsaen
1982), and is thus estimated from:

=002 3=,

The majpr portion of the equilibrium layer s the upper-most inertial sub-layer where an
nssumption of constant steess 15 not 100 far from the truth, for the first fow tens of meters (Brutsacn
1982). Flux gradiem type (K-theory) models are based on assumptions of constant shear and require
measurements 10 be made within thes layer. Brutsacrt (1982) pomted out that constant shear and stross
mply that the wind speed profile has adiusted 10 be fully Joganthmic, and the flux densities are
therefore nearly constant with hewght. However, it has been found possible 10 successfully formulate
Similanty hypotheses without this constant stress assumption ( Brutsacnt 1982), thereby sirengthening
the argument in favour of the assumption of Similanty used for example in the BR method.

In the Jower portion of the mertial sub-laver under non-neutral conditions, s found the dvnamic
sub-layer m which water vapour and sensible hem flux density may be considered passive admixtures,
and so do not affect (and are not affecied by) the flow of air and momemum. Under neutral conditions,
the whole equilibnium sub-laver takes on these charactenistics. It follows thar for other than noutral
condibons, 1 the majority of the equilibnum layer. the movement of water vapour and sensible heat
are actively sirengthened or suppressed depending on the atmosphenc conditions. Instability leads 1o
eddies which are larger in their vertical than their hornizomul dimension., This aids buovancy.,
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compared 10 stable conditions where vertical movements are damped by the opposite set of
circumstances (e.g., Thom 1972),

In the upper portion of the incrtial sub-laver, the surface-defined scales of surface roughness
clement height 4, breadth [ and scparation ), are not dynamically significant, and so the fnction
velocity w, (which scales the constant momentum flux density), and the element herght itself are the
only factors which control the flow (¢.g.. Thom 1972),

Very close 10 the roughness elements of the surface, the turbulence structure s influenced by the
wakes gencrated by the clements, establishing o roughness sub-laver (Raupach and Legg 1984) as
Mustrated dragrammatically in Fig. 2.1, This roughness sub-laver s influenced by factors such as the
distnbution and struciure of foliage clements and the spacing baiween plants. Thus no simple
expression for an exchange cocfficient for any entity K 1s possible without including b, /, and D.

It is well known (Corsin 1974) that gradient diffusion models such as are applied in the BR method
can only be justificd when the Iength scale of turbulence i much smaller than the length scale over
which mean gradients must change appreciably. In inhomogencous turbulence such as is found m this
layer, these two length scales are of the same order (Tennckes and Lumley 1972), so measurements
should not be taken within this layer. In the literature, the roughness sub-layer has also been fermed
the canopy. imterfacial. viscous or internal equilibrium sub-layer. The roughness sub-layer is the lower
portion of the boundary layer where the viscosity and the molecular nature of A, and A, must be taken
mto account. Over a rough surface 1t extends 10 a heaght of approximaiely 1.5 10 3.5 / (Brutsaen
1982).

283 Atmospheric conditions and the planetary boundary layer

In lamimar boundary lavers, the trunsfer of momentum. mass and sensible heat is determined by the
vertical atmosphenc concemtration gradient profiles. as well as by diffusivitics associated with
molecular agtation (- see Egs 2.6 10 2.8). Lammar conditions are. however. almost always displaced
by a turbulent boundary Liver found above vegetated surfaces dunng the sunhight hours, In wrbulent
transfer theory. the same transfer principles are thought 1o apply. but the diffusivities are assocuated
with wrbulent eddies (which are larger by many orders of magnitude) (e.2.. Arya 1988),

Most work on boundary layer theory deals with wind speed (or momentum) profiles as these are
more casily measured than the entities of heat and water vapour which are then commonly assumed 10
follow the same rules.

The depth of the turbulent boundary laver, & (m), s however mainly related 10 the extent of the
uniform upwind feich. The thickness of the internal boundary laver 1s dictuted by wind speed profiles
or momentum transfer considerations, and ofientimes the subscript m notation 15 used (much as the
roughness length =, should stnctly be denoted =), The depth or extent of the inner laver, then, muy
be calculated using the Munro and Oke (1975) power equation (Eq. 2.17) for stable conditions.

21.8.4 Boundary layer limitations on the placement of sensors

Campbell (1973) pomnted out that the Bowen ratio s the ratio of turbulent sensible and latemt heat
fluxes and the measurements must therefore be camed out only m the turbulent region of the PBL.
Campbell (1973) further noted that the atmosphere s laminar ¢lose 10 the surface for varving
thicknesses. and this may differentially affect the transfer of heat or water vapour. Thus, if the laminar
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faver s thin, hittle difference will be evident, but under windless free convection conditions, the
growth of this laver may sclectnvely hinder trunspon.

Since the roughness characteristic of the surface governs the thickness of the internal equilibrium
sub-lsver, it extablishes the lowest haight sctting of the lowest mcasuring sensor used in
scrodynamically based studies 1o obtain adequate horizomal spatial homogeneity. The minimum
sensor height s governed by the vertical amplitude of surface roughness, with the implication that the
rougher the surface the further removed from the surface the sensors must be. As mentioned
previously, as a rule of thumb. five times the roughness structure may be used as the lowest measuring
height (where hornizontal paichiness of atr iemperature and Waler Vapour pressure measurements are
smiallcr than the sample height) (Tanner 1963, Brutsuert 1952).

The principle of profile-based theories, according to Brutsaen (1982}, requires 2 uniform upwind
feich of some 50 10 100 m at the least for measurements 10 be taken up to | m above ground. This
implies that 10 take all wind directions into account, the measurements must be done in the centre of
an arca of uniform cover large enough to allow the development of an imemnal boundary up 10 the
measurement height, Funthermore, 1 s required that wind over the feich distance has come into
equiibrium with the cvaporating surface and 1s thus represemtative of the energy flux density
conditions at the point of measurement. A further prerequisite is that the sensors are placed within that
boundary layer, and in the "safe” region of the atmosphere, Thus. it would seem that although it is
desirable to measure exclusively within the equilibrium sub-layer, conditions within the entire imermal
boundary layer are suntable for fTux gradient measurements,

2.X.5 Blending height

The blending height may be defined as the height above which there is honzontal homogencity by
turbulent mixing (« blending) of the fluxes « in other words, the signatures of the individual surface
patches disappear above the blending height (Mahrt 1996). The upper limit of the individual internal
boundary layers of differemt surface paiches may be used to estimate the blending height. Above this
houndary layer height, the flow is not affected by surface heterogenceity. Expressions for the blending
height include the length scale of hornizomtal heterogencities. friction velocity and wind speed. A way
of ensuring that the meusured flux 15 sputially representative is 10 use a placement height above the
blending height. Schoid and Lloyd (1999) found that the blending beight was considerably affected
by swbility. In their investigation of scalar fluxes from helcrogencous termaimn, Alberison and Parlange
(1999) found that the water vapour flux field blended more efficiently than the sensible heat Mux field
for similar surfaces.

2.8.6 Conclusion

For micrometeorological measurements, unfortunately. no visible phenomenon exists 1o give i clue as
10 what measurement level s 100 low or 100 high, and even if one did exist, it could vary continuously
according 10 atmosphenic condinions from hour 10 hour and day 10 day. The measurements required 10
ascertamn these hewghts will require equipment ofien of greater complexity than that of the
expenmental oquipment. A conflict exists between measunng flux profile vanables 100 close 1o the
surface and 100 far from the surface, When flux profile equipment is set up, then, these height
considerations are ofien not given the attention they deserve, and mturtive guesses of what levels o
use have 10 be made.
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In summary. sensors for flux profile and EC measurements cunnot be set 100 low for fear of
miroducing “local effects” thereby not satisfyving the assumption of homogeneity of cover. At the same
ume, the sensors cannot be 100 far removed from the surface or else they will be ou of the region
affected by the surface conditions. These points are, in fact. the sausfaction of the feich requiremem
expressed in another way.

The problem therefore remains, that due 1o the attenuating nature of the water vapour pressure and
air temperature gradients, the ponts at which gradient differences are measured must be as close 10 the
canopy surface as possible. In oeder to measure the very shighiest gradient, and to increase precision,
the greatest possible displacement between the two points is required. The 1opmost sensors must
therefore be as high as s practical. the limits for these requiremenis being set by the above two
construnts,

Sharma (1987) pointed out that measurement heights close 0 ground are desiruble since this
mimmizes both advection, and the effect of buoyancy on the exchange coefficients.

Taller vegetation, especially forests, above which gradients are smaller, will therefore substantially
merease the height requirements of the measunng sensors, These requirements may thus himnt the
successful use of the method 10 shorter crops, or, 10 taller vegetation with very large arcas of common
cover and thus extensive feich.

2.9 Characteristics of turbulence

Webster's Dicuonary defines turbulence as a *.. staie of disturbance, violem agitation, or great
perturbation”, Terms that frequently anse i so-called defimtions of wirbulence include chaotic,
crratic, iregular, random, disordered, rotational, diffusive, dissipative, non-lincar, three-dimensional.
Turbulent flow may not be totally random and may in fact comtaim some degree of order. Furthermore,
turbulence consists of a number of length seales, typically from 10" m 10 107 m. Within the context of’
evaporation measurement, turbulence 1s responsible for transferring heat, momentum and mass (water
vapour, carbon dioxide. and other gases) between the biosphere and the atmosphere. Turbulence 1s
charactenized by a number of measures. Early work showed that turbulence is assoctnted with high
Reynolds numbers. However, to define the Revnolds number, we first have 10 understand and define
three types of forces: buovancy forces, inertial forces and viscous forces,

2.9.1 Buoyvancy forces

The Umiversal gas equation shows that the density of a flud s mversely proporiional 10 the
temperature (m K) of the flnd for a constant pressure. Also vanations i atmosphenc humidiny (and
air temperature) in the planctary boundary laver therefore result in fluid density differences, referred
1o as density stratifications.

The conscquences of these stratificatons is that parcels of air moving up or down in the
atmosphere may have a density differemt from that of their surroundings. In the presence of gravity,
the difference i density between the parcel and the surrounding air Ieads 10 a buovancy foree that will
erther aceckeraie or decelerate the vertical motion of the air parcel. Followmg the tremtment by Byers
(1974) and using the Archimedes principle. the buovant acceleration of s parcel of air s given by:

dﬁ-un- :2 “pv‘w -“’M.’ "’ .‘ -y
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where g is the acceleration of gravity (m 7). So if the air parcel is less dense than its surrounds. it will
rise and vice versa. Invoking the wdeal gas law, it can be shown that:
ahmao- :-g"ru BRIl -Tn oyt ,I'ru = —

or P .
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Since vertical motions in the planctary boundary laver. which carry parcels of air ventically upward or
downward, occur rapidly, we assume that the changes m thermodynamic properties of such parcels are
adiabatic. That s, using the first law of thermodynamics the heat energy addad 10 the parcel per unn
volume s given by the work done minus the change in pressure dF:

d@’;" (’,Jr-df’.

So if the process 15 adabatic (that is dQ = 0 with no change in heat cnergy), then
d0=p_ ¢ dT -dP where from the hydroststic equation: dp/éc=-p_ ¢ and hence
P, dl==p gdzor &T Cz=-g/c =-098 “C/100 m. Most ofien, the symbol I is used for
~2/c,. Hence, finally,
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where &7, 0z« s defined in terms of the virtual potential  temperature  gradient
O, O z=8T 8- where @, is the virtual potential iemperature.

The static stability parameter s 15 defined as
s={-g /T 1@, idz
where for stable conditions 520,80 [z>00r¢T, ‘8:>-T,
and for unstable condinons 50,00 /3&:>00r8T Se<-T,
and for neutral conditions s< 0O fz<00rd7 & =~T,
The metcoralogy Inerature also characterises an atmosphenc layer as follows:
mversion laver 87, ¢z>0,
isothermal layver 87 8z =@,
adiabatic layer 87, 6z =~T,
superadiabatic laver 87, /dc<~T.
and subadiabatic layer = <87, (8z<O

2.9.2 Incrtial forces

Mot introductory books on physics define inertia as the tendency of any state of affairs 10 persist in
the absence of external influcnces. In other words, incrtia may be defined as the physical force that
keeps something i the same posiion or moving i the same direction. Therefore, in a gas, the inertial
force 1s proportional 1o the acceleration of the gas particles at any point in space and time. The faster
the particle moves, the greater is the force of inentia. Not surprisingly therefore. the inenial force 1
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related 10 the square of the speed of the particie. That is. it is relased 10 the kinetic energy of the
paricle, Viz, the product of the mass and the square of the panicle speed.

2.9.3 Viscous forces

The viscosity of & fluid 15 4 molecular propeny indicating » measure of the resistance of the lud 10
deformanion. In other words, in the case of flusd fow, viscosny s responsible for the frichonal
resistance between adjacent fluid layers. The resistance foree per unit arcas s called the sheanng stress
1 (Pa). The sheanng stress t s directly proportional 10 the velocity gradient:

T=pulfu =)
where the proportionality constamt p is defined as the dynamic viscosity (Pa s) In flwds, more
commonly. the kinematic viscosity u (m’ s ') is used:
Lv=pp
where p (kg m'') is the fluid density. The viscous force F' per unit mass due 10 a shearing siress 1.
where volume I = 4. = for arca 4 and depth = is given by:
1=l pIIF TN =(lip) xCF I A- 2=l pxdt ids
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The kinematic viscosity of air is approximately v = 1.5 = 107 m’ s

2.9.4 Inertial and viscous forces compared: Reyvnolds number
The mnertial force per unit mass s equal 10 the Muid acceleration or

cn/cr=t0u e cs e suddu ez 2.1

The equanions of mobon for the stmosphere deal with the conservation of energy, muss and
momentum. The dernvation of these equations of motion are outside the scope of this work, An
important issue though is that the momentum conservation egquartion includes inentia terms of the form
u (e $x) [from Eq. 2.19] and viscous terms which include 1erms of the form u (77w &x 7 ) [based
on Eq. 2.18] where w and x (also referred 10 as /) are charactenstic velocity and length respectively and
u is the kinematic viscosity,

So the inertial forces are of the order ~ / | and the viscous forces are of the order of v /7. The
Revnolds number Re s an estimate of the ratio of these two forces:

inertial forces o | wl 20
Re= = B wee

viscomsforces vae/lm v

I Re < 1, then viscous forces donunate and the flow will be dominated by viscosaty, I Re > 1. then
the inertial effects are more domimant than the viscous effects. It must be emphasised however that
wrbulent flow must be treated statstically so statemens such as "for Re > 1L viscous forces are
neghgible® need 1o be viewed from a statistical point of view,

2.9.5 Characteristics of boundary layer spectra

Turbulence muy be characterised by turbulent spectra and cospectra scales of mohon that comnbute 10
the production and dissipation of encrgy (Kaimal and Finnigan 1994). The spectrum of boundary layer
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wrbulence may range from mallimetres 10 several Kilometres i spatial scale and from seconds to
hours in wemporsl scale.

2.9.5.1 Power spectrum of turbulence

The total kinetic energy of the atmosphere s the sum of the time-averaged flow (the mean kinetic
encrgy MKE) and the wrbulent kinctic energy TKE. In this report, we are concerned with the TKE.

The spectra of an ammosphenc variable indicates the spread or the spectrum distnbution of the
ammesphene vanable over a wavelength or a penod of tme. So, for example, if the atmosphenc
vanable is one of the three components of wind velogity, then the spectrum would indicate the
distribution of kinetic encrgy over wavelengths or periods. The wave number & (m™') s inversely
proportional 10 the wisvelength which m tum is proportional 1o the Iength scale of the eddy /.

wave numberk=2s [

In the case of the EC method, for example, covanances are used 1o estumate the sensible heat and
momentum flux density. A cospectral analysis can indicate the chowee for the averaging penod for
covariance in order 10 mchude the contnbutions of all the redevam eddies.

Two types of spectry are usually considered for mmosphenc turbulence: spatial spectra and
temporal spectra. In the case of spatial spectra. measurements are made at differing positions and the
spectrum of measurements is displaved as a function of spectral wavelength or spectral wave number.
In the case of temporal spectra, used more often than spatial spectra, measurements are made at one
positon but at different times. The time scale between measurements may vary depending on the
application. For example, in the case of EC measurements, the time scale s typically 0.1 s (equivalent
1o a frequency of 10 Hz) and for surface layver scintillometry, the frequency is typically | kHz

Concentrating on the iemporal spectrum of atmospheric variables, for example, vertical wind speed
Nuctuation w* measured 3t tme 11 compared, by correlation, with that measured at time £+ ©. Using
the notation and a treatment similar 10 Sorbjan ( 1989), the correlation function R(t ) defined by:

Riz)=w'ttiw'(1+1)

depends only on the lag time T between the two measurements w’(7)and w'(r 4 1) For a zero lag tme,
Rty = R0) s a measure of the kinetic encergy in the vertical since kinetic energy is defined as one half
the mass times the square of wind speed. For a zero time lag, R10) 15 also the varance o since R(1) is
the mean square deviation of the vertical wind speed. Using Fourier analysis the encrgy spectrum
density @(w) 18 used 1o desceribe the frequency distribution of TKE, where m=2x ' p =2z n is the
frequency in radians s and where pis 1the period () and # is the frequency (Hz):

- ) -
om)-t=>[ Rit)cos ot dt
x g

" 4 -
where R“"'i"f. Do) coswt do
where Rw)-;'_"a I.' @) don

Since R(0) is related to TKE. the contnibution by oddics with frequencies between w and o+ do is
given by @(w) do and the total contribution by eddies of all frequencies s I: Do) o More
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commonly, an eddy spectral density as a fusction of frequency o s used. Sin)l where
Stmy=2x ®{m)= 2z O(2x n)

ROy= [ O@ido=2z [ ®Qzardns| Sondn

where o™ =Ri0)
In summury, the eddy spectral density function for verucal wind speed, 1s defined as follows:

I; S‘n)dna;tho:.

Plots of the spectral density function are usually with 2 St ) as a function of In » instead of St )as
a function of #, The reasons for this are partly due to the fact that the variance 1s unchanged since:

o BL S(nbdn:L. nSinydtinm)

since from calculus dilnn)=(1 n)dn. Of particular note though from this last equation: since
n Sty 0 for n = O correspond 10 a minima of the plot and that for finite varance o, if n — = then
1 S{n)—= 0. In other words the plot of # S(n) as a function of frequency # tends 10 0 a1 both the low
frequency and at the high frequency ends. Therefore the maximum of n S(n) must occur somewhere
between low and high frequencies.

Furthermore. a logarithmic plot more clearly displays eddics of lugh and of low frequencies
compared 10 a linear plot. Usually. the imerest is in the display of a range of frequencies that extend
over several orders of magnitude and a logarithmic plot would reveal more details over this frequency
range. Also, loganthmic plots presents constant powers of # as straight lines with & slope equal 10 1the
magnitude of the power (Shaw undated). The main disadvantage of the logarithmic plot however is
that the frequencies are not properly weighted since equal arcas under the curve no longer represent
cqual contnibutions 10 the 1otal vanance or covanance.

Frequently, instead of plotting # S{n) as a function of frequency n, a plot of £(x) as a function of
Intx) s cmploved, where E(x) represents the encrgy spectrum for o mnge of turbulence conditions
and x s the spectral wave number. A logarithmic plot is used 1o display the energy spectrum for o
range of wave numbers over seversl orders of magnitude,

2.9.5.2 Spectral regions

Kaimal and Finnigan (1993) present three major spectral regions with regard 1o boundary Javer flow,
indicated by A, B and C in Fig. 2.2 where the energy spectrum is plotted as a function of the spectral
wave number X

A. the energy-contiining range which contams most of the turbulent energy and in which energy s
produced by buoyancy and shear:

B. the inentiul sub-range where energy s neither produced nor dissipated, cascading down 1o smaller
and smaller scales:

C. the encrgy dissipation range in which TKE s converted mio mternal encrgy acting 10 rmse the
temperature of the flusd and 15 Jost to the atmosphenc boundary laver. This energy conversion occurs
predominantly in the very smallest scales of motion, referred 1o as the dissipative scales. through the
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Fig. 2.2 The energy spectrum E(x) associated with turbulence for a range of wave numbers » for
the various boundary layer flows (taken from Kaimal and Finnigan 1994): A corresponds 1o
regions of energy production, B to the inertial sub-range of turbulence and C 1o the dissipation
range where Kinetic energy is converted to internal energy acting to raise the temperature of the
fluid. The integral length scale of turbulence is denoted A and 1) denotes the Kolmogoroy
microscale of length

cascading of energy through eddies of smaller and smaller sizes, By its very nature then, turbulence
requires a continuous supply of kinctic cnergy if #t is 1o be mamtained. Twbulence can gam this
energy from buovant convection and'or the mean flow of the fluid, Notice the hump in the curve m
this region of Fig, 2.2, This will be discussed in greater detail later.

The maximum of the encrgy spectrum, as a function of the wave number x = 2x /4 where 218 the
wavelength, which s related 10 the length seale of the eddy, corresponds 10 the region of maximum
kinetic energy (Fig. 2.2) which decreases to zero at both ends of the energy spectrum.

Special procedures are used (Shaw undated) 10 ensure that the spectral density s nondimensional
so that different curves collapse onto a universal line in the region of the inertial sub-range B and
separated well according 1o stabilny state. Also, the normalised plots allow actual frequencies 1o be
obunned. For example, instead of plotting the spectral curves using In# on the x-axis. o normalised
logarithmic frequency In f is used where £ =n 2 /U where = is the measurement height and £ 15 the
mean honzontal wind speed. As an example, suppose that for a given swbility state. the spectrum
peaks a1 o normalised frequency /7 = 3 (no units), then for a measurement height = = 2 m and 2 mean
horizontal wind speed £ = 2 m s’ =7 @i ' = = 3 Hz. indicating that measurement frequencies of
3 Hz would caprure eddies with the greatest correspondimg encrgy,

2.9.6 Turbulent Kinetic energy, energy dissipation rate and the two hypotheses of Kolmogoroy

The turbalent kinetic energy per unit mass of the flud (£ m J kg'), referred 10 as TKE i the
lterature, s given by
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E:-‘--lu"-fdu:l =21
2
The cnergy dissipation nute & 1s defined as the rate of change m £ due 10 viscous effects. Using
Eq. 2.21, the units of the dissipation rate care Js ' kg ' = Nms'kg'=kgms ms ' kg'=m's "

In the 19405, the Russian statistician Kolmogorov hyvpothesized that, 1n the limit as the Reynolds
number (Eg. 2.20) tends to infinity. the distribution of eddy sizes in the inertial and dissipation ranges
should depend on only two paramcters (hesides wave number k) the dissipation e ¢ and the
viscosity v, That 1s. £ = E(x.u.2)

Kolmogorov also suggested that the spectrum m the inertial range (region B of Fig. 2.2) should be
simpler sull by virtue of bemng independent of viscosity. In that case £ = E(x.c) and he showed thi
the funchion dependence of the turbulent kinetic energy can be predicted from dimensional reasoning
except for the universal constant a,: E{x)=a, ¢” & ", This power law spectral form indicates that
motions in the inertial sub-range are self-similar.

Kolmogorov (19414, b) introduced two hypotheses that in the atmosphernic boundary layer high
frequency Tluctuations, because of their small size, are ot influenced by the surface and have the
same properties in all directions:

I. the average propertics of the small-scale eddies of any turbulent flow at large Revnolds number
(Eq. 2.20) arc umguely determined by the flusd Kinematic viscosity v and the average dissipation rate
¢ of the fluid;

2 for large Reynolds number, there s a sub-range of the equilibrium for which the average properties
of the flow are determined only by the average rate of energy dissipation ¢,

Using dimensional analysis (or o unit analysis) and noung that the unit of dissipation rake ¢ 1s
ims'Ys'=m s and that of kinematic fluid viscosity L is m° 5. expressions for the scales of
length, time and velocity, referred to as the Kolmogorov microscales representative of the energy
dissipation process, can be denved:

unit of U/ & = »° and hence the scale of time is defined using U | £ = (scale of time)”.
Similarly, the unit of v ¢ = m® = unit of (scale of kength)”.
Henee the scake of velocity = (scale of length®)' “(scale of timey)'

mko“whz‘\' “- =U"L'.="l‘£'.‘<
scakeof time (v &) °

scalke of velogity «

Hence, using conventional notation:

kengthy=(v’ ‘¢) ', 222
imer =(v ) °, 233
and velocity v =tug)' * 224

define the Kolmogorov microscales representative of the energy dissipation process. Defiming length
L. (m) as the nner-scale length bevond which enerpy 1s dissipated as viscous heat energy in the
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dissipation range, Hill and Chifford (1978) showed that the Kolmogorov microscale length n=/ 74
Hence, the inner-scale length is given by:

I =74 (v' e)", 238
For the turbulent spectral region B (Fig. 2.2). the inertial region. for which energy 18 neither produced
nor dissipated, Kolmogorov argued tha encrgy spectrum E(x) as a function of spectral wave number x
is proportional 102~ & " with the proportionality constant estimated as being between 0.5 and (1.6:

Ex)=a, e’ k"' 226

where a | 1s referred 10 as the Kolmogorov constamt. This relationshap is referred 10 as the <573 power
law for the mertial sub-range (Fig. 2.2, region B). Kammal and Finmigan (1994) poimt out that
theoretical arguments suggest that turbulence 18 1sotropic in the inertial sub-range B. They also poim
out that a consequence of the local 1sotropy of turbulence 1s the vansshing of all correlations between
velocity components and between velocity components and scalars with the result that there can be no
wirbulent fluxes in the inertial sub-range B.

For the menial sub-range, the Koimogorov hypothesis relies on the fact that energy is not ereated
or destroyed within this range but that 1t s merely redistributed among the mertal-range wave
numbers. Kolmogorov ( 1941b) suggested that the very large eddies wall not imteract directly with very
small eddics. but only via eddics of an mermediate size. In other words. kinetic energy 15 extracied
from the mean flow by the large eddies. This energy is then transferred via smaller and smaller eddres
10 the smallest eddies. This 1s called the cascade process.

2.10 Structure functions

2101 Structure parameter of air temperature

Structure functions are the basis for semtillometry (Hall 1997), Structure functions can be defined for
pir Icmperatre, water vapour pressure, refractive index of air. wind velocnty. etc. For example, the
time-average of the air temperature deviations squared, termed the wir temperature structure function
D (r)at poant r, can be expressed as:

D_(r)=[Tr.0y=T0.0] 327

where the overbar indicates a time average. T(0, 1) denotes the air temperature at position 0 at time ¢
and T r, 1) denotes the wir temperature at position r from the pont measurement 710, ¢ ). Therefore both
Tir.rrand 70, 7) are measured at the same time 7 but are separated spatially by distance », Structure
functions are similar o the standard devisnion function used in statistics. In the case of Eq. 227, ns
the average deviation squared for two measurements of air temperature at shghtly different positions
with both measurements performed ot the same time, Cross-structure functions can be defined
between say aw temperature and water vapour pressure. For spacing r in the mertial range of
turbulence, millmetres 10 tens of millimetres, Obukhov (1949) showed that:

D, (r)=C;r’ 228

where C; is termed the structure parameter of air empensture. Some of the literature refers 10 C; as
the structure function constant of air lemperature of the structure constant of air lemperature.
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Another structure function. the spectral amplitude of the refractive index fluctuations 1s designated
(> and is referred 10 as the structure function constant or simply the structure constant. Since the
refractive index fluctustions are most often affected by air temperature fluctuations and less by
fluctuations in atmospheric humidiny, C, 1 ofien imerpreted as a measure of the structure parmeter
of air temperature (Thiermann and Grass! 1992). It may also be interpreted as o measure of the
strength of the refractive turbulence (Green 2001 ).

The standard deviation function used i statistics 15 just one way of expressing statistically the
charactersiics of fluctuations i refractive index, Other wavs include: the correlation function,
vartance. covariance, structure functions such us that expressed by Eq. 227, probubility density
function, higher order moments, and power specira

Kolmogorov (1941b) showed that the structure function in the eddy range (inertial sub-range,
region B of Fig. 2.2) 15 a measure of the 1otal energy and can be expressed with a characteristic power
spectrum. The wave number power spectrum of the refractive index fluctuations 1s a key parameter for
mvestigating the propagation and scaticring of optical waves in the atmaspheric boundary layer, Since
Kolmogorov's onginal work, different spectral models have been developed 10 describe this cascade
process for the refractive index Nuctuations in the atmospheric boundary laver,

The form of the three dimensional spatial power spectrum of the refractive mdex n. designated
@ _(x)where x=2n /2, s very imponant for determiming scintillation parameters such as the structure
function constant € and the inner scale of turbulence /. The influences of the random perturbations

in the refractive-index on the beam propagating through a trbulent atmosphere s quantified by
@ %)

2.10.2 Kolmogorov cascade theory of turbulence

Stanistical functions such as structure functions have been used 1o analyse turbulence regimes
(Kolmogorov 1940), The original idea of cascading encruy, by Richardson (1922), was further
developed by Kolmogorov: lurge eddies of typical size 100 m, referred 10 as the outer seale of
wrbulence L. are not sustainable or stable and break up by transferning their energy 1o eddics of
smaller and smaller size -~ millimetres 10 tens of millimetres. Tvpically, the inner scale of turbulence /,
s of the order 0.01 m near the surface and the outer scale of turbulence L. increases linearly with
height above surface and may approach sizes of the order of 100 m. Eddics of size r where

I <<re<i, 229

arc in the mertin) sub-runge of turbulence (Figs 2.1 and 2.2). The mner scale of turbulence is important
since it 15 related directly 10 the TKE © via Eq. 2.25. Note that in Fig. 2.2, A s o measure of the outer
scale of turbulence L and nis a measure of the inner scale of turbulence / .

Defining a wave number & =2x [/ andanotheras k, =2x L . then
K _<C<K<<K,

also defines the menial range of turbulence (Frg. 2.3)
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Fig. 2.3 An illustration of the range of eddy sizes, from the inner scale /_ to the outer scale L
and the corresponding wave numbers. The different turbulent ranges, based on Fig. 2.2, are
shown. The term "variance range” is taken from Green (2001). For the SLS method, the
dissipation range is used

2.11 Eddy structure and stability functions

2111 Introduction

Under fully-forced comvection conditions, turbulent eddics are circular with no suppression in the
vertical as might be the case under stable condimions. The stmosphere would then have » neutral state
and the wind profile would be Joganthmic. Under stable conditions, eddies are simost ellipucal with
the long axis in the horizontal direction. Under unstable conditions, the Jong axis of ihe
clliptically-shuped eddy would be in the vertical,

Eddy structure of the mumosphere with fully forced convection conditions can be regarded as being
composed of a number of circular eddies with diameters /. referred 10 as the mixing length (m). The
mixing length s defined by / = & = at height = where £ 1s von Karman's constant, £ 2 041, independem
of surface type. The tangential speeds of the rotating eddies are given by

wesu'su =culés

where w' and o' are the vertical and honzomal wrbulent velocity fluctustion. Under unstable
conditions, w’ exceeds v’ by an amount generated by buoyancy where ' =/ -fu 'z and I >k = Under
stable conditions, w' is less than " by an amount related to damping effects. Again " =/ fu /7= bt
f<kz
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Under unstable or stable conditions, the neutral wind profile relationship denved from Eq. 2 15, no
longer apphies. Generalizing this relationship:

wicz=®_-u, [kiz-d)) 2,30

where the dimensionless stability function @ = | for neutral conditions, @ _ > | for stable conditions
and @ _ < | for unstable conditions. The deparure of @ from unity would depend on the degree of
stability or mstability i the flind flow. To arnve at expressions for @ _, the influence of vertical air
temperature gradients on the nature of 1he turbulent boundary layer flow needs 10 be determined.

2.11.2 Generalised Moy expression

The generalised wind profile relastionship (Eq. 2.30) is extended 10 water vapour pressure and air
temperature by defining ¢, (kPa), the twrbulent scale for water vapour pressure, and 7, (K), the
turbulent scale of temperature

de/fz=-_ o, [kiz=d)] 2.31
and iT fz==0, T,/ [kiz=d)] 2.32

where since, T =p _ u. (Eg. 2.14),
LF, ==(p_c,ly)e u, 2.33
and w6, W T 234

The negative sign in cach of Egs 2.31 10 2.34 ensure that under normal davtime evaporative demand
conditions the gradients and the fluxes are negative. The relationship between the vanous stability
functions and the respective exchange coefficients includes height =~ and the frictional velocity w,
and is casily denved from, for example, Eqs 2.8, 2.14 and 2,30 for A _:

K.=hulz=-d)o 2.35
K,=ku (z-d)®; 2.36
and K,=ku(z=d)o_. 237

The remarkable aspect of Egs 2.35 10 2.37 1 that they provide the hink between a cnitical element of
K-theory (Egs 2.6 10 2.8) and stmospheric stability (Egs 2.30 10 2.32),

2.11.2 Richardson number

In order 10 amve at a measure for mmosphenc stability, consider a unit volume of ar moving under
turbulent motion i an unstable atmosphere with / exceeding & = by an amount dependent on the
buoyancy (Thom 1975), The mitial turbulent kinctic encrgy AE per unit volume (J m’ = Pa) is
increased by an amount dependent on buoyvancy KE, and dependent on the air temperature difference
between level = at wemperature 71 2 and level =+ 7 at iemperature Tz + /) where:

Tizsy=T(2)+ 1T 02
Hence KE =mgl-aT ' T

where mois the mass of air, or RE, 'volume=p  wl.8T 'T.
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Assuming that T{z = < Tiz)
6T=Tiz)y-Mz+Ne=1.0T I E=.
Hence, averaging the KE, volume at level = (at which 87 = 0) and level = = 7 where:

KE 'Whﬂ;‘:%p“ g-oT T=-%p_._ g Fer &z T,

This is the inenial rbulent Kinetic energy per unit volume of air.

To arrive at an expression for the inertial kinetic energy per unit volume of air. the mertial kinetie
energy is written as < my or

" | S ia eyl 2 e )R
KE, - volume = —m-I" (¢u/éz)° wlum:-.l'p‘. " \Culézy.

The rauo KE, ' KE is a measure of the relative importance of free (buoyant) and foreed (inertial)
convection m a turbulem boundary layer.

It is conventional to define the Richardson number as:

- .' - Y - ¢ ﬂ -
Ri==KE, (KE, ==I%p,. £ 15071 /Uip,, 1 (20 )=£.S0 2ty
> i~ 4 ‘s T & &
or Ri= 267, Cu
re & 238

Note that if ¢7/7z<0 (lapse considerations), Ri<(. For mversion conditons, Ri>0 If air
temperature and wind speed are measured at two heights, then:

(2, -2,)

Ri=E(T. =T, ) b
T (w, ~u )

Typically. for g=98 m s, 7=300 K, [I. =TS | K. z. -z, =1 m and w.-u|S | m s,
Ri<0.03),

The Richardson number is a dimensionless measure of the intensity of mixing (urbulence), and
provides a simple crierion for the existence or non-existence thereof in a stuble und stratified
environment. A large positive value of R/ > 0.25 is indicative of weak and decaymg turbulence and
that the environment 1s tending towards a stable condition.

2.11.4 Monin-Obukhoy similarity theory (MOST)
The disadvantage of the use of the Richardson number, as a stability measure, s that o s height

dependent as shown by Eq. 23K, Furthermore, it requires the measurement of air temperature and
wind speed at two levels in the stmosphere. The ideal would be a height-independent measure that is
not reliant on measurement at two levels.
Combining i cx=@_ -, /|kiz~d)][Eq. 2.30].
T é&z=-0 T /[h(z=d)]|Eq. 2.32],
F.=-p_c,uT |Eq234]
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the definmion for the Richardson number (Eq. 2.3%) can be wnnen as:

i 0T (k= d))
T @ -w |kiz=-d))
ol R]z-gﬁ r‘

or using Eq. 2.34, R"—'% & F, _"(:'-JD'
; p-r "l' u' 239

In arriving ot a heighi-independent stability parameter. Monin and Obukhov defined the terms
preveding £ (= - o ) apan from the stability functions as the reciprocal of stability length L

T ety 2.40

In this expression, smee the sensible heat flux density 18 negative under "normal unstable® daytime
conditions, £ < 0. Somc of the litcrature defines sensible heat flux density as positive for these
conditons and then define Eq. 240 using a negative sign preceding the nght hand side. The
Monin-Obukhov stability length L contains all of the parameters assoctated with free and forced
convection except height = The ratio & (= - d) L s therefore regarded as an absolute dimensionless
measure of stability at beight =, The Monin-Obukhov stability length L (m) has, as has been referred
10, the dimensions of length and is essentially independent of height (Eq. 2.30)

z~d

R‘=____g.._. 241
L &,

For simplicity. if it is sssumed that @, @ =L ofien taken 10 correspond to unstable conditions,
then

Ri= z=d

e
s
L

The magnitude of L for unstable conditions is (= - )| Rf where (R 15 a function of height = and in
fact by defimtion s directly proportional 10 = - d. For unstable conditions, L' can be imerpreted as the
height above = = @ at which free convection becomes the domimant encrgy transfor mechanism (and 3t
which Ri = -1). MOST (Monmn-Obukhoy Similanty Theory) relies on the assumption that @ | ‘@~ =1
(Egs 241, 242)

Since the Richardson number 1 2 non-dimensional ratio describing conditions in the surface layer
over uniform terrain. it can. according 10 MOST. be equated directly 10 = / L in unstable air (Panofsky
and Dutton 1984),

2112 Example of Monin-Obukhoy stability length assuming MOST conditions
Suppose that for unstable conditions above tall grass: £, =-300 Wm™. 7= 300 K. and w, =05 ms .
Hence using Eq. 2.39 and assuming that @, = or equivalently Eq. 240

OR <300 Odl(z-d) |
Ris—— -} m

300 121004 05’
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or Ri==002667 (z~d)m

and z=-d z=d
L= =
Ri ~OM66T (- =d)

m=-375m.

Hence, at a height of 37.5 m above the zero plane displacement level, free convection dominates. Note
then that £ is independent of height =,

2116 The Monin-Obukhov stability length and atmospheric stability

In strutified wrbulent flow any dimensionless churactenstic is determined by: the beight = -4, the
shear stress at the surfuce 1, the air density p . and the production rate of turbulent energy resulting
from the work of buovancy forces. These four quantities can be expressed in terms of the three basic
dimensions of time. length and mass, combined into one dimensionless variable. R/ proposed by
Monin and Obukhoy (1954), as shown by Eq. 242, where L 1s Obukhov's (1946) length (Brutsaen
1982) or "buovancy length scaic”, defined by s ongmator Obukhoy (1946) as “the charsciensuge
heaght (scale) of the sub-laver of dynamic turbulence™.

The relevance of this is that, in magnitade. L represents the thickness of the laver of dynamic
influence near the surface in which shear or fnction effects are always mmportant. On strongly
convective (windless free convective) days, ([ 210 m (e, small), |4 =100 m on windy days. and
approaches infinny with purely mechamcal wrbulence (Brutsaent 1982). At might. or with downward
beat flux, L is positive, and when turbulence ceases, Ri>>0

Closest 10 the surface (1. =< L) shear effects dommae. and buoyancy effects are insignificant,
whereas the latier dominates when = > I, Thus the rauo (= =d)/ L is imporant in assessing the
relative imporntance of buoyancy versus shear effects in the siratified surface layer. similar 10 the i
number, 10 which it can be related (Panofsky and Dution 1974), Under stable condibons, (2 ~d) L
vancs lincarly with height showing the increasing imponance of buoyancy above the surface (Arva
1988).

In the vertical direction, the atmospheric boundary kaver consists of the surface laver with
approximately constant turbulent fluxes and the outer kayer above. The surface layer is approximately
10 %% of the atmospheric boundary laver in vertical extent. It is in this lower 10 % that MOST s
apphed. In terms of stability, the simoesphenic boundary laver can be classified as convective, unstable,
neutral, stable-continuous and stable-sporadic (Deardortt 1978):

e convective; (= =d) L<-0.5 for which buovancy dominates. The verical profiles of the mean
wind speed and air iemperature are almoest uniform. The 1erm “mined laver™ is thercfore used 10
describe thes stae,

o unstable: ~005 < (= = d) ' L< =002 for winch there may be significant wind shear,
o neutnal; 002 £ (2 -d) LSOO
o stable-continuous: 002 < (= - ) ' L < 02 for which turbulence 1s mechamically driven;

e stble-sporadic: (=~ o) L>02 for which only a very shallow laver next 10 the soil surface 15
turbulent in character.

The relationships have been extended 10 allow for a zero plane displacement height.
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2.11.7 Semi-empirical stability functions

For stable condiions, it has been found from the so-called Kansas data (Businger ¢t al, 1971,
Wyngaard and Cote 1971) with other refinements (Dyer 1974, Higstrom 1985) that:

@ = =|‘5:—Z—J1md(b.zL:S-(I-Q:.:%”fO,()s:;‘Isl 243

where the relationships have been extended 1o allow for a zero plane displacement height.

Similarly. for unstable conditions, it has been proposed that:

s=d

@ =@, =(14 lﬁT)"' and® = us-ms""

:-‘150 244
L

Y ' for-2<

where the relationships have agsin been extended 1o allow for a zero plane displacement height. Note
that it can be shown thu® @ =X, 'K .

A gencralized stability fuctor F is defined as
F,=(®,®_ )’
(Thom 1975) where F, s the stability factor for any property P

2.1 1.8 Alternative methods for determining the zero plane displacement

Many of the equations imvolving MOST depend on the zero plane displacement (Eg. 215, 2.16).
Vanous methods for doermmming the zero plamt displacement height, based on wind profile
measurements, are discussed by Wicninga (1993), A method based on smgle-level measurements of
the standard deviation of the vertical wind speed o and the sensible heat flux density F, s described
by d¢ Bruin and Verhoef (1996) for tall vegetation. Using MOST, they show that for unstable
conditions. the cube of the standard deviation of the vertical wind speed o | is directly proportional o
the product of the magnitude of the sensible heat flux density and = - -

ol =0019619-(z —dWF|T

where T s the air temperature (K). This equation 1s different from their version through the direct use
of the sensible heat flux densaty, as opposed 10 the covarance (w. T) and substitution of the vanous
constants they used. A plot of o as a function of F, should vield a slope of 0019619 (= - ) from
which = - and hence J may be determined. The assumpuions of this approach are that the magninude
of the Monm-Obukhov stability length s very much less than = ~ d and that free convection applies.
They used sensible heat flux density magnitudes exceeding 120 W m™ as indicative of free
convection. This method would require EC measurements 10 obtain estimates of o, and F, for
unstable conditions. Furthermore, the regression between ¢ and £, would need 10 be statistical
significant,

2.12 Methods for estimating surface evaporation

Evaporation measurement using a weighing lysimeter is usually regarded as the standard measurement
agumst which all other ¢vaporation (latent energy) measurements or estimates are compared. In spite
of this standard, the use of lysimeters s ofien fraught with comphications 1t may impact on
measurement accuracy. The mam limitation of their use 15 the cost and complex engineering mvolved
and the non-portable nature of measurements thit represent a small area of the experimental site.
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In Chapter 1, 1t was pomted om that there 1s no single accepied method that is reliable and results
in adequate resoluton that can provide accurate temporal and spatial evaporation measurements or
modelling estimates of evaporation. Some evidence for this statement is provided in a review, by
Drexler et al, (2002), of models and micrometeorological methods used 10 estimate wetland t1otal
evaporation. They concluded that: 1. due 10 the variability and complexity of wetlands, there is no
single approach that s the best for estimating wetland 1otal cvaporation: 2. there 1 no single foolproof
methad 10 obain an accurate, ndependent measure of wetland evaporstion,

Therefore, it does become mmportant 10 understand the Bmnations, advantages, accuracy and
resolution of a vancty of methods for estimating surface evaporation

Hanson ¢t al (2004) evalumed stand-level models varving in spatial, mechanistic, and temporal
complexity for their ability 10 capture intra- and inter-annual components of the water and carbon
¢yele for an upland. oak-dominated forest of castern Tennessee, The comparisons between model
simulations and observations were conducted for hourly, daily. and annual time steps. The
comparative data were obtained from a wide runge of methods including: EC. sapflow, chamber-based
soil respiration, biometnc estimates of stand-level net primary production and growth, and soil water
content by time or frequency domain reflectometry. They concluded that a single model did not
consistently perform the best at all time steps or for all varables considered. Inter-model compansons
showed good agreement for water cycke fluxes.

The emphasis in the rescarch documented in this report is on the use of SLS method for
evaporation meassurement.  These measurements  however need 10 be compared against other
measurements using other evaporation methods i order that the accuracy of the SLS measurements
may be ascertamed. The other methods chosen include the BR method, FC methods, SR and the
reference evaporation method. applied 10 a sub-daily time interval. Each of these methods will be very
briefly discussed here and will receive more atiention in subsequent chapters. In addinon, a
lemperature varunce and a surface temperuture method for estimating sensible heat flux density s
discussed.

2.12.1 Eddy covariance

Eddy covanance (EC) measurements (Swinbank 1951, Dver and Maher 1965) allow for absolute point
measurements of sensible heat and latent encrgy flux density a1 a defined height above canopy.
Advances made m the cost and design of microprocessors allow for real-time calculation of flux
densities. The calculation of sensible heat flux density, for example. using the EC method is based on
the goverming eguation:

‘s
I
“~

F,==p_ ¢, WT*

where o and ¢, are respectively the air density (= 1.17 kg m™ ot 23 °C and 100 kPa) and specific
heat capacity of dry air (= 1056 J kg K') and where w” and 77 are the vertical wind speed and air
temperature Nuctuations respectively and w' 7 is the average covariance over a period. usually loss
than an hour.

The EC method may albso be used 1o directly measure the latent energy flux density from the
covariance between the vertical wind speed and the water vapour pressure, Aliermatively, the laten
energy flux density may be estimated as a residual from the measured sensible heat flux density
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(Eq. 2.45) and measurements of net irmadiance and soil heat flux density using the encrgy balance
equation (Eq. 2.3).

2.12.2 Bowen ratio

The Bowen ratio energy balance (BREB or BR) method (Bowen 1926, Tanner [960) s a profile
method mvolving measurements of mean gir iemperature and mean WaIST Vapour pressure a1 two
vertical heights above the canopy. The BR method also allows sensible heat and latent encrgy flux
density 1o be determined. The calculation of sensible heat flux density F, using the BR method is
based on:

F,=t=l_ =-F_)(1+p") 246

where /15 the net iradiance at the canopy surface, £, the soil heat flux density and [} the Bowen
ratio calculated usmg:

P=y(T. TV (&, -§) 247
where 7., 7. ¢.. &, are the time-averaged air temperature (°C) and water vapour pressures (Pa) at
profile heights =. and =, above the canopy surface. respectively. Typically, the means are performed
over 20 min. The flux density of other entities. for example, carbon dioxide flux energy density S F
(W m~) where £ is the quantum yicld () kg”') and F s the carbon dioxide mass flux density
(kg &' m™). may be estimated by measuning the mean concentration of carbon dioxide at two
atmospheric levels (C, and C. at heights =, and =, respectively) using:

EF =KAC.-C )z, -2,)
where the gencralised exchange coefficient (Savage ot al. 1997) 1s determimed using a reamangement
of Eq. 2.6 but expressed in finite difference form:
Fide <y
T.-T,

K= (=3 =2)

2,123 Surface renewal and other high frequency air temperature based methods

The surfuce renewal (SR) method is relatively new and quite simple (Paw ¢t al. 1995, Snvder o1 al.
1996, Spano ¢t al. 2000). Prior 10 the use of this method, a temperature variance method (Tillman
1972) was used. Both the SR and the temperature varance methods allow sensible heut flux density
F. to be estimated from measurements of air temperature ot o single level using finc-wire
thermocouples. Frequency of measurement for the SR method s typacally ¥ Hz and post-measurement
calculanons are used 10 estimate F, . Measurement of net irmaduaince and so1l heat flux densnty allow
Iment encrgy flux density w0 be estimated for both methods using the shontened encrgy balance
cquation (Eq. 2.3). The SR method s attractive because of ity simphcity but also since it s relatively
INCXPENSIVE.

=

F=ap,_ ¢, z— 24
1

where = 15 the measurement height, &7 /& 15 the rate of change in mr wemperature, and « 15 a

werghting factor. The weighting factor ¢ needs 10 be determmed, for the vegetanion 1ype used, by

companson of the estumated sensible hewt flux density with other sensible beat flux  density
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measurements from other methods such as the EC method. In a sense. &7 /71 is a structure function
(Eq. 2.27) but with measurements performed at high frequency at the same position. The method
assumes that the vamation m air temperature consists of a temperature quiescent peniod 5. for which
there s no change in air temperature with tme, followed by a ramp penod /. A ramp with a positive
amplitude @ occurs dunng unstable conditions and a negative amplitude for stable conditions. The
rano @ (5 +7) s therefore used as the temperature change with time in Eq 248 Apant from the
chowce of the empineal constam a (Eq. 2.4K), the disadvantage of the method 1s that the change n
temperature following the ramp penod 1s not quantified. For this 1o be quantified, the friction velocity
w, 15 required and MOST applicd (Chen et al. 19974, b, Casselivi 2008). The determination of friction
veloonty requires additional equipment such as a wind speed sensor, and MOST requires knowledge of
the Momn-Obukhov stabiliny length which in tum requires knowledge of sensible heat Mux density
F_. Hence, an iterative procedure is used 1o determine the sensible heat flux density F,

Kustas ¢t al, (1994) uses an mir temperature varance method for unstable conditions based on
MOST for estimating senstble heat flux density based on the work of Tillman (1972). The method
imvolves an clement of emprricism in estimating senstble heat fux density using:

F,s-p_c,u.a,/C, 249

where @, s the standard deviation of the measured air lemperature (over a time peniod) and
C,=C, (€, where Kustas ¢t al. (1994) found ¢, = L1 and €, = 0.085. They cautioned that the
vartance method should alwavs be calibrated with measurements from other flux measurement
systems. They caleulated the focton velocity w, using MOST, cither from the standard deviation of
the vertical wind speed (o ) or from the measured wind speed:

w, =a_ 13 N=-2(z=d_)/1]"} 2.50

or W=k iz =-d_Vz_)"v.} 251
where from Dyer (1974) and Hogstrom (1988

wo=x 2<2-In[th4+x) 2]+ In[(1+ 5" ) 2]-2-arctan x 3 53
where y={l=l6(z=d 1 L]"* 253

for unstable conditions where o _ and = are the 2¢ro plane displacement height and roughness
length for momentum respectively. Since the value of F, needs 10 be known for the calculation of the
Monin-Obukhoy stability length L contamed in the expression for v, (Eq. 2.50), and in tum used to
calculate the sensible heat flux density (Eq. 2.49), an iterative method is used by starting with L =
-10" m for determining F,. The o _ and = _ values were estimated for unstble conditions from

measurements ofa . wand F_ (Eqs 2.50 or 2.51).

Wang and Bras (199%) also uses an wir temperature based method for estimating sensible heat flux
density using K-theory. They expressed sensibic heat flux density as a function of the eddy diffusivity
and a weighted average (half~order derivative) of the time history of air temperature. Their expression
depended on knowledge of the surface parameters and included fnction velocaty.
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2.12.4 Determining sensible heat using a surface temperature method

Assuming a hig-leat model for the exchange of sensible heat and latent energy flux density from a
surface, an expression for determining the sensible heat flux density from the surface (7 ) and air (771
temperatures (°C) and wind speed (m s ') may be armived at as follows:

w=lu, k) In[(z=d) =_][Eq 2.15).

r.=p. u t[Eq.2.10]

T -T
ry =f - [Eq. 29
el Pm ‘-' F [ q ]
and t=p,, . [Eq 2.14]
assuming that rats s ymr (2, 2. M pant of Eq, 2.13),
Manipulating:
r? -fo =1 - f b4 = : = . Sl ‘-
o ;-,-—;-:r_. =r.=p, uit=p_ulp_w =w w =ulikulllniz-dy z 1i".
s P c,-r’ =7 =(In(z-d)' 2]/ (k*u)
4
or r.-T. 2.54

Fa‘ .t ! » YNy
R [Ingz=d) 2. ]°/tk” w)

For neutral wind conditions, sensible heat Mlux density may be caleulated from surface temperature
estimated using infrared thermometer (IRT) measurements of canopy surface temperature, wir
remperature and wind speed and applying Eq. 2.15.

Applying the big-leaf model. Thom (1975) defines 7, as the mean canopy surface temperature (his
Fig. 8(a)). Monteith and Unsworth (1984) however define 7 as the temperature a1 which wind speed
is O m s’ The two definitions are therefore not the same since the wind spoed is zero at height d = =
above the soil surface. Monteith and Unsworth (1984) define an additional boundary layer resistance
r. as follows:

_hu:, )
kwl

r,

where = <z and d « ='_ 15 the height at which the source of sensible heat flux density and katent
energy fMux density onginate and o = = s the level at which wind speed (and therefore momentum) is
zero. Henge the stmospheric resistance for momentum transfer is deseribed in terms of £, and by
r, = r, for scnsible hent and atent energy Mux densiy. The term w, r, s identical 10 £ 8 used by
other workers for investigating rough surfaces.

Using the above relationships, designating ; as the average temperature st the lkevel at which wind
speed is 0 m 5™, then it can be shown that:

pe,
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Thom (1972) obtmned an empincal relationship for r,, for smooth surfaces, as a function of
fnction velociny:

r=2u  forQims'<u, 05ms.

Monteith and Unsworth (1984) corrected the acrodynamic resistance 7, (s m') for stability using:

F = P e, AT, =T 255
[(In == ©okTw) - __._'!-”__': -_‘,Hf- ) -)
2. w A J0S (T ~T )+27219)

For ficld conditions, a value of 5 for n was suggested. Differemt formulations of Eq. 2.55 for
estimating sensible heat flux density from surface temperature have been suggested for the case of
sparse cover and dry vegetation (Choudhury ot al. 1986, Kustas ¢1 al. 1989, Chehbouni et al. 20004,
b). For the general case. Choudhury ¢1 al. (1986) used an analytical approach and showed thar

i p o, AT -T,) 2.56

»

l(ln:.;d)’ (RCulte gt

»

where with sufficient accuracy

1
n
-)

neSiz=dyg(T. =T )T, w' ),

for unstable conditions where it is assumed that the roughness length for sensible heat and momentum
flux density are equal. They also showed that the use of Eq. 2.55 s almost equivalent 10 using Eq.
2.56, The sensible heat flux density is calculated for unstable conditions by replacing the denominator
of Eq. 2.54 with r_ from Eq. 2.56, For stable conditions. Choudhury et al. (19%6) showed that:

p e, (T, =T) 258

For sparse cover and dry vegetation. 7, (Eqs 2.56, 2.58) s often much less than the measured
infrared surface temperature. Physically, inclusion of an additional resistance term, 10 the denominator
of Eq. 2.56, is recognition that the infrared temperature for sparse vegetation is also influenced by soil
surface wmperature (Kustas et al. 1989). On the other hand however, experience with the use of
infrarcd thermometers has shown that in the case of complete cover, the sensor detects suniit leaves as
well as deep shade within the canopy. For sparse vegetation cover, Chehbouni ¢t al. (1996, 1997)
showed that:

T -T,=puT7,,-T.) 2.59

where [} is an empirical function of leaf area index LA/ and T, is the observed infrared surface
temperature. The disadvantage of this approach is that the empincal function for § would depend on
vegetation type. For a grasstand site, Chehbouni ¢t al. (20004) showed that:

l
b=
‘ expiC 1C =Laln-1
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260

where for ther grassland sie, € = 1.5, An aliernative method involves introducing an excess
resistance r [also referred 1o as & 877 by Montcith and Unsworth ( 1990) and others], us an additional
term 1o the denominator of Eq. 2.54, the acrodynamic resistance. 1o account for the differences
infrared surface temperature and 7 for the case of sparse vegetation.

r.=kB' =007 «T,-T ) 261

(Kustas ¢t al. 1989), Moran et al, (1994) modified Eq. 2.61 by using |7 -7 | instead of 7 - T 10
only allow for positive 7 = 7. values. Kustas et al. (1994) modified the empirical factor of Eqg. 2.61
from (.17 10 0.13, based on improvements in the estimation of the momentum roughness parameter
Moran et al. (1994) used ground-based remotely sensed data i a semi-and grassland site 1o compare
sensible heat flux density estmation, Their results were similar 10 that of Mengistu (2003 ), namely
that the estimation of the denominator of Eq. 2.56 15 sensitive 10 the uncertanty i estimating o and
=_. Funthermore, the excess resistance (Eq. 2.61) is also another source of uncenainty due 1o its
empirical nature (Moran et al. 1994).

Verhoef et al. (1997) question the use of the A8 concept that attempts 10 adjust the
IRT-measured surface temperature for sparse canopies for which the IRT sees 100 much understorey
or bare surface and docs not vield the temperature of the top of vegetation that drives the sensible heat
flux density. They recommend the use of a more physically hased spproach.

As 8 the case with other methods that use the energy halance and measurements of sensible heal
flux density. net iradiance and soil heat Nux density 10 estimate latent heat flux density as u residual.
there is a cumulative effect of errors when caleulating latent energy flux density that can only be
reduced by reducing the errors i the individual measurements or estimates.

2.13 Scintillometry

2151 Introduction

A scimtillometer, depending on its type, allows determination of a number of micrometeorological
parameters but in particular C;. Under cenain conditions. in panicular under conditions of weak
scattering of the scintillometer beam, and using centain measurement methods or assumptions, sensible
heat flux density £, may be derived from €. As with the other methods discussed in the previous
section. knowledge of the net irradance and sol heat flux density allows the stent energy flux density
1o be estimated ax o residual

A full understanding of seimttllometry requires knowledge in glectronics, oplics, wave propagation
theory, data logging and micrometeorology. Andreas (199)) presents a collection of selected key
papers on wave propagation and atmospheric rbulence. A comprehensive review descnibing the
background, recent progress and future trends i opuical semtillation is descnibed by Hill (1992) The
scintillometry method s dependent on algonithms, based on MOST. for deiermining atmosphenc
surface-laver fluxes. A detatled description of these algonthms s described by Hill (1997). Green
(2001) describes the practical application of scmtillometers for determmmg sensible heat, latem
energy and momentum flux density and Hartogensis (1997) descnibes the arcal averaged sensible heat
flux density using a large aperture scintillometer. de Bruin (2002) describes a resurgence of interest in
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the use of the scintillometer method. The assumed benefits of a path-averaged C, value when the
objective is to estimate surface Muxes is discussed by Andreas ¢t al. (2003),

Essentially, a scintillometer consists of a source of light of known wavelength usually directed over
some horizontal distance 10 a recerver. The light beam needs 10 be collimated - that 15, the light rays need
10 be paraliel For the surface layer scintillometer system (SLS). for example. the changes in the imensity
and the phase of the light beam is detected at the receiver position some known horizontal distance from
the transmitier. These changes result from the atmosphenc perturbations caused by the vanations in
sensible heat and latent encrgy that refract the light beam. The key 10 the implementation of the
scintillometer method is the interaction between eddy size, beam distance, beam wavelength and aperture
dumeter and for some of the estimates. ¢ffective beam height. air emperature and atmosphenic pressure.
The estimated sensible heat flux density requires the friction velocity measurement or extimale.

2.13.2 Fresnel zone
The differemt types of scintillometers differ in the size of the transmitter and recernver apertures (Table 2.1)
when compared 10 what s referred 10 as the Fresnel (pronounced Fraenel) zone. The Fresncl zone size
the geometne mean between the wavelength 2 of the transmiticr beam and the beam path length £, :
Poa ™ \m 2.62
For weak seattering of the scintillometer beam, it is the ratio of the inner seale of wrbulence 10 F_ that
is important in determining which range of turbulence, shown in Fig. 2.2, is used. For a small aperture
scintillometer such as o SLS that uses mainly the dissipation range of wrbulence (Fig. 2.2), for a typical
beam wavelength of 670 nm and a path length less than 250 m. Fl v o = 129 mm (Eq. 2,57,
Table 2.1). Scintillometers with an aperture size less than F__ are referred 10 as small aperture
scintiflometers and otherwise large aperture scointillometers (LAS). The LAS systems use mainly the
inenial range of wrbulence (Fig, 2.2) for which /<< rec L (orx_ << k<< x_). The LAS systems usc a
typical beam wavelength of 880 nm and » path length of less than § km, F__ = 68.6 mm (Table 2.1).
The boundary laver seintillometer (BLS) svstems usually use a beam wavelength of 880 nm bt the beam
path length can vary between 0.5 and 10 km with the result that £ is between about 21.0 and
93 8 mm.

For cach category of scinillometer, viz., SLS for which 3.8 mm < F__ = < 12,9 mm (corresponding
10 50 10 250 m beam path length) and boundary layer large aperture scintillometer (LAS) sysiems for
which 210 mm < F__ = < 68.6 mm (corresponding 10 0.23 10 3 km beam path length), and BLS
systems for which 21.0mm< F__ . < 938 mm (corresponding 10 0.5 10 10 km beam path length). there
are dual-beam (- in some cases multi-beam) and single-beam methods used for determining C. and from
that and other measurements but in particular the fnction veloeity, the sensible heat flux density.

The small aperture scintillometers (or surface laver scintillometer (SLS) svsiems) are sensitive 1o
eddies with diameters close 10 F... corresponding 10 the incrtial sub-range [defined by Raupach and
Legg (1984) and shown in Figs 2.1 and 2.2] comaining larger eddies or 10 the so-called dissipation
sub-range of wrbulence comaining smaller cddics. In the case of cddics 1n and close 10 the dissipation
range, the measured vanances do not only depend on C; but also on the mner scale of wrbulence /. For
the SLS svstem emploved m this study, a dual-beam laser method with two detectors s used. The inner
scale /. of refractive mdex  fluctuations 1s calculated from the correlation of the hght miensitics at these
two detectors. Only once /_ is known, can the struciure parameter of refractive index fluctuations C; be
calculmed from the vanances of the mtensity from the 1wo beams.
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The LAS systems sense eddies close 10 the transmitter and recerver diameters — typically greater
than 0.1 m. Eddses of this size belong 10 the inenial sub-range of turbulence (Fig. 2.2). In this case for
LAS systems, C; is independent of [ and hence friction velocity is required for estimating sensible
heat fluy density, However, measurement heaghts of a1 least 10 m may be necessary,

2.13.3 Scintillometer types

The SLS system s specifically targeted for short path lengths, compared 10 the BLS and LAS
counterparts, The current dnun of the SLS system is 1 A for the transmitier/receiver systems (if the
alignment 1s automatic) and | A for the central processing unit. A computer or laptop 18 also required
if the unit does not have data storage capability. The current drain for the BLS svstems (Table 2.1) s
usually greater than 1 A, depending on how the system is operated. If the system is operated at a
transmitter pulse rate of 125 Hz, corresponding 10 maximum accuracy, the current drain varies from
351013 Aforthe 0.5 1o 5 kmand 1 10 10 km beam path lengths respectively. The hmitatson of large
cquipment current drain however also applies 10 EC and BR methods although the current draun s
usually less than 1 or 2 A, Routinely, 1t 15 not casy 1o operate the BLS systems at the igh pulse rates
of 125 Hz unless clecincal power source is avarlabie,

There are vanous types of scintillometer systems in use (Table 2.1) that include:
SLS (50 1o 250 m beam path length),
LAS (Kipp and Zonen LAS with a 250 10 3.5 km beam path length);

BLS (Scmtec boundary layer scintillometer. with a beam path length between 0.5 and 5 km or
between | and 10 km),

XLAS scintillometer system with a beam pathlength up 10 10 km. Kohsiek et al. (2002) were the first
10 usce a LAS with an increased diameter of 0.31 m, which they referred to as XLAS systoms;

microwave scintillometer svsiem (MWS), This type 1s also referred to us a radio wave seintillometer
(RWS) (Mcijninger ¢t al. 20024).

Gimmestad and Roberts (2003) used # differential image motion (DIM) LIDAR' concept 10
measure C ;. Their ficld validation was performed by testing against a conventional scintillometer for
a 300 m horizontal path, for a range of turbulence conditions. Their test results supponed the concept
and confirmed that ¢7 can be accurately measured with this method. The details of the work was
available #s an abstract. Funher information on this method and in particular the cost is limited since
the work was undenuken for military research reasons.

Each scintillometer type corresponds to o different range of path length sensitivity. The RWS
systiems use radio wavelengths that are most sensitive 10 humidity  fluctuations (Andreas 1989,
Mcininger ¢t al. 2002), The RWS svstems are not discussed further in this report. The SLS. LAS and
BLS systems all operate in the visible and ncar-nfrared wavelength range. Light with these
wavelengths are affecied by temperature fluctuations (Wesely 1976, Hill o1 al, 1980) and using
MOST, makes possible the estimation of sensibic heat flux density.

I LIDAR is an acronvm of hight detection and ranging for describing svstems that use a bight beam
for simospheric monitoning. racking and detection functions
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The BLS boundary layer systems available allow measurements of € and use two transmitiess,
cach with hundreds of hght-comnting diodes,

2.13.4 Application of weak scattering theory to scintillometry

Central 10 the wse of scintillometers is the measurement of €, the stacture parameter for refractive
mdex, However, weak scattening of the semtillometer beam s paramount. All scintillometer units
allow for the estimation of €7 The first measurements of C were obtained by Tatarskin (1961) using
a relationship for weak scattering (Lawrence and Strohbehn 1970) and Wesely (1976) was the first o
obtaimn sensible heat flux density from optical measurements.

Kolomogorov (1941) showed that within the menalconvective sub-runge of oddy sizes, the
refractive mdex spectrum @ _(x) 1s given by:

G (x)=0033C, & 263
where dnl'<c<necdxl,'. 264

Hill and ClifTord (197%). and others, applied modifications 10 the Kolmogorov (1941b) relationship by
desenibing a sub-range of the incriial-convective range, the viscous convective range and developed a
theoretical spectrum for the inential-convective through 1o the dissipation range:

@ () =0033C % " fikn 265

where 1 the Kolmogorov microscale length, 15 related 10 the mner scale of turbulence: n=/_/74
(Hill and Clifford 1978), Hill and Clifford (197%) described @ sub-runge of the inertial-convective
range, referred 10 s the viscous convective range. They proposed a theoretical spectrum for the
menial-convective through 10 the dissipation range. The so-called Hill spectrum was derived from
temperature  fluctuations and were assumed 10 dominate refractive-index  fluctuations w optical
wavelengths,

For weak scattering of the scinmillometer beam (Lawrence and Strohbehn 1970) for the inertial and
dissipation turbulent regions (zones B and C of Figs 2.2 and 2.3). and integrating over the beam path
length L, and wave number k. the vanance in beam intensity & is given by:

a] «OI8C; K™ L1 fotl, b NSUNC R LS ( (L Fol) 2.66
where A 15 the optical wave number (= 2x 2 ) and L__ s the beam path length, Similarly,
Thiermunn and Grass! (1994) showed that the messured covariance in the logarithm of the amplitude
of the beam intensity st the receiver position 1s given by:

B.=Q2AC, K "Ll U, Fo ) 2.67
The function § describes the decrease in the measured covanance 8 . with increasing / .2 and
L .. Ths function 1, depends on the funcuion / which was determined by Hill and Chifford (1978)
from the so-called Hill spectrum (Hill 1978) and s shown in Fig. 2.4, The function tails off for large
values of I F__ Toincrease the /| F__ ratio so as not 10 be at the til end of the function reguires
that L be decreased So o requirement of weak scattening is that path lengihs not be 100 long,

Another important point: 10 ensure that the ratio /- F__ 1 not 100 small (and therefore in the il

-

Chapter 2 Introduction to turbulence and scintillometry




Theory and practice of evaporation measurement, with special focus on 47
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al,

1.6~ ‘lnenial range of llrbnknc; Dissipation range of turbulence
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Fig. 2.4 The so-called Hill spectrum showing /_ as a function of «/_ . The hump in the
dissipation range of turbulence is evident. The Hill spectrum was derived from temperature
Mluctuations assuming they dominate refractive-index fluctuations at optical wavelengths

region of the /. function), the beam height could be mereased resulting in larger eddics and larger /
values,

In the case of the dual-beam SLS method. the function /, describes the decrease in the covariance
in the loganthm of the amplitude of the radintion, measured at the scintillomeler receiver position,
with increasing dotector separation distance o, detector diameter D and inner scale of turbulence /.
For microwave propagation and without inner-scale dependence,

o, =0MM4CI K™ L2 3 6%

Eq. 268 allows C 10 e determined from measurements of o, and knowledge of K (= 2x A}
and L__. However, 10 determune the sensible heat flux densnty, £, the structure paramcter for
temperature C; s required using the relationship for when the fluctuations m air emperature and

water vapour pressure are perfectly corrclated (Wesely 1976)

i =y C.l+003p ")
aP

2 e 12,
- =|r—-| 2 uo((-)-‘—’l )
a L

and
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when there s no correlation between the fluctuations i ar lemperature and Waler Vapour pressure
where 7 (K1 is the air temperature, P the atmosphenic pressure (hPa) and @ = 7,89 « 107 K hPa' at
fo. = 680 nm. In Eq. 2.69, the influence of humidity on C; s evident via the Bowen ratio fi
Gienerally, the effect s regarded as small and comributing less than 3 " 10 €. However, the Bowen
ratip would then have 10 exceed 2 (Fig. 2.5), corresponding 10 dnier conditions. Hence, it may be
necessary 10 apply a correction for when the water vapour pressure fluctuations become  large
compared 100 the air iemperature fluctuations, This could be the case for measurements above water
surfaces or above irnigated Helds. Previous Bowen ratio measurements (Suvage ¢t al. 1997) for nutural
grassland showed thit Bowen ratio values during summer rainfall periods were typscally 0.5, lgnornng
the influence of the Bowen ratio would result in an underestimation in €, of at keast 10 *u. Meyninger
and de Bruin (2000) point out that this would m tumn result in an underestimation n sensible heat flux
density. They used “"common-sense™ values for (L They noted that other studies determined B
neratively using the measured net irradiance. soil heat flux density and the energy balance equation.
For their measurements above urigated arcas, they obtuined reliable estimates of sensible heat flux
density that compared favourably with estimates using a temperature vanance method.

The effects of water vapour on the structure parameter of the refractive index for near-mfrared
radiation. used mainly in LAS systems, was mvestigated in detai]l by Moene (2003) who confirmed
that when €, is used 10 compute the sensible heat flux density, the influence of the comrection for
water vapour fluctuations on the measured energy balance 15 small. For small [\ the correction is large,
but the absolute value of the sensible heat flux density is small. whereas for large [L the correction is

1.0 _Assumes T and ¢ Quctnations pot_correlated _0.03/00 !
s Correction = 0.
1 Assumes T and ¢
- o0s84d! fluctuations
AR 1! corrclalcdz
e : - 3 o
= i (140.03/[})
= .
S L
T 064,
~= :
=3
= 04 1 Sensible heat > latent energy =
f
3
002
0.0 ¥ T o T v T v T = 1
0 1 2 3 - 5

Bowen ratio (}))

Fig. 2.5 A factor, used by Weseh (1976) for estimating C; from € (Eq.2.59), involving the
Bowen ratio [\ Assuming corrclation between air temperature fluctustions 77 and water vapour
pressure fluctuations ¢ . for Bowen ratios greater than 1, the factor exceeds 0.942 and for factors
greater than 0,97 the Bowen ratio would have 1o be greater than 2
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insignificant. The error magnitudes shown in Fig. 2.5 were confirmed by Moene (2003) who found
that estimating C . from C using the Bowen ratio can contain errors of between 5 and 40 % for fi < |

Some scinillometer units such as the dusl-beam SLS system used in this study also allows friction
velocity w, 10 be determined from the SLS measurements from which sensible heat flus density £, s
estimated for stable and unstable conditions (Table 2.1). Most other scintilometer units only measure
€] and hence independent measurements or estimates of u, are required for £, 10 be estimated except
if the measurement height s several 1ens of metres and in which case, u, is neghgible, Most ofien, »,
s estimated, from wind speed measurements, by usmg Eq. 2.15 or 2,30,

2135 Some disadvantages of scintillometer use

2.13.5.1 Direction of sensible heat flux denyity

One serious disadvantage of all scintiliometers, by their very misture, is that they cannot distingush
between the upward or downward direction of the sensible heat flux density, for example. Most often,
a pair of finc-wire thermocouples may be used 10 measure air temperature ot two vertical positions 10
determine the direction of the sensible heat flux density. This necessitates use of a second logging
system. However, frequently, an austomatic weather station system is Jocated near the centre of the
beam and this could be used for the temperature differential measurement. Ahernatively, EC
measurements of F_ are used to ascertain the direction or assuming that unstable conditions occur
between sunrise and sunset.

2 13.5.2 Saturation

The second major disadvantage of the scintillometer method is due 10 the fact that the method 15 based
on the theory of weak scattering which may not always apply. Strongly turbulent conditions would
invalidate the assumption of weak scattering. The expression for the variance of the log-amplinsde
(Eq. 2.66). which assumes weak scattering. was developed by Lawrence and Strohbehn (1970).
Hence, the theory applied that allows € 1o be determined from Eq. 2.66 assumes that weak scattering
of the radiation beam occurs. Weak beam scattering 15 assumed 10 correspond 10 a vanance of the
log-amplitude of less than 0.3, The assumption of weak scatiering 15 vahid only when perturbations i
the refractive-index are small, For weak scantening, for a sphenical wave, the vamance of the
log-amplitude of the clectromagnenic radianon at the recciver pomt position s a function of
(Eq. 2.67)

the optical wave number2n (2 .
the structure parameter of air temperature C ;.

and o function that describes the decay of the amplitude due 10 dissipation a1 large wave numbers
(Thiermann and Grassl 1992), The function in tum depends on the inner scale of turbulence, wave
number and beam path length.

As the strength of refractive turbulence increases. the scimtillations saturate and any scintillomeser
whose performance is based on the proportionality relationship between the vanance of the
log-amplitude and C; (Eq. 2.66) will fail (Wang ¢t al. 1978). This phenomenon is called saturation of
scintillation and 15 reponed by Gracheva e al. (1974), In this case, the only option 15 10 decrease the
beam path length and or increase the beam height position.
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213.5.3 Friction velocity requirement and free convection estimate of sensible heat flux density

A third disadvantage of many scimtillometer systems is that the friction velocity needs to be known at
the time C, s measured for the sensible heat Nlux density 10 be estimated. However, an estimate of
sensible heat flux density can be amved at, referred 10 as the free convection estimate, by performing
C. measurements sulliciently far from the surface. For measurement heights of at Ieast 10 m above
the surface, for mamly unstable conditions, the imponance of the fiction veloonty s relatively small.
For these conditions the free convection method can be applied (de Bruin et al, 1995 )

£.1C3Y.

\T
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To summarnse: large apenture semtillometers can be used 1o caleulate the turbulent sensible heat
flux from C, only in the unstable free convection layer, which for this purpose may require
measurement heights in excess of 10 m. For stable and neur neutrul conditions, sensible heat flux
density estimates using LAS measurements only are impossible. In this case. an independent estimate
of the friction velocity 18 required. Most ofien, this can be estimated from wind speed. For SLS
measurements. the dual-beam arrangement allows sensible heat flux density 10 be calculated from C;
and ¢ for all stabiliny conditions (unstable, stable. near neutral) and virtually any measurement height,

2.13.5.4 Influence of water vapour pressure fluctuations on C |

As mentioned previously, the cstimation of €. alone, is not sufficient for determining sensible heat
flux density. The estmmation of €] is based on € and the Bowen ratio 8 (Eq. 2.69). For 8 > 1, the
error in C; o oagnoring 3 and hence the water vapour pressure fluctuations s less than about 6 %
(Fig. 2.5). For the SLS method, this is less of a problem since an educated guess for [} over a distance
of bess than 250 m s required. However, in the case of the LAS method, an educated guess for fl over a
pathlength of up 10 10 km, depending on the tvpe of scinnllometer used, 1s more problematic. For
relatively heterogencous terrain, the choice for 3 is made even more difficult.

213.5.5 General

While encouraged by their LAS results, Chehbouni ot al. (1999) hst advantages and disadvantages or
concerns associated with use of the method. Their concerns melude the requirement for a humidity
correction (Eq. 2.69) using a spattally-gveraged Bowen ratio over transects that comprise several
patches with sigmificantly different Bowen ratios, the limitation of the method in being unuble 10
distinguish between stable and unstable conditions and also the need for funther investigation
wssociated with changes in wind direction from downpath to crosspath. Overall, they found that the
LAS method has several advantages over other methods such as the EC method. also mentioned by
McAneney et al. (1995, for measuring sensible heat flux density: the method is not sensitive to flow
distortions near the instrument. it 18 casy 10 operate and maintain. it can provide a reliable 100l for
estimating sensible heat flux density at spatial scales compatible with meteorological models and
remote-sensing satelines.

2.13.6 Application of scintillometry

2.13.6.1 Large aperture scintillometry applications

The MOST requires homogencous and horizontal 1eman. However, such conditions almost never
apply. Remotely-sensed surface temperature and use of the LAS method 10 estimate the area-averaged
sensible heat flux density over heterogencous has been investigated (Chehbouni et al. 20000, b).
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Menninger ¢ al. (2002h) used LAS measurements over heterogencous terman above the blending
height (Section 2.8.5), for which MOST is apphicable, provided the LAS beam is still in the surface
layer. Their work was performed above a flm hetcrogencous terrain of rectangular agricultural fickds
with differemt crops. A study using LAS measurements for an arca comprising forest, grassland and
lakes was undertaken by Beynch ot al. (2002a). Hanogensis et al. (2003) mvestigated using a slanted
path over flar termun, structured terramn, and vaned the path herght due 10 the curvature of the carth’s
surface. The resulung sensible heat flux densities were compared with EC measurements and showed
sansfactory results,

The other aspect of scmtillometry thit deserved attention relates 10 the assumption that the
influence of humidity on C ;. used 1o estimate F,. could be neglected (Eq. 2.69). The implication is
that scintillometer measurements would require knowledge of the Bowen mutio when used above
imgated arcas, for example. Hoedjes ¢t al, (2002) discuss the use of the LAS method above imigated
arcas. In the former study, the role of regional advection was investigated. In another stody. on a
spatial scale of a watershed and water basin, Meijninger et al. (2002a) applied rwo methods 10
determine the area-averaged latent encrgy flux density: a two-wavelength method m which both a
LAS and a RWS were used. Hemakumara ¢t al. (2003) and Chandrapala and Wimalasuriya (2003)
performed routine measurements of spatially-averaged surface fluxes of sensible heat density i river
basins using LAS measurements and compared these with estimates obtained from a remote sensing
based surface encrgy halance algonthm for land using NOAA satcline images without any a prior
cahbranon. The average deviation of 10tal evaporation estimates for a 10-day penod was with 17 %,
and 1 "o when monthly estimates were considered. They suggested that the LAS method is a low-cost
alternative 10 other methods of estimating heat fluxes for use in basin scale water use studies. In
another study above semiarnid grasshand, sensible heat flux density estimates obtained using LAS and
NOAA radiometers on orbiting satellites compared well (Watts et al. 2000),

Lagouarde ¢t al. (20024, b) compured LAS measurements against EC measurements, finding that
LAS-measured sensible heat flux density systematically overestumated by approximaiely 10 %o Their
measurements were for a composite surface of wheat and bare smil. In a previous study however,
Lagovarde ¢ al. (2000) found that LAS-derrved flunes provide consistent measurements but
underestimate by 15 Y the flux obtained using the EC method. They atnbuted the over-estimation 1o
spatial non-homogenemics of the experimental site.

One mmportam application of the use of scintillometry is the ability 10 provide crosswind data
(Andreas 2000, Poggio ¢t al. 2000 and Furger et al. 2001, for example). Crosswind scimillometers use
two hight detectors separated horizontally by a small distance. The detectors would measure intematics
that are lighly correlated if one derector 1s ume-lagged. The time lag can be related 10 the mean wind
speed perpendicalar 1o the somtillometer beam. The wind speed measurements represent a weighted
average of the wind speed over the full beam pathlength with the winds near the centre of the path
carrving  greater weight. Commercial crosswind scmtillometers are avalable for SLS and LAS
systems,

In a study using a microwave sentillometer and a large-apernture nfrared scintillometer, Green ¢t
al. (2001) found that the simultancous use of both scintillometer tvpes allows sensible heat and laem
encrgy flux density wt large scales 10 be measured - over 3 km i their case. Independent EC
measuwrements showed that the LAS (infrured) F, measurements were within 4 " and that the MWS
L, F_ measurements were within 12 %6 of their EC counterpans.
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Some of the published Inerature indicates that 1he scintillometer method is being used as o standard
by which other methods ure judged. For exumple:

a pon-scintillometer method using a passive optical monnor for atmosphene turbulence and wind
speed was used (Stell et al. 2003) 10 estimate € and comparisons were then made against estimates
using a commercial scintillometer. The passive optical monitor uses existing lights a1 vanous locations
as pont sources for determmmng hght angle-of<armival fluctuations. The real ume analysis of the
fuctuations enabled determination of the power spectrum of the fluctuations every few seconds. The
addimional power spectrum information yielded more understanding of atmosphenc conditions which
included average wind speed estimation based on frequency shifts in the power spectrum distnbution;

Vileheck ¢t al (2002) used microphones and a thermocouple 10 measure a pressure and temperature
differential a1 two points separated by a specific distance. The microphone thermocouple system
performed measurements over land alongside the scintillometer which wis used as the reference
method for €. They presented their comparative results;

in a study of pixel-scale acrodynamic surfoce temperatures, LAS measurements and meteorological
observations by Min et al. (2004) were used to calculate surface temperature for companson with the
hilly radiometne surface temperatures retricved from satelhite data;

Bange et al. (2002) used 1ower, semtillometer, and averaged ground-station sensible heat and latent
energy measurements for vanous surface 1ypes 10 compare with arrborne measurements of turbulent
fluxes;

a mode] for the estimation of C from profile measurements (at two levels) of conventional wind
speed. air tfemperature, and humidity as mput was proposed by Tunick (2003). The model 15 based on
the structure function formulations of Tatarskn (1961) and mvokes MOST for the surface layer. The
model algonthm was validated by comparison with cstimates from scmtillometer data collected s 2 m
above ground level over a 450 m puth.

2.13.6,2 Surface laver scintillometry

A SLS consists of a number of components (Thiermann 1992, Thicrmann and Grasst 1992) but chiefly
a transmtier and a recciver unit separated by between S0 and 250 m with a laser beam (low power
class 3a, 670 nm) emitted by the transmitter and directed at the recerver. In the case of dual-beam
scinillometer svstems, a laser beam is split into two paralicl, displaced (2.7 mm separation) beams
with orthogonal polanizations, The recerver unit measures the radiation intensity fluctuations at a very
high frequency, typically | KHz, caused by refructive scatiering of turbulent eddies in the
scintillometer path, emitted by the transmutter. The inner scale of refractive index fluctuations (£,) and
the structure purameter of refractive index fluctuations C; are calculated from the varances of the
loganthm of the amplitude of the two beams, and the covanance of the loganthm of the amplinade
fluctuations between the two beams. Using an Merative technique. and applying MOST, turbulent
fluxes may be calculaed.

d¢ Brum and Metjninger (2002) compared friction velocity and the sensible heat flux density
determined using the SLS method and a hot-film EC system. They found that the random errors in the
SLS method were relatively small compared 10 the scatter found with the two EC systems used, The
SLS method overestimated friction velocity for », values less than 0.2 m s and underestimated for
high wind speeds. This would imply that the SLS measurements of [/ are buased. They discussed
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causes for their results and presented a comrection procedure 1o account for effects of random noise
and of so-called mactive murbulence or sensor vibrations. OF particular note is that they also report that
the estimated sensible heat fTux density is less sensitive o errors in 7 and C 2, because of a cancelling
of errors.

Hartogensis ¢ al. (2002) investigated the performance of the SLS method i the stable boundary
layer and found the method to be supenor 10 the EC method in determimning vertical Nux densities of
sensible heat and momentum close 10 the ground and or over short (less than 1 min) averaging
intervals. The systematic errors in the SLS measurements reporied by de Bruin and Meininger (2002)
relating to friction velocity measurements were overcome by adjusting the beam displacement
distance from 2.7 mm 10 2.6 mm in the calculations. They stress that this adjustment is presented as a
working hypothesis, not a general solution. However, Thiermann (personal communication, 2003)
noted that unavosdable uncertamties of the beam displacement of the commercially available unnt
cause some crrors 10 the absoluie values of the fnction velocny measurements. He mamtains though
that overall this crror s not larger than typacal ermors of conventional measurements of friction
velocity, considering problems of flow distorion and  directional  cross-talk of the  sensors,
instrumental rotation, spectral filtering, necessity of a cut-off at low wave numbers due 10 the limited
sveraging time, and conventional sensor calibration.

In a swdy under unstable conditions and for a clover-rvegrass pasture for which LAS and SLS
measurements were comparcd with EC measurements, Green et al. (1997) found that although the
scimtillometers respond 10 cddies 150 and 10 mm respectively, the data scanter for crosspath winds was
similar. There was a tighter regression for downpath winds.

Sensible heat Mlux density over a wheat canopy was measured by Anandakumar (1999) esing the
SLS, EC and SR methads for onc month m order 1o compare the methods and 10 mvestigate the
influence of cloud shadows on the | min wemporal SLS data collected. He found tha the sensible heat
flux density. averaged over 20 min for the vanous methods, were in good corespondence with the
SLS measurements showing i smoother vanation,

Weiss (2001) used the SLS method in vanous ficld expeniments conducted under different
atmospheric condions. The expenimental sies vaned from homogencous and flat terramn o0 N,
non-homogencous terramn 1o slanted. non-homogencous terrm n an alpine valley. For companson.
the EC method was used. Window penods were used for measurements at the varous sies. There was
satsfactory accuracy of the estimated sensible heat flux density even for non-homogencous termain,
Funther. the SLS method demonstrated good temporal resolution. In gencral, this work demonstrated
that the SLS method gives accumate values under many atmospheric conditions even over
non-homogencous 1ermain.

This bnef review of the linerature shows that there have been more measurement studies using the
LAS method than using the SLS method. The reason s probably due w0 the desire for flux
measurements at the scale of a carchment, These measurements can then be used 1o vahidate or at least
compare with satclhte or mrcrafi-dernved fluxes or estimates of the surface wemperature. Furthermore,
the review has shown there have not been many extended studies that have used SLS, EC, SR and BR
methods for estimating sensible heat flux density, In pan, this is due 10 costs but also due 10 the
difficult logistics involved in obtamning quality measurements over long penods. Indeed, many of the
studics ustng the SLS methods have been very short in duration - in some cases for just a fow days and
in other cases for a couple of months. The same applies 10 LAS measurements. For example Daoo et
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al. (2004) compared scintillometer and encrgy balance methods for two penods of two days cach,
Beynch et al. (2002b) used EC and profile methods over a three-week period as well as estimates of
the arca-integruted scnsible heat flux density duning daytime were obtmined from  continuous
measurements using 4 LAS along a 4.7 km puth. Liu ot al. (2003) used LAS. BR and EC methods for
one month for & bare soil surface. Most of the studies used the method for estimating sensible heat
flux densaty but not for then estimating the latent energy flux densaty using net irradunce and sotl heat
flux density measurements and invoking the energy balance. In general however. most of the studies
agree that the SLS method s a useful, robust and accurate method for obtaining a path-averaged
estimate for senmible heat flux density for beam pathlengths between 50 and 250 m, The magor
fimitation s that of saturation under conditions of strong turbulence, necessitating shorter beam
pathlengths and high beam heights than that used when saturution occurs. The major advanage,
compared to the LAS method, is that many of the micrometeorological parameters, for example, w, , ¢,
L are also cstimated without the meed for additional instrumentation, Furthermore, the power
requirements are usually not as demanding as with the LAS method. However, the SLS and the LAS
methods should be seen as complimentary since their pathlengths are virtually non-overlapping.
Furthermore, most-ofien they scale different regions of the scale of turbulence, namely region B for
the LAS method and region C for the SLS method, Fig. 2.2

To summanse, scmtillometry mvolves the high frequency measurement of the modulanon of
transmitted hght over large distances. The modulation of the light besm is wirbulence-mduced due 10
atmosphenc 1emperature luctuations causing changes in the refractive index, In the case of dual-beam
SLS systems, the covanances and variances in the transmitied radiation iniensitics allow the so-called
inner scale of turbulence / and the structure parameter of refractive index referred 1o as C 1o be
estimuted. Using MOST, the sensible heat flux density F, and other micrometeorological measures are
estimated,

213.6.3 Path length details

The Scumee (2000) SLS40-A manual provides a number of useful powters with respect to beam path
length dewails for the SLS svstem, These are lisied here.

(4) The calculation of the turbulent fluxes, for example sensible heat and momentum flux density, and
the Monin-Obukhov length is based on MOST. MOST requires the beam height = of the scimtillometer
to be significamly larger than the height of the roughness clements =, where typically, = =0} i where
A s the canopy height.

(b) MOST also requires site homogeneity (feteh) in the upwind direction of several tens of umes the
scintillometer beam herght. Therefore poor site homogeneity necessitates using a lower beam heigh
but at the same time ensuring that the beam height is much greater than = .

(¢} For long beam propagation paths, saturation may occur under strong turbulence conditions. This
results in signals that are 100 large 10 be measured. even by altering the voltage runge. Saturation is
avoided by using a sufficiently shon propagation path or & high beam height. In other words, longer
path lengths may require higher beam heights. The samw restriction applics 10 BLS sysiems.,

(d) The path Jength changes the surface scimtillometer measurement range and sensitivity. For typical
turbulence conditions, & 100 1o 200 m path length provides an optimum sensitivity 10 the inner scale
and all derived quuntitics.
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te) With short path lengths the intensity fluctastions are small. For longer paths. the average received
miensity s xsmall. Both path lengths affect the signal-to-noise matio. Most often. a 100 to 200 m path
length usually provides an optimum.

(1) The propagation path should be hortzontal and the sotl surface should be as even as possible. A
well-defined beam height is required for application of MOST. The primarily measured quantities €,
t.e. the structure parameter for refractive index fluctuations. and /. i.c. the inner scale of refractive

mdex fluctustions, strongly depend on beam height and a slant path would Iead 10 an undesired
nveraging.

Chapter 2 Introduction to turbulence and scintillometry



Theory and practice of evaporation measurement. with special focus on 56
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

Chapter 3

Logistics of estimating evaporation from surface layer scintillometer data

3.1 Abstract

The vanous methods used for the estimation of evaporation are discussed, particularly with reference
10 their theoretical basis and instrumentation requirements. The operational procedures for use of the
surface laver scintillometer (SLS) method is discussed m detanl, The procedures for checking the
integrity of the data m real-time are high-lighted as arc the post-data collection rejection procedures.

Surface layer scmtillometer measurements were performed at the Hay Paddock site near
Pretermantzburg for most of 2003 until November 2004, The system allowed for the real-time
estimation of sensible heat flux density every two minutes. For most of the study, the amtomatic
alignment option was enabled except near the end of the study, Without the use of the auomatic
alignment option. measurements were possible for periods of five days and longer. Longer periods
would be possible theoretically with an increased beam height and/or a decreased path length. In
addition 10 the SLS sensible heat flux density measurements, an encrgy balance system was used to
measure the sonl heat flux density and the net irrsdiance from which the latent encrgy flux density was
calculnted as a ressdual using the energy halance.

The percentage of "acceptable™ 2-min SLS sensible heat flux density measurements for the davtime
hours ttaken as 06h00 to 18h00) showed lintle seasonal vanation and was consistently high - between
86,7 "e and 94.8 " for the 1¥-month penod. The nighttime vanation m the pereentage had a more
pronounced seasonal patiern with the lowest percentage acceptable measurements occurming between
January and March of cach year. The lower nightime percentage values were dee 10 the effects of
dew and mist. Included n these percentages are the times for which the electrical power was
interrupted. At worst, this penod was no Jonger than a day or so. Other minor imerruptions, usually
less than two days in duration, were due 10 an accidental fire and accidental cutting of the cables. The
average pereentage emror-free data vaned between 62 and 835 4 for the 06hO0 10 1800 peniod and 33
0 73 % for the mighttime. The lowest percentages were duning the summer rainfall peniod (September
to March), presumably due 10 the influence of rain cvents on beam transmission,

For the SLS measurements. a sensiivity analysts was used 1o determine the relative imponance of
the data nputs of air temperature, atmospheric pressure, beam path length and beam height on
sensible heat flux density estimates, Beam height wiss the height of beam above the level d< - ot
which the wind speed is assumed 10 be 0 m s In addition. errors in the measurement of soil heat flux
density and net imadiance also affected the estimated latent energy fux density.

The influence of surface slope on sensible heat flux density measurements was investigated by
aliering the height of the recerver relative 1o the transmitter. Theoretically, a non-honzontal beam
relative 10 a horizomtal surface, or vice very. invalidates MOST, The receiver 1o transmitier venical
height difference used was 1.0 m. For measurements performed over five davs, there was no
significant consistent difference between 2-min SLS and EC sensible heat flux density measurements
in spite of the fact that MOST is invalid for a non-honzontal beam.

The influence of beam height was mvestigated by also alterimg the height of the transmitter and
receiver units. For most of the study, the beam was about 1.68 m above the soil surface with
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vegetation height varving between vinually 0.0 m and & maximum of 113 m. The effective beam
height therefore vaned between 0.82 m and 168 m. The lowest beam height used was a height of
0.5 m. The comparison between sensible heat flux denssty measured using the EC and SLS methods
showed that the SLS measurements were not significantly influenced by even this low beam height

Worst-case errors in atmospheric pressure, ar wemperature, beam path length and beam herght
resulted in fractional crrors in sensible heat ux density of 10013 0015, =003 and =04
respectively. Clearly, the beam height above = = noeds 10 be accuriely known as the crror in beam
hesght comnbutes the most to the overall error. Overall, the worst-case 1tal fractional error in sensible
heat Mux density was £ 0,054 and the typmical fractional error amounied 10 < 0.032.

The error m cstimated Latent energy flux density from independent measurements of the energy
balance components depended on the error i the SLS sensible heat flux density and errors
measured net irradiance and soil heat flux density. Most-ofien however, the emror in SLS sensible heay
flux density was smaller than the error i net rradiunce and soil heat flux density measurements.
Using four 10 five soil heat flux plates and averaging thermocouples. we mvestigated the actual
varition i soil heat fluy density over an area of about 4 square metre, Using this information as well
as other error values from the literature. including measurement error in net irradiance, we estimated
the error in latent energy flux density. The seasonal variation in the error in latent energy s generally
less than 0.2 mm day ' (0.49 MJ m ) in winter when the daily evaporation rate was around | mm day”’
(245 MJ m™) and typically less than 0.4 mm day (0,98 MJ m™) when the evaporation rate exceeded
4 mm day” (9.8 MJ m”), The measurement with the greatest contributing error is the soil heat fluy
density measurement. Care therefore needs 10 be exercised 10 ensure that soil heat Oux densiry
measurement procedures do not compromise the estimates of latent energy flux density using SLS
sensible heat measurements. The same caution would apply 10 BR estimates of latent energy flux
density and the EC method when only sensible heat flux density 15 measured and latent energy flux
density is estimated using the net irradiance and soil heat Mux density energy balance components,

3.2 Introduction

There are many methods used for estimating ovaporation (Table 3.1). As mentioned by Drexler et al.
(2004 in their recent review, very few of the evaporation estimation methods work well for an hourly
time-step, and in some cuses, do not work well even for a daily ume-step. There is perhaps only one
method that allows for the direct measurement of the 1otal water loss from a vegetated surface (soil
cvaporation plus transpiration), Vintually all of the methods rely on o theoretical framework, for
arriving ot an expression for the latent energy flux density in terms of other measurable quantities.
based on cenain assumptions or approximations, Some methods, such as the EC method, involve the
measurement of two atmosphene vartables and a theoretical framework and assumptions that allow for
the direct calculation of the latent encrey flux densaty. Other methods, such as the BR method, involve
up 10 cight measurements and a theoretical framework and assumptions 10 estimate sensiblc heat and
latem encrgy flux density, There are a whole host of empincal methods, not histed m Table 3.1, used 10
cstimate the grass reference evaporation which use the crop factor approach 1o calculate evaporation

The weighing lysimetne method is ofien regarded as the standard for evaporstion measurement
(Table 3.1). Weighing lvsimeters are large contamers, filled with sol. water, other chemicals and
entire plants), Weight measurements are made a1 regalar ime mienvals. The weight difference per
unit time difference (in s, min, h or day) divided by the density of water (1000 kg m ) and divided by
the cross-sectional arca (m7 ) of the lysimeter yields the evaporation roe in mm s, mm min |, mm b’
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Table 3.1 Selected methods used for measurement or estimation of sensible heat F_ and/or latent
energy flux density L F_ terms of the surface energy balance where /<L F_ < F, « F_, ~0

Method Measurement Averag-  Theoretical basis ‘ Closure
distance or arca ing | statement/comment
__period
Class A-pan’ | <Smy Usually | LF, = Only pan evaporation
Symon's | daily L Lp, W Sn/A measured (historical '
_tank | el ment only) l
Lysimetry | < 10w Usually | T R By definition, F, =
201060 | Lp (SW/dt)/ A, ., ~LF -1, ~F_(Eg
- ! | . . __Mmin PR e | 7))
Microly- <l Usually A p— By definition, £, =
simeter daily | L p (SW /&y A, =L F ~-1_~F_ (Eq
2,46, 2.47). Most-ofien
. | used for measuring soil
‘ e ! . PR vaporation
BR energy | Verical measurement. Usually |, o _ low Vs || By definition,
balsnce | disumceof Im 2010 | ' % 1=p  |-LF.~F,=l_+F,
(grussland) 10 2 m for 30 min F,=pL, F.:
forests R, =K.
' | |
EC(2  Scnsorpath kengthof | Usually | L F, =—pc, we' Generally.
5 — |~ -

SCNSOTS ) 100 1o 150 mm | bzclo\::u F,==pc, WT' b By =Pl +F,,
PN | S0min , — |
EC(l  Somicpathlengthof = Usually | F, ==pc,w'T' | By definition,

sensor) 100w IS0mm | beween |, & _ g, _p <L F, -F=l_+F,
, 0and " i N (Fq. 2.4%)
£ “ 60 min_ | i}
SLS Beam length between. 2min | MOST 10 estimate By definition,

S0and250m  (possibly) F, and measuremems of =L F,_ ~F, =/ _ +F,
and  /_ ond F__ to estimate
60 min L F_ using
Lk Bowa B i v |

.

b - :

LAS Generally - 2min | Measures ¢ , the a1rucgnr By definiion,
S00 m < beam kﬂg‘b ‘Mlh‘y, parameter for refructinve 'L, F. T F‘ - l- - Fw
<3Skmuplo |10 60mMIN|  index fluctuations.

10 km for BLS) MOST is assumed
SR Point measurement st | 2min | F, o amplitude of the air By defimuion,
adefined hoight (possibly) | tempersture amps(ramp L F_-F, =] +F__
above the surface and peniod) (Eq. 2.45)
‘ |

60 min '

!
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Table 3.1 Sclected methods used for measurement or estimation of sensible heat F, and/or latent
energy Mlus density L F_ terms of the surface energy balance where /_, <L F_~F, « F_ =0
(continued)

[ Method Measurement Averag- Theoretical basis Closure '

, distance or area ing - statement comment
i period - | -
Temperature Point measurement of 30 min F, o, and w.; | By defimmon,
varnce  the friction velocity MOST is assumed - F, ~F,=I_+F_
and the standard
devianon i ar
temperature at i
defined height above
the surface | | =
’nmpcmm Point measurement of 30 min \ F wrlatedtothe | By definition,
method ] the fiction velocity - weighted average of the <L F_ - F =/ +F
l and the air ‘ time history of air K theory 18 assumed
| lemperaure a1 a temperature and u, ‘
defined height above |
BRI the surface | , 1
Reference | Point measurements Houﬂ\ Penman-Monteith method Only reference
evapora- | of solar iradiance, dasly for estimating reference evaporation and
tion | T,.e.andU evaporation (FAO 56), and estimated crop
I S | useofacrop factor | evaporation estimated
Infrared | Arcal msurcmcm Hourly = Fick's Law 10 estimate By definion,
technique | <23m ol T - sensible heat flux density L F, -F, =1_+F_
. mlmndswdﬂ - — | (Eq249
Atmometer  Point measurement at. Hourly  Empirical. with matenal Only reference
le.g. 1-m height above soil | cover of known pore size | evaporation measured
| ET-gage) surface l . ___or known matenal = =
Heat pulse  Measurements made  Hourly | Rate of movement of heat Transpiration
sap flow  in or surrounding the pulse in stem: stem energy | measurements only
stem of plants balance with continuous
(< 206 mm) heat applied

or mm day”, Lysimeters allow the water loss from such comamers 10 be measured for very short time
imervals and longer from hours 10 days or longer. The main component of water loss from a fvsimeier
15 due 10 transprration by plants and evaporation from the exposed soil surface. The disadvantages of
the Ivsimetnic method include: cost, destructive nature of the measurements n the sense thal a
relatively large volume of disturbed or sometimes undisturbed soil s placed i a contner usually of
metal construction and the non-portable nuture of the measurement method. Also, the representation
or the so-called fostprint of the evaporation measurement is localised 10 the cross-sectional area of the
lvsimeter. Much less expensive 1s the microlysimetne method b the surface arca 15 an order of
magnitude Iess than a large weighing lysimeter and it is still » destructive method and not designed 10
comain whole plams, The more ponable and much less mvasive EC and BR methods used for the
estimation of sensible heat and tent encrgy flux density by measurements above the surface are more
popular rescarch methods for the estimation of evaporstion (Table 3.1). They are bmh portable
systems that can be used 10 collect unsttended measurements for extended penods of time. These
mcthods were the focus of a previous report (Savage et al. 1997),
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Given the previously-mentioned limitations of the lysimetric method, the search for an aliemative
standard for evaporation estimation has been the focus of many studics for several decades. The EC
and BR mcthods essentially vicld point estimaies of sensible and latent encrgy flux density although
these estimates are influenced by events upwind from the point of measurement. The extent of the
footprint arcs of influence on the measurement using both EC and BR methods has recened attention,
For example, Savage et al. (1996, 1997) investigated the footprnnts of EC measurements and Stannard
(1997) investigated the footpnints of BR measurements. The literuture reports on the madequacy of the
EC wechmgue for the direct estimation of latemt energy flux density (Wilson ¢t al. 2002, Ham and
Hetlman 2003) with the result that the magnitude of the sum of sensible heat and latem energy flux
density may be less than the sum of the net imadiance and soil heat flux density (Table 3.1) resulting
m a closure ratio less than | (Eq. 2.5) This sstwavon s reforred to as 2 lack of closure. As an
ahermative thercfore, the EC method could be used to measure the sensible heat flux density from
which the latent energy flux density may be estimated from simultancous measurements of soil heat
flux density, net irradiance and the measured EC sensible heat flux density using Eq. 2.3,

Each of the methods presented in Table 3.1 result in measurements with differemt footprints, The
footprint of the lysimetric measurements is the arca of the lysimeter. In the case of the EC method, the
footprint 15 defined as the relative contribution of upwind surface sources 10 the measured sensible
heat flux density.

By theoretical definition and making cortain assumptions, the BR measurements always produce
exact closure (Table 3.1), Due 1o a number of theoretical and practical problems we investigated the
use of a SLS for the spatially-averaged measurement of sensible heat flux density and the estimation
of latent energy flux density using soil heat flux density and net irradiance measurements, Problems
associated with EC and BR methods include the following:

o that EC measurements of latent encrgy flux density are ofien underestimated, as claimed by a
number of authors (for example, Twine ot al. 2000);

o that both the EC and the BR estimates of latent energy are based on point measurements;

o that due 1o the theoretical assumptions made using the BR techmique, exact measurement
comparisons between the BR and EC measurement technigues have been frustrated by differing
assumptions, differing footprnint arcas. measurement limitations and ofien-times poor agreement:

e a comparison of two methods does not indicate which method is correct especially if the methods
disagree or disagree some of the time.

The SLS measurement method would remove the imitation of point estimates. The use of the SLS
1s the only method that supposedly allows for the estimaton of sensible heat Aux density over
distances between 50 and 250 m. The frequency of SLS measurements s typically 1 kHz compared 10
10 Hz for EC measurements. 1 Hz for BR measurements and 125 Hz for BLS measurements if the
crosswind measurements are included. Because of the hagh frequency of the SLS measurements, the
averaging perod for SLS measurements can be as low as 1 or 2 min compared to the commonly used
20 mun for EC and BR averaging periods.

The objective of this chapter is 10 presemt the technical aspects of the SLS method for the
estimation of evaporation for u mined grassland community for an extended penod of time. The
methodology for the measurement of sensible heat flux density and the subsequent estimation of latent
energy flux density is presented. A sensitivity analvsis is used 1o determine the order of importance of
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the input parameters for the SLS method as well as the imporntance of beam angle and the cffective
beam height. Also, the procedures and definmion for the rejechon of out-of-range and bad or
“doubtful” data arc presenmied.

3.3 Theory

Surface laver scintillometry. with the use of Monin-Obukhov similanty theory (MOST) allows for the
estimation of sensible heat flux density. The techmique rebes on the determination of the structure
parameter of the refractive index Nuctuations, €& (Eq. 2.28), from the covanance of the logarithm of
the beam signal amplitude (8 ) measured using the two detectors, In addinon, the inner scale of
wrbulence / (Eq. 2.25) 15 determuined from a correlation coefficien » that relates the single detector
beam signal amplitede varances B, and B, 10 the covariance 8 . r= 8. (B, B,) . The werm 8,

refers 1o the vanance of the logarithm of the amplitude of the beam signal. Application of MOST and
an sterative procedure allow the following 1o be determined:

Monin-Obukbov length L (Eq. 2. 40);
friction veloeny w, (Egs 2.30, 2,33, 2.34);
temperature 7, (Eq. 2.34);
sensible heat Nlux density £, (Eq. 2.34).

3.4 Material and methods

341 General

Surface layer scintillometry, allows for the determuination of sensible heat flux density using MOST,
and relying on the determmation of the structure parameter for refractive index as well as the inner
scale of refructive indes Muctuations.

Different measurement systems were used for measuring sensible hear flux density: two EC
systems and a dual-beam SLS system, two BR systems as well as an cnergy halance system for the
measurement of net irradhance and soil heat flux density. The one EC system was also used 1o measure
latent energy flux density directly and the BR systems used 10 measure sensible and latent energy flux
densities for ten months, Dats from o weather station sysiem was used 1o caleulate grass reference
evaporation. Daily data from a South Afnican Weather Service amomatic weather station, about § km
away by line of sight, but excluding solar srradiance were used 10 patch missing data. The clocks of all
systems were set according 10 a USA stomic clock (www . precision-time.com) once 4 week. The clock
used in the SLS computer tended 10 dnfi off by approximately 15 seconds per week. This drift would
affect the two-munuie sensible heat flux density measurement comparisons between systems but would
have litthe effect on daily estimates.

Ficld measurements were conducted from 14 January 2003 10 November 2004 (Table 3.2) above
an open and mixed grassiand communny in the Hay Paddock area neighbouring Ashbunion and close
10 Pictermaritzburg. South Africa (-29.634X° S, 30.4329" E) with an altitude of 671.32 m. The average
slope of the stady site (Fig. 2.1) s 17 15" 10 the SE. The feich distances in the prevailing S-E wind
dircction s 135 m for the EC svstems and 90 and 138 m for the SLS transmitter and receiver
respectively, The fetch for the next-most dominant winds from the N-W is 117 m for the EC svstems
and 146 and 114 m for the SLS transmitter and  SLS receiver respectively. Bevond these distances
and 10 the south. the site 15 exposed and the slope increases significantly. To the north of the study

Chapter 3 Logistics of estimating evaporation from surface laver scintillometer data




Theory and practice of evaporation measurement, with special focus on 62
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

Table 3.2 Details of operations at the Hay Paddock research site

_Date | DOY _ Svstem Comment
1T1w026 111026 | SLS40-A | Installed SLS sysiem - beam path length of $1 m. beam height of
Jan2003. | 1.58 m 7
13 Jan 13 EB Installed system 10 measure soil heat flux density, net irmadiance,
! s0il wuter content. solar irradiance. fine wire thermocouples for |
| direction of sensible heat
19 Jan 19 ECAT | Cahbrated the EC system for iemperature and zero wind speed
‘ using a zeto air box e
19Janto 191044 ECCSI . Used EC system (uses 1-D sonic) that is not water-proof’
13Feh | v
| 26Jan | 26 | SLS40-A Removed system

2RJan | 28 SLS40-A | Moved SLS transmitter and receiver 1o increase the beam path
length 10 101 m, beam height of 1.68 m

b e

31 Jan 31 AWS Installed an AWS system (2 m)
| 17 Feb 46 | ECAT Commenced EC measurements (1.5 m height)
8 April % | EB Installed pyranometer to measure surface reflection coeflicient |
Twle 1260 @ All Mowing of site: On 7 1o 10 May, net radiometers, sonl hest
May | 13§ sensors were still in Jong grass; on 16 May the grass cast of
- ‘ SLSA0-A beam was cut
19 May | 138 AWS Removed the AWS system
SJune | 18§ EB _Installed ETgage and rain gauges )
17 June 167 ECAT | Calibrated EC system for iemperature and zero wind speed using
{ J a box covering the 3D sonic anemometer
| 15Aug | 227 Al | Accidental fire - ull measurements suspended
I7Aug | 220 | SLS40-A | Measurements resumed
IS Aug 230 BR Reconnected all sensors used for encrgy balance to a replacement
[ | data logger
1 | 27 | PR Installed wind speed and direction sensor
31 Aug 243 ECAT  Mcasurements resumed afier fire and replacement of analoguc 1o
s o Higital system
ISept | 244 ECAT  Calibrated the EC system for iemperature, relative humidity and
4 v ero wind speed using a zero air box
200t | 294 SR_| Commenced SR measurements I
23Nov | 32810 ECAT.SR Power problems
w8Dec | 344

S W——

| 27Dec | 361 | BRII Installed first BR system (Vaisala HMP45C sensor)
28 e 362 ECAT _ Increased sensor height from 1.45 m 10 2.12 m above soil surface |

9Jan | 9 BRIS | Installed second BR system (Vaisala CS500 sensor) l
2004 |
13Jan . 13 BRDew-10. Installed third BR system (Dew-10 sehsor) ‘
231027 241027  SLS40-A | Switched off SLS system duce 10 disconnection of power while
Jan ' fencewasinstalled
| 28 Jan 2% BR3 Installed fourth BR system BR3 (Vaisula HMPSSC sensor)
291030 291030 ECATSR ECAT'SR battery charger problem
Jan
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Table 3.2 Details of operations at the Hay Paddock research site (continued )

pr— - —

Dae  DOY _ Svstem Comment |
2Feh | 33 BRI Reduced flow rate (07h30) of BR11 sysiem 10 0.4 Lmin
3wl 1240 All Mowing of site. grass was cut around the instruments on 4 May:

May 129 the bales of hay remained on the site for three weeks: on 10 May

S S the grass arca cast of SLSA0-A beam was cut !
25 July 207 | SLS Switched off the automatic ahignment system 53
I1Aug 224 | BRII Increased BR 1| equilibrium time before measurement from 40 5

SR == 10 60 5 ———
14 Aug 227 BRI Replaced CS500 temperature sensor with a type E thermocouple |
17 Aug 230 SLS Decreased height of receiver 10 (.68 m with transmitter height

| maintained at 1,68 m - cifective beam herght set 10 1.08 m above
k. | _d 4310 investigate the effect of a non-horizontal beam
29 Aug 242 SLS Decreased height of transmitter to 0.68 m with receiver height
- maintained at 0.68 m - effective beam height set 10 0.5 m above
| d 4 =10 investigate the effect of a low beam height on SLS
measurements

arca, there s a residential area and tall trees (of Figs 1.2 and 3.1 but note that Fig. 1.2 refers to true
north and Fig. 3.1 10 magnetic norh - magnetic north is 22 W of 1ue north).

342 Climate

The long-term annual ranfall for Pictermantzburg (South African Weather Service data) is 928 mm
(S8 years of data) and the mean maximum and minimum air temperatures are 248 and 123 °C
respectively. During winter, there s frequemt dewfall but frost hardly ever occurs, Management
practices include mowing (normally i Apnil cach vear) and burming (in August when firebreaks are
established and in October). Due 10 the low rainfall in 2004, no buming was camied ot prior 1o
November 2004

343 Surface laver scintillometer

A dual-beam surface laver scintillometer (model SLS40-A. Scintec Atmospiirenmesserechnik,
Tibingen, Germany ), referved 10 as the SLS svstem in this repont (Fig, 3.1 was used o0 measure the
sensible heat flux density every 2 man for a beam distance of 101 m. The beam path was adjacent the
automatic weather stabon, The SLSA0-A receiver has four detectors with two of the detectors used for
awtomatic identification of and correction for transmitter vibrution by the sofiware used for analysis.
In other words, the SLS40-A dual-beam system and s four detectors enable the separation and
correction for the imensity fluctuations caused by beam movement. There are two detectors per beam
with the separation distance between the detectors being 2.7 mm. The dual-beam scintillometer was
posiioned at a height of between 1.5 and 1,65 metres above the soil surface and the path length
between the recetver and transmitier units was 101 metres except at the beginning of the study a path
length of 50 m was used. Towards the end of the study, vanous beam heights were used from an
effective height of 0.5 m 10 a height of 1.5 m,
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Fig. 3.1 Schematic of the rescarch site and sensor placement. The diagram is to scale (- scule
shown at bottom right in metres), The SIS transmitter and receiver positions are indicated by
SLS_T, SLS_R (generally with the dual-beam 1.5 m above canopy in 2002 winter and 0.8 m in
200172 summer): the tmo EC systems arce indicated by ECAT (100-mm sonic path at a height of
1.5 m above the soil surface) und ECopen (1530-mm sonic path at & height of 2,67 m above the
soil surface) indicates the open path LI-7500 water vapour pressure and carbon dioxide
concentration sensor: the encrgy balance system (net irradisnce. soil heat flux density, soil
water content, soil temperature, canopy temperature, fine wire thermocouples for air
temperature profile measurements) before the 2003 accidental fire is indicated by EB: the BR
system is indicated by BR which was subsequently used as an energy balance and weather
station ssstem after the accidental fire: the automatic weather station svstem is indicated by
AWS (in operation for day of vear 31 1o 138, 2003): the two SR thermocouple positions. not

shown, were adjacent the ECAT pasition
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A computer was connected 10 the signal processing unin (SPU) through the compuater serial port
(Fig, 3.2). The computer, the SPU and the SLS switch-box were housed in 4 1ent. The cables o the
receiver and transmiuticr were sepamtely connected botween the switch-box and the receiver (50 m)
and transmotter (150 my unis. The tramsmitter (Fig. 3.3) and recenver units were mounted on tnpods
thist could be rumsed 10 3 maximum beam height of 2 m. The vegetation haght during the vear of study
varied but was always Jess than 113 m for most of the study.

The SLS beam hoight was referenced to the height of which wind speed was estimated 10
Oms . Usimg Eq 2,15 the neutral wind profile equation, this height corresponds to height o = =
above soil surface where o =067 A where & 1s the canopy height and = =01/ 18 the roughness length
(Egq. 2.06). Approximately therefore, the beam hetght input value was the height of the beam above
the soil surfuce minus (177 A, The average beam height above the soil surface during winter when the
grass height was short was about 1.6 m. In the first guaner of 2003 during which the grass height was
much taller. the beam height mput value when the canopy height was about 112 mwas Lo m-077 4
= (.82 m. The SLS manual refers 10 the beam height as the height of the beam above ground instead of
the height above the soil surface minus J < 2.

i SLS40-A
transmitter

(S0 m for period
11 1o 28 Jan 2003)

Fig. 3.2 A schematic of the SLS system: the switch-box, the signal processing unit (SPLU) and the
personal computer (PC) and associated batteries, batters chargers and mains power supply
were all housed in a tent to prevent water damage. The power requirements of the switch-bay
are typical for a transmitter to receiver distance of 101 m and a receiver to switch-box distance
of 30 m. The transmitier and receiver SLS units also require tripod stands
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it

—
Dual beom
laser

Fig. 3.3 A side-view schematic of the SLS30-A transmitter. OF particular note for alignment
purposes is the embedded alignment hole and the three positioning screws - one is obscured

The SLS employs a diode laser source with an output of 670 nm wavelength and | mW (2 mW
peak ) mean output power. The beam displacement and detector separation distances are 2.5 mm each,
with a detector diameter of 2.7 mm. Software together with (he instrument allows on-line
measurements a1 a frequency of | kHz and subsequent calculation of the structure parameter for
refractive index (€, m™ ") structure parameter for temperature (C2. K° m” '), the mner scale of
turbulence as indicated by the nner scale of refractive index fluctuations (/. mm), kinetic energy
dissipation rate (¢, m* s '), sensible heat flux density (F,, W m ), momentum flux density ¢z, Pa) and
the Monin-Obukhov length (L. m). The mput requirements for these calculations include ar
temperature 7, atmosphernice pressure P, beam path length L and the beam height b, relative o
the reference height a1 which the wind speed 1s 20r0. A profile air temperature difference messuremen
is required for determining the direction of the sensible heat flux density. Calculations are performed
for both drections at for cach 2-mm mierval.

Two-minute averages of all SLS-calculated paramcters were stored on a computer hard drive for
further analvsis. The sign (dircction) of the sensible heat flux density was determined using the BR
profile air temperature measurements and a second pair of fine-wire thermocouplke measurements for
the penod pror 1o the accidental 2003 fire, For cach two-mmute peniod, only data for which the inner
scale of refractive index fluctuations / was greater than 2 mm and the percentage of error free data
("eEFD) was greater than 25 %6 were nocepted for further analvsis. In general, the “oEFD was close 10
100, for much of the time during the day except duning wet conditions. An analysis of the 2003 data
for day of year 180 10 270 showed that the average ol the daytime (06h00 10 1800} 2-min *WEFD
datn was 90 % and the mighttime average was 78 "o mghttime SLS measurements were often not
possible due 10 condensation or mast affecting the passage of the laser beam through the boundary
laver.

344 Scimtillometer components and power requirements
There are a number of components 10 the SLS30-A scintillometer system (Fig. 3.2) used i this work:

1. the transmitter mounted on a tripod stand and firmly secured:

2. the receiver mounted on a tnpod stand and firmly sccured;
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3@ signal processing unit (SPLU) as a stund-alone unit housed n a4 1wenl. The SPU containy &
microprocessor that performs the required analogue signal processing and stutistical analysis and
communicates the results 10 the PC vl the seral port a1 9600 baud, The SPU allows for the
connection of & number of external sensors (air temperature, stmospheric pressure sensors and the
like). The SPU also contans o stepper motor encoder card for the SLS30-A for purposes of automatic
alignment, The SPU requires 12 V' for operation;

4 switchsbox, housad 10 a1ent. which connects 10 the transmitter and recerver umits, 10 the SPU and
10 the battenes. The switch-box supplies the voltages required for the transmitter and receiver;

S a computer with a 386 processor (20 MH2) or better operating under Windows 95098NT 2000 XP
is sufficient, housed in & 10, 10 execute the MS-DOS software to capture the signals from the SPU;

o three 12 V(7 A h) bateries, housed in a tent, 10 power the SPL and separate batienies o power the
transmtter and recciver units via the switch-box,

7 for the SLS40-A unit used, cables for connecting the transmitier 1o the switch-box and 10 the SPL' in
. Allernatively, if the amomatic ahignment is not being used as is the case for the SLS20 and the
SLSA0 units, then the transmutter needs 1o be powered by a separme hattery placed in close proximity.
In this casc, the SPU needs 10 be connected 10 the switch-box and the receiver 1o the switch-box with
no direet wire connection between SPU and the transmitter.

Since the SPU is not water-proof.. it does require protection from rain and dew. The laser diodes of
the transmatier have a typical hifetime of 20 000 hours, are fairly weather proof but both units were
panly covered with insulation 1o reduce radiation load. The operational wemperature for the transmitier
should not exceed S0 °C and 60 “C for the receiver. Both units need 1o be checked during routine visits
for dint, insccts or cobwebs that would decrease beam transmission. A clue that the beam is obscured
1s ofien indicated by reduced <X and <Y average voltage signals as well as difierences m the <X>
and <Y voltages indicated by the diagnostic sereen discussed in more detail later,

The SPU current drain and power roquirements are as follows: 12 V, 0.7 A with a peak of 1.5 A
Routinely however, the current drain of the SPU was just under 1,05 A, which may increase 1o 1.35 A
when centermg the beam and 113 A during alignment of the wransmitter and receiver. Typically, the
power requirements of the transmitter was =12 V1o 12 V for cable lengths less than 1520 m and for the
receiver the power requirement 18 <12 V1o 12V for cable lengths less than S0 m. We used two 12V
batteries (7 A h) as the £ 12 V power supply connecied 10 4 common centre-tap ground such that the
onc hattery supplied 12 V and the other <12 V. A bauery charger was permanently connected 1o cach
of the two battenes of the <12 w 12 V power supply (Fig, 3.2). The curremt drain for both the
transmitter and the recenver 15 0.2 A and the mavimum voltage that may be supphed 1 13.5 V. For
transmitter cable lengths between 150 and 350 m and recerver cable kengihs less than 30 m, the power
requirement s =16 V1o 16 V' owith & maximum of 17.6 V),

The switch at the switch-box must be set 10 'im’ if the transmitter and receiver are powered by the
SPLU. With the switch in the middle posimon, the transmitier and receiver are disconnected,

3.4.5 Switching beam on

For the beam of the SLS transminter o0 be on, it has to be supplied with the correct voltage, there has
10 be a computer connected via the computer serial port 1o the scintillometer SPU. and the SLSRUN
software comectly exccuted. Furnthermore, the reeciver and the SPU have 0 be supphed with the
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comect volages The svstem has no on or ofl switch « it is switched on using software, assuming
evervthing cise has boen correctly set up. The switch-box has o red LED to idicate when the SLS
transetier kaser beam s ransmimiing. However. even with the transmitier beam on, measurements
may not be valid due 10 incorrect beam ahgnment, beam obstruction or mcorrect data mputs.

3.4.6 Procedures prior (o alignment

Since the rotational positions of the trunsmitter and receiver tubes (Fig. 3.3) can be cusily altered using
any one of the three posiboning screws, it is imponant 10 verify that the rottional positions around
their main axes are correct. This is important since each beam is identified at the recerver by its beam
polarization. When standing at the rear of the transmitter. the top postioning screw will move the tube
vertically up or down. The left screw wall move the tube 10 the left or 1o the right and the nght screw
will move the tube to the nght or 10 the lefi. With the top positoning screw not securing the position
of the tube, simultancously rotatng the lefi and right screws can cause upward or downward
movement of the tube. 11 s advisable that the operimor practice aliering the tube rotational position
prior 10 3 ficld shgnment. The two beams of the sentillometer transmutter are identified at the receiver
by differences in their beam polarization. An incorrect onentation will produce considerable crosstalk
in the measured signals. For the same reason. it 15 bost that both the transmitier and receiver umits are
correctly mounted m the horizontal.

3.4.7 Beam alignment

Crucial 10 the use of the SLS is correct beam ahignment. Although not absolutely essential, the use of
two people for beam alignment would reduce the tme taken, Two-way radios also allow for casier
communication between transmitier and receiver locations for the intial alignment procedures and
between receiver and PC locations for subsequent software ahgnment. The beam alignment procedure
requires that power be supplied to the SPLUL the transmitter and the recever. Furthermore, the
SLSRUN software needs 10 be running and proper communication between the computer and the SPU
established. The SLS transmitter and receiver need 1o be correctly mounted on tnpod stands with hoth
units roughly at the same height above surface with both units facing each other, It is not necessary for
the correct data inputs 10 be used for beam alignment. For a path length of about 50 m. it is advisable
that the operator not look directly at the beam. For distances greater than this, one may ook at the
beam but only for a fow scconds ot a time. The laser beam s a type 3a beam, simular 10 that used in
laser pointers. As such, the equipment has 10 carry warning notices of this hazard. Notices were placed
at the transovitter and at the receiver,

Before alignment. it i important 10 inspect the transmitter and recciver windows for din or
cobwebs that may reduce the voltage signals,

The alignment procedure is best undertaken at the recciver rathor than at the transminer due to the
larger ficld of view of the recciver. Experience has shown that the alignment procedure is also
possible at might since the horizontal and vertical positions at which the beam has the gremest intensiry
15 most casily visible 10 the cve at mght. Nighttime alignment also meant that special equipment such
as a theodolite or other survey cquipment for alignment 1s not required. Nighttime alignment also
meant that there was no need for noting the voluge signals directly at the receiver at the time of
alignment. The magnnude of the voltage signals could be confirmed adequate ot a later nme. The only
difficulty with nighiime alignment s that it 1s more difficult 10 ensure that the beam s perpendicular
10 the receiver window, This can however be casily done during the day.
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The receiver should be as horizontal as possible on ns tripod stand, 1t 1s importamt 10 note that the
ficld of view of the receiver is much larger than the beam’s divergence. Therefore, the stahility of the
tnpod supporiing the receiver i much less eritical than that used for the transmitier,

Then, at the transmaticr posiion, cnsure that the transminter tube s central 10 1ts housing. The
transmitter unit should at thes stage be antached firmly 10 the tripod stand and the stand firmly secured
using guvs or bungee cords. Ideally. there should be ot lcast three such attachments. Also, the beam
should be as honzontal as possible. Ideally 100, MOST requires that the surface 15 horizontal. This
requirement is impossible 1o satisfy for many sites. We used a Jevel 10 ensure that the transmitter was
horzontal. A ladder was used for easy viewing of the bubble indicators of the Jevel placed on the
transmitter. Also. viewing through the alignment hole of the transmitter allowed for sdentifying the
mitial placement position of the recerver (Fig. 3.3). If the recerver cannot be seen in the alignment
hole, the transmitter position can be raised or lowered by aliennyg the tnpod stand support positions.
Aliernatively. the receiver position, typically 101 m from the transmitier. can be lowered or raised
uniil the receiver appears at the centre of the alignment hole of the transmitter.

Once the beam 1s on, alignment is most cusily achicved from the position of the recenver. A
five-siep procedure, also possible at mght, may be used to align the beam and perform measurements:

1. the operator may walk slowly from left 10 right of the recever position and back agam whilke
viewing the beam, mentally noting the strength of the beam. Three or four or more truverses may be
required 10 wdentify the exact horizontal position st which the beam has the greatest imtensity, Initially,
this horizontal position may not coincide with the location of the receiver. The receiver on its tripod
stand should then be moved 1o that position. It may be necessary 1o again walk from lefl 10 nght 10
carefully identify again the position of maximum beam strengh in the horizontal:

2. once the correct horizontal position has been identified. it remains 10 identify the correct vertical
position for the receiver. For determining this comrect vertical position, a small ladder may be required.
Locate the ladder at the best horizontal posiion. Then walk slowly up and down the ladder 1o locate
the position at which the beam intensity is the strongest m the vertical, If the maximum beam mtensity
is #t the highest posation of the ladder, the beam may overfly the transmitter postion. Simidarly, of the
maximum beam intensuy appears 10 be a1 a posiion near the bottom of the ladder, the beam position
may be w00 low, If this is the case. this position needs 10 be lowered or rased. as the case may be. a1
the transminier side and the procedure restaned afresh, 1 however, there is » honzomal position o
which the beam s strongest, then the reeetver neads 10 be lowered or rased 10 that hoight. Small
horizomal and or vertical adjustments 10 the tripod stand of the recerver or positional adjustments 10
the recener tself may be necessary to obtain maximum beam strength. These adjustments necessitate
viewing the beam through the alignment hole of the recetver, This procedure is much casier W perform
during the day but 1 1s also possible 10 perform durning the night with the wd of torch hight ut the far
end of the alignment hole. Caution is necessary with this procedure for two reasons, Firstly, the
recciver must be more than 50 m from the transmutter when viewing the beam. Secondly. an error of’
parallax ¢an result in beam misalignment, The error of parallax is demonstrated i Fig. 3.4, In cach of
the three cases, the contre dot represents the beam, the mner circle reprosents the end of the reeciver
alignment hole furtherest from the operator and the outer circle represents the alignment hole closest
to the eve. For the Ieft and right pair of circles, the beam s in the centre of the ner circle but
misalignment would still occur since the beam is not also central to the outer circle. To svoud the error
of parallax. the two circles should be concentric as is the case for the middle pair of circles. The error
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Fig. 3.4 An illustration of the error of parallay problem when viewing the distant laser at the
receiver alignment hole. The problem is avoided by standing back some five or more metres
from the receiver so that the two circles converge or ensuring that the two circles are concentric
as is the case shown for the middie set of circles

of parallax s reduced by viewing through the alignment hole at a distance of five or more meters
behind the receiver.

3. once the receiver has been positioned at the position at which the beam intensity is strongest in the
horizontal and in the vertical, the stand of the receiver unit need 10 be made secure using bungee
cords, As in the case with securing the transmitier, a1 least three such anachments are required. Care is
needed at this stage 10 ensure that the recever unit s not moved and the alignment disrupied:

4. once the best position has been determined. the central position of the beam can be improved by
only viewing the beam from the recerver position through the receiver alignment hole. A beam high
and 10 the Jeft when viewed from the reeciver positions can be better aligned by lowering it and
moving 1t 1o the nght from the transmunier posinon. This can be done by carefully adiusting the three
posmioning screws (Fig. 3.3) a1 the transmitier position. Very small incremental adjustments 10 the
positioning screws at the transmimer should be performed and the beam strength examined using the
SLSRUN software. Two-way madio commumcation between the transmitter and computer locations at
this stage 1s essential. By alterig the transmitier position screws, the transmitier should be carefully
and incrementally moved from left 10 nght and the position comresponding 10 maximum beam
intensity located. Following ths, the transmitier position screws should be used 1o incrementally move
the beam upward und downward until the posttion corresponding 10 maximum beam miensity located;

5. 11 not already done so n step 4. the beam then needs 10 be centered in the window of the receiver
using the SLSRUN software. Executing the software SLSRUN a1 the MS-DOS commuand line
displays the screen shown in Fig. 3.5, At thas stage. it is advisable 10 enter the correct path length
(normally 101 m in this case). the beam herght (which 15 the beam height above the soil surface minus
d + z_. shown here as 1.62 m). the air temperature ('C) and the atmospheric pressure (hPa) [1op kefit
and top middie of Fig. 3.3, It is also advisable 10 specify the periods for the output data files (top right
of Fig. 3.5) 2 min for the main data and 12 5 for the diagnostic data files. Other information required
ts the specification of an awtomatic file naming convention, o data subdirectory path and the types of
data 10 be collected (bottom Iefi of Fig. 3.6). This is discussed in more detail Iater. Onge these choices
have boen made. B remains 10 align the beam using the sofiware. Clicking on the Alignment
pull-down menu (Fig 3.6) displays two choiees - cither the Level Screen option or the Automatic
option, Normally, the Autematic option s chosen (Fig. 371 At this pomt, the beam can be contred a
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Fig. 3.6 The SLSRUN start up screen showing the selection of the Alignment option and the two
sub-options: Level Screen or Automatic alignment
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Fig. 3.8 For measurement of the background and crosstalk values. click on Settings and then
Background Measure Background, Prompts are displaved on the screen for when 1o block both
beams, the one beam and then the other beam
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separately using a small piece of thin paper o allow measurement of the crosstalh. The use of thin
paper allows the beam position 1o be revealed when covered. Covering of the beams must be done
where the beam exits the transnutier. Care must be taken 1o ensure that only the one beam s covered
and not both and that the tnpod stand and transmitter position is not disturbed. A message will follow
if there was inorrect procedure i covering each beam and then both beams. The measured
coetlicients are then displayved on the computer screen.

The mean values <X and <Y'> should be i the range 5 10 25, 1f not, the background measurement
procedure should be repeated. The standard deviabions sigX and sigh’ should be less than 10 and if
not. the Background Measurement procedure would need 10 be repeated.

The crosstalk cocflicient should be Jess than or equal 10 5 "y and i not, the Background
Measurement procedure would need to be repeated, 1 one or both crosstalk coefficients are suill
greater than 5 ", the transmitter and receiver units should be re-aligned 10 the commeet horizontal
position and the Background Measurement procedure repeated.

Once the procedure has been completed, the necessary background and crosstalk coctficients are
stored in a file for use by SLSRUN for automatic correction of the dma dunng real-time
measurements.

3.4.9 Beam misalignment and beam saturation
Beam misalignment results in reduced voltages. and ofien zeros for the vanous output parameters. The
mantal of the SLS40-A provides o five-poimt check procedure for possible causes of low volage

signatls:
L. check if there is dint, dew or ice deposit on the transmitier and or receiver windows,

o 2 c¢hock the alignment of the transmiticr.
o 3 check the alignment of the receiver:
o 4, check the pinbole adjustment at the transmitter;

o 5 check the dip switch setting, corresponding to the voltage range setting, in the receiver,

Most often. it 1x cobwebs or dint that covers the windows that reduces the voltage signal. Cleaning s
achieved using a cotton bud 1o remove the cobwebs and distilled water to remove dint on the actual
window. Next most common, 1t 15 the receiver that goes out of alignment relative 1o the transmitier
position. This often occurs after high wind or ran. Rain events loosen the soil with the result that the
tripod stands may move their positions, Saturation of the voltage signals results in low voltages under
conditions of strong turbulence (Section 2,13.5.2), Such conditions invalidate the assumption of weak
scattering upon which the SLS method depends. Should saturation occur frequently, then the effective
beam hetght needs 10 be inereased and or the beam puth length decreased. In the unlikely event that all
of these procedures have been followed but the voltage signals are still 100 low. then the voltage range
setung needs 10 be aliered. This can be done withow having 10 switch the beam off or disconnect
cables. Remove the three metal screws from the back circular plate of the receiver. Carefully remove
the plate ensuring suppornt 1o the plate to prevent tension on the attached wires. Two rows of switches
should be visible (Fig. 3.9) The ON position corresponds 10 the switch beng flipped venically
downwards and OFF vertically upward. The settings for the different volage ranges are shown m
Table 3.3, When securing the metal plite back in position, care is needed 10 ensure that the wires are
moved 10 the side of the vero hoards 10 avoid them being severed by the boards.
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Fig. 3.9 The rear of the SES30-A receiver with the back metal plate removed. The two rows of
dip switch settings shown are used to set different voltage settings for cach of the two SES30-A
beams (Table 3.3)

Fable 3.3 The receiver switeh settings that define the voltage range used. A "1™ corresponds to
ON or the down position and a 0" corresponds 10 OFF or an up position. Increasing the switch

setting number would increase the voltages measured

Switch s¢tung numbet Switch number (from lefh) Path length (m)
1 2 3835 .78
00 O 1859 .8 7 i
o | g ] 1 0 90 10 1N
0 O 0 0 1 0 1100160 1S
< | 1 O 0 ) ) 130 10 1Y)
S O 1" 00001 00 170 10 220
0 I O | () 0 0 n ) 1w 250
P e admstment involves mavimising the bea niensity with the rransmitier beam amed at o
ADHIC WA e VO OVET-RppIng e iots should be visible on the wall T!r\. .""h SATOWS N &
ir 1 end of the tran MILeT are used diust the b POsSIion 1.C in« \iCT T d me .
oL ossar R small STOW drivers are sod 1O adust 1wo of '!k saTey M oar ong U 11 o ol
WO n noug il tmant CWS arrg wecnod, 1he other ong H Jiusied £ OPOHOSIIC » ¢l
| , nW ne am b ng « b | SN N | I ST . i s;L."\: . Wt o DOLs VWS
M It i the bes bocomi o I tportant that the one screw be nghiened while the
loosened. Once the beam intensity has been ma sod b diusting & pair of screws. the procedurg
nex be rep 1 1or ¢ach of the remumme two pairs Of SCrews
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24,10 System inputs

Although five duta mputs are required for the execution of the SLSRUN program, it s possible 10
perform a posidaty recalculation with different values chosen for the five daa inputs. Three of the
mputs may in fact be measured using air temperature and atmospheric pressure sensors connected
directly 10 the SPU. The system inputs include:

atmosphenc pressure thPa).

e air temperature ("C),

o profile arr temperature difference (C.
e beum path length im).

o beam height above the level st which wind speed 1s O m s

Routincly, for mputs, & fixed aimosphenic pressure of 940 hPa and an air lemperature of 25 °C
between November 2003 10 March 2004 and otherwise 15 "C was used. The sensors that can be
connected 1o the SPU need 10 have a voltage output of 0 10 10 V. None of the sensors routinely used
met this requirement so data loggers and other sensors were used 10 measure these inputs, apan from
atmosphenc pressure. Routinely, simosphenie pressure was not measured but estimated from lattude,
longntude and altitude and measurements of air temperature and waler vapour pressure (Egs 3.210 3.5
of Savage e al. 19970 A sensitivity analysis, demonstrated later. showed thut the SLS software
outpuls are not very sensitive 10 atmospheric pressure and air tempenmure changes. Note that i the
calculanion of the SLS ompws, air temperature is in K so that even a 10 °C change in air iemperature
1s effectively only a 3% change in K units.

The lack of an mpuwt for the profile air temperature difference 15 not crucial ot the tme of
messurement since this iput is only used 10 determine the direction of the sensible heat ux density -
cither towards or away from the surface - and not its magnitude. This direction was determined using
measurements of air temperature at two heights using BR thermocouples (75 um in diameter) and
cross-checked against the sign of the EC sensible heat flux density measurements.

The most sensitive inputs affecting software oupats are beam path length and beam height inputs
Again however, incorrect inputs can be corrected post-dista collection. by re-esumating the ouiputs
using the correct data inputs. It is recommended that in spite of this. these two inputs be correct since
then the screen-displaved outputs ire as near as possible to being comrect. This approach then allows
decisions 10 be made in real-ime. This may be partcolarly useful when performing real-time
comparisons of SLS estimates of sensible heat flux densaty against EC estimaies

34011 System outputs (6 the computer screen

The SLS s checked by examiming the volage signals shown by the vanous SLSRUN sereens. The
output sereen displavs the volage signals for the two laser beams. In general, the voltages for the
difforent channels should be between 700 and 1100, Voltage signals greater than 200 may stll rosult in
reliable measurements. Generally however, measurement accuracy decreases with decreasing vohage
signals.

The SLS software shows three screens of information. The ong sereen display commesponds 10 stable
conditions usually for the night, the second corresponds to unstable conditions mostly expenenced
dunng the day and the third displays the dingnostic data. For a 2-min averaging pernod, the first two
displays are updated every two minutes but the diagnostic display 15 updated every 12 s Routinely,
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Table 3.4 Typical diagnostic data displayed for a 2-min period. The meaning of the headings of
cach column is presented in the text, Each data line represents o 12-s period

Sub n <\> <Y> sigN osigy Cor i\mia \max Ymin Ymax errN errY errW

no |

L0 11500 739.7/757.0 356 322 0532 %98 | 915 615 933 | 0 . 0 | 4 |
112000 737.5/7579 341 305 0514 598 880 606 901 0 | 0O | 4
2 11500 7355 757.2] 338 | 30,0 [0.50% | 617 | 862 603 | 89K | 0 . 0 | 4
3 12000 7345 ’6'0 1S 278 0517 613 | R78 642  R93 ! O | O | 4

[ 411500 7324 7619 316 . 2%3 0521 606 | K59 | 627 %06 . 0 | O | 4
Al l"'?"..?l.’i?:!‘"'. 329 298 0531 3Kk6 | R6l 616 J‘"‘! et N 34 ]

6 12000 7283 7670 297 260 03542 626 | _.3‘_|. 653 (S04 0 | 0 | 4
? .ns_o_o,z:n‘zzu 281 1242 0569 623 | %56 660 943 | 0 | 0 &
12000 719.2 7847 301 | 253 0545 4KS | 869 602 | X1 0 0 4 |
J__}qu 724.5 7634 | 316 | 278 0S3%] 604 860 642 L 978 . 0 . 0 | 4

during the day, it is only the dagnostic display and the display for unstable conditions that needs 10 be
scrutintsed 10 check for correct functioning of the SLS,

3ANLIT The diagnostic display
A tvpical diagnostic display of the SLS software is shown (Table 3.4).

The data line assoctated with the sub number column s generated every 12 s, For a 2-min data
collection period, the run number is double the number of minuies since midnight. So for example 4
run numbcer of 471, not shown, refers 10 2 x 47160 h = 15.7 h or the local time of 15h42, For a 2-min
period, there are ten sub number lines: 10 x 12 5 = 120 s, with cach line associated with a 12-s peniod.

The second column, labelled n, refers 1o the number of data points evaluated within the dmgnosis
dats period of two minutes, in this case. The maximum number of data points evaluated within a 12 ¢
peniod 15 12000. So the e of data coliection s 12000012 s = 1000 Hz. This frequency s almost two
orders of magnitude greater than that for EC measurements and three orders of magmitude greater than
BR mecasurements. Notice that for some of the 12-5 sub number lines, the number of data points used
s 11500, which corresponds 10 500 data points not used for the calculations. In these cases then 100 «
1300/ 12000 % = 9583 %, of the measurements are used. Dunng conditions of poor visibility,
excessive vibranon or sigmificam crosstalk, the number of data pomts used would decrease.
Consistently Jow values of n may be an indication of beam musalignment, requinng operator
imervention.

The third column with the heading <X> displays the average SLS voliage for channel 1. The
display value 15 not raw data since three corrections have already been applied: o background
correction, an analoguc 10 digital range correction and a crosstalk correction. Ideally, the mean voltage
should be between 700 and 1400, The voltages corresponding 10 <No and <Y need not be the same,

The founth column with the heading <Y> displays the average SLS voltage for channel 2. As wnh
the channel average, corrections for background, an analogue 1o digital range comrection and a
crosstalk correction have already been applied. As was the case for <X>, the mean voltage should be
between 700 and 1400,
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The fifth and saxth columns, with the heading sig\ and sigh . refers 10 the stundard deviation of the
channe! 1 and 2 signals dunng cach 12-5 penad

The seventh column. with the heading Cor. s the statisiical conrclation between the signals in
channel T and channel 2 afier the normal background correction, analoguc 1o digital range correction
and crosstalk correction.

The cighth 10 cleventh columns, Xmin. Xmax. Ymin. and Ymax refer 10 the minimum and
maximum for channels | and 2 respectively. 1deally. these should be between 700 and 1100,

The twelveth column, ereX refers 10 the error for channel 1 (0 for no error) for which there are
numerous codes used 10 indicate the type of error. The numerous codes used are given as an appendix
10 the manual. The important codes for the operator 1o take note of are those larger than 4. Diagnosiie
data with such an crror code that exceeds 4 are reyected and not used further for analvsis. Values of 0
indhcare that no data could be used in the caleulanons.

The thirteenth column. errY refors to the error for channel 2.

The final column, errW refers 10 the error associated with the wind option, not used in this case,
for the SLS40-A.

At the bottom of the diagnostic data screen, there are other important data shown that are useful for
error-checking the system. Three bits of imformation that need 10 be checked whenever there 15 a site
visit are:

beam distance: The beam distance s the distance of the beam from the contral position as o percentage
of the possible scan range. So a value of 100 %6 means that the beam has reached the outer area of the
scun cone and a value of 0 %y means that the beam 5 in the centre. The manual of the SLS40-A
recommends a manual re<alignment if the beam distance s greater than 80 @

beam angle: The beam angle s the angle of the beam displacement from the centre in degrees (0 10
360°);

vibration index: The vibration index s defined as (corl AIB = cor2A2B) 2, whore corl AIB s the
corrclation between main channel 1A and channel 1B and cor2 A2B s the correlation between main
channel 2A and channel 2B. If the vibration index is Jess than 0.5 the corrected data can usually be
used. A vibration index greater than 0.5 usually occurs of € s very small. Under these conditions,
nomally during the night. the signal fluctuations caused by vibrshion domunate over signal
fluctuations caused by wrbulence. There ts therefore a high rate of data rejection

3.4.11.2 Real-time display of mrbulence data for unstable conditiony
The real-ime displays of the data are updated every 2 min. The display (Table 2.5 includes:

a nun number corresponding 10 the number of 2-min intervals since midmght. In the exampic. 390
corresponds 10 2 » 390 min = TRO{60 min h '] = 13 hoor 13h00;

the Nok m column 2 s the pereentage of error-froee disgnosis data pencds within the main data penod.
A data ling 15 subsequemly rejecied if the Nok value s less than or equal 10 25 %4, Dunng the day, this
value s usually between X0 and 100 "o Consistently bow Nok values requires the operator 1o reahign
the beam:
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Table 3.5 Typical real-time data displased every 2-min for unstable conditions from 13h00 10
13h18. The meaning of the headings of cach column is presented in the text

Run Nok Time (- | C.  cDiss Heat' Mom  MO-L Wind

1300100 1300 0912919 536 1142808 001418 | 1730 0056 | 4X28 0
1391100 13:02 [0.930667 (491 1165025 002009 | 1821 00666 | 6537 | 0

(392 90 1304 0761178 421 0952856 003725 | 1760 _ 00080  -12.040 0
1393 S0 13:06 [0.313806 274 0392827 020746 | 166] 02883 | 633700

1394 90 | 13:08 0284935 699 0356687 000492 | 710 00237 | 4005 0
(305 100 13:10 | 0.320552 697 0412530 000496 | IS8 0 00255 3304 0
1396 100 | 13:12 0401794 563 0502973 001162 9X0 00462  -T000 0

139770 | 13:14 0602809 337 0754606 009131 IXT3 | 04705 25000 O
Isqg,;_m,mn 0783815 1233 0979942 | 039701 | 326, | 04399 61K 0

23 W

399 60 | 1318 0451371 367 0563033 006463 1459 | 01361 237710

"The SLS40-A system indicates normal daytime sensible heat flux density values as positive as
shown here. The convention in the repont however s that sensible beat flux density away from the
surface correspands 10 an energy loss 1o the surface and is therefore assigned & negative value

time (comespanding to the computer clock time),
€. the structure parameter for refractive index, with unit 107 m™";

[ . the inner scale of refractive index fluctuations, with unit mm. A data line 15 subsequently rejected
if ! 15 less than or equal 0 2 mm (for a 101 m beam path length). Note that [ becomes smaller a1
larger wind speeds or closer to the ground. The height dependence of 7, may allow one 1o alter the
height of the beam path for a defined beam path length 50 a5 1o increase or decrease the voltages:

€. the structure parameter for air temperature (Tuctuations, with unit K* m™

diss (£). the rate of rbulent kinetic energy dissipation with unitm’ < ;

heat (F, ). the turbulent Nux density of sensible heat. calculated using MOST, with unn W m™ for
which the sign is positive for unstable conditions and negative for stable conditions;

Mom (=), the negative of turbulent Mlux density of momentum with unit N m™ calculated using
MOST for unstable conditions:

MO-L ( ¥). the Momin-Obukhov kength with unit m caleulnied using MOST for unstable conditions:

Wind, in the last column. is not used smee this requires a cross-wind optional extra.

3.4.11.3 Real-time display of turbulence data for stable conditions

The real-ime display of the daa for stable condmons s simlar i forman 10 that for unstable
conditions except that MOST, for stable condinons, 15 applied (Fgs 2.43 and 2 .34, for example),

3.4.12 Data files required or created during syvstem operation

Vanous items of software are used with the SLSS0-A. Most of the software requirements are bundled
1ogether in the SLSRUNC.EXE program (MS-DOS based, version 2.24). However, the SLSFILEXE
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program, for example, needs 10 be excemted first before data collection can be performed using 1he
SLSRUN software,

For the SLS30-A scmtillometer system., a number of data files are roquired or created. The file
NAMCS AIC TR CAse SONSITIVE:

1. the SLSCAL XXX files, The program SLSFIL software generates the path length calibration data
files required by SLSRUN. The files genersted by SLSFIL are named SLSCAL XXX, where XX\
represents the optical  propagation path length specified duning  sofiware execution. For cach
propagation path length used, a separsic ke 1 used. So for example, the file SLSCAL. 101 needs 10 be
created wsing SLSFIL for o path length of 101 m. These path length files need 10 be located in the
same subdirectory in which SLSRUN is located and necd 1o be ercated before execution of SLSRUN;

2. the shserrdmt file is an error file created whenever SLSRUN encounters a problem - for exampic, an
incorrect specification of a data subdirectony:

3 the log fike (SLSLOGDAT), The file contuns a single line of the date and time of when the beam
was switched on. Each time the beam is switched on again, the content of the file is over-writien;

4. the * pos file (with pos as the file extension). This information file contains the record of the date
and time when the position of the beam was automatically aligned. The "beam distance”. "beam
angle” and volage signal values at the time of the alignment are also shown. A convenient file-naming
extension that the SLSRUN software can use s the yymmdd format. For example the file name
040227 pos would correspond 10 o position realignment file created on 27 th February 2004:

S, the sksbek g file, the background and crosstalk file, is ereated by the Background Measurement
procedure. The information from the background and crosstalk measurement procedure is stored in
this file. Whenever o background and crossialk procedure s followed, the contents of this file are
overwritien:

6. the *.dgn diagnostic data file. If specified from within SLSRUN, the diagnostic data may be
collected. usually one file per day (just less that | Mbyte for two-minute dats). Each line of duta in
this file cormesponds 10 a 12-s penad. So. for example. the file (0227 dgn would be o diagnostic file
created at miudnight on the day before and closed at mdnight on the 27 th February 2004:

7. the main output data file. the turbulence data file. is stored with a res exiension. one file per day. So.
for example. the file 030227 res would be cremted ot mudnight on the day before and closed ot
mrdnight on the 27 th February 2004, Usually, ot as this file that s opened using a spreadsheet program
such as Microsoft Excel. For a day of 2-mun output data, ths file has a size of 120 Kbyies,

3.4.13 Sign convention for the energy balance terms and the profile air temperature difference
The energy balance equation used, /_ <« L F, <« F, < F =, imphes that for the day when the net
irradiance s usually posttive, the remaining energy balance terms are gencrally negative. In the BR
system, the profile air iemperature difierence, 67 s defined as 67_ =7 -7 __ . This defimition
results in positive BR sensible heas flux density values dunng the day - m other words, the opposite
sign convention. The on-screen SLS sensible heat values for unstable condiions occurning usually
during the day are also positive, as are the values in the main output data files. The real-time EC
sensible heat values are also postive for unstable condinons
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3.4.14 Rejection criteria for the exclusion of out-of-range and "bad"™ or doubtful SLS data

The SLSRUN software only uses error free diagnostic data 10 form the basis for the caleulation of the
muain ouput data. SLSRUN detects errors due 10 one or more of the following:

o unrcalisticully low correlstsons. This can occur in the case of precipitation, of when the inner scale
of refractive index fluctustions decreases below the measurement range (under strong wind
conditions ) or with transmiticr vibration which usually occurs when C) s very bow:

e unrealistically high comrclations. This can occur if the beam s wemporarily obscured or the
transmitier position 15 unstable or when the laser beam has just been switched on:

o low signal-1o-noise ranes. These low ratos can be avorded by icreasmg the beam path fength if o
15 bess than 100 m or by decreasmg it if it i more than 200 m. In addition, reducing the beam
height may increasing the signal-to-norse ratio. Extremcly small thermal wrbulence, which occurs
when fluxes are small (sunset. sunrise. large and dense cloud cover) and in the case of laminar
flow (calm nights) may also result in low signal-to-noise ratos. Note that reducng the
measurement height reduces the influence of vibration due 1o wind:

o crossing of the beam by inscets, rnn, mist, or paricles cause measurement Crrors,

The following are not errors directly detected by the system but may need atiention:

o grrors due to misalignment of the transmitter has only a minor effect on the accuracy of the
measurements provided that the imensities are sufficiently high. Misalignment however does
magnify the effects of vibration resulting 1 decreased signal-to-nose ratios:

o intensity differences between the mean imtensities i the four channcls of the SLS30-A
scintillometer cause little error, However, large differences could be due 10 dint or cobwebs on or
near the window of the receiver.

In spite of SLSRUN rejection erteria, & number of conditions were imposed 10 reject data
post-data collection. The reyection critenion were applied after the data was imported o Excel. When
a main data fike is opened i Excel (*.res file), Excel loads an impont wizard. Specifying that the data
file 1s delimited and then specifying that it is space delimited correctly imports the data tmo Excel into
columns,

On occasion. when the collection of data 15 interrupted due 1o power failure or if manual alignment
procedures are followed, there 1s missing data. The SLSRUN software always oumputs dita even
rejected data. Naturally, for the collected data the percentage of emror free data and the inner scale of
turbulence less than defined cntical values give clues as 10 the possible problems with the collected
data. Due 10 the loss of data due 10 power problems or interruption of the beam. a time-stamp check
for the 2-min data was performed withm Excel, 1o ensure that there were no miassing hines. This was
necessary since for exampie, the air wmperature profile difforences and the EC sensible heat flux
densitics were copied from another spreadshect and pasted mto the SLS data spreadsheet. Time
svnchronization was therefore necessary between different spreadsheets contaiming different dms sets.
The day of vear. decrmalised. was calculated first as follows using the value function of Excel:

= valuetdate) - 37622 < valuettime)

as an example where date refers 10 the cell comaming the date in the mm'dd ywvyvy format, 37622
corresponds to the number of days between 1 Jan 1900 and 1 Jan 2003, and time refers 10 the time of
day cell n the hh:mm:ss format. Even though time s m the hhommiss format, valueitiime ) convents the
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ume 10 fraction of a dav. The expression therefore viclds a number between 0 and 365, merementing
by 2 min comvenad to o fraction of a day). A column for the "missing” tag was created. Each cell of
this column contamed the condition:

*“IFIABS(previous DOY = 2 (60* 24 -nextDOY 40002, " missing"."™)

where previousDOY and nextDOY refer 1o the cells contaming the previously caleulated DOY and the
next DOY, respectively.

This test condinon cnsured that if there was more than a 2 min time difference between
consecutive lines of dina, the message "missing” would then be displaved in the tag column,

Procedures were used 10 determine the direction of the sensible heat flux density based on the sign
of the measured profile air temperature differences from the BR thermocouples. In the sbsence of such
Jata, the signh was determined using the EC sensible heat NTux density values or based on time of day,
When the rejection was based on time of day, 11 was assumed that unstable conditions occurred
between O6M00 and 1 ShX).

Data rejection or filtering procedures were apphied in Excel 1o the sensible heat flux density 2-min
values Scnosible heat flux deasity vidues were rejected, blanks were created or data recaleulied:

o il the percentage of error free data was loss than or equal 10 25 %6 (SEFD < 25 %), data were
rejected:

e if the mner scale of refractive index fMuctuations was less than or equal 10 2 mm (/, € 2mm), duta

were repected;
o for mmsmg data, designated by zeros, a blank ccll was used for sensible heat flux densiy:

o for positive oF 6z —001 values. where &z 15 the venical distance between the profile
thermocouples. corresponding 10 unstable conditions, and “«EFD > 25 %% and [ > 2 mm and
non-blank sensible beat flux density values, -F, s displayed in the cell;

o for stable conditions, corresponding 10 87 & -001< 0 °C m', and “eEFD ~ 25 ", and | >
2mm. -F____ s displayed in the cell.
Seven nested Excel if sttements were used for these procedures (Table 3.6). In Excel, the single
cell calculation, one such calculation for cach 2-min period, explained in Table 3.6, s as follows:

CARORMEFD <230 < ZANDIF = OF = IFANIGST < = D0V INT(DOY 1023, D0V -INT)
DOYYOI5-F,  AFANDIST, 0014, SaEFD-28, 1 220RF, = 0 -F,  WFANIST 0010,
SSEFI28) SR, w0 F,_ WFANIXGT, <™ OR(DOY AINTUNIY ¥0.25,00) INTIDON 30,75,
TFOF = O IFANINGEED > 25,0 = 240F, ™ IWIFF, = 0" JFANIXSEFD > 25,1 “0-F, .
"Hhm

Chapter 3 Logistics of estimating evaporation from surface layer scintillometer data



Theory and practice of evaporation measurement, with special focus on K2
SLS as an operational tool for the estimation of spatiallyv-averaged evaporation Savage et al,

Table 3.6 A listing of the seven nested Excel If conditions (and three sub-conditions) used 1o
reject bad or missing SLS sensible heat flux densiny data and to combine the stable and unstable
measurements into one column, based on the sign of 872 i ST <001 > 0, unstable sensible
heat Nux densities are displayed. else the values for stable conditions are displayed

| Excel code Position | Explanation
‘ of
condion
= IFHOR"EFD 2251 <IANDF, » ! LUMNEFD<25% o F, = 0OW m™
0F, . “0), andF, _ ~O0Wm~
A S— 24/ - ____then display a blank
IFLAND(GT, = | 2 clse 2 06T is blank and time 15
= DOYINTOOY ¥ 40.25 DOY-INTUNOY 0. 75), between 6 am and 6 pm |
e | then display -F,
|
IFANDGT_- 001 - 0 %EFIR2S 121 | 3| else 3,667, 001 >0 °C, “EFD ~
| 25%. and /_> 2 mm
IFF,_ =0, s | WF owWm*
SR = a display a blunk _
L 7 a clse display -F_
IFANDOT_ - 001 « 0 EFDP35, 153, | 4.h | else 4,if87_-001 <0°C. “EFD >
! 28 %, and /> 2 mm
r_é ey — ———— e — —
IRF, =0 F, b then d F,__ « 0, display a blank else
d'spl.-v ’Fa-w
!
IFCANIGGT. =" OR(DOY-INTIDOY y-0.25, & clse & 8T, =" and time is between 6
DOY-INTIDOY 1+0.25)) | ___amand 6 pm .
IRF,__ =0, then display F,__ =0W m~
= ——y clse display a blank
IFCANIXNSEFD > 287 =2y = "EFD >25% and ! ~2mm |
Wimise™ N ¢ display -F,___ clse display a blank |
- — = _‘!F' F;uu.. 0‘ — (‘ + c'u&ir_‘“f_g_‘v—m- i ——
itk N S dsplayablank
IFANIXWEFD > 25,1 = 2, L7 | else T if %EFD > 28 %and / > 2 mm |
= disploy +F__
i T 12345, clse display s blank
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3415 Estimation of latent energy flux density from net irradiance and SLS sensible and soil
heat Nux density measurcments

S415. 1 Available encrgy flux density

The available encrgy Mus density 4=/ < F (W m™) (Eg. 24) was calculated from meassurements
of net irradiance /. (W m ™) and soil heat flux density £ (W m”):

A=I_ +F 31

L Ed

By definmtion, assuming that there are no other encrgy balance terms, such as advection energy flux
density or canopy stored heat flux densaty. we may wrte.

A=l_ +F_ =~1 F, -F, 32

11 cach of these four energy balunce terms are messsured independently, then the extent of closure may
be tested: viz. using Eq. 2.5:

CR=s(-L F_~Fid_+F_) 33

where CR =1 would mean perfect closure (or balance). and CR > | would imply that one or more of
latent encrgy and sensible heat heat flux densaty s an overestimate (or that net irradiance plus sotl heat
flux density s an underestimate).

Should the four werms not be measured independently. as s the case for BR, one-sensor EC
(Table 3.1), and SLS methods. then closure s assumed 10 take place and the latent encrgy Mux density
15 calculated using:

L F,w=l_ ~E4~F,

Clearly then, all three terms on the nght hand side would be ymportant in determining the latent
energy Nux densiy. Soil heat flux density, during the daytime. s ofien the smallest term i magniude.
However, for time scales of less than a day, its imponance cannot be ignored especially when dealing
with short vegetation such as grassland.

$.4.15.2 Net irradiance

Net imadiance was messured using 1wo or three Q7 net radiometers placed 2 m above the soil
surface. Duning the carly stages of the project only one net radwometer was used. The procedure lor
cahibrating net radiometers was discussed 1n a previous report (Savage ¢t al, 1997) and s not repeaned
here.

34153 Soil heat flux denyity

Soal heut flux density was estimated every 1wo minutes for the SLS measurements and every 20 nun
for the BR measurements from the sum of the average of measurements of soil heat 1lux densiny 7
(W m) at a depth of 80 mm (using four 10 five soil heat flux plates) and the averuge stored heat flux

—
-y

densny F__ (W m ) above the plates:

Foymiol P

The stored heat flux density £ was estimated from measurements of A7 ('O the sverage soil
wemperature difference (hetween 20 and 60 mm) from one 2-min time penod for SLS measurements
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(or 20-mun penod for BR measurements) 1o another (A7 = 120 s for SLS energy balance calculations or
1200 s for BR calculations), the depth of soil Az (m). and the volumetric soil water coment 8 (m’ m™'):

F ... =stored energy (ime difference = arca)

-y

=M __ AT, ¢ ume difference xarea) =p 1 AT ¢ (time difference = arca diflerence)

=p , &S8T o 1A

where p_ s the bulk density of the soil (kg m™'), the soil depth As = 008 m, ¢ s the spevific heat
capacity of the soil () kg’ “Cyand 1’ =arca Az, The specific heat capacity of the soil is caleukued as
the specific heat capacity of dry soil plus that of water usmg:

Pin €t =Pd St a9, 0,

where ¢, is the dry soil specific heat capacity. p__ 0 is the volumetnic soil water content (m’ m) and
¢, =4190) kg “C', the specific hea capacity of water

Five sets of tvpe-E averaging thermocouples were ased for the soil iemperature measurements and
five soil heat Mux plnes were used for caleulating I_-': A CR7X data Jogger (Campbell Scientfic,
Logan, USA) was used for these measurements for much of 2003, including the volumetnie soil water
content i the first 30 mm of the surface which was measured using a froquency domain reflectometer
{ThetaProbe, model ML2x, Delta-T Devices, Cambndge, UK). Most of these sensors were connected
1o the Campbell CRTX data Jogger and transferred 10 o 23X duta logger after the 2003 fire,

2.4.16 Miscellancous measurements and data logger programming

Other measurements included two-minute averages of solar irradiance. air temperature, waler vapour
pressure, and wind speed for the caleulation of reference evaporation and wind direction and runfall
(a1 positions AWS and BR of Fig 3.1). Two measurements of canopy temperature were made using
infrared thermometers (model IRTS-P. Apogee Instruments Inc., USA) positioned at a herght of 2 m
above the soil surface {at position EB. Fig. 3.1) before the acoidental fire and subsequently at a height
of L3 m when they were attached 10 the Jower BR arm. An ET-gage evaponmeier (model E, ETgage
Company. Loveland. USA) was used 10 measure reference evaporation directly. This evaporimeter has
a measurement depth resolution of 025 mm and was connected 10 the CR7X data logger. The
evaporating surface was positioned at | m above the soil surface. A pair of CM3 pyranomcters (Kipp
and Zonen, Delfi. Holland) were used 10 measure solar imadiance and reflected solar sradiance (n
position EB, Fig. 3.1). Followmng the fire, the CRTN data logger sensors were connested 1o the BR
CR23X data logger.

3.5 Results and discussion

3.5.1 Fraction of acceptable SLS data

The percemtage of “acceptable™ Z-nun SLS sensible heat flux density measurements for the daytime
hours (taken as 06h00 10 18h00) showed little seasonul vanation and was consistently ligh - between
86.7 "o and 94.K "y for the 15-month period (Fig. 3.10a). Acceptable values were defined sccording
the criteria described in Table 3.6, The nighttime vaniation in the percentage had & more pronounced
seasonal pattern with the Jowest percentage acceplable measurements occurming between January and
March of each vear (Fig. 3.10b). The lower nighttime percentage values were due 10 the effects of dew
and mist, Included i these percentages are the times for which the electrical power was interrupted
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Fig. 3.10 Temporal variation, for the 18-month period, in: (a) and (b) bottom o graphs -
percent of acceptable 2-min SLS sensible heat flux density measurements for the 0600 to 18h00
period and for the 18hO0 to B6h0 periods respectivels: (¢) and (d) top two graphs - the average
Z.min SLS Nok®. values for the 060 1o 18hO0 period and for the 18h00 10 B6hO0 periods
respectively.

The horizontal line is the average for the entire 18-month period: 92 5 for (a), 85 6 for (b
T8 %% for (€) and 55 % for (d)
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At worst, this penod was no longer than a day or so. Other minor interruptions. usually less than
rwo-davs in duration, were due to the acerdental fire and accidental cutting of the cables.

The average Nok®. varicd between 62 and 85 %5 (Fig. 3.10¢) for the 06h00 10 18h00 period and 33
10 73 % for the nighttime (Fig. 3.10d). The lowest Nok"s values were during the summer rainfall
period (September 10 March), duc to the influence of ram cvents on beam transmission. The Nok®u
refers 1o the pereentage of the 1000 measurements per second

The scasonal varation in the inmer scale of wrbulence / (mim) for the davtime and nighttime
penods are shown scparstely m Figs 3011 and 3,12 respectively using istograms. Valdues of [ less
than 2 mm results i rejected sensible heat data. For most of the study, the most common (or at least
35 % of the time) /. value is between 4 and 6 mm (Fig. 3.11). For the nighttime, the most common /|
value 1s Jess than 2 mm (Fig. 3.12). The sccond-most common mightuime value is that between 6 and
£ mm (Fig. 3.12) m contrast 10 the 4 10 6 mm value during the daytime hours (Fig. 3.11). The larger
values of 6 10 8 mm at might are due 1o the more stable nighttime conditions compared 1o the more
turbulent conditions dunng the day creating smaller and smaller eddies.

352 Sensitivity analysis 1o determine the relative importance of data inputs on evaporation
estimates

A sensitivity analysis was conducted 1o determine the relative importance of the data mputs in
determiming the SLS sensible hem flux density. Emrors in the input data affect the real-time
measurements displayved and these mputs would also affect post-data recaleulations. For the purposes
of the sensitivity analvsis calculanons, data for 23 February 2003 (day of year 34) and § January
20604, refanively cloudless days, were used. The vanation in the encrgy halance components for these
days are shown (Fig. 3.13),

Each of the four data mputs were vaned from below 10 above a “normal® value. The following
were used for the normal values:

measured air temperature 7, for each 2-mun penod. The temperature 7 was calculated from
the average of all available 2-min measurements of air iemperature;

the_estimated atmoespherie pressure P based on the measured air tempersture, altitude and the
measured Waler Vapour pressure;

the measured beam path length £ of 101 m;

the beam height above the level at which wind speed s O m s (4, o ) ESUmated, for example. at
1LOG m using:
h ;22 =077k

S ey

for a height of the beamn above the soul surface =, of 1,68 m and for a canopy height of 0.83 m.
For cach data input a fractional crror was calculated:
81 s =TV T o
Cp SAP s =PV F L,
S L A

e LT

£, =L
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Fig. 3,11 Histogram plots, for the 18-month period, of the percentage of the inner scale of
turbulence for the categories /. <2 mm. 2 104 mm, 4 10 6 mm to 12 1o 14 mm and > 14 mm for
the 06h00 to IShO0 period. Each plot is for roughly 90 days. The top histogram also includes a
line plot for the entire period for average /_values. The zones of I values for which data were
accepted are shown by the horizental arrows
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the I8hO0O 10 D600 period. Each plot is for roughly 90 days, The top histogram also includes a
ling plot for the entire period for average /_ values. The zones of /_ values for which data were
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and ¢, =th

The effect of each fractional ¢rror, in tum., on the sensible heat flux density was calculated and
converted into a fractonal error, ¢, . based on the actual sensible heat flux density for cach 2-min

penod:

- b&o— ” hs.—.-n- 1

brom v

c’_ ‘.'(F.“"" -Fl’ F

where F, i the sensible heat flux density estimated using the four correct data inputs.

For the measured wir temperature 7 the fractional error was caleulated by allowing T 10 vary
from 50 "5 below 1o 30 "s above 7 . A wide range was used for 7 10 cakeulate ¢ ., since duning
routine measurements the data input for air temperature was alicred very infrequently - sometimes
every three or four months, What is the effect of not changing this data mput on the real-time
estimates of sensible heat flux density” The consegquential change 10 atmospheric pressure, due to the
change in air temperature, was accounted for in the sensitivity analysis

Ammosphenic pressure changes are typically very small in Pietermaritzburg. The atmospherk
pressure was varied from 10 s below to 6 “s above P . The procedures used ensured that 2 did not
exceed sea-level atmosphernic pressure of 1013 hfa,

The fractional error in beam path length was varied from 10 % below 1o 10 % above L .

The height of the beam above the height at which the wind speed is Oms ' A, . is based on
the neutral wind profile relationship (Eq. 2.15). The fractional error in A was calculated by
varying & from 105 % below 10 105 "6 above the &, value of 1,04 m corresponding to
2. = 16X mand a canopy height of 0.83 m,

"t

3.8.2.1 Effect of errors in air temperature

The sensstivity of wir temperature on sensible heat flux density s more complex since air empersiure
also affects atmosphene pressure. Clearly however, the overall effect 1s small (Fig. 3.14). An
over-estimale in air iemperature causes an under-estimate in sensible beat flux density, Assuming thin
measured air wmperatures have a fractional error of 0.1, the fractional error in sensible heat flux
density s T 0015, Even with a fractional error of 0.5 in the measured air temperature, the fractional
error in sensible heat is only 3007, The wse of T mdicates that, for example, a fractional crror in an
temperature of 0.1 results in a fractional error in sensible heat M density of -0.015 and an crror n air
temperature of 0.1 results inan error of 0.015.

3.5.2.2 Effect of error in atmospheric pressure

The cffect of crror i mtmosphence pressure on sensible heat flux density  cstimates was more
significant than that for air wmperature (Fig. 3.15). Also. an over-estimated atmospheric pressure
results in an over-estimated sensible heat flux deénsity. The estimates for atmospheric pressure are 10
within 20 hPu corresponding 10 a fractional error in sensible heat Mux density of 1 0013,

3.5.2.3 Effect of ervor in beam path length

For a fricuional error in the beam path length of = 0.02, corresponding 10 within about 2 m of the
actual beam path length of 101 m. the fractional error in sensible heat Mlux density 1s 3 0.03 (Fig.
316), An over-estimate in beam path bength resulted m an under-cstimated sensible heat flux densiy.
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lt'—ig. 314 The results of the seositivity analysis for the effect of fractional error in air
temperature (from 10 %% below the measured value for the time indicated 10 10 %% aboyve) on the
fractional crror in sensible heat flux density

3.5.2.4 Effect of error in beam height

The error in estimation of b resulied in the largest error, compared to the errors for the other
three data inputs (Fig. 3.17), For a fractional crror in A of 2010, &, == 008 Typcally, the
estimate of &, s within 005 m, or a frachional crror of wathin 005, conesponding 10 a

fractional error ¢ . of = 0.04. An over-cstimate in beam height results in an over-estimate i sensible
heat Mux density.

T

Mmoot

3.5.2.5 Overall ervor in SLS sensible heat due to errors in data input values

Anaching an equal weighting 10 each of the four ¢rrors, allows the overall fractional error 10 be
calculuted using:

"
!
-
-
s
-
: |
.
]
.
-
l“
4.

with worst-case values as follows: T 001S forc. 20013 fore . and 003 fore, . The fractional
crror for h,_ was typically 2004 Onverall, therefore, the worstcase total errorg, = = 0,084, Typical
CITOrs i air temperature are no worse that 2 0.05, = 0.01 for stmosphene pressure, = 0.01F for beam
path length, and = 0,025 for beam haght. Overall, these typical fractional errors correspond 10
fractional emmors i sensible heat Mux densaty of = 0,073, = 0065, T 0.022F and = 0.02 for ar
temperature (Fig. 3.14). wmosphenic pressure (Fig. 3.15). beam path length (Fig. 3.16) and beam
height (Fig. 3.17) respectively. Overall, therefore, typical errors calculed wsing Eq. 3.4 amount 1o

2
0032
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Measurements of 23 Feb 2003
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Fig. 315 The results of the sensitivity analysis for the effect of fractional error in stmospheric
pressure (from 2 %4 below 941 hPa average for the day 1o 2 % above) on the fractional error
sensible heat NMlux density, Atmospheric pressures greater than that at sea-devel (1013 hPa) were
excluded in the analysis
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i»'ig. 3.16 The results of the sensitivity analysis for the offect of fractional crror in beam path
fength (from 2 "o below 101 m 10 2 %4 above) on the fractional error in sensible heat flux density
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Fig. 317 The results of the sensitivity analysis for the offect of fractional crror in beam height
above the reference level at which the wind speed is 0 m s (from 5 4 below 104 m 1o 5 %
above) on the fractional crror in sensible heat flux density

3.5.2.6 Effect of beam height and beam angle on SLS sensible heat flux density extimates

Beam height, relative to the level at which the wind speed s 0 m s ', is affected by vegetation height
Defining effective beam height as the height of beam above the soil surface minus o = = where the
zero plane displacement height o s assumed 1o be two-thirds of the canopy height and the roughness
length = s assumed 1o be one-tenth of the canopy beight (Eq. 2,161 The variation in canopy beight
for the duration of the study is shown (Fig. 3.18). The canopy height was meassured st vanious times
duning the study and on ¢ach occasion, canopy height was measured eveny § m of the direct line
between transmitier and recetver. These herghts were weighted according to a path-weighting function
used for the log-amplitude varances ( Thicrmann 1992) which was then normalised so as 10 have an
arca under the curve of 1 (Fig. 3191 Of noie s that the werghting process favours effectve beam
heights midway between the transmitier and receiver units with vegetation height near the tansmitter
and receiver carrving bule weight,

An aliernative method for determuning the zere plane displocement height, using the procedure
proposed by de Bruin and Verhoef (1996) (Section 2.11.K), was investigated. For (£ 2 120 W m™ the
estimated = = of valucs weore often greater than 3 m with the result that @ was negative. Therefore. the
normal method of estimating  was used (Eq. 2.16)

Theorctically, a non-horizomtal beam relative 10 a horizontal surface, or vice versa, imvalidates
MOST. The mfluence of surface siope on sensible heat measurements was imvestigined by reducing
the height of the recener relative 1o the transmitier. A roceiver 1o transmimier vertical height difference
of 1.0 m for a honzontal distance of 101 m was used. For measurements performed over five days
(Table 3.2). there was no significamt conssstent difference between 2-min SLS and EC sensible heat
Mux density measurements in spite of the fact that MOST 15 imvalid for a non-honzontal beam
(Frg. 3.20). Of note 1s the reduced vanability of the SLS measurements since these represent
Chapter 3 Logistics of estimating evaporation from surface layer scintillometer data
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Fig. 3.18 The scasonal march of the path-weighted canopy height. for a path length of 100 m and
an inner scale of turbulence /= 4 mm, for the duration of the study. Events such as the two

mowings and the fire are indicated
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Fig. 3.19 The path-weighted function used for determining the path-weighted canopy height for
a path length of 100 m and an inner scale of turbulence of 4 mm, based on the path-weighting
function used by Thiermann (1992) for log-amplitude variances but normalised 1o an ares of |
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Fig. 3.20 Two-minute variation in SLS and ECAT sensible heat flun density for (a) above: a
horizontal beam at an effective height of LS m for day of sear 223 1o 230, 2004; (b) below: o
non-horizontal beam angle. The change in angle was on day 231, indicated by the dotied line.
The beam was distance was 101 m, The effective beam height was 1L.OS m and the heights of the
transmitter and receiver were 1.68 and 068 m respectivels with the vegetation height about
0lm
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measurements for the entire 101 m path length compared to the ECAT point measurements. For this
same tme penod. differences in the mner scale of turbulence /) as o result of the change 10 beam
angle from the horizontal, were not noticeable (Fig. 3.21)

The influence of effective beam height on sensible heat Tux density was investigaed near the end
of the study. For these measurements (Fig. 322, 10p), a very low effective beam height of 0.5 m was
used. For all previous measurements, the beam was about 1.68 m above the soil surface with
vegetanon height varving between virtually 0.0 m and a maximum of 113 m. The ¢ffective beam
herght therefore vaned between 0.82 m and 1.68 m except for the effective herght of 0.5 m at the end
of the study. The mner scale of wrbulence (/) was noticeably more vanable for this low heighn
(Fig. 322, bottom). Also of note ts that /| was smaller than for the higher effective beam heights
(Fig. 3.21). often as low as the cut-ofl value of 2 mm used for daa rejection (Table 3.6). The smaller
! value for lower effective beam heights s is 1o be expected since smaller eddies occur closer 1o the
surface. Based on these measurements, higher placement heights are recommended but 1t would
appear that the need for a non-horizontal beam does not invahidate MOST significantly for our site and
the weather conditions experienced.

3.5.2.7 Errors in soil heat flux density and net irradiance measurement

Since latent encrgy flux density is estimated from the sensible heat flux density, soil heat flux density
and net irradiance. the crror in soil heat flux densiy and net iradiance measurements needs 10 be
considered. The fractional error in sor! heat fMux density and that for net imadiance is due 1o calibration
crrors and crroes associated with fickl measurements, including spatial varation differences. While the
crrors assocuwted with calibration are known at the time when calibration 15 performed against an
sccurate and standard reference soil heat Nux density or net imadance reference, the error may change
as a funcuion of time afier calibration 1n an unknown fashion. Furthermore, the errors assoctated with
ficld measures of sol heat flux density are dependent on the measurement errors associied with
change 1n soil temperature (for the 20 10 60 mm depth) from one measurement time penod 10 another,
the errors in measuring the placement depths, the error in measuring the soil heat flux density at the
placement of S0-mm depth of the plate and the error i the measurement of the sonl water content,
Furthermore, spatial variability in soil heat flux density 1s affected by the soil and vegetation cover
varability and vary with day of year as the canopy height changes. Most-ofien many measurements
over o larger arca, typically several tens of square metres, of soil heat flux density ot plate depth and
many measurements of soil temperature are performed 10 obain reliable spatial averages

The record of canopy height s important for two main reasons. Firstly, the vegetation height
affects the soil beat Nux density. Secondly. the SLS beam height is referenced 1o the height m which
wind speed was estimated 10 be 0 m s, namely 10 0.77 & where A s the canopy height. Approximately
therefore, the beam height input value was the height of the beam above the soil surface minus 0.77 &,
The seasonal march of canopy height, weighied along the beam accordig 10 a puth-werghied function
gtven by Thiermann (1992) [also Fig. A.1 of Scitee (2000)] for a beam path length of 100 m, was
determined by measuring canopy height every § m along the beam st different times during the study
period. Trom trunsmitier 1o receiver. The path-weighted function of Thicrmann (1992) wiss normalised
$0 as 1o sum | along the full kength of 100 m (Fig. 3.19). The function gives much grester weght 10
vegetaon height near the mid-position of the beam and much less weighting o vegetaton heights
near either the transmitier or the recerver, The weighting function of Fig. 3.19 is then used 10 estimate
the path-weighted canopy for a path length of 100 m (Fig. 3.18). The reductions in vegetation hergh
duc 10 the two mowings and the fire 1s shown by the arrows. The weighted canopy height vaned
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Fig. 3.21 Two-minute variation in inner scale of turbulence / (mm) (a) above: a horizontal
beam at an effective height of 1.5 m for day of year 223 10 230, 2004; (b) below: a non-horizontal
beam angle. The change in angle was on day 231, indicated by the dotted line. The beam
distance was 101 m, The effective beam height was 1,08 m and the heights of the transmitter and

receiver were 168 and 0.68 m respectively with the vegetation height about 0.1 m
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in the horizontal prt_!:\il“n‘lp niqh' l_br vegetation height about 0.1 m
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between practically 0 m afier these events 10 o maximum of just over 1 m in March 2003 and 0.5 m in
March 2004, Henee, duning the penods January 1o March of cach vear, with canopy height inereasing,
the tendency is for soil heat flus density 1o decrease, all other factors equal.

In the case of net imadunce measurements, measurement crrors are dependent on Srrors assockited
with calibration as well as crrors assocuted with dome condimon and enors assochied with
inadequate drying of the air mside the dome. The net rradiance measurements do however represent a
large arca, compared 10 soil heat flux density measurements and may therefore be less affected by soil
and canopy spatial vanability.

For the soil heat flux density, an overall error of 20 "% of the F__ value (Angus and Wans 1984
was used 10 take 1o sccount spatial vanability and samphing problems imherent with these sensors, as
well as errors in the determumation of stored heat encrgy from the change in soil temperature, the soil
bulk density and the specific heat capacities of soil and water.

3.5.2.8 Ervor in calculating latent energy flux density from SLS sensible heat flux density

In the case of the SLS method. the estimation of evaporation is based on the measurement of sensible
heat flux density und the other energy balunce components. Besides errors i the input dasa affecting
the calculated sensible heat ux density, the calculation of latent encrgy flux density L. F_ using:

L F,=s-]_~F

'

-F

TRIES

where F, . 15 the SLS-estimated sensible heat flux density, results in additional errors. Hence, the
standard deviation for a latent encrgy lux density measurement s given by:

G,, = '|FL F. ‘."(.‘I., ):of. “ "‘[_. F. (.F,,.,):Oi_ ‘ ‘(.L F., / oF o

\ AN [

or o o, +0; +a;

L T,

Angus and Wans (1984) psed the following for error in net oradiance and soil heat flux density
MCAsUICments;

a, =z00257_ i3
and 6, ==02F ie

Approximately therefore, the final overall worst-case error in latent energy Hux density s given by

O, = 00257 )+ (020F ) +(0054F, ) 37
and 6,y =S 00251 ) 4 (020F )+ (0032F, ¥ i

for typacal errors.

Using five sorl heat lux plates and averaging thermocouples, we mvestigated the actual spatial
vanation m sonl heat Nux density over an area of about a square metre. The vanation in soil heat flux
density. the swndard deviation of the five meusurements and 0.20 of the measured soil heat flux
density (Eq. 3.6) 1s shown for cloudless summer and winter doys (Fig, 5.23), From these data. typical
of other cloudless davs. the measured stundard deviation 1 greater than the estimated amount for a
summer day (Fig. 3.24, top) but smaller than that estimated for a winter day (Fig. 3.23, bottom),

Chapter 3 Logistics of estimating evaporation from surface laver scintillometer data



Theory and practice of evaporation measurcment, with special focus on 10
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

4s{ ©°F

sobl estimante

] 4%

: Y g
533 s34 S35 536 837
Day of vear (2003)

S
P Y <
.
a |
-

Fig. 3.23 Diurnal variation in 2-min soil beat Nux density (right hand y-axis. and the standard
deviation in soil heat flux density (measured and estimated) on the left hand yv-axis for two
almost cloudless days (day of year 54 (top) and 189 (bottom), 2003)
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Fig. 3.24 The diurnal variation in the calculated component error terms (2-min data) of the
energy balance for a summer (upper) and a winter day (lower), In brackets, upper left of both
graphs, is the total error amount for the day for cach component, converted into mm units. The
worst-case error amount is used for sensible heat flux density
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The component worst-case error terms of the encrgy balance are shown in Fig 3.24 for two
cloudicss days. one in summer and onc in winier, The vanation in the eror in net madiance s
estimated using Eq. 3.5, Of panticular note 1s that while the overall error in latent energy flux density
s sumilar for the two days, the component errors are different. The error in sensible heat flux density
1S grealer in summer as s the error in net rradhunce measurement. However, due 10 the greater amount
of plint material covering the soil in summer, the error in soil heat flux densiy 15 smaller in summer
than m winter. In brackets m the upper left legend of Fig. 3.24 15 the evaporation equivaient of each
component calculated by summing the 2-mun error values for the 06h00 10 18hO0 peniod and
converting them 10 mm units,

The seasonal vanation ma, , in mm day . shown in Fig. 3.25 for sclected relutively cloudiess
days. is typically 0.2 mm day ' (049 M) m*) in winter when the daily evaporation ratle was around
| mm day”' (245 M) m”) and typically 0.4 mm day' (0.98 MJ m™) when the evaporation rate
enceeded 4 mm day ' (9.8 MJ m”) in summer. The evaporation totals shown in Fig. 3.25 (bottom) are
calculsted from 2-min totals between the times of 6 am and 6 pm, For these calculations, it 1s assumed
that the error in soil heat flux density s 20 %6 of the measured soil heat flux density and the error in
net imadance 25 % of the measured value (Egs 3.6 and 3.5 respectively).

Using typical fractional errors in sensible heat ux density measurement (within 4 0.032) instead
of 3 worst-case fractional error (of = (1.054) does not alter the overall error by much since both the net
imudiance and soil heat flux density ermors swamp that for sensible heat flux density: the net irmadiance
is gencrally the largest term of the energy balance and hence the contribution of (00257 ) m Eqs
3.7 and 3.8 1s the largest. The contribution of error in soil beat flux density may also be significant
because the fractional error is high (0.20 of the measurement) compared 10 0.054 (for worst-case
error) or 0.032 (for typical crror) of the SLS-meusured sensible heat flux density,
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Fig. 3.23 Scasonal variation in evaporation (mm day'). o L_F_ (mm day"') and fractional error
in evaporation (o L F_ /L F_) for 2003, The smooth curves were created by smoothing the y
values in x, p data using a smoothing factor of 0.4 (Scientific Programming Enterprises 1999),
The worst-case error amount used for sensible heat flux density is vsed o determine o L F
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3.6 Conclusions

The methodology associated with the use of a dusl-beam surface layer scimillometer is discussed m
detatl. The procedures associated with the crucial step of beam alignment are presented as are the
procedures for the error-checking of the data post-data collection. While a horizontal beam and a
horizontal surfaces is assumed by MOST, there was no consistent over- or under-cstimate m SLS
sensible heat flux density compared 10 ECAT measurements for a non-horizontal beam. A low
effective beam height of 0.5 m resulted in more variable sensible heat Tux densiny measurements, and
varable inner scale of turbulence values that approsched the defined lower value for acceptable data

The percentage of error-free 2-min SLS sensible heat flux density measurements for the dayvtime
hours showed Iinthe seasonal vanation, varving between 86.7 * and 94.8 % for the IR-month perod,
The nighttime variation in the percentage had o more pronounced scasonal pattern with the lowest
percentage acceptable measurements occurring between Junuary and March of esch vear due 10 the
effects of dew and must.

Values of the mner scale of turbulence 7 less than 2 mm results in rejected sensible heat flux
density data. For most of the study, the most common (or at least 35 % of the time) /| value is
between 4 and 6 mm. For the nighttime, the most common / value s less than 2 mm. The
second-most common nighttime value is that between 6 and 8 mm in contrast 10 the 4 w0 6 mm value
during the daytime bours. The larger values of 6 1o 8 mm a1 might s due 10 the more stable nighttime
conditions compared 10 the more turbulent daytime conditions creating smaller and smaller eddies.

The procedures for the measurement of other energy balance components are reponed. The theory
associated with a sensitivity analvais of the estimated latent encrgy flux density was used 1o determine
the relative importance of the SLS data inputs of air wemperature, mmosphenc pressure, beam path
length and beam height on sensible heat flux density estimates. In addition. 1t was shown that emors in
the measurement of soil heat flux density and net irradiance also affecied the estimated Laent encray
Mux densaty,

The worst-case ¢rrors in atmospheric pressure, air temperature, beam path length and beam height
resulted m fractional errors in sensible beat flux density of = 0013 30015 003 and = (LM
respectively. The beam height above o < = needs 10 be known accurmely as the ermor in beam height
comnibutes the most 10 the overall error with errors i beam path length next most important, The
worst-case total fractional error i sensible heat flux density was £ 0,054 and 1the  tvpical fractional
error amounted 1o = 0,032,

The seasonal variation mn the crror in latent energy 1s gencrally Jess than 0.2 mm day ' (equivalent
10 0.49 MJ m™) in winter when the daily evaporation rate was around 1 mm day”' (245 MJ m™) and
typically less than 0.4 mm day' (0.98 MJ m™) when the evaporation rate generally exceeded
4 mm day ' (9.8 MJ m™). Most-ofien. the measurement with the greatest contributing error is the soil
heat flux density measurement which ofien expresses the spatial vanabilny of canopy growth. Care
therefore needs 10 be exercised 1o ensure that soil heat flux density measurement procedures do not
compromise the calculued latent energy NMux density when using SLS sensible heat flux density
measurcments, particularly for short vegetation where it is expected that the soil beat lux density 1erm
may not be small. This would also apply 10 BR estimates of latent energy flux density and the EC
method when only sensible heat flux density is measured and latent energy flux density s estimated
using the net irradiance and soil heat flux density energy balance components.
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Chapter 4

Comparison of evaporation measurements using surface layer
scintillometry, eddy covariance, Bowen ratio. and surface renewal methods

4.1 Abstract

The mamn aim of this rescarch s 10 investigate dual-beam surface layer scntillometer (SLS) estimates
of sensible heat Mux density also obtained wsing the following methods: Bowen ratio (BR). oddy
covarnance (EC), reference cvaporation, and surface renewal (SR). These measurements and
measurements of net imadiance and soil heat flux density allowed evaporation 1o be be estimusted as 4
residual using the encrgy balance. The mfluence of wind direction, in particular winds perpendicular
and parallel 1o the SLS beam, on these measurement compansons is examined. Since the measurement
height of the vanous mstrumentation was necessanly different, the relative contnibution of upwind
surface sources 1o the sensible heat flux density measured at a height above the canopy surface was
investigated using & footprint analvsis,

In order 10 obtain sccurate comparisons using the BR method, we also mvestigated the possibility
of replacing the ofien problematic Dew-10 cooled dew pomt mirror usually used with such systems
with a thin film polymer capacitive sensor such as a Vaisala sensor. The mamn disadvantage of the use
of a Vaisala sensor is that two measurements. refattve hurmdity and temperature, from two different
sensors was required for the estimation of the airstream water vapour pressure. A laborstory
experiment showed that potentially, a Vasala CS500 and the predecessor of the Vaisula HMP4SC
could replace the Dew-10 sensor. A four-month field-comparison between 20-min latent energy flux
density obtamned using the HMP43C and a Dew- 10 sensor (6002 data pomts) vickded a slope of (1.9938
and yeintercept of <0.095 W m~. This excellent agreemenm shows that the HMP43C would be o
cheaper and adeguate replacement for the Dew-10 cooled mirror sensor. Furthermore. the HMP45C
requires no servicing compared 10 the Dew- 10 which requires a bias adjusimenm and marror cleaming
cach week. The water vapour pressure measurement noise for the HMPASC sensor was greater than
that for the Dew-10 but the average water vapour pressure profile difference for the 1wo sensors was
highly comrelated (slope of 0.9334, /# = 0.9%99, 1 = 12965), The HMP45C sensor used was not as
accurate as the Dew-10 but the resolution of the HMP4SC profile difference measurements was hetter
than the mmimum resolution of 0,01 kPa required for BR measurements when averaged over 20 min,
The even cheaper Vaisala CS500 sensor was also used for ficld measurements. Companson of the
HMP43C with the CS500 yielded a slope of 1.0236 (© = 09956, n = 213) The CS500 sensor
exhibited greater variation in measured water vapour pressure mamly as a consequence of greater
variation in iemperature using the CS300 tempensture sensor even when compured 1o the HMPISC
temperature sensor. In spite of this, the resolution 10 the CS300 water vapour pressure was better than
0.01 hPa. The water vapour pressure vanation could be reduced by replacing the tempersture sensor
with a thermocouple. These findings will make BR measurements of evaporation considerably
cheaper, more reliable than in the past and casier 10 assemble.

Polar disgrams were used 10 show that during davtime hours, the wind vector wind direcuion is
generally from the SE (180 10 2707 but sometimes from the NW (0 1o 90°%). The SLS beam was
aligned from 20" cast of S 10 15" W of north - almost from S 1o N. The largest SLS and EC differences
in the daily sensible heat density occurred for the 0 10 60" wind direction. These winds were from
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residential sreas and the fetch more limited than the other wind directions. However, there were many
days when the wind direction was almost perpendicular 1o the beam and seldom paralicl.

The footprint model of Hsich ¢t al. (2000) was corrected and extended 1o include a surface with »
zero plane displacement height. The more unstable the atmosphenic condntions, the closer was the peak
location of the footprint 1o the measurement position. For convectively unstable conditions. the peak
location was within mctres of the measurement position. Generally, during the davtime hours. the
100:1 fetch 10 measurement height mtio s oo stningent for the stmospheric conditions expenenced.
The general stability condition for the 9 am 1o noon hours 15 not the same as that for the noon o 3 pm
peniod. Surprisingly. the moming hours are generally more unstable than are the afternoon hours. This
asymmetry in stability often results in asymmetncal diumal sensible beat flux density curves.

The general agreement between the 2-min SLS and EC measurements was very good The EC
measurements showed greater vanability since they are pomt estimates. The SLS measurements
represent @ linc-average and were much Jess varble, The correspondence between the two
measurement technigues improved when there was reduced turbulence, particularly for umiformly
cloudiess days and before 10 am and afier 2 pm. There did not appear 10 be i consstent bias between
the two measurement methods. This implies that the correct value for the zero plane displacement
height, based on two-thirds of the canopy height, was chosen. The 2-min SR sensable heat flux density
was more variable than the other methods (error mean square of 22091 W m~ when compared with
SLS messurements). Averaging SR measurements over 20 min is recommended.

Latent energy fux density is estimated as a residual from the encrgy balance equation. Negative
latent energy values correspond 10 normal evaporation but cases were found when the latent energy
flux density wiss positive for brief periods. Positive Tatent energy flux density values correspond 1o the
magnitude of the sensible heat flux density exceeding the available beat ux densaty, Coumer-gradient
fluxes of sensible heat were detected. Some of the selected data displayed show that counter-grdient
fluxes may be associated with large reductions in solar iradiance bul were shon-Iived.

The BR 20-min measurements of sensible heat and latent energy flus density were in good
agreement with the corresponding SLS, EC and SR estimates. Examples of this correspondence were
selected from the large data =1 collected, There was no consistent under- or overestimate in the SLS
sensible heat flux density measurements compared 10 the sensible heat flux density. measurements
from the three other methods. The magnitude of the SR sensible heat flux density measurements, 1
anyvthing, tended 1o be Jess than the sensible heat flux density measured using the other measurement
methods and therefore tended 1o overcstimate the latent energy flux density. The SR method is the
least expensive m terms of instrumentation and datalogging requirements. The good agreement
between the different measurements 1s remarkable considering the different underlyving theory of cach
method. the differemt measurement  heights, different footprints, differing  spatial scales of
measurement (L. point measurements vy path averaging) and differing measurement frequencics.
Furthermore, ot would appear that the EC sensible heat Nux density measurements do mot
underestmate as stated i the hiterature.

Comparisons of the daily estimates of sensible heat density for EC and SLS wechnigques showed
good agreement (error mean square of 0188 MJ m~ which i equivalemt 10 0.077 mm). These
compansons were separated owt according 10 wind direction which showed that best comparnsons
between EC and SLS measurements were obtained for the 180 10 2707 wind direchions (error mean
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square of 0,171 MJ m” compared 10 0.229 MJ m* for the 0 10 907 wind dircctions). The 0 10 90" wind
directions corresponded 10 wind from residential arcas and relatively limned feich,

Measurement compartsons over @ penod i excess of 35 davs showed that the ECopen sysiem
daily latent energy density measurements had a varable relationship with daily Imemt energy density
estimated using SLS measurements, net iradiance and soil heat (error mean square of 0,632 M) m”,
= = 0.239). Daily cstimates of latent encrgy density for the SLS and EC techniques were compared
for a penod of about 250 days during 2003, The 95 % confidence bands for a sigle predicied value
were within 0.5 mm of the regression fine and the error mean square was 0.295 M) m™ or about
0.12 mm. There was no statistical difference between daily kinent energy density estimutes obtained
using the EC method based on pomnt measurements and the linc-aversged estimates obtiined using the
SLS method.

4.2 Introduction

The pccuracy of SLS measurements must be judged by comparison with sensible heat flus density
measurements obtained using other methods (Table 3.1). Generally, the standard for sensible heat
measurements is tuken as the EC method

The main objective of this chapler is to present the measurement comparisons of sensible heat fuy
density usmg a dual-beam SLS and the estimation of evaporation from sensible heat flux density, net
irradiance and soil heat flux density. The various methods used i this study for estimating sensible
heat flux density include: BR. EC and SLS methods, and 10 o limited extent the SR method.
Microchmatic measurements allowed reference evaporution 10 be calculuted. The averaging time
period for the EC, SLS, SR and reference evaporation measurements was 2 mun and 20 min whereas
for the BR method. o peniod of 20 min was used as 1s ofien the case.

Agreement between BR and SLS measurements, for example. may be dependent on the footprint
of the measurements, viz., the relative contnbution of upwind surface sources 10 the sensible heat flux
density measured wt » height above the canopy surface, For this reason. i second objective was 1o
perform a foorpnnt anulysis for the various messurement methods.

A third objective wass 1o investigate the impact of wind perpendicular 1o the SLS beam on the SLS
sensible heat flux density measurements compared to wind paralicl 1o the beam

Since the dew poimt hvgrometer of the BR system was ofien unrcliable in addition 1o other
practical problems. o founth objective included investigating the use of a BR system wsing a
replacement for the dew poimt hvgrometer with a Vaisala wir emperature and relatve hunudny sensor,
An crror analysis was performed and the three types of Vaisala sensors were evaluated in the
laboratory and 1o the ficld for their ability 10 measure water vapour pressure profile differences.

4.3 Theoretical considerations

Five measurement methods were used 10 estimate total evaporation (Table 4.1). In this section, the
theory of cach method is briefly discussed in relation 10 the measurement requirements. Other meas-
urcments methods are presented in Table 3.1 and some of these reviewed by Drexler ot al (2004).

4.3.1 Bowen ratio theory
For completencss. a bnef description of the BR techmque for measunng sensible and latent energy
flux densaty s presenied here.

Chapter 4 Evaporation measurement comparisons: scintillometry,
cddy covariance, surface renewal. Bowen ratio




Theory and practice of eva tion measurement, with special focus on 108
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage of al,

Table 4.1 Bricf details of the five 1otal evaporation measurement methods ased in this stady,
Symbols are defined in the text in cach corresponding section

. e o e o —

L Method feasurements Position Theory |
Bowenratio | ¢ .o T.T../_.F_  Pointmeasurementsof L F =—(/_ +F_) (14
(BR) the 20-minaverage  F, =-fd/_ +F_ )V tI=-/

WAlCT VAPOUr Pressurng (Eqs 246.4.5 and 4.6)
and ar temperature

two heights above the
L e canopy. ! S

- Eddy R TP SR Single-kevel Fo=-p_ ¢

covanance 1 F measurement method covanane (w, 7 =

(EQ) | o (2-min and 20-min o W T
| SVCIRRE (Eqs 245 and 4.18)
L F ==I_~F ~F_

(PSR — 1 T ra——

Reference | Solar rradiance, ar | AWS measurcments at o Penman-Monteith reference

evaporation | temperature, water vapour | single level typically  evaporation using £ = 70
pressure and horizomal wind 2 m (2-min and 20.-min~ sm’ and», =208 U

OGR | spesd averages) b AEQAITY
Surface layer Covariance (8 ) and Dual beam - Measurements of 8 allow
scintillometer  variances (8, and ) of the  measurements (2-min for the following

(SLS) logarithm of the amplitude  averages) at a single | calculations using MOST!
of the radiation together with.  beam height across a | €, F, and friction velocity
nputs for air lempensture, I path length of between LF ==1_~F.-F
atmosphenc pressure, beam | S0 and 250 m i -

height (above o/ + = and
i beampath fength | o -
Surface | T oinpatny-min)rey | Highfrequencysingle | o, . €T
remewal SRy 7t point measurements (2- 0t
[ where o/ is one or two  and 20-mm averagesiof | (Egs 248 and 4.10)
i lagging time steps: typically  airtemperaturc above | L F o =-[_ - F, - F
& % m » R od
| Br=012%« the canopy I

The BR method rehies on the K-thcory hypothesis for which the sensibie beat flux densny. for
example, s proporional 1 an exchange coefficient for sensible heat Mux densty and the profile air
temperature gradient.

Bawen (1926), building on previous work of Cummings (1925), John Dalion and others, attempied 1o
obtain expressions for Latent energy flux density m toms of waler vapour pressure gradients above a
surfoce. According 1o Fick's Law of Diffasion, the latent energy flux density £, £, (W m”) s given in
finite difference form by:

LF =p e,/ DK Fliessp_ ¢, /NK, (&= ~-3) +.1

where p s the air density (kg m”'), ¢, the specific heat capacity of dry M At constant pressure
(1 kg K"\ v the psychrometric constant (approximately 0.066 kPa K ' at sea levell, A the exchunge
coctlicient (m” s ') for latent energy transfer. and &. and & the time-aversged water vapour pressures (kPa)
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at heights = and = above the sotl surface respectively. The averaging penod is usually 20 min, 30 min or
howrly.

Similarly, the sensible heat flus density £, 18 related 1o, in finite difference form. by the change in
heat energy content of air per unit time per unit area. Using Fick's Law for sensible heat flux densaty,
we have: F.=lp, c,k’,b(f-fl 2y =2) 4.2

where &', 15 the exchange cocfficient for sensible heat transfer (m” s '), 7. and 7, are the time-averaged
ar wemperatures ('C) at heights =, and =, above the soil surface respectively. In terms of the sign
convention used in Chapter 2, =, == . 7. > T, and ¢, > ¢, s would be the normal case during daytime
hours, would result in negative L F_ and F, values (Egs 4.1 and 4.2) indicative of energy knses it the
surface.

Following Bowen ( 1926), we consider the matio [&
p=F, /L F, 41
where from Egs 4.1 and 4.2, [ can be written as:
Pty K, 'K NT. =T IHE-& )

Hence |} can be determined by measuning air temperature and water vapour pressure at two levels in
the atmosphere. Ignoring photosynthesis and advection, the shonened surface encrgy balance (Eg. 2.3)
18 gven by

==L F, ~F,-F_ 44

where /18 the net iradiance and £ 18 the soil heat flux density. Combining Egs 4.3 and 4. 4:

LF a-(i_+F_) (1+f) 45
and F, =Pl +F_) (14 4.6
where B=y(T. T V(e ~¢,) 4.7

it s assumed that K = K (Eq. 2.12). The equality of these two exchange cocfiicients. s referred to
as the Similarty Principle (Section 2.6).

4.3.2 Surface renewal theory

The surface renewal (SR) method (for example, Paw U 1992, Paw U et al, 1992, Zhang ¢t al, 1992,
Paw U et al. 1995, Qiu et al. 1995, Snyder of al. 1996, Kanpot 1999, Casicllvi 2008) for estimaing
sensible heat flux density 1s relutively new. Sensible heat flux density F, can be expressed as the
chunge of heat energy content (M dT ¢, ) of wir with time per unit area:

rioM, Lo ra
dr
where M s the mass of air heated (or cooled) by the rate of change in the air iemperature difference
4T in time di, ¢, 15 the specific heat capacity of dry air it constant pressure (tvpically 1004 J kg ' K)
and 4 is the horizomal arca of the heated or cooled volume of air. Expressing the mass of wir m terms
of air density p_ and the volume of air I
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Foa L2, L
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where 17 4 1s the volume of air heated per unit horizontal arcs of the heated volume of air 1f the
vertical distance of the heated air is the canopy height, then I 4 15 the canopy height A

Assuming that the rute of change in air iemperature can be written as a function of time 1, and
dimensions v, v, o = as follows:

T T €Tdox eTov €T o
— T e O] — e W o— e W —

dit ¢t &xdr o ovdr &= O

and then assuming that intemal advection in the volume of air i neghigible, the total rate of ar
tempernure change s given by

48

=5

B
&

This assumption may not be correct under all condinions or circumstances. For example. close 10 @
canopy or & soil surface or when there is strong local sdvection, the partial change in iemperature with
1. v 0f 2 may not be neghgible. Making this assumpuion (Eq 4 %),

Ver
rAd
LA

"

Fompot

or F. =p ot

r

where = is the measurement beight for wir temperature.

The SR analysts mvolves high frequency air icmperature measurements and  considering air
iemperature mmps (positive or negative) consisting of quiescent periods « (s) tfor which there s o
change in wr 1empensture with tme) and then ramping penods £ (8) for which there s an air
temperature ramp with an amphtude 2 ("C) and for which @ >0 °C for unstable conditions (that is, an
air temperature increase) and «< 0 °C for stable (that s, an wir temperature decrease) (Figs 4.1 and

4.2). Hence. SR analysis assumes that: T__ a 49
ot A= ,'
with unit °C m™', and F . =-ap_ c,:—‘l-, 4.10
' 4

where @ is @ weighting factor. Generally, a = 0.5 for coniferous forests, orchards and maize when the
sensor is at canopy level. For shont grass, @ = 1 for a sensor beight of about | m (Paw U et al. 1905),
The negative sign in Egs 4.9 and 4.10 ensurc that £, is negative dunng devime hours, indicative of
energy loss at the surface.

The amplitude @ of the air temperature ramp and the ramp period s < /15 estimated using the anr
femperature structure pamsmeter approach based on measuring air iemperature at a typical frequency

of about ¥ Hz or greater, using: S*(r)m I Z‘T-T ) 411
m=-j. 5

where a8 the power of the air wemperature structure parameter S () (of. Eq. 2.27 for a structure
parameter operating over a distance) corresponding 10 a time lag . mois the number of data points
collected in the time interval measured at frequency £ (Hz), and ; is a sample lag between data poims
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Fig. 4.1 An idealized air temperature ramp for unstable conditions. upon which the SR method
depends, is visualised as consisting of a quiescent period (period s () and a ramping period
(period /) for which the amplitude is o
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Fig. 4.2 An idealized air temperature ramp for stable conditions. upon which the SR method
depends, is visualised as consisting of a quiescent period (period s (3)) and a ramping period
(period 1) for which the amplitode is -o
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carresponding 10 a time lag r=;  f and T s the s th air wemperature sample. In this relution, the time
lag r must be much less than /<5 The Van Ana (1977) approach mvolves cstimating the ai
temperature amplitude o of Eq. 4.10 by solving for the real roots of the equation:

a +pasq=l 412

where ;rzl(IS'lr)-is 2, 4.13
Sn

and g=1058"(r) 4.4

The ramp period s+ / (Figs 4.1 and 4.2) is then caleulated from:

a'r 4.15

g4 |mea——,
5y

Note then that the second. third and fifth order of the air temperature structure parameter are
required for the SR method, viz., S (rk S (riand S '(ry

The advantage of usmg Egs 4.10 10 4.15 10 obtain senuible heat flux density s thist only high
frequency measurements of air temperature at one atmosphenc level (at at least 8 Hz) are required.

The main disadv:xmagr of the method 1s that the changes in iemperaure following the ramp penod,
which can be quantified using additional theory and MOST, requires that the fnction velocity be
estimated (Chen et al. 19974, b, Castellv 2004),

4.3.3 Eddy covariance

For completeness, a brief description of the EC method for measuring sensible heat flux density 1s
presented  bere, From the continusty  equation for a compressible and  homogenous  medium,
(‘Q;F: )/ &z =0 where w ts the vertical wind speed (m s and p  is the density of air (kg m™) and
where ¢ ( \sz (= represents the change i the mass flux density of air (kg s m™) in the venical
direction. Integrating between the surface = =0 and the measurement height =, we get

(wp_ ) ~twp_) =0 416

where the subsceripis = and o refer 10 measurement height and canopy surface respectively, Since w=0
a the surface, the time-averaged vertical flux density of dry wir (kg s m™) at the measurement herght
(-the first 1orm of Eq. 4.16) 1 2er0. Removing reference 1o the measurement heighn:

wp, =0 .17

where the bar indicates the time waverage (over 20 min. say ). The instuntancous vertical wind speed can
be written 45 a mean value W and o flucteation w™

O T T
Smumilarly. the instantancous air density may be expressed as o mean value F:' and a fluctuationp "
P =P +P."

Hence wp | =0(Eq. 4.17) may be wnitten as:

s —
(Wan'lp, +p_")=0
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Expanding. and noting that, by definition the mean of a floctuation is zero:

— —

n‘.IP' y vﬂ

and henee w'p '=-p_ W,
Hence W=0only ifuw'p ‘=0

The flux density F, of an entity E, over a specified time period. is given by:

F,=wp,_ E

By expansion and since w'p_*=-p_ W
F, = p_ w E'=covariance (w, E),
The only assumptions mn this derivation arc that
wp,_ =0
from the continuity equation, and that
Note that 1t has not been necessary 10 assume that & = 0.

For sensible heat flux density £, (W m™)

F,=—p_ ¢ covanance w.T)=—p_ ¢ w'T’, 418
where ¢ and T are, respectively, the specific heat capacity of dry air at constant pressure (J kg’ "C)
and air temperature ('C) and where the fluctuations in venical wind speed and air temperature are
represented by w' and T respectively. The negative sign ensures that the flux density s negative
during normal daytime unstable condmons. correspondimg 10 a loss of energy a the surface. For
momentum ux densny 1 (Pal

tep  covanance (w ' UM)=p _ w'l” 4.19

Ed

where U = ™ v s the fluctuation in the horizontal wind speed (m s ') where o and +* are the
Muctuations of the resolved components of the horizontal wind speed i the v and + direchions
respectively. Friction velocity », may be calculated using:

t=p_ w=p, w'l’

from which u, = yw'l’, +.20

4.3.4 Scintillometer theory

Turbulemt motions require a supply of energy for their maimtenance on the one hand and arc
dissipative on the other hand. They imvolve a spoctrum of space and ume scalkes and are mherently
unsteady or even random, and occur in three dimensions. Pertnent 10 any discussion of scmullometer
theory is the Kolmogorov (1941a, b) cascade theory of turbulence. This cascade theory, based on
dimensional analvsis, deals with the scale of tarbulence. The so-called ouwter scale of urbulence 15
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denoted L and [ 1< the iner scale of wrbulence. Large oddies have a typical size of 100 m (outer
scale) and small oddies have a typical size of the order of 10 mm (inner scale of wrbulence). Near the
surface of the canh, the inner scale 7 15 of the order of a fow millimetres. Eddics between these sizes
are from the so-called incrual subrange, where no energy enters or feaves the system of turbulem
maoton. As the wrbulem eddy size becomes smaller and approaches the mner scale of wrbulence /,
the relative amount of energy dissipates by viscous forces in the form of heat,

The energy spectrum of wrbulence shows that for the high frequency range. increasing frequencies
result i reduced energy (Fig. 2.2). Kolmogorov (1941b) showed that the structure parameter in the
mnertial subrange 1s & measure of the energy amount

The SLS40-4 dual-beam SLS svstem consists of two parallel beams of radiation of wavelength
(670 £ 10) nm emmed from two laser diode radiation sources separated by a distance that results in a
beam separation of 2.7 mm (Scintee 2000). The recciver dotects the transmitted radiation using two
25 mm detectors separated by 2.7 mm. The covariance of the logarithm of the amplitude of the
radiation transminied o the receiver position s measured and denoted £ where the correlation
cocilicient r relates the single detector variances 8. and B, to the covariance 8¢

r=8. (B B.)" 421

fef r=Xx 1 [SxZv) Thiermann (1992) stated that the comrelation coeflicient » 15 a known function
of the inner scale of wrbulence /. and the detector dmmeter £ and detector separation distance ., For
known and fixed [0 and o values, the relationship between # and 1, s given by Thicrmann (1992) and
w shown in Fig. 4.3 for o 100-m path length. For this relationship, if 7 s known from measurcements,
then the mner scale of wrbulence /) can be calculated for a known poth length. These relationships
assume that J and D are fixed

The term B refers 1o the vanance of the logarithm if the amplitude of the beam signal. However,
since the system measures the vanances of the intensaty a7, the following equation is applied for a
log-normally distributed ampluude:

i o]
B =< dogi——+1)
| ‘ b '.

where /. 1s the mean intensity for beam | (Scintee 2000). A similar equation is used for beam 2 of the
dual-beam SLS40. A sysiem.

The measured covuriance & .. and the vanunces 8 and B. wre key i the ylgorithm used 10
estimate sensibie heat flux densiy, us shown by the shaded elements of Fig. 4.4, The covarance B, 1s
a funchon of the following:

e bheam wavelength which is fixed st between 660 and 680 nm for the SLS40-A SLS sysiem;
e beam path length L which is usually a reasonably accurate measurement;

e detector diameter D

e detector separation o,

e @ the I-dimensional spectrum of refractive index inhomogencities, dependent on wave number
(defiedas2n 2)where® =@ (Izn Ak
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Fig. 4.3 The relationship between the inner scale of turbulence 7, and the correlation cocfficient
rwherer =B, (B, B,)" " for a 100-m path length where B, is the covariance of the logarithm
of the amplitude of the radiation received and B, and B, are the single detector variances for the
SLS method

: : . 2=/ 21D x
o and two Bessel functions of the first kind with argumems of 2z d 2 and

-
the horizontal distance measured from the receiver. e S

where v s

In the mertial and dissipanon ranges of turbulence, @ depends on wave number A =2z 4 for
beam wavelength 7., where in the notation used by Thiermann (1992),

O (2x/A)=0033C 2r/m) A (L 2%/ R) a2

where €] is the structure parameter that describes the spectral amplitude of refractive index
fluctuations n the inenial range of turbulence, and f, (/ 2z / 4) describes the decay of refractive
index fluctuanons m the dissipation range of wrbulence. An expression for £ has been given by Hill
(1978a) assuming pure temperature fluctuations.

Combiming the mathematical expression for B (not shown) and the expression for wave number
@ (2x k) (Eq 4.22), Thiermann (1992) used the following exprossion 1o estimate ¢

B, =023C QAL " 1,1 -’__. ...ﬂ_. 2 ) 423
‘ Wl vk, Wi

where /, desenibes the decrease of 8. with mereasing [, o and D,

Finally then, if » 15 known from measurements (Eq. 4.21), and { determined using Fig, 4.3 for
example. then € can be determined if 8, or B. are known for which it 1s assumed that o = O

So the covariances between the transmitted radiation intensity for the two beams are used 10
caleulate 7 and the correlation of the transmitied radintion imensity for the two beams 15 used 10
calenlae I (Fig. 4.4),
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Fig. 4.4 The algorithm (Hill 1997) used for the various estimates obtained vsing the SLS method
based on weak scattering theory and measurements of the variances B and B, covariance By,
inputs of beam height : above the zero plane displacement height, beam distance L, .. air
temperature 7, atmospheric pressure and measurements of net irradiance 7 and soil heat flux
density F__ (based on Weiss (2002) but modified 1o reflect the role of single detector variances
B, and B, that 7. and w. are required to calculate @ and @ and 1o reflect the estimation of
L. F_) The square boxes indicate data inputs and the shaded boxes are statistical calculations
(variances and covariances) based on measurement of the Jogarithm of the amplitude of the
radiation transmitied to the receiver detectors
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Monin-Obukhov similarity theory (MOST) & used 0 relie the structure parameter for the
refracuive index fluctuations, C | 1o the structure paramcter for temperature, C

Cietlc:
a
(Wesely 1976) and l.=74uv g " 423

where a, 18 & proportionality constant where

;‘2
o, =d, “",”f"l
S

and a, = 776 x 10" K hPa', pis the atmospheric pressure (hPa), T is the air temperature (K) and v =
146 = 10" m" s is the kinematic viscosity of ar. Rearmanging Eq. 4.23, the dissipation rate of the
turbulent Kinetic energy (referred 10 as TKE in the Iinerature) is estimated using the Hill and Clifford
(1998) relationship for the dissipation range (range B, Fig 2.2

c=u-(_7’;4_'._ 424

The contribution of humidity 10 C ;. typically one order of magmitude smaller than the contribation
duc 10 temperature, s neglected (Fig. 2.5).

The stability parameter for the structure parameter for temperature (C)), and o normalized
dissaipation rute of wrbulent kinetic energy, used for MOST. are defined as follows:

k=) 425
S ‘(‘ (k. )
r..
and PR 426
u,

where 7, is the temperature scale for rbulence, w, s the friction velocity (m s '), 4 15 von Karman's
constant (= 0.41) and = is the height above the level at which the wind speed 1 0 m s . These
relationships alone do not allow 7, and », 10 be determined. Semi-empincal relationships are used 10
determine @, and @ (Thiermann and Grass| 1992) where:

for(z~d)/ L<n, @ =4P (1-73+75°)" 4.27
for(z -d)/ L>0 @ =4p (1734200 428
foriz=dy/ L< G = (-3 =3 429
and foriz - d)/ L> 0 @ = (1-42+160) 430
where s=tz-d\VL 431
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s the stability parameter and g Tp vu 240
T

15 the Monin-Obukhov length (m), T is the air temperature (K), g is the acceleration of gravity (m s ™)
and i, i referred 10 as the Obukhov-Corrsin constamt, A value of 0.86 for 3 was used by Hill (1978).
Sensible heat and momentum flux densities, where

F,es=p_c T, 4352
and T=p,w 234
(Egs 234 and 2.26 respectively ), are determined from u, and 7, by combining Eqs 4.24 10 4.26 where:

w =vu’ -(zli‘)" k=) @~ 453

and L'=C; (k2)" 0. 434

Combining expressions for £ Low, and 7, (Eqs 4.31, 2.40, 4.33 and 4.34 respectively ):

o

: g e g AN P 43
SoL @t zc;__._’f_f:_f_. iy
T° v ikz" 74

The nght hand side of Eq. 4.35 is a function of beam height 2, air temperature T (K. the inner scale of
twurbulence /| and the structure parameter for wemperature C ;. Other werms include the density of air
P+ the specific heat capacity of dry air ¢ . von Karman constant (=0.41), acceleration of gravity ¢
and the viscosity of uir v,

Using the semi-cmpirical exprossions for @ . and @ (Egs 4.27 10 4.30), and Eq. 435, it s
possible 10 solve for L w,. and 7, using seration. Hence, sensible heat flux density F, may be
calculated usmg Eq. 432 and momentum flux density caleuluted using Eq. 234 The iterative
procedure s not entirely reflected m Fig, 4.4

Finally, invoking the shortened encrgy halance, latent energy fTux densiny may be calculated as o
restdual amount given measurements of net imadiance /_, and soil heat flux density 7 (bottom pan
of Fig 4 4) using L F ==1_~F -F_. 436

4.3.5 Reference evaporation

Grass reference cvaporation wis calculated every two minutes using the Penman-Monteith method.
The method used followed that of FAO 56 (Allen ¢t al. 1998) for daily reforence evaporation
cstimation. In sprc of net imadiance and soil heat flux density measurements being  available
(Eq. 4.36). the FAO 56 method of estimating these was used for estimating reference evaporation:

LF .—A-r.tl‘_ ‘ledp_ ¢, wpd 4.3%

A h A1)

T(r, 41 )sAr,

where A (kPa "C'') is the slope of the saturation water vapour pressure vy temperalure relationship, r.
(s m ) is the serodvnamic resistance (= 208 (U7 <001y where L' 18 the horizontal wind speed inm s’
and the offset of 0.01 m s’ ensures a non-zero denominator). the soil heat flux density £ <0 Wm*
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during davtime hours s taken as 0.1 of the estimated net imadiance /. p i the density of air (kg
m 'L ¢, 1 the specific heat capacity of dry air ot constant pressure (J kg ' K'), wpad is the water vapour
prossure deficit (kPa). y (kPa “C ') s the psychrometnic constant and » s the canopy resistance set 10
70 s m' for grass reference evaporation (Allen ¢t al. 1998),

4.3.6 Footprint estimation

A footprimt desenibes the relative contribution of upwind surface sources 10 the measured flux density.
The sources of the flux arc at the surface - a combination of soil and vegetation surfaces usually -
whereas for most measurement 1echniques, apart from the weighing [vsimetne techmgue (Table 3.1).
the Mux densny s measured at & height above the soil surfuce. Using notation similar 10 that used by
Calder (1949) and Gash (19%86), the relanonship between flux density Fx, =« L sensible heat flux
density for example, at distance 1 from the source and at measurement height =, for a surface with a
zero plane displacement height o, and the footprint f(x.z_ ~d)is given by:

p 3
Flx.z, ~d)= .( Stx) fix.z_ = d)dy =

where S(x ) is the source strength (W m ' for sensible beat flux density footprints) at distance v. Most
often. distunce x 15 tuken as the downwind fetch distance. The basis of the K-theory hypothesis upon
which Egs 4.1 and 4.2 and the BR method is based. 15 that the ventical eddy Nux density can be
represented as a gradient diffusion process. Using K-theory, the vertical diffusion of a passive scalar
quantity of concentration C (usually in kg m ') with the eddy diffusivity K (also referred 10 as the
exchange cocfficient) in the vertical direction (m° ') can be written as the so-called
sdvection-diffusion equation where & ( =) 1s the mean wind speed a1 heigh =:

K %k, Eye 439
«! cfr X ox .

For homogencous termain, and if there are no other sources or sinks, the horizontal concentration
gradient of the scalar vamishes (0C / dx = () with the result that the verical divergence of the flux of
the scalar vamishes (K -0C &z s constant with heighi )

An approximate solution to the advection-diffusion equation (Eq. 4.39) & given by Calder (1949)
for an mfinie crosswind line source of passive scalars using power expressions of height for wind
speed and eddy diffusivity. Calder indicated that the soluton was sctually provided by Robens
(unpublished) [see Sutton (1953)]. Calder's work was the first description for the vertical diffusion of
material released at ground level, Early work by Monin (1959) using o simifurity approach 10 the
diffusion of particles and rescarch for neutral flow by Batchelor (1964) and Gifford (1961) for
stratified flow was followed by Pasquill (1972) who introduced the concept of upwind "source area®,
Pasquill (1972) pointed out that: "measurements made at an clevated point may be accepied as
represemative of underlying patchy terrain only if the patchiness is predominantly small compared 10
the effective source area”. Using a Gaussian (Fickian or normal) plume dispersion model, he
gquantificd the dimensions of the source arca and s influence on concentration for smooth and rough
surfaces and for three stability classes Pasquill and Smith (1953) noted that observations of passive
plumes have confirmed that the Goussian form 15 a satsfactory description for the crosswind
distnbunon, 1 an ensemble sense. For the verucal destnibution, the shape s not gencrally Gaussian but
somewhere between Gausssun and oxponential. Gash (1986) extended the approach of Pasquill (1972)
by _estimating the effect of a hmited fetch on micrometeorological eviporation measurements
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assuming & uniform wind ficld. He favourably compared the 90 ®y fetch and consequent fewch 1o
measurement height ratios using his assumption of constam wind field (between surface and
measurement height) and the treatment by Dver (1963) using empinical power functions of the vertical
varmtion of wind speed and eddy diffusivity, Gryning ¢t al. (1983) mvestigated dispersion from a
continuous ground level source using & K-theory model and Gryning ¢t al. (1957) used metcorological
scaling parametens 1o develop a probability denstty function plume model 10 evaluate the source arca.
Applving the work of Pasquill (1972) and Gryming et al. (1987), Schmid and Oke (1990) developed a
source arca model 1o estimate the source arca contnbuting 10 turbulent exchange i the surface laver
above patchy terram.

The estimation of the footprint of sensible heat and latemt energy, and other fluxes, s an important
apphcation of micrometeorology 10 the fields of hydrology and boundary laver meteorology. Two
basic types of models. Eulenan analvtical (Horst and Weil (1992, 1994), for example) and Lagrangian
stochastic dispersion models (Leclere and Thurtell (1990), for example), have been used 10 calculate
the footprint f(x. 2 ~d)and the flux density Fix.z, —d)at a height above the surface and a defined
distance away from the source (Eq. 4.38). The Eulenian approach considers changes as they occur ot o
fixed pomt i the Mluid whereas the Lagrangian approach considers changes which occur as a Mlnd
particle s followed along its trjectory, The Euleriun analvtic models are relatively simple with the
Lagrangian models somewhat more complex. Hsich et al. (2000) used 4 model based on similanty
theory. dimensional analysis and Lagrangian stochastic dispersion model simulation output. Thewr
model frumework was based on relationships among parameters such as flux, fetch, atmosphernc
stability, surface roughness and measurement height. They developed an approximate analytic
expression, analogous 10 that of Gash (1986). Gash (1986) used the solution 1o the advection-diffusion
cquation, 1n & neotral simosphere, provided by Calder (1952). For a given surface flux densiy §
Gash (1986) showed that the flux density Fv. = )at a distance x (m) [where v is the down-wind fewch
regquirement 1o achieve the desired normalised flux density]. and at measurement height = from the
surface flux. decreases exponentially with increasing distance x. Intuntively, an exponential decrease
i the flux deasity with increasing downwind fetch distance is not unexpected. Gash (1986) showed:

P,z )=S. cw(-g—'i’—l.
Au v

where U7 s the average wind speed berween the herght =+ of and the measurement height = _:

J’” l”d_. 440
L.'. :...'T'_
[«
where uﬂf.—‘l’l s=d 2.15

i the log-wind profile equation for neutral stbility as o function of vertical height = above the soil
surface. Note that at height = = =+ d, the wind speed 15 0 m s according 10 the neutral wind profile
cquation and hence the requirement that =24+ = . Combiming Egs 4.40 and 2,15 and assuming that
the fricton velocity w, s constant with height =
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Hsich ¢t al. (2000) used an equation similar in form but assumed that d<< = and = + d<<z_ and
defined:

U, = (=) (inZ=-je2)
& 3 .

442

Wdand =« 15 not ignored relative 1o =, then

-
et

U= 12y Win I -1+ 32y
T RS z, 2.
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For their work using potatoes, a relatively short crop, ignoring o and = relative 1o = may result in
neghgible error for measurement heights about 2 m or more. However, for taller vegetanon, o and =
cannot be ignored,

Their model mvolved redefining a length scale, = im). for which:

= e ~||n(-':;)-l4 i-)

Extending this 10 & surface with a 2¢ro displacement o and surface roughness = . and incorporating the
term = (z_ =z ) which Huich ¢t al (2000) assumed sufficiently close 10 1, the following more
eXact equation dcfmcs a new length seale = :

-d) <. - _lln(_i. -‘l’_‘_ -, ) 443
2. =z +d) 2 s —d

Using the outputs from the Lagrangian model of Thomson (1987) for a range of stability conditions.
Hsich e al. (2000) expressed v L, the horizontal distance 10 the MO length, as a function of their
similarity parameters D and P, the ratio of the length scale =, to L and the ratio F'S:

x| L= -————'--_q. Dz 444
ACIF/S))
where 0 =025 and P = 0.39 for unstable conditions,
D =097 and P = | for ncar ncutral and ncutral conditions, 145
and D =243 and P » 1.32 for stable conditions.

Hence, 10 estimate the horzontal distance v for which the flux density £ at messurement height 1o
surface flux density S ratio 1s 0.9, or setting F / S = 0.9, rearranging and dividing Eq. 444 by =,
the 90 4 fetch 10 measurement height ratio s given by:

9 [ »
-—ﬁl-l)-'l. 1 446

k=

=

Hsich o 3l (2000) used a restncted condition for near neutral conditions, viz., =, L <O
(=iz/ L<002)

Following Hsich et al. (2000), the cumulanve fraction of the flux density F 1o surfnce source flux
density S ratio, @ distance x from the source and a1 an cffective height of = ~d from the soil
surface. can be estimated esing:

Fix.z_ ~d) -1 PSPPI 147
—_—=exp(—-Dz, U )
s i
0
and the footprint of the surface flux density using
Chapter 4 ; Evaporation measurement comparisons: scintillometrs.,

cddy covariance, surface renewal, Bowen ratio



Theorys and practice of evaporation measurement, with special focus on 123
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage ef al.

fix.2. —di:—_'—,-l):_' iz’ 'ctp(._—'.l):,' iyt 948
= ™ x

Using an approach similar 10 Calder (1932) and Gash (1986), they also showed that the peak
location of the footprint, v (m), can be calculated using:

Dz e 449
o

| Y

LF R

The Hsaeh et al. (2000) model 1s analyvtically based. combines the results from a Lagrangian stochastic
model and uses dimensional analysis. Thewr model results were in good agreement with those
cakulmed by detailed Evlernan and Lagrangian models. They used EC latent encrgy flux densny
measurements collected along a transect as confirmanion of the model estimaies.

For convenience. Egs 4.47 and 4.49, for calculation the ratio of the flux density Fix.z —d) 1o
surface source flux density 5. can be written as:

Filx.z_ -d) -2 450
—_sexp (—-X | *
- 5 w g
Combining Eqs 4.48 and 4.49, the footprint may be determined using
> =
Six s, ~d)==x _ exp(—-x ) 43
2 x
and combining Eqs 4.46 and 4.49, the 90 " fetch to measurement hesght ratio determned using:
o aN9A9] 4352
R et ST

4.4 Material and methods

4.4.1 Bowen ratio laboratory measurements

The BR system 1s used for measurement of sensible heat and latent energy flux density. It would be
appropriate 10 compare BR-measured sensible heat flux density agamst that measured using the SLS
svstem. Bowen ratio systems are eritically dependent on the profile water vapour pressure and air
temperature profile difference measurements. The most-commonly used BR system uses 3 cooled dew
point mirvor for water vapour pressure measurements. However the imitations of ths sensor include
the cost of the Dew-10 sensor (General Eastern Instruments, Wilmington, Massachusents, USA)
commonly used and the requirement that the cloctrome bias of the sensor needs 10 be adjusted
frequently - usually weekly. The first BR system used in this study did not function well. The cooled
mirror consistently measured negative dew point temperatures. The system was removed from the
ficld and 1ested in the laboratory.

In the labormiory, a reference dew point generator (L1610, Li-Cor Inc., Lincoln, Nebraska, USA),
controlled by a Campbell 21X datalogger. was used 1o obtain simuhtancous measurements of water
vapour pressure from both sensors, The datalogger controlled the dew point generator 10 mcrement the
dew point icmperature generated m an airstream, Dew points ranged between 00 °C and a fow degrees
below room temperature after which the datalogger reset the dew point 10 0 "C. In this way,
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unattended measurements were performed, The Vasala (Helsinks, Finland) HMP3SC sensor was
replaced by a Vasala CS500 ar temperature and relative humidny sensor and the methodology
repeated, The procedure was repeated by replacing the Vasala CS300 with a new Dew-10 dew poimt
SCNSOr.

.2 Bowen ratio ficld measurements

Three BR systems, modified afier the 023A system of Campbell Scientific Inc. and connected 10 o
Campbell 21N datalogger (Fig. 3.1), were used 10 messure ar iemperature and water vapour prossure
profile differences between heights of 155 and 296 m above the sol surface. The first system used &
HMPI5C Vaisala air temperature and relative humidity sensor, the sccond a cooled mirror Dew-10
hygrometer and the third sysiem used a CS500 Vaisala air temperature and refmve humidity sensor.

Each Vasala sensor was sealed in a chamber. Unlike the Dew-10 chambers, the chambers were
heavily msulated using lavers of mirror tape 10 dampen sudkden changes in temperature. Tubing in the
vicinity of the chamber was covered with adhesive alumimmum tape i an anempt 10 further reduce
temperature differences between the sensor chip and the airstream. Measurements were performed
every 1 s and averages calculaed every 20 min. Diffcrential voltages corresponding 10 the HMP3SC
or HMP3SC air 1emperature and relative hurmdity were performed. The CSS00 voltages were
single-ended. as recommended by the manufucturers. Every | s, the wirstream aimospheric water
vapour pressure was caleulated using the CS300 temperature and relative humidity messurements,
The Bev-aline (Cole-Parmer, Vemon Hills, Hlinois, USA) tubing used for the water vapour pressure
measurements was as shornt as possible 10 minimise the transpon time of the air 10 the sensor
Furthermore, the filter cover of the Vaisala sensors was removed. The inlet filler a1 each of the two
intake posttions was however retained for both of the BR Vasals systems,

Air iemperature wiss measured at 1wo Jevels using 75um type<E thermocouples. At cach level. a
parallel combmnation of 75-um thermocouples was used. Extra insulation was used 10 cover the
thermocouple connectors ot the thermocouple jomn, Extra precautions were taken 10 cover and
thermally insulate the point at which the thermocouple wires were connected 1o the datalogger. The
thermocouples were regularly inspected for damage, cleanliness, insects and cobwebs.

For measuring the remaining components of the energy balance. three Q*7 (REBS. Seattie,
Washington. USA) net radiometers placed at 2 m above the soil surface were used 10 measure net
imadiance. Seven soil heat flux plates (model HFT-3. REBS) were used 10 measure soil heat flux
density at i depth of S0 mm and u system of parallel thermocouples st depths of 20 and 60 mm used 10
calculate the soil heat flux density stored above the plates (Tanner 1960). Volumeinc soil water
content i the first 60 mm of the surface was measured using a frequency domam reflectometer
(ThetaProbe, mode! ML2x, Deha-T Devices, Cambnidge, UK) and a 613 soil refleciomeser (Campbell
Soientific). Most of these sensors were connected 10 a Campbell CRTX datalogger and transforred 10 a
CR23IX datalogger after the 2003 accidental fire, Measurements were every | s and averages obtamed
every 2 min which were in tumn used o calculate 20-min averages for the BR calculations, The net
radiometers, soil heat flux plates, infrared thermomcters for canopy temperature (model IRTS-P,
Apogee Instrument Inc., Logan, USA), and other EC sensors were posttioned approximately midway
between the transmitter and receiver units of the SLS0-A scintillometer (Fig 3.1)
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3 Surface renewal measurements

For the SR method, we used several unshielded type-E thermocouples (75-um diameter) 10 measure
arr temperature, placed at heights of 0.5, 0.8, 1.0 and 1.5 m above the canopy surface. Each sensor
consisted of a pair of thermocouples in paraliel. Some of the thermocouples were connected 10 2
Campbell CRIOX datalogger that also had a reference thermistor for thermocouple measurements. The
remaming thermocouples were connected 1o a CRI3X datalogger. The thermocouples were pointed
mio the predominant wind direction which occurred duning daylight hours. Mcasurements were made
every (L1285 5 (equivalent 10 a frequency of X Hz) and then lagged by 0.12F 5 and 025 5 before
forming the second, third and fifth order wmperature moments required by the Van Aua (1977)
approach for SR analysis (Egs 4.12 10 4.15) and then these were averaged every two minutes. Smee
measurements from a number of thermocouples were stored in one datalogger, i was necessary 10 spin
the data so that cach data file corresponded 10 data from just one thermocouple. For this purpose, the
Spint program, pant of PC20X (version 3.0%) or LoggerNet 2.1, both from Campbell Sciemilic, was
used.

Software calculations, posi-data collection, were used 1o caleulate two-minute SR sensible heat
flux densitics wsing the Van Atta (1977) approach.  For this purpose, QuickBASIC 4.0, under
MS-DOS. was used 10 modify and compile a program used to solve for the real roots of a cubic
cquation (Eq. 4.12). Following the data split, the data file, for the 0.8 m height say. surfren.exe
Quick BASIC program was exccuted. The information file surfren fac contams information regquired
when executing the surfren.exe program (Table 4.2), The required parsmeters are self-cxplanatory.
The program requires two versions of the data file. For example if surfreO8 . dat is the datas file for the
0.8 m height, the comma separated value (csv) file surfreO8 csv must also exist in the subdirectory
¢surfren. Following successful execution of the program, the file, i this example. surfreOS.om 15
creared (or overwrtten if 1t already exists),

Table 4.2 The parameters required for the execution of the SR surfrenexe program together
with some example specifications

Parameter j Specification Explanation
________ path L eisurfren __T___ﬂlhd;m:clm for files !
file { surfrecOS o Daafilenames |
___alpha = . Set1o | for grussland canopies |
L 5 = | Not used F—ae
z 0.8 Height of measurements
t DRn 9.17 An energy balance parameter
. - (not used)
NRn 1125 Apn encrgy balance parameter
- e il (not used) :
G ‘ 36.7 An energy balance parameter
J 1 (notused)
ZG 03 " An cncrgy halance parameter ,
- B (not used)
Cy = Not used
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This file may be opencd in Excel, specifving that it is comma delinemed. The file contans the
values for a. x = 1 and the sensible heat flux density (Eq. 4.10) for cach 2-min time penod. The 2-min
SR sensible heat Mux density measurements were then averaged 10 20 min. 30 min or daily.

4.4.4 Eddy covariance measurements

Adjacent 10 the automanic weather station, a three-dimensional some anemometer (SWS-2113V,
Applied Technologies, Boulder, USA). referred 10 as the ECAT system (Fig. 3.1, was used as an FC
system 10 measure the sensible heat flux density at a height of 145 m above the soil surfuce, Late in
the study. the measurement height was increased 10 a haight above soil surface of 2.12 m (Table 3.2),
This anemometer, with a 100-mm sonic path length, was connected 10 a dignal 1w anslogue convener
that then connected 10 a 21X datslogger (Campbell Soxentific, Logan. USA). Measurements of the
three components of wind velocnty, w, v w o the v, v and = directions respectively and sonic
temperatures 7 were performed every 0.1 s (frequency of 10 Hz), Following the acoxdental fire (day of
vear 227, 2003), the 2IX duta Jogger was replaced by a Campbell CR23IX datalogger and a
replacement three-D sonic anemometer wirs used (same model ). The somie anemometer measurements
were processed on-line and the two-min covanance between the w and 7 (for determining sensible
heat flux density £, ) and the covariance between wand the hornzontal wind speed U = 1™ +v* (for
determining momentum flux density ©) were calculsted (Fgs 418 and 4,19 wsing p ¢, = 11363 )
m K'andp_ = 112 kg m"). The two-minute averages of u, v, w and sonic temperature 7 and wind
direction & (= arctan v ' u) were also stored. For a himited hme, net srmadiance (model Q*7 net
rhometer), vertical wind speed and air temperature were sampled every 0.2 s using o Campbell
CA27 onc-dimensional sonic ancmometer and fine wire thermocouple, respectively, and daw
processed using a Campbell 21X datalogger and two-minute averages. standard deviations and
covariances stored for further data analvsis. Data rejection rules were farly simple: sometimes,
usually whenever thore was condensation, covanances of 99999 were excluded. Missing values and
also periods when incorrect sonic temperatures approaching S0 °C were also used 10 exclude sensible
heat data. These incorrect values were caused by dint on the somic transdocers or faulty transducers.
mghitime EC measurements were often unechable due 1o condensation or mist affecting the acoustic
signal.

Calibration of the ECAT system and nis replacement was performed by placing the 3D sysiem i a
box for which cach component of the wind speed was 0 m s, The air temperature and relative
humidity, required for accurate speed of sound cstimation (from which the somic wemperature 1
calculated), was mdependently measured using averaging thermocouples and a Vaisala CSS00 mr
remperature and refative humidity sensor placed msde the box,

A fast responding water vapour pressure and carbon dioxide concentration sensor (L1-7500,
LI-COR Inc., Lcoln. USA) and o second Apphed Technologies 3-D sonic ancmometer (model
SATIAV) with a somc path length of 150 mm were used 10 caleulaic the following flux densities
using the EC techmque: sensible heat. latent energy, momentum. and carbon dioxide. This system s
referred 10 as ECopen (Fig. 3.1).

4.4.5 Scintillometer measurements

The procedures used for twe-minute SLS sensible heat flux density: measurements are deseribed in
Chapter 3. The beam path length was kept st 101 m and the beam height vaned between 1.5 and
168 m except near the end of the study. For a imited time, the influence of beam height and beam
angle on the sensible heat flux density was investizated. A beam angle of 22° for the non-horizontal
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beam measurements was used. For the vanable beam height measurements, effective beam heights of
between 0.5 m and about 1.5 m were used (Table 3.2). The canopy height was measured regularly and
this height was used to caleulate o < = where it was assumed that the zero plane displacement height
d =067 & and the roughness length = =00 & . The effective beam height input. which 1s required for
SLS measuremoents, was s¢t at beam height above the soil surface minus o + =

For some of the ume, the voltage range was aliered (Fig. 3.9) due 10 low voluge signals. The
transmitter and receiver units required hittle attention apan from inspecting for din and cobwebs
obscuring the beam and occasional realignment following storms. The cables had 1o be replaced twice
- once due 1o the accidental fire and a second time acoidentally when the grass was cut (Table 3.2).

4.4.6 Reference evaporation estimation

The procedures for the estimation of grass reference evaporation are desenbed by Allen ot al. (1995),
The calculanons (Eq. 4.37) were performed o Excel and cross-checked agamst those used with
real-time estimates of reference evaporation (Campbell Sciemtific Apphcanon note, undated). Grass
reference cvaporation was estimated every two munutes using these procedures. While the AWS
system was avaslable, all reference evaporation cstimates were based on the AWS data. Afier the
svstem was removed, data from the same model sensors were used except that for solar iradiance. a
Kipp and Zonen CM3 thermopile sensor was used. For some of the time, horizomal wind speed from
the 3-D somic anemometer was used. Water vapour pressure was measured using a Vaisala CS500 wir
temperature and relative humidity sensor from the AW'S system, or by one of the following humidity
sensors: another CS300, a Vaisala HMP33C or HMPISC air temperature and relative humidity sensor
or a Dew-10 cooled dew point hygrometer.

4.4.7 Footprint analyses

The model of Hsieh et al. (2000) relies on the defimtion of a leagth scale =, for determining the
footprints. Their definiion was adapted to include a surface with a zero plane displacement height o
and a surface roughness = and also included the factor:

=, =-d
= ~tz_+d)

which they assumed sufficiently close 1o 1 (- se¢ Eq. 4.43). The peak locanion of the footprint v
was calculated usmg Eq. 4.49, the ratio of the flux density Fix.z_ =d) 'S mbo calculated using Eq.
4.50. the footpnnt caleulated using Eq. 4.51, and the 90 "% height to fetch ratio calculated using
Eq. 4.52. In the case of the BR svstem, the measurement height for footprint caleulations was taken to
be the geometric mean of the upper and lower measurement heights for unstable conditions. as
recommended by Horst (1999). Effectively then, as far as footprints are concerned. the Bowen rano
system was at @ height of V1552296 m=214m which is almost the same height as the ECAT system
afier day of year 362, 2003 (Table 3.2).

4.5 Results and discussion

Before the resuls of the measurements for the vanous methods could be compared, o study was
undertaken 10 imestignie the replocemen of the cooled dew pomt murror with a Vassala sensor.
Furthcrmore, the results of the wind direction and footprint analyses needs 10 be known before
conclusions can be made about the vanous measurement techniques.
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4.5.1 Bowen ratio measurements

The BR method requires & humidity sensor that hay a resolution of 2 0.01 kPa or betier, The stabiliy
of the Dew-10 dew point measurements is about 008 °C, resuling in & waler vapour pressure
resolution within 0.01 kPa for chamber iemperatures less than 26 "C. Between 26 "C and 40 'CL dew
pomt measurements within 0.05 °C results 10 a waler vapour pressure resolution within 0.02 kPa. The
limutation in the measurement of the profile difference in air temperature is the datalogger icmperature
resolution of = 0.006 “C. This 1s normally achievable using unshielded 75-um type-E thermocouples,

4511 Ervor analysis of Vaisala HMPISC and CS500 water vapour pressure measurements

The error m water vapour pressure for a dew point sensor s only dependent on the random error and
bras due 10 the measured dew point. The one disadvantage of using a relative humidity sensor, such as
a Vaisala wir iemperature and relative humidity sensor. compared 10 a dew point sensor, is that the
calculited water vapour pressure depends on the measurement of temperature and relative humdity
from 1wo different spatially-separated sensors both of which have their own random error and bias; the
relative humidity and air temperature sensors cannot make their measurements a1 exactly the same
position of the airstream. Ideally, when calculating the water vapour pressure from relstive humidiy
measured using o Vanala chip. the wemperature of the chip needs 10 be known and not the temperature
of the wirstream. Usually however, the two sensors are located in very close proxamity - millimetres
apart. Also, the bumidity chamber could be insulated but this alone may not climinate all differences
m temperature between the chip and the airstream. The airstream-chip temperature diffcrence should
decrease with icreased flow rate.

The manufacturers state that the accuracy of the wmperature sensor of the HMP3SC or HMPISC
sensor varies with temperature and s 4 0.2 "C 20 °C and the humidity sensor crror is = 2 " RH
where the % unit 1s in relative humidity units and not a percentage of the measured relative humidity
(Tor RH between 0 and 90 "s). For the CS500, the error in humidity measurements is = 3 "« RH and
the error for the temperature sensor also vanes with temperature and s £ 0.46 °C at 20 "C. Vasala do
not however give any indication of the resolution limits for their sensors, The datalogger resolution for
the water vapour pressure measurements 18 00001 kPa. The limnation of water vapour pressure
measurements 1s the stabilny of the measurements. The manufaciurers prosent o graph showing the
crror in the wemperature sensor as a function of emperature. Based on ths information, the error n
temperature, oF ("C) for a Vaisala HMP45C 1s grven by

for7T=20°C ST =02+-0.1T-20020

and for T<20°C GTr=02401120-7)20

and that for a CS500 for 72 0 °C 1s given by:
OT=03-00087,

These relationships are depicted in Fig, 4.5, So between 0 and 30 °C. the error in temperatre for the
CSSN varies fincarly between =0.3 10 20.62 "C respectively compared 10 between =0.2 and =03 °C
for the HMP43C for the same temperature range but with the mimmum error being =0.2 ot 20 "C.
Clearly then, the HMPASC temperature has a more accurate iemperature sensor than that used in the
CS300.

Sinee the water vipour pressure is caleulated osing:

c=RH «¢_ /100,
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Fig. 4.5 The error in temperature ("C) for the two Vaisala relative humidity and temperature
sensors, The error for any given temperature is between the upper and lower corresponding set
of sensor curves. So for example, at 20 °C, the ervor for the CS300 is < 0.46 "C and < 0.2 °C for
the HMPASC

the error in waler vapour pressure, de, may be estimated using:

64'=\l(.(‘ RH)Y 8RH* + (e v ) -6’

where  uwsing rules of caleulus, Ce/CRM =e /100 and J¢ Je =RH 100 and  where
b¢, =(0¢  OT)18T=A-87 (kPa) where A (kPa “C') s the slope of the sauration water vapour
pressure vy iemperature relationship:

A =309802862-¢ /(23734 T
where 7 (7C) is the air iemperature and
o x(lb’(l."‘t!““‘.":("’-‘f (237347}

Finally, then,

Se=y (e, 100) -3RH* <« (RH /100) A" .&T",

Clearly then, the error in water vapour pressure is temperature dependent since both ¢ and A are
temperature dependent and the formation provided by the manufaciurer shows that 87 s also
temperature dependent.

Also, the relative humidity and the error i relative humidity determme the coror i water vapour
pressure. For the HMPISC sensor:
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O e =y Le, 10007 GRH < (RH 100) A" (02401 (T =20)/ 20)°

for 7220"Corfor T<20°C

S =y 10, 1007 SRH - <(RH 100) <A (024 0120-T) /20

and for the CS300 sensor:

8¢, 0 =y le. 100) SRH < (RH /100) -A° (03 0008 Ty
for T20°C

Using the manufacturer’s recommendation of SRH =22 % for the HMPA5C and SRH =23 %, for
the CSS00, ¢ was determined as a function of temperature between S and 50 °C and relative humidity
between 10 and 90 "u. The calculabons show (Fig. 4.6) that the ¢rror i absolute water vapour
pressure exceeds the limits required by the BR 1echmique. However, these errors should be regarded as
the maximum crror m water vapour pressure. Tymcally in summer, air iemperature on hot dayvs may
vary from 15 10 40 °C and this temperature vanation may be typical of that expenienced by the sir m
the hygrometer block. If this is the case, then error for the HMPASC water vapour prossure
measurements may range from < 003 KPa i the carly moming 1o = 0.15 kPa (for a relative humidity
of 30 %) ar 14h00 (Fig 4.6b). These errors exceed the < 001 kPa resolution value of the Dew-10 dew
point hverometer. The errors for the CSS00 are larger. particularly for high relative humidities and
temperatures exceedmg 30 °C (Fig. 4.6b botom),

One option 1o reduce the error shown in Fig 4.6 s 1o reduce iemperature 1o below 30 °C. While nt
may be possible w0 reduce enclosure temperature, which contributes 10 the hygrometer block
temperature, it is not possible 1o reduce the temperature of the air flowing through the block.

If the same Vinsala sensor 15 used for water vapour pressure measurements af both herghts, and if
can be assumed that the errors shown in Fig. 4.6 are systematic, then the errors existing for
measurements ot both heights would 1end 10 cancel. However, laboratory proof of this would be
required before the sensor can be used 0 the fiedd for BR measurements, Furthermore, if the
temperature of the amrstream for the two levels is different, as might be expected for sensible heat us
density directed away from the surface. the errors may not cancel due 10 the non-hinear nature of the
error as & function of Icmperature

4.5.1.2 Use of Vaisala sensors for water vapour pressure profile difference measurements in the
laboratory

In the labormory. profile differences i waler vapour pressure were created using a L1610 dew poim
gencrator. The differences were measured i three separite experiments using a Dew- 10 cooled mirror
hygrometer, o Vausala HMPISC and a Viosala CSS00 homitter. The Nasala CS500 sensor. much
cheaper than the Dew-10 dew poim sensor and the HMP3SC, hod the greatest vanability in water
vapour pressure difference measurements (Fig. <.7a). The Dew-10 dew point mirror had the smallest
error mean square (Fig 4.7¢) but s more expensive and suffers from the problems of maintenance of a
stable bras as mentioned previously. The 2003 ficld measurements of water vapour pressure using the
Dew-10 could not be reled upon.

The Vaisala HMP35C sensor (now replaced by the HMP45C) scemed the most promising in terms
of an altermative 10 the Dew- 10 cooled dew point mitror. The ability of the HMP3ISC 1o measure very
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Fig. 4.6 (a) Top: the error in the water vapour pressure for a Vaisala CS300 sensor as a function
of relative humidity and air temperature based on the manufacturers specification of an error of
+ 3% RH for RH between 10 and 90 6 and a temperature error that varies with temperature
and is a minimum of 2 0.3 °C a1 0°C and a maximuom of = 0,62 "Car 40 ";

(b) bottom: the error in the water vapour pressure for a Vaisala HMP4SC sensor as a function
of relative humidity and air temperature based on the manufacturers specification of an error of
< 2" RH for RH between 10 and 90 % and a temperature error that varies with temperature
and is a minimum < 0.2 °C a1 20 °C and a maximum of « 0.3 °C at 0 and 40 °C
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: Fig. 4.7 Reference water vapour pressure
3 ol differences in KPa (de) measured wsing the
z L1610 Dewpoint Generator compared with the
£ measured water vapour differences (de) using:

(a) Vaisala CS500 sensor air temperature and
relative humidity sensor:
S (hy Vaisala HMPISC air temperature and
LT G e e e el relative humidiny sensor:

e e 2 (€) Dew-10 cooled dew point mirror

small water vapour pressure differences appears good in this laboratory experiment in which the ar
tempernture had & much reduced darmal range compared 10 that that may be expenenced in the ficld
The slope (Fig. 4.7b) s close 10 1 bat somewhat lower than that for the Dew-10 dew pomt marror (Fig
4.7¢) Flow rates usmg the laboratory calibration procedure were himited by the dew point generator
and this may explamn the slope values of less than |

Of parnculiar note 1s that in spite of the error in water vapour pressure shown in Fig. 4.5, the
Vatsala sensors are capable of resolving the water vapour pressure differences 10 within 0.003 KPa or
betier, when compared to the dew point generator, under fascly lemperature-controlled conditions.

4.5.1.3 Field use of a V aisale sensor for water vapour pressure profile difference measurements

Water vapour pressure profile difference companisons were made o the field In this section, we
wport on compansons  between  profile water vapour pressure difforences measured  using 4
comventional cooled mirmor hyvgrometer (the Dew-10 hygrometer) and HMPASC and CSS00 Varsala
sensors. The cooled muror sensor 1s more expensive and requires a bias adjustment for the sensor to
converge on the comeet dew point. The Vasala sensors require no atiention. The calculated BR
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senstble heat and latent energy flux density comparisons with EC and SLS estimates of sensible heat
and latent encrgy are reporied on in Section 4.5.4.6.

In the first field expennment, two Vaisala sensors (HMPESC and CSS00) were cach placed m
indsvidual humadity chambers. The outlet of the one chamber was connected 10 the ilet of the other.
The inlet of the first chamber was connecied 10 the mlet wir stream from the mixing bottles and the
outlet of the second bottle was connected 10 the inlet 10 the pump. In this fushion. the 1wo sensors
measured the water vapour pressure and air sempersture of the same air stream, Water vapour pressure
and Vasala temperature were measured every | s, At the end of each 20-min penod, the mean and
standard deviation of all water vapour pressures and iemperatures were stored,

Measurements were obtained over a period of about a week (Fig. 4.8). There was very good
sgreement between the water vapour pressure profile differences de (Fig. 4.8 bottom) duning the
dayume and during the mghttime. Negative de measurements corresponded 10 latent energy directed
toward the surfuce. Dew occurred duning the measurement period, corresponding 10 the negative de
meusurements shown. The expenment was repeated (data not shown) for @ penod of a month with
stmlar resulis,

The standard deviation i the water vapour pressure difference 1s culculated as the square root of
the sum of squares of the standard deviation of the upper level and lower level water vapour prossures
and 15 shown i Fig. 4.8 muddle for both the CS300 and HMPA5C sensors for all or part of the penod
day of year 9 10 14, 2004, There s good agreement between the standard devianions for the two
Vaisala sensors with the standard deviations for both sensors swamping the mean determined for cach
20-min merval (compare Figs 4.8 bottom and miaddic). The standard deviations agreed with cach
other (Fig. 4.8 middle) showing greatest standard devistions during the daytime hours (Fig. 4.8 top).
The spikes usually correspond 10 sunset. So in spite of the greater absolute error i waler vapour
pressure measurements for the CS500, according 1o the manufucturer, there appears 10 be lintle
apparent measurement advantage in the use of the more expensive HMP4SC sensor for the purpose of
determining water vapour pressure profile differences. The one advantage of the HMPISC however 1s
that it does have a switch control option 10 tum the sensor on using datalogeer control just before
measurements and then immediately off. This disadvantage 15 obviated when using a4 CRION and
CR23X that can provide for switch control of the CS300, The CS5300 docs not have a builti-in switch
control option and this resulis in an increased current drain if the sensor is continvously powered.
However. i 1erms of pice. the CSS00 is significantly cheaper (8335 vy $545 for the HMP45C, Jan
2004 prices) and compared 10 S730 for the Dew-10 sensor).

In a second experiment, measurements were made using two chambers connected in-line with the
one chamber contaning an HMPI3C Vaisals sensor and the second chamber containing o Dew-10
cooled mirror. Most of the measurements were done with the inlet air passing through the Vasala
chamber first and then emtering the Dew-10 chamber and then om 10 the pump. This arrangement
would reduce the mfluence of the Dew-10 cooled mirror measurement method affecting the Vasala
measurements. Measurements were conducted for more than four months (Fig 4.9). As was the case
for the first expenment. the standard deviation i the water vapour pressure profile differences
increased durmg the davtime hours (Fig. 4.9 1w0p). From the wemporal plot (Fig. 4.9 1op), the standard
deviation for the HMPA3C measurements were similar 10 that of the cooled mirror measwrements
except for when the water vapour pressure differences were small. This s confirmed by Fig. 4.9
muddic, Staustically, there s very lntle diffcrence between the cooled murror Dew- 10 and HMP4SC
water vapour pressure profile difference measurements (Fig. 4.9 bottomi. All three sensors (CSS00,
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HMPISC and Dew-10) detected negative water vapour pressure profile differences, comresponding 1o
dew deposion. equally well (Figs 4.8 bottom, 4.9 bottom),

Typically, the 20-min standard deviation of the profile differences i Waler vapour pressure is
nearly 50 %o greater for the HMPAAC than for the Dew-10 10,0233 kPa vy 0.0161 kPy) for the ngher
evaporative demand conditions (Fig. 4,10 bottom) and more than five tmes greater (0.0009 KPa s
0.0050 KP4) for the low evaporative demand condiions (Fig. 4.10 1op). Both sensors respond within
10 5 10 an abrupt change in the BR svstem water vapour pressure (Fig. 4.11 wop). The Dew-10 sensor
responds shightly more quickly (within 5 s) than the Vaisala HMP43C sensor that responds within 10 s
(Fig. 4.11 middie and top). However this advantage and the advantage of decreased vanability of the
Dew- 10 measurements do not disqualify the use of the Vaisala sensor for this application since
measurements are averaged over the last 80 s of a two-minuie penod following which the difference in
water vapour prossure between the two levels is calculited, Generally, the greatest change i water
vapour pressure is at the beginming of the 2-min period and not during the 80-5 averaging penod. In
some case, in particular for Jow evaporative demand conditions, the HMPASC showed large vanations
tn water vapour pressure profile differences during the 40-s equilibration period (Fig. 4. 11, bottom),

A repont by the World Metcorologicil Organisation (2004) gives the time response of Viisala
Humicap sensors such as that used in the HMP4SC sensor as 0.5 5 at 25 °C (and 10 s a1 30 °C) for a
ventilation speed of  m s . The repont did not state if this response time was with the filter removed
Presumably it was,

In the case of BR measurements, since the water vapour pressure i calculated from the relative
hurmidity and the adjacent chip temperature, it 15 not only the ime response of the bunmidity sensor that
i of concem. The tme response of the iemperature sensor was only considered as a possible
limiation after the completion of these measurements and not addressed. The influence of this time
response could be reduced by wsing a high flow rate, thereby ensuring that the sensor 1s exposed 10 8
raprdly moving airstream. Alternatively, the sensor could be replaced by a fine wire thermocouple
with o fasier tume response. However, whatever sensor is wsed. no adjacent sensor apan from an
mnfrared thermometer could measure the 1emperature of the humidity chip. 1t s the temperature of the
humidity chip that is required 1ogether with the measured relative humidity 1o calculate the water
vapour pressure. The possible impact of any time response problem due 1o the emperature or relative
humidity sensor could be reduced by increasing the 40-s stabihzation penad before measurements are
made. Measurements are made every | s for the kast 80 s of cach 2-min penod. Increasing the
stabilization nme from 40 s o 60 s should not materially affect measurement accuracy, The
disadvamage of this s that evaporation measurements are only collected 50 % of the ime.

The vananon in block temperature (Fig. 4.11 maddic) is shown for o two-minute period. The block
was nsulmed, and the hose entering the chamber covered with adhesive alumimum. The varation in
the block temperature measurements s within 0,05 °C (Fig. 4.11 middic) for this ume penod and. for
the measured relative bunudity of 46,7 o thes varanion would result i a varanon of 0,003 kPa in
water vapour pressure even if there was no vanation i measured relative humidity. A vanation of
0.005 kPa in water vapour pressure s reasonably consistent with the vanation m the water vapour
pressure measurements shown in Fig, 4.10 bottom. The vanation in air temperature and water vapour
pressure are in<phase (Fig. 4.11 muddie), largely through the nfluence that air temperature has on the
calculated water vapour pressure. This in-phase nature s indicated by the vertical arrow, for example,
The m-phuse nature 15 due 10 the fact that the water vapour pressure of the arstream, ¢ . 18
estimated using
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Fig. 4.10 One second measurements of water vapour pressure for a 20-min period for Dew-10
and HMP4SC sensors during conditions of: top (a) low evaporative demand: bottom (b) high
evaporative demand.
temperature, which illustrates the resolution problem

Also shown in the bortom graph on the right-hand y-axis is the block
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Fig. 4.11 One-s variation in water vapour pressure for Dew-10 and \aisala HMPJSC sensors
1op (a) for a 40-5 equilibration period: middle (b) Tor a 40-5 equilibration period followed by an
80-s averaging period for high evaporative demand conditions. The variation in block
temperature is also shown: bottom ¢) for a 405 cquilibration period followed by an 80-s

averaging period for low evaporative demand conditions
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where RH s the measured relative humadity and ¢ (7, ) is the saturated water vapour
corresponding 10 the Vasala temperature 7, . Clearly thercfore, assuming that RH

unchanged, an mcrease in 7 results in an increase in ¢ (7

Famaie

s
L oipin
) Causing an increase m oo .
Similarly, o decrease in 7, results i a decrease in o (7 ) cousing a deersase in e . The

question however that deserves attention 15 what causes the step-like vanation in temperature shown
in Fig 4,11 middic”

The step-like vanation i air temperature (Fig. 411 middie) 1s due to the 21X damalogger soltage
resolution limitation for the O 10 5V voltage range. The resolution on the § V range for the 21X
datalogger 15 0.33 mV and this translates 10 a wemperature resolution Tt of 0.033 "C for the Vamsala
tempermture sensor. The limitation of the voltuge resolution on the temperature  measurements
affecting the water vapour pressure estimates could be avoided by using an alternative temperature
sensor that does not suffer from the same problem. The replacement sensor should also be small since
it would need 10 be mounted very close 10 the relative humidity chip. A fine wire thermocouple
satisfies all of these requirements but this suggested replacement was only pursued at the very end of
the study. The datlogger resolution for thermocouple measurements are 0.006 °C compared 10
0033 °C for the Vamsala iemperature sensor. Some prelimmary tests showed that a fine-wire
thermocouple showed a greater vanation in iemperature than the Varsala temperature sensor. mamly
duc 10 the small size of the thermocouple. This greater temperature variation caused a greater vanation
in the estimated water vapour pressure than if the Vaisala icmperature sensor was used.

Some of the data collected (not shown) indicate that the water vapour pressure measurements of
the CS300 are more varisbic than those obtained using a Dew-10 or a Vaisala HMPA5C sensor. The
reason for this could be that the CS500 temperature sensor 15 less accurate than that used by the
HMP45C (Fig. 4.5) For example, at 20 °C, the CS500 wempermure sensor has more than double the
crror of the HMPASC wemperature sensor. The mcreased cmror m iempemiure measurement impacts
directly on the error i waler vapour pressure measurement.

A relatively long-term measurement companson between latent energy flux density £ F_ (W m™)
obtained using the Varsala HMPASC and Dew-10 sensors 15 shown (Fig, 4.12). The compartson s
good with hitle stanstical difference between the estimates for the two different sensor types. The
Vaisala HMPESC sensor 15 cheaper, more reliable and requires much Iess anention than the Dew-10
SCNSOT.

From the data collected. 1t would appear that either the Vasala CS3500 or the Varsala HMPSSC
may be used as a replacement sensor for the Dew-10. To reduce the notse i the iemperature
measurements and the temperature  difference between the humadity chip and the airstream
iemperature, the chamber used for waner vapour pressure measurements should be msulnied and the
hose immedunely adjacent the chamber covered with adhesive aluminium tape. Measurements of
water vapour pressure profile differences with a resolution of at least 0.01 kPa were possible using the
Vaisala sensors (Figs 4.8 bottom, 4.9 bottom. 4,11 middie). Funthermore, there was no stutistical
difference in latent encrgy flux densaty obtamed using the Vatsala HMP45C and the Dew- 10 sensors
(Fig. 4.12),

4.3, 1.4 Practical issues related 10 BR measurements

A number of practical difficultics mav arise with the use of the BR system. These are listed below.
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Fig. 4.12 Regression of 20-min ficld-measured BR latent energy Nuy density obtained osing »
Dew-10 and Vaisala HMP45C sensors for the period 17 January to 3 June 2004

L. Incorrect dew poit measurement. Some of the Dew- 10 mirror sensors often cannot hold the correct
dew point for extended penods of ime. This s ofien made worse in condensing conditions. This may
be due 1o the clectromics but it could be din or due 10 other things. Resetting the bias and cleaning the
mirror may correct the problem but sometimes only for a himated penod, typically no more than
week:

2. Lesky bontles. The maxing bottles weaken in their comers with time. They become britthe and crack.
The cracks are not easily visible in the field with the bottles in their enclosure. I both bottles have
cracks, leaks may occur and then smaller than actual profile water vapour pressure difference (d)
values are measured. A crack i one bottle but not the other would probably alse reduce measured dee
values. Bottles should be routinely replaced after a vear and then 1ested in the laboratory for lcaks due
10 cracks.

3. Poor hose comnections. We found that the nylon Swageloh connectors (NY-000-61) work best
Hoses should not be joined from one size 10 another but rather connected directly 10 the bottle
connector with no joins. However with time. anv of the vanous connector types shnnk the end of the
hose causing a looser {it and hence may leak. Even over 3 peniod of a couple of weeks the end of the
tube can shrink and result in leaks. The NY-600-61 connectors allow a reasonubly long length of hose
10 be sealed, reducing the chance of Jeaks. 1t 15 a good idea to cheek all hose connections at each site
visit. The fit can be wested by pulling to see if the hose s Toose. If it is Toose. cut off 20 mm of tbing
and reinsert and seal:

4. Dinty hoses. In polluted environments, the inside of hoses gets covered with dint. Thas was the case
for the first BR systiem used at the sne. Eventually the hoses become almost grev in colour, This din
can contamiaie the solenoid and also the humudity sensor. An annual replacement of the hoses for
dinty environments s advisable:
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5. Faulty solenods. Solenoids can stick i which case they do not aliernaie air from one level 10
another. This was the case for the first BR system used at the site. Thas results m smaller de values.
Also, solenods can leak m which case air is taken from one kevel and panly from another at the same
time. This will also cause smaller de values. If a solenoid does not sound o Joud click when
switches, 1 is best 10 have 1t checked in the lsborators. 1t could be that high humidity causes problems
with these solenoids. Solenoids should also be tested m the laboratory for leaks using two air streams
of known but different desw points. Under high ¢vaporative demand conditions. one can observe the
water vapour pressure change ot the end of a two-minute penod. Under high radiative conditions
duning summer afler | Th, the change in water vapour pressure should exceed 0.04 kPac

6 Long hoses. Long hoses that are wrapped up behind the enclosure cause nothing but rouble.
Usually these dangle quite close 10 ground and expenience low temperatures at night (compared 10 f
kept at higher clevations). At night, the air flowing in the hose may thercfore condense. Once there 1s
condensation in these hoses and in the mixing bottles, #t may take days of warm weather for the water
10 completely evaporate. Applying tape 10 the hoses 10 reduce UV degradation in the hose does not
help since then one cannot see the condensation, One way 10 prevent condensation inside the hoses 1s
o msert & constantan wire that is heated to maintamn the air temperature just above the dew point. The
heating could be controlled by the datalogger hased on the measured relative bumidity, Condensation
nside o hose may mean that there 1s hguid water in the maixing bottle as well. If condensation inside
the hose is noticed, one would have 10 disconnect the bottle and remove the hiquid from the bottle and
the inside dried with a paper towel. The bottle should then be rescaled and connected 1o the hoses.
Hose condensation can be removed by first removing the inlet filter and then connecting the bottle end
of the hose to the omlet end of the pump. If one has to have long hoses. it 15 a good 1dea 10 ensure that
the hose is as high above ground as possible and wrapped around the enclosure, Ahernatively, most of
the excess length could be pushed to the inside of the enclosure (where the iemperatures are greater
duc 10 the clectromics), Bener sull, the length of hose needed should be as shon as possible. It 1s
ghwayvs advisable 10 mspect the hosex very carefully mt each visit 10 see of there 15 condensation, Snie
visits in the carly morming should show the condensation either at the bottom of the dangling hose or
mside the enclosure just as the hose anaches 10 the bottle. The change m water vapour pressure for
two or three two-minute periods should be viewed 1o soe if the de values are as expected, Water
vapour pressures close 10 saturation for enther level may indicate condensanon. In addition, it s
sdvisable 10 store the standard deviation of water vapour pressure for both profile levels. Expenence
has shown that during the mght, the standard deviation should be low and approximately the same for
both levels. Large standard deviabions for the one height but not the other is an indication of possible
condensation or leaks. Similarly, the daytime standard devistions of the water vapour pressure for both
levels should be tatrly similar in the absence of condensation or Jeuks:

7. Dinty filters or incorreet filter arientation. Diny filters obstruct the flow of air causing longer times
for air 10 got 1o the bontles. The filiers need 1o be onented so that the smooth side is exposed 1o the
sensor und the coarse side 10 the incoming ur;

X, Thermocouples. At every thermocouple conncction point, crrors can result. Unlike the water vapour
pressure measurements, these errors are “invisibic” in the sense that the measurements themselves give
no clue that something s amiss. There are two connecting points for the fine wire thermocouples.
Insulation can be used 10 cover these connecting points and then alummum used 10 cover the
msulation. This method ofien reduces iemperature measurement errors if there are sudden changes in
temperature. At the datalogger end. the panel for covering the connecting channels should be used.
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Both the 21X and the CR23X have connccting strips (insulation covered by metal). These should be
used whenever BR lemperature measurements are made. As a last resort, a large piece of Prestk could
be used 10 cover the arca where the thermocouples are connected 10 the datalogger and the Prestik
covered with aluminium foil;

9. Cobwebs on thermocouples. These are a problem since they affect the measured profile arr
temperatre differences. Also, care 15 needed when removing cobwebs since the thermocouple 1
casily broken, The Bowen o manual recommends the use of dilwe hydrochlone acd washing
followed by distlled water washing 1o remove the cobwebs:

10. Viewing the temperature measurements at the datalogger display is advisable. Thete have been
cases where the thermocouple looks mtact but does not make electrical contact with the thicker metal
post. Very carcfully pushing on the thermocouple with a small wooth pick will show if it is joined there
or not. Care 15 needed 10 avoid damaging the thermocouplie with this procedure.

1. Broken'dinty net radiometer domes. The top domes need 1o be mspected using a ladder 1o view the
sensor from sbove for close-checking for small cracks i the dome or removing excessive din. Cracks
in the dome let water on to the sensor which can discolour it and change the calibration factor
irreversibly. Disulled water and a camel hatr brush should be used 10 ¢lean the dome:

12, With some 21X dataloggers, the program causes the pump 10 switch off at some time afier sunsct
This can be prevenmied by removing the call 10 subroutine (at the end of datlogger Table 2). The
consequence of this s that the svstem does not suspend when batiery voliage goes low,

It should be possible 10 use a CR10X datalogger as part of 2 Bowen ratio svsiem. Care however i
needed with regard to ensuring that the reference thermistor used 18 very well insulated so as 10 not
compromise the reliability of the air temperiuture profile measurements;

13, The soil heat flux measurements are crucial. panticularly for short vegetation, since they define the
calculated sensible hewt and latent energy. Stannard ¢t al. (1993) recommended that @t least three soil
heat flux plates were required for their heterogencous terram measurements, Care 1s needed 1o ensure
that the correct depth placement 1s used.

L.5.1.5 Conclusions

From the avatlable data, enher the Visala HMPASC or the CS500 can be used to replace the Dew-10
cooled mirror hygrometer sensor of a BR system. This replacement makes the BR sysiem much
cheaper with hitle anention required by the humidity sensor compared 10 the Dew-10 sensor. The
issue 1s the Vatsala air temperature and water vapour pressure variability during the last 80 s of cach
2aun penod. The Visala sensors show more noise that the Dew-10 water vapour pressure but the
20-min averages of the profile water vapour pressure difference compare well with the comresponding
Dew-10 measurements. Funther madifications could include increasing the equilibration time from
40 5 10 60 5 and using 4 finc-wire thermocouple 10 measure the temperature of the airsircam

4.5.2 Analysis of wind direction

Besides the investigation on a replacement for the Dew-10 sensor of the BR svstem, an analvsis of
wind dircction ympacts 1s needed before comparisons botween sensible heat flux densiy for the
different measurement methods can be made.
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When viewed from the transmitier. the receiver position was 20" W of compass N (Fig. 3.1), almost
from S to N. For this location, the magnetic dechmation for compass N 1s 227, In other words. compass
Nois 22°'W oof true N All dircctions were referenced in degrees from compass N in an anticlockwise
direction. Winds exactly perpendicular to the beam correspond 10 a wind direction of 110 or 290"
from compass N. Wind directions between 90 and 1807 and batween 270 and 3607 were rare. Winds
paralic] 10 the beam ¢orrespond 1o 8 wind direction of 20 or 200° from compass N. Wind dircetions
corresponding 10 the 0 10 %" sector sometimes were the result of Berg winds and also correspond 10
wind for the residential area including trees. For the 0 10 90" sector, the main wind direction s about
507 and 215" for the 180 10 270" sector.

Since wind direction for this site s highly varable, the following conditions were used 1o define
wind perpendicular and parsliel 1o the beam:

paralicl 1 beam: wind directions between 330 and 30 degrees or between 170 and 230 degrees.
perpendicular 10 beam: wind directions between 80 and 140 degroes or between 260 and 320 degrees.

In other words, wind directions within 30 degrees of the directions corresponding 10 exactly parallel
(20 or 2007) and perpendicular to the beam (110 or 2907)

4.5.2.1 Daily wind vector analysis

Sub-hourly wind speed and wind direction from micasurements from the ECAT 3D sonic anemometer
system (Fig. 3.1), for every two minutes. can only be presented for window periods. A wind direction
perpendicular 1o the SLS beam results in SLS measurements representing o much larger footprint arca
than f the direction 1s paraliel 10 the beam. Imtial impressions were that the mam winds dunng the
day were from the SE.

The daily (06R00 10 I8H00 only) wind speed and wind direction values were caleulated from the
two-minute values, of the honzontal wind speed U and wind direction 8, referenced 10 N and
anticlockwise from N, using vector algebra:

. =u=(SU cosB) n

W, =v=(SUsind) n

e e ey e

U=, ¥ u, )
) t!’l’lin(l—l- ;-'

where # ts the number of acceptable two-minute measurements between (6hO0 and 18h0. The polar
diagrams. for day of year 28 10 276 (2003), together with the resultamt wind vector for the 0 10 907 and
180 10 2707 sectors, are shown (Fig. 4.13), Clearly, duning the daytime hours, the wind vector wind
direction, referenced 1o compass north, 18 generally SE (180 to 2707) (Fig. 4.13a) but sometimes from
the NW (0 10 90"). The strongest winds were from the 20 10 530° directions. The magniude of the
largest durly SLS sensible heat densaties occurred when the wind direction was between 240 and 2707
(Fig. 4.13b) corresponding 10 an upslope flow of air (anabatie flow). The difference between SLS and
ECAT sensible heat densinies as a function of wind vector wind direction s larger for the 0 1o 60" wind
direcuions (Fig. 4.13¢) mdicating that the EC and SLS sysiems may be responding 1o different
footprints for these wind directions. Generally however, for most wind directions, 1t would appear that
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Fig. 4.13 Polar diagrams for daytime (06h00 1o
I18hO0) measurements of:

(a) wind speed (m +”) and wind direction (for
the period day of year 48 10 283, 2003);

(b) SLS sensible heat density (MJ m™) and
wind direction:

(¢) for SIS and ECAT sensible heat density
difference (MJ m ™) and wind direction.

The two arrows in cach of a, b and ¢ show the
resultant wind vector for the O to 90° and 180
10 270% sectors for the entire measurement
period for day of year 48 (o 283 (2003)

both the ECAT and SLS systems were similarly affected by the vanous wind directions expenenced
duning the measurement period.

4.5.2.2 Two-minute wind vector analysis

Wind direction detals for selected days are presented in Table 4.3, The two-minute wind direction
measurements, referenced 10 compass north, were mvestigated i more detail for these days 10 solate
periods for which the wind direction was perpendicular to the beam and davs for which the wind
direction was parallel 10 the beam, The display of wind speed and wind direction for these days are
shown for the selected davs (Fig, 4,14, 3 10 ¢), The x-axis shows the tme in minuies for a panicular
hour shown on the yv-avis. S, for example, a pomnt with x = 30 and v = 13 would correspond 10 13030,
The wind speed 15 indscatod by the length of cach arrow. An arrow from nght 10 lefl corresponds to S
to N and an upward pointing vertical srrow corresponds 10 W o E

On some of the days chosen. the wind direchion appeared 10 be random (day of year 127, 2003 for
example). On other days, the wind direction was regarded as being perpendicular 10 the beam (day of
vear 187, 2003 and day of vear 5. 2004 for example). On dav of vear 186 (2003) the wind direction
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Table 4.3 Wind direction details for selected dayvs. When viewed from the transmitter position.

the SLS beam pointed approximately 20 degrees W of compass N (Fig, 3.1)

Year | Day of Wind diree C
R S - . —— . —
003 127 | Varable | \la\lmum air temperature = 26,0 °C
156 NW (1000 1o 10h20); m-ml\ SW Not perpendicular o the beam
HHTHhOO 10 15hO0); mostly S (15h00 10 Maximum air temperature = 17.7°C
. 160205 N (16h20 10 16h50) | B
I87 Mostiv E (13000 10 16100) Maostly perpendicular 1o the beam

Maximum air iempersture = 17.7 °C

278 Mostly NW; W between 14hs0and  Not perpendicular w the beam: Berg wind

I5h30; SE between 15h30 and 16h430 condinons
A and S or SE afier that . Maximum air tempersture = 358 °C
04| 5 | E Day with the most consistent wind direction:
\ always perpendicular o beam
Maximum air temperature = 31.3 "'C
W . Day of year 127 (2003)
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Fig. 4.14 a to ¢ Wind direction for selected days. A horizontal arrow from right 1o left is S-\.
The orientation of the beam is shown by an arrow from the transmitter (T) to the receiver (R)
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was parallcl 1o the beam for some of the time and pempendicular kner. These graphs, for the differem
davs. demonstrae the vanabilny in wind dircction from one day 10 the next and indeed in some cases
from one 2-min time persod 10 the next,

In retrospect, the anginal beam position chosen was 8 good one with many days with the wind
direction perpendicular 10 the beam and seldom parallel 10 the beam,

For day of year £ (2004), the wind direction was consistently from the west, corresponding 10
perpendicular w0 the beam. Fortumaely. for thes day, measurements from all four measurement
methods were made (BR. EC. SLS, and SR). These are reporied on later,

When winds are near-paralle] 10 the SLS beam, the SLS method no longer has the advantage over
the BR and EC methods than would be the case if the winds were perpendicular to the beam. When
perpendicular 10 the beam, the main advantage of the SLS method is the line-averaging capability of
the point measurements. An hvpothesss (Green et al. 1997) therefore is that for winds paraliel 10 the
beam, that is roughly from the N or from the S, there should be greater comrespondence between SLS
and EC sensible heat measurements

Correspondence between 2-min sensible heat flux density for the SLS and EC methods for the five
days sehected s shown (Fig. 4.15). The upper horizomtal trace for each day indicates periods when the
wind wiss regarded a< being perpendiculiar 10 the beam and 1the lower when the wind is parallel to the
beam. 11 anything. there appears 10 be poorer correspondence between the SLS and EC sets of
measurements when the wind is paraliel 10 the beam (day of vear 127 (2003) and 278 (2003) in
Fig. 4.15, for example). On day of vear 5 (2004), when the winds were almost always perpendicular 1o
the beam. there s good correspondence between SLS, EC and (20-min) BR estimiates of sensible hea
flux density,

Between Januany and the end of March 2004, 535 "o of the dayiime hours (06h00 10 18h00) had
winds perpendicular to the SLS beam compared 1o less than § %6 of the time for winds parallcl 1o the
beam. This situation 1s however seasonal - with almost 9 %y of the daviime hours consisting of winds
paralle! or perpendicular 10 the beam for the penod Apnl 10 end August 2004,

4.5.3 Footprint analyses

The footprint of the sensible heat fus density measwrements would affect the measurement
comparison between the different methods. The footprint calculations included the peak location of
the foorpnint x _ (Eq 4.49), the ratio of the flux density Fix.z, ~d ) 10 surface source flux density
S (Eq. 4.30), the footphint calculations (Eq. 4.51) and the 90 % fetch 10 measurement height ratio
(EqQ. 4.52), These caleulanons are stabiliny dependent v the Monin-Obukhov length L (m) (in turn
dependent on SLS-measured foction velocity and sensible heat flux density, Eq. 2400 and the
similarity parameters [ and P ol Eq. 4,45 from the model of Hsich et al. (2000). Similarity parameters
D and P are determined by the atmosphenc stabiliny condiion and for this determinution. as
mentioned in Section 2.1 1.6, we used the DeardorfY (1978) set of definitions of atmospheric boundary
layer stability, repeated here for convenience and extended 1o a surface with a zero plane displacement
herght o

unstable, conveetive (- =d) L< .5
utstable ~03 S (=2 =) L < ~002

neutral 002 € (=) L<OD2
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Fig. 4.15 Two-minute variation in SLS and ECAT sensible heat flux density for selected periods
for which the wind direction is predominantly perpendicular (indicated by the upper trace
labelled "Perpendicular™) or predominantly paralicl 1o the beam tindicated by the lower trace
labelled "Wind parallel to beam™). For day of vear £ (2004), the 20-min BR measurements
obtained using a V aisala HMPISC sensor are also shown,

The effective beam height was approximately | m and the beam path length is 101 m. Winds
perpendicular or parallel 1o the beam are defined as winds within 30 degrees of perpendicular
or paralicl to the beam position

stable. continuous 002 < (= ~J)/ L <O
und stable. sporadic (z )/ L > 02

All calculotions were performed cvery o minutes. An important reminder here about the defimimon
of the MO length L: 1t 15 the beight above o at which free convection dominates.

Data for davs that were relatively cloudless apan from those in September 2003 were chosen for
graphical display, The days chosen covered a mange of atmosphenc stabiity condimons. The wind
direction data for three of the days selecied are shown in Fig, 414, Of particular note s that as v
mcreased (Fig. 4.16). the atmospheric condinon changed from convectively unstable 1w stable.
Furthermore, the more unstable the conditions, the closer was the peak location of the footpring 10 1the
measurement position. For convectively unstable conditions, the v values were wathin metres of
the measurement posiion of the SLS beam. The measurements of sensible heat flux density were
therefore fairly localised compared 10 measurements for which x values were greater for these
comvectively unstable conditions,
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based on 2-min SLS measurements of the Monin-Obukhov stability length L. horizontal
distance x (m) from the messurement positions, beam  height relative to the zero plane
displacement height @, and the stabilits-dependent similarity constants 2 and P of Hsich et al.
(2000). The peak location of the footprint x ., (m) is shown for cach date as is the stability
condition. The x__ value used was the average of the 2-min x__ values between 09h00 and
15hoo

(b) Bottom: Comparison between the ratio of the Nuy density Fix.z_ - d ) 1o surface source flux
density S (Eq. 4.50) for selected days based on 2-min SLS measurements of L
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The final footpeint calculation 1s the 90 %y fetch 10 measurement height ratio, estimated using Eq.
432, and shown for four davs (Fig. 4.17). The dynamic nature of stability 1s evadent on these days and
i fact on most days. These are many cases where atmosphenc stability changes from convectively
unstable to stable from one 2-mun period 10 the next. The data shows that it is more often than not that
the 100:1 fetch to measurement height ratio i 100 stringem

Based on the 5, estimation, onc trend that has emerged s that the general stabiliny condinon for
the @ am 10 noon hours s not the sume as that for the noon 10 3 pm penod. For much of the time. or m
least for 75 s of the 9 am 10 3 pm penads, the x, . values in the moring are less than that for the
afternoon (Fig. 4.18). Referring 10 Eq. 4.49 for the estimation of the location of the peak footprim,
shows that for unstable conditions for which P =039, lurper 1 values correspond 10 greater L
values which in tum corresponds 10 greater (= - o) L values when L is negative or corresponds to
increased level of stability, Greater instability in the peniod 09000 10 noon than between noon and
15h00 15 a significant finding since the v, estimate affects the footprint, F'S, and the 90 % fetch 10
measurement beight ratio. The 90 %o forch 10 measurement height ratio difference between morming
and aftermoon hours may impsct on measurement comparisons between the different technigues
particularly when comparing a hinc-averaged measurement of sensible heat flux density with a poim
measurement. Funhermore, the diumal shape of the sensible heat flux density curve may be
asymmetnical given that morming hours are gencrally more unstable than are afternoon hours. By
comparison, the asymmetrical nature of the diumal sensible heat flux density curve 1s shown in Figs
419 and 4.20. The asvmmetrical shape of the diumal sensible heat flux density cunve for EC
measurements, shown by the open circles in the botom night of Fig. 4.20, s not as notceable due 10
the vanability of the point measurements

4.5.4 Flux comparisons

4.5.4.1 Averaging periods

The averaging peniods for the various measurement systems are two minutes for EC. energy balance,
reference evaporation, SLS and SR systems. 20 min for the BR system and 30 min for the open path
EC system (ECopen). The 2-min averages are casily scaled to 20 min, 30 min and daily time intervals
but the reverse is not possible,

4.5.4.2 EC (2-min) vs EC (20-min) sensible heat flux density comparisons

The EC wechnique 15 often regirded as the standard for flus measurements apainst which all
comparisons of sensible heat flux density are usually made. Initally, EC measurements were made at
intervals of 20 min using the CA27 EC system consisting of a 1-D somic anemometer and a fine-wire
thermocouple. A field experiment using two EC systems was conducied with one svsiem performing
the covariance every 20 min and the other every 2 man. The 2-min sensible heat flux densities were
averaged over 20 min and compared with the flux densiies determined for the 20-min time peried
(Fig. 421). The comrespondence s good and this panly justifies using the 2-min time penod for the
EC method,

4.5.4.3 EC and SLS 2-min senxible heat flux density comparisons

Generally, the agreement between 2-min SLS and ECAT sensible heat flux density values, as depicted
by diurmal varations, was very good (Figs 422 and 4.23) This s in spite of the SLS vielding
path-averaged measurements and the ECAT value essentially viclding poit measurements, differom
footprints for the SLS and ECAT measurement techniques, and the different measurement heights
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(Eq. 4.52) for three relatively cloudless days (5 Jan 2004, and 6 and 5 July 2003) and one partly
cloudy day (2 Sept 2003). Days with the lowest ratios have the greatest instability, S Jan 2004
for example, and days with the highest ratio. 2 Sept 2003 for example, have the greatest
stability. The points are the 2-min values based on SLS estimates of L and the consequential
stability state
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Fig. 4.18 The difference in the average x, . values between 9 am to noon and noon 1o 3 pm for
two Y0-day periods where # is the number of points for which there is a positive or negative
peak Jocation difference. The x . values were estimated using Eq. 4.49 and are based on
estimations of L from SLS measurements and the stability-dependent similarity constants D
and £ (Eq. 4.45)

(Table 3.2). The ECAT pomt measurements show a marked vanation from one 2-min measurement 10
the next whereas there s o much reduced varmtion in the corresponding linc-averaged SLS
measurements. The correspondence between the two measurement methods s improved on most days
under conditions when there is reduced tarbulence, paricularly on uniformly cloudy days and times
before 10 am and afier 2 pm (Figs 4.22 and 4.23), On some days, the SLS measurements were about
midway between the ECAT highs and lows (for example, day of yvear 61 and 62 of Fig. 4.22 and 86 of
Fig. 4.23) but for other davs, the ECAT measurements were sometimes greater in magnitude than the
SLS measurements (for example, day of vear 72 to 74, 2003 of Fig. 4.235) and yet smaller in
magnitude for other days (for example day of year 47, 54 and 70 of Fig. 4.22). There no evidence for
8 consistent underestimation in sensible heat measurements by the EC methed compared 1o the SLS
measurements over and extended period of time. Furthermore, there is no evidence 1o indicate that the
mcorreet effective benm hetght input was incorrect (Cam ¢t al, 2001). An incorrect mput would have
causcd a comsistent overesumation or underestimation in the SLS sensible heat measurements
compured 10 EC measurements: the results of the error analysis (Section 3.5.2.4) showed that &
fractional error in the beam height of § *u would result in & sensible heat flux density fractional ermor
of 4%

4.5.4.4 Two-minute latent energy flux density estimates using EC and SLS methods and the soga of
positive latent energy

Latent energy flux density L £, (W m™} is estimated using the shortencd encrgy halance as a residual
erm;

LF ==l -F-F. 436
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Fig. 4.19 Divrnal variation in 2-min values of SLS-measured sensible heat flux density £ for
four ncar-cloundless days: day of vear 15, 54, 62 and 68, 2003, The asymmetrical shape of the F,
curves are evident on most cloudless days. The other components of the encrgy balance, /..
L.F,und F_, are shown

Genenlly. L F. <0 W m~ during davtime hours. and this corresponds 10 evaporation, excepl for
when dew. mist or min occurs, However, positive L F values, as estimated from BR. ECAT and SLS
measurements of sensible heat flux densaty, have been noted during daytime hours and this deserves a
closer examination. These positive L F, values would correspond 10 o downward flux of laent
enerpy Mux density which in tum implies condensation. This would scem 10 be impossible given that
all other environmental conditions such as high solar imadiance, moderate wind specd. moderate
relative humadny, imphics that evaporanon should be occurnmg. The 2-mn estimates of reference
evaporation for these environmental conditions result in evaporation and not condensation. However,
overnding larger turbulent flows may be the cause of this downward direchon,
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Fig. 4.20 Diurnal variation in 2-min values of SLS-measured sensible heat flus density £, for
four near-clondless days: day of year 71, 110 and 111, 2003, The asymmetrical shape of the F,
curves is evident on most clondless davs, The other components of the energy balance, /. LF,
and F_ are shown, The bottom-right graph. a repeat for day of year 54 (2003) also shows the
2-min ECAT sensible heat flus density measurements

From Eq 4.36, it is noted that for positive L £ values. implying condensation or an energy gain
ut the surface

-F, >l +F_ 453

In other words, the magnitude of the sensible heat flux densiny exceeds the svailable energy Mlux
density /_ + F__ . This sttuation could arse if there really is a downward flux density corresponding
10 condensation or if there ts an unaccounted for term such as advection contributing 10 the energy
balance, or If one or more of the encrgy balunce components are in error, or if there are
counter-gradient luses. Counter-gradient {luses (Deardord]l 1966) appear 10 contrudict Fick's Law
(Eq. 2.6, for example) since under counter-gradient fluxes, negative 77 ' 7z (air temperature gradient)
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Fig. 4.21 A comparison between EC sensible heat Mluy density (CA2T svstem) measured using a
20-min average and two-minuie averages then averaged (o 20 min

values result in positive F, values. Thas mmplies a Nux from cold 10 hot instead of the expectied hot o
cold. As the Amencan Metcorological Socicty Glossary (2000) explams, while this appears to violate
a law of thermodynamics thar states heat flows from hot 10 cold, those laws are found not 10 be
violated when nonslocal motions (air parcels moving across fimte distances) are considered. Flux s
not caused by, nor related to, the local gradient when coherent structures are present. The Glossary
defined cobherem structures as: "Three-dimensional regions in a turbulemt flow with charactenistic
structures and lifetimes in terms of velocity, temperature, etc., that are significamly larger or
longer-lived than the smialiest local scales.”

An exammation of the 2-min data collected dunng 2003 show that there are occurrences for which:

~(F.),, >1_ +F_ [equivalemto(L F ), >0Wm~]

and or “AF )y, >, < F_, lequivalentto(L, F, )., >0Wm~]

(EqQ. 4.53) the result of this examination 15 shown in Fig. 4.24: about 40 %, of the positive values are
less than 15 W m™ for both ECAT and SLS 2-min measurcments, while the SLS method has about
20 %4 more occurrences, the ECAT measurements only commenced on day of vear 46, 2003 and the
EC measurements were suspended between dav of vear 227 and 243 (Table 4.2). The data sot used
also mcluded the davtime dew /'mist raim events,

An examination of the 2-min mir temperature gradients, collected since day of vear 229 (2003),
showed that positive wr temperature gradients were rare - usually only occurring in the presence of
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Fig. 4.22 Diurnal variation in Z-min sensible heat fluy density as measured by SLS and ECAT
svstems for a period of 24 consecutive days (day of vear 47 to 70 or 16 February to 11 March,
2003). On some of the days, ECAT measurements were not performed. Also, occasional power
disruptions prevented ECAT or SLS measurements
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Fig. 4.23 Diurnal variation in 2-min sensible heat Mux density as measured by SES and ECAT
svstems for a period of 24 days (day of year 71 1o 94 or 12 March to 4 April, 2003)
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Fig. 4.24 Histogram plots of the percentage frequency (left-hand yv-axis) and number of
occurrences (right-hand yv-axis) of positive 2-min latent energy flux densities for the 2003 data
set for ECAT and SLS measurements. The histogram lmits used were < 15 W m”, between 18
and 30 W w7, between 30 and 45 W m”, etc. up to 135 10 150 W m”, The total number of
occurrences was 338 for SLS measurements and 2638 for ECAT measurements

low net irradiance and or dew/mistraim. Days for which there were large changes in net irradiance.
day 320 (2003) for example. show large changes in air temiperature gradient and air 10 measured
infrared temperature (IRT) differentials but these differentials seldom change sign (Fig 4.25, 10p two
curves). This however does not mean that counter-gradient fluxes do not occur since the measured
Nuxes could indeed be opposite 1o that expected by Fick’s Law, Counter-gradiem fluxes occurred on
day of vear 274 (2003), Fig. 4.26, agam assocuted with a reduction i solar imdiance.” Imerestingly.
the air 10 canopy temperature differentials did not illustrute the counter-gradient fluy but the profile air
temperature measurements using the 75-um dameter thermocouples did. Of particular note m

| The role that clouds play in modifving the surface solar irradiance his been investigated by Gu @
al. (2001). They used a spectral analysis. Two temporal regimes were shown 1o modulate the
surface irmadiance by clouds, They reponted on a convective mesascale of tens of minutes 10
hours and a turbulem scale of several minutes, Paw U ¢r al, (1992) reported on orgamised
temperature ramp patterns for flow above and within agncultural plamt canopies. They noted that
such patterns have been seen for all stabilities in traces of awr 1emperature, water vapour and
carbon dionide. They postulated that ramp-like patterns are associsted with the presence of
turbulent coheremt structures that occur much of the time in the lower boundary laver. They did
not discuss the possible role that solar imadiince may play in creating wrbulent coherent
structures - the data of Figs 4.25 and 4.26 scems 10 show this
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Fig. 4.25 Bottom: The variation in the 2-min energy balance components and solar irradiance
for day of year 320 (2003) before. during and after a large reduction in solar irradiance. Of note
is the positive latent encrgy flux densities after the reduction:

Top two graphs: The variation in the air and IRT and the air profile temperature differences
showing that a change in sign doe 1o the reduced solar irradiance did not occur
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Fig. 4.26 Bottom: The variation in the 2-min energy balance components and solar irradiance
for day of year 274 (2003) before, during and after a large reduction in solar irradiance. Of note
is the positive latent energy Nuy densities after the reduction:
Top two graphs: The variation in the air and IRT and the air profile temperature differences
showing s change in sign due to the reduced solar irradiance
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Fig. 4.26 1 the excellem comrespondence between sensible hear flux density measured using ECAT
and SLS methods. Both methods were able 1o detect the positive sensible heat valoes,

The data shows that of the total set of positive latent heat values. they most ofien occur followmng a
transition from a high net irradiance condition 10 4 lower value due to cloud (Figs 4.25 and 4.26). For
example for day of vear 320, 2003 (Fig. 4.24). there was a rapid reduction in solar irradiance over 10
min following a retum 10 almost the same irradiance. Both EC and SLS measurements were in phase
with the net imadiance changes but the soil heat measurements showed a slower response. One would
expect that the soil iemperature and soil heat measurements, at a depth. would be ligged. Hence, of the
magniude of F_ does not change much, the available energy flux density would decrease by much
more than that expected with the possibility therefore that -F >/ <« F . Howewer, given the
magnitude of the soil heat flux density, rarcly greater than 200 W m . the positive latent energy
amounts assocusted with sudden and rapid reductions m net irradance cannot be atinbuted only 1o a
lag of the soil measurements. The net irradiance measurements are also lagged but only shightly siee
the time constant, which refers 1o the time tahen for the net mdiometer 10 respond 10 63.2 % of a
change in the actual net irradiance, is given by the manufacturers as approximately 30 s,

As expecied, whenever there is a decresse in net irradiance /. the esuimaied latem energy flux
density L F_ increases see L F, s estimated wang L F, s~/ ~F - F__ (Fips 425 and
4.26).

Counter-gradient fluxes are probably not casily noticed in practuise if averaging periods of the order
of 30 mun or longer are used. The longer the averaging penod, the greater the chance that the high and
low magniudes of the sensible heat Nux density, for example, are averaged, Even with the 2-nin data
collected here. the counter-gradient events were not immediately obvious.

To summarize: given the good agreement between the 2-min EC and SLS sensible heat flux
density, the estimates of latent encrgy arc also in good agreement as a result of invoking the encrgy
balance. Positive ket encrpy fluxes were detected and 1t s unlikely that these are due 10
measurement method error, Unforunatcly, we did not perform 2-min profile measurements of waler
vapour pressure 10 confirm that these Isent energy Muxes were not counter 10 the profile gradiens.

4.5.4.5 SLS and SR 2-min sensible heat flux density comparisons

The SR measurements, which rely on an unshiclded 735-um fine-wire type-F thermocouple and high
freguency measurements of air temperature (10 Hz when using a Campbell CR23NX. 21X or CR5000
daalogger) and X Hz when using a CRIOX logger, wend 10 follow the SLS 2-mm measurcments of
sensible beat flux density (Frg. 4.27) Almost 2 month of data showed fur correspondence with some
scatter but a slope close 10 unity (Fig. 4.28). Duc 10 the varation exhibued, SR measurements should
be resineted 10 20- or S0-mun averages for this size thermocouple. Very few of the mghime SR
measurements could be used.

For the future, the influence of the following needs 10 be tested: measurements above different
surfaces: 25-um w 75-pm diameter thermocoupies: measurement frequency on estimated sensible
heat flux density; optimum height above soil surface.

The SR rechmque appears 10 have comiderable promise for the measurement of hourly sensible
heat Nux density, The main advantage of the technigue is that it s extremely cheap and set-up time s
less than an hour, A two-channel datalogger (one channel for reference temperature and one for the
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Fig. 4.27 Diurnal variation in 2-min SR and SLS sensible heat flux density for three consecutive
days. For the SR measurements, a frequency of 10 Hz and a 75 um type-E fine-wire
thermocouple was used
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Fig. 4.28 Comparison of 2-min SLS and SR sensible heat flus density for the period 21 st Oct 1o
17 th Nov 2003, The SLS beam was at 1.5 m above the soil surface und the SR thermocouple was
at a height of 0.8 m
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thermocouplie). an enclosure. the thermaocouple and a support arm and stand are all that is required for
the techmique. The capability of performing the on-line caleulations is required (Egs 4.11 forn =2, 3
and £),

The muin disadvamtage of the SR techmque 1s that the fine-wire thermocouple can casily be
damaged and collect din. particularly cobwebs. Dew, mist or ramn on the thermocouple mvahidates
measurements, Dew, mist or ram events may also affect BR. ECAT and SLS measurements, Another
desadvanmage » that gt presemt real-ime SR sensible heat messurements are not possible bt with
improvements in datalogger capabilitics, that may change.

4.5.4.6 BR, EC, SR and SLS 20-min sensibie heat and latent energy flux density comparisons

Rehiable BR measurements were only collected in the second half of the project. commencing i
January 2004, Previously, in Section 4.5.1, we reported on the suitability of the Vaisala HMP4SC and
CS300 qir temperature and relative humidity sensors as an alternative 10 the Dew-10 cooled dew pomt
mirror hyvgrometer The BR measurements reported on here are from mad-Jan 10 kste June 2004,
Routinely. we used a 20-min averaging period although there huve been reports on using a time
imerval shoner than this. The 2-min EC and SLS measurements were scaled 10 a 20-min time imterval,

The atm of this scction 1s 10 cstablish the credibilnty of the SLS sensible heat measurements agamnst
the BR measurements although compansons of BR vy EC and BR vy SR measurements would be more
appropriaie smee then poant-measurements would be compared.

For casy companson of the duta, temporal plots are used 10 allow for visual compansons for a
range of weather conditions, For convemence, net srraduance and sotl heat flux density as well as the
BR. EC. SLS and SR flux densitics are displaved. So as to scparute out the conves for a particular
graph, different y-axis and second yv-axis scales had to be used. Since the data set is large, only four
contrasting davs were used for displaving the data (Fig 4.29 for scnsible heat flux densiny
comparisons and Fig. 430 for latent encrgy flux density comparisons). Two of the davs were near
cloudiess (lower two graphs of Figs 4.20 and 4.30) and two of the davs had wadely varying net
iradiance conditions (upper two graphs of Figs 4.29 and 4.30),

On day of vear 5 (2004), the wind direction was almost perpendicular 10 the SLS beam for the
entire day (Fig. 4.14). There was remarkable agreement among all measures of the 20-min sensible
heat flux denmsity measurements for this day (Fig. 429, bottom Jeft) The two BR measurement
methods (using the Vaisala HMPISC and Dew- 10 sensors) agroed with cach other and the SR method,
based on measurements at a height of 0.8 m also showed good agreement. 11 anything. the BR method
appeared 10 underestimate the sensible heat in the carly morming and overestimale just afier 12 noon.
The agreement for duy of vear 78 (2004), also almost cloudless (bottom night. Fig. 4.29) does no
appear as good but notice the expanded scale for the Jefi-hand v-axis. Again, the two BR methods
track each other very well indeed. The SLS measurements hie between the lowest (EC in the morning
and SR m the afiernoon) with the BR measurements being the greatest for most of the day.

Chapter 4 Evaporation measurement comparisons: scintillometry,
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Fig. 4.29 Diurnal variation in 20-min sensible heat Nuy density for two cloudless days
(lower set of graphs for day of vear 5 and 78, 2004) and for two days with variable cloud
(upper graphs for days 19 and 22, 2004). The variation in sensible heat flux density for all
techniques used are shown, including the net irradiance (right-hand y-axis) and the soil
heat Moy density (left-hand v-axis). The height of the SLS beam was about LS m above the
soil surface and the SR measurement was at 0.8 m. The BR arm heights were at L35 m
and 1.96 m above the soil surface
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Fig. 4.30 Diurnal variation in 20-min latent energy flus density values for two cloudless
dars (lower set of graphs for day of year 5 and 78, 2004) and for two days with variable
cloud (upper graphs for days 19 and 22, 2004). The latent encrgy flux density was
estimated as @ residual from the encrgy balance. Also shown is the net irradiance
(right-hand v-axis) and the soil heat Nux density (Jefi-hand v-anis), The height of the SLS
beam was about 1.5 m above the soil surface and the SR measurcment was at 0.8 m. The
BR arm heights were ot 155 moand 2,96 m above the soil surface
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4.5.4.7 EC and SLS 30-min sensible heat flux density comparizons

A comparison of SLS and EC (two EC sysiems. one of them pant of an open path EC system)
estimates of sensible hea flux density are shown for dav of vear 54 10 60, 2002 (Fig. 4.31)1. Some of
the data shown includes 1est penods of the open EC system. There is reasonable ugreement between
the two EC systems. Sensible heat {lux density comparisons between measurements from a second
independent 3-D sonic system and the SIS system are good (Fig, 4.31). The vanation that the 2-min
EC measurements exhibited (Figs 422 and 4 23). has now been removed by the 30-min averaging

4.5.4.8 SLS and EC sensible heat density comparisons (daily values)

The 2-min sensible heat measurements were scaled 10 dutly 1tals. In this secion. the emphasis is on
the daily encrgy density (MJ m ) values (06H00 1o 18h00) for the peniod day of year 2K w 283 (2003)
corresponding 10 28 Janvary 10 10 October. We report on the sensible heat densities. the net radiam
densities. the soil heat densities, the avatlable energy densmies (sum of sensible and latent energy
values) as well as the latent energy densities calculated from the net mdiant and available energy
densitics.

The comparnison between datly EC measurements using the EC system that was part of the open
path system (ECopen system, 150 mm sonic path, half-hourly measurements summed for cach (6h0
10 18W00 measurement penod) and an adjacemt FC measurement system (ECAT, 100 mm somic path,
two-mimute measurements summed for cach 06h00 10 18h00 measurcmem penod) are shown (Fig.
4.32a). The two mdependent EC systems show reasonable agreement (slope = (1931, # = 0.853), Also
shown i the companson between the SIS and FCAT measurements (Fig. 4 32b) The agreement s
reasonable, considening that the SLS measurement system 15 & path-averaging svstem whereas the
ECAT svsiem i & poim measurement system, with the regression line accounting for 87.8 % of the
variation in the measured y-values (slope = 0.896, +* = 0.87%) The energy equivalent needed 10
evaporate | mm of water is shown in Figs 4 324 10 ¢ as 243 MJ m ™. The error mean square of 0.204
M m” (Fig. 4.32b) is equivalent 10 0.088 mm. Of particular note is the positive SLS sensible heat
density value shown (top right of Fig. 4.32b) for a cloudy and cold day (musimum air iemperature of
16.X"C), Also of note is the Jower estimate of SLS sensible heat for large magnitude values (bottom
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Fig. 4.31 Half-hourly sensible heat Nux density measurements for the two EC svstems and the
SLS system for one week. All points represent 30-minute averages between 6 am to 6 pm of the
specified day
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between 180 and 2707 (largely perpendicu-
“ 4 <4 5 B | ¢ lar to beam)
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lefi of Fig. 4.32b) These measurements correspond 1o largely cloudless days. If the measurements are
restricted 10 davs for which the percentage count of good two-mimute data exceeds 85 % (Fig. 4.33¢).
the comparisons are improved (slope = (0L942, ¢ = (L.886). Missing two-minute data results in an
incomplete record and larger (- closer 10 zer0) sensible heat densities. In many cases, the count of
missing twe-minute data wiss not the same for the SLS and ECAT systems and were associated with
rain or dew events or misahgnment of the SLS. The error mean square is 0,188 M) m™ (Fig. 4.32¢),
equivalent 10 0,077 mm

Separating the SLS sensible beat measurements according 10 the 0 10 90" and 180 10 270° wind
directions (Fig. 4.32d. ¢) indicate reasonable agreement with ECAT sensible heat densities (slope of
0.8%1 and 0,926 respectively: #° = 0.773 and = 0,914 respectively) with the 180 10 270" comp-
arisons marginully better. The sensible heat density comparisons for the SLS and ECAT methods were
more variable for the 0 10 90" wind directions (error mean square is 0229 compared 10 0.171 MJ m*
for the 180 10 2707 directions). This is expected since the 0 10 907 wind directions correspond to wind
from ressdential areas including trees and also have the shonest fetch distance

4.5.5 Latent energy density comparisons

Latent encrgy flux density was indirectly calculated, using two-minute data, as o residual from net
irradiance. soil heat and SLS or ECAT sensible heat flux density except for the case of the open path
cddy covanance system ECopen for which it was measured dircetly from the covanance between the
fluctuations m water vapour density and vertical wind speed. The two-mmute data were then
imegrated for the 06hOO 10 18h00 pertods, Data. not shown, indicate that the sum of the sensible heat
and latent energy fluves measured using the open path eddy covarance system ECopen was
significantly less in magnitude than the avatlable energy Mux density, Twine ot al. (2000) reported an
underestimation for both sensible heat and latemt energy fluxes using the EC method. They
recommended a procedure 1o correet the EC measurements. The EC sensible beat measurements
compare favourably with BR. SLS and SR measurements and therefore do not need comrection. Of
note is that Savage ¢t al. (2000) found no evidence for the under-estimation in sensible beat using the
EC methods for a whole range of surfaces: grassland, vineyard, bare soil, forest (pine).

For the ECopen system, the closure ratio was sigmificantly different from | due 10 the poor
comparison between the SLS-estimated latent bem and the open path eddy covarance ntent heat
demsity (Fig. 4.33a) with a slope of 1.094 but with an error mean square of 0.632 MJ m”, and »* =
0.239. Some of this poor agreement mas be due 10 & reponed manufacturer error and some of it due 10
the spattal separution between the sensors causing an underestimate in the covarance. This
underestimation of latent energy density has been reponed in the lierature (Twine et o). 2000, for
example) but the exact cause not clearly identified.

Clearly though, the EC latent encrgy flux measurements do require correction (Mauder et al.
2004). However, these authors warn that in spite of all the corrections apphed, "funher investigations
are necessary because the energy balance still cannot be ¢losed by measurements during the daytime.”

The companson between the ECAT-cstimated and SLS-estimated latont heat densaty, both using
net irradiance and soil heat flux density in caleulatng two-minute lasent heat flux density summed 10 2
day, is reasonable (Fig. 4.32b) with a slope of 1.059, = 0,962 with an error mean square of 0,295
MJ m”, equivalent 10 0,121 mm,

Chapter 4 Exaporation measurement comparisons: scintillometry,
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Fig. 4.33 Comparisons between latent encrgy density in MJ m™~ (taken from the period day of
vear 28 to 283, 2003):

(2) measured using the open path EC system ECopen and that estimated from SLS sensible
heat density, net radiant and soil heat densities:

(b) estimated from SLS sensible heat density, net radiant and soil heat densities and estimated
from ECAT sensible heat density, net radiant and soil heat densities

All measurements were 2-minute measurements summed over 06h00 1o 15h00 apart for the
ECopen system which involyved 30-min measurements summed over 06h00 10 18h00

4.6 Conclusions

1. Laboratory and field measurements showed that for BR measurements, eather the Vinsala CS500 or
the HMPASC capacitive sensor may be used as & replacement for the Dew-10 cooled dew point marror
sensor. Wister vapour pressure profile differences of wt least 0.0)1 kPa, as s required for BR
measurements, were possible with these thin film polymer capacitive sensors.

2. An examination of wind direction demonstrated that the largest differences between SLS and EC
sensible heat densities occurred for wind directions between O and 607 comresponding 1o winds from
residential arcas with a imited fetch. Compansons between SLS- and EC-measured sensible heat flux
density, for selected days, did not appear 10 be affected by differences between wind perpendicular 10
the beam and winds parallel 1o the beam. For the penod January 10 end March 2004, the wind was
perpendicular 10 the beam 35 %5 of the davtime hours compared 10 bess than 5 %4 for wind paralic] 1o
the beam

3. A foorprint analysis, for a shon grass surface, allowed throe keyv parameters to be calealated: the
peak location of the footprint. the footprint fraction itself and the 90 5 ferch 10 measurement height
ratio. For davtime bours. condions were most ofien convectively unstable which resuhied in fetch to
height ratios less than the commeonly accepted 100:] ratio and also resulied m peak footprmt locations
very close. between 2 and 10 m, 10 the pontdine of measurement. The SLS-measured sensible heat

Chapier 4 Exaporation measurement comparisons: scintillometry,
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flux density curves wended to be asvmmetrical. This asvmmetry s hikely due 10 the gremer instability
before noon that in the afiernoon.

4. Two-minute measurements of EC. SLS and SR sensible heat flux density were in good agreement
much of the nme. pantcularly for cloudless conditions. There were however periods for which the
magnitude of the SLS-measurcd sensible heut flux density excecded the measured avatlable hea flux
density. The result was that the caleulated latent encrgy flux denssty was positive, apparently
corresponding 10 condensation. Further examunation showed that some of these events corresponded
1o counter-gradient events dominated by overnding coherent structures of undetermined ongin.

5. Twenty-minute measurements of BR, EC. SLS and SR sensible heat flux density were also in pood
agreement much of the time, particularly for cloudless conditions. No measurement method resulted in
measurements that were consistently greater or larger than the other measurement technigues apan
from the SR method which gencrally resulied in lower sensible heat magnitudes. The ECopen sysiem
underestimated lasent hewt magnitude compared 10 the residual SLS amount estimuasted from SLS
sensible heat, net srradiance and soil heat

6. Daily esumates of laent encrgy density for the SLS and EC methods were compared for a period of
about 250 days during 2003, The 95 % confidence bands for a single predicied value were within
0.5 mm of the regression line and the error mean square was 0.295 MJ m~ or about 0.12 mm.
Statistically, there was no significant difference between the point measurements using the EC residual
method and the Iine-averaged estimate obtained using the SLS method.

Chapter 4 Evaporation measurement comparisons: scintillometry,
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Chapter 5

Estimation of seasonal evaporation using surface layer scintillometer
and eddy covariance measurements

5.1 Abstract

The mamn aim of this rescarch s 1o mvestigate the application of the dual-beam surface layer
seimtiliometer (SLS) and eddy covanance (EC) methods for estimating cvaporation m an open and
mixed grassland community 1 a summer ranfall arca. Evaporstive water loss is often the largest
component of the hvdrological cycle and 15 usunlly calculmed as the remamder 1erm of the soil water
mass balance. Quanufying the total evaporative loss s difficult but necessary for an informed,
objective long-term management plan of catchment arcas. Determunation of 1otal evaporation from a
grussland site in the midlands of KwaZulu-Natal, South Africa (-29.6348" §, 30,4329 E) with an
altitude of 671,32 m with a very shight slope) was carmied omt over eighteen months (mid January 2003
10 June 2003). The measured sensible heat flux density, net irradiance and sotl heat fluy density were
used 10 estimate Latent energy flux density every two minutes. The 2-min estimates were then wotalled
for cach day for the 6 am 10 6 pm penod. The estimates from the SLS and EC methods were averaged
for cach day, The daily values were totalied 1o form a monthly 1otal. The seasonal trend i latemt
encrgy density (evaporstion) and the impact of the mowing and fire treatments over the 18-month
penod is discussed. After the 2004 mowing, the Bowen ratio mnereased significamly. Following the
removal of vegetation, the sensible heat daily total increased and the laent encrgy daily total
decreased. The levels were mamtained for nearly twio months, except for rain days.

Priestlev-Taylor evaporation was a poor estimate of evaporation amounts during this period with
below-average expected ramfall, overestimating the meassured evaporation. The evaporation total of
673 mm for 2003 and 306 mm for the first six months of 2004 exceeded the ramfall totals of $32 and
24X mm respectively. The magnitude of the daily total latent encrgy density tvpically vaned from a
summer maximum of about 12 MJ mi™ (4 mm) 10 a winter season minimum of 2 MJ m”* (Jess than
I mm). The SLS and EC methods were shown 10 be suitable for long-term monitoring of dmly 10l
evaporation and capable of detectng the effects of management fires and mowmng.

5.2 Introduction

One of the most imponant factors affectng water supply from any catchment s the evaporatine loss
from the vegetative community and soil surface. Evaporation is an important part of the hydrological
cycle. This component also appears as a term in the energy balance in the form of Iatent energy.
Vanous techmigues are used 10 measure evaporation and these are discussed in Chapters 3 and 4. The
availuble encrgy flux density defines the sum of sensible heat and lent energy flus density. The
scasonul vanation i svailable energy therefore plavs a crucial role and in pant contributes 10 the
scasonal variation in sensible heat and latent energy. However, other factors define the partitioning of
the available energy.

The mun aim of this chapter 1s 10 present the results of the scasonal measurememts of the
evaporation measurements, s peniod spannmg almost eighteen months. Two treatments imposed by the

Chapter 5 Estimation of seasonal exaporation using surface layver
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farmer ncluded fire and mowing. The grass s used as winter fecd for ammals. One fire treatment and
two mowings were mmposad during the cighteen-month perusd

5.3 Material and methods

Evaporation measurement techmiques included a surface Taver scintillometer (SLS) method and the
eddy covariance (EC) wechnigue. The SLS beam path-length was 101 m and the beam height above the
soil surface was between 1.5 and 1.65 m. The 3-D sonic placement height was 1.45 m until the end of
December 2003 and thereaficr 2.12 m. The details of these measurements are discussed in Chapiers 4
and 5. Details of operations are listed in Table 4.2, For both SLS and EC methods. the measured
sensible heat together with the measured surfuce net irradiance and the soil heat Nux density were
used 1o estimate the luent energy flux densaty. Inntially only two net radiometers were used. During
2004, three net radiometers were used. Between two and five soil heat flux plates were used. The
2-min measurements between 6 am and 6 pm were then 1otalled for cach day. The SLS and EC
measurements were at vanous times cross-checked against Bowen ratio and other EC measurements
of sensible heat. Simce the SLS and EC estimates of sensible heat from the two methods are haghly
correlated (Chapter 5), the two estimates were averaged. The daily latent encrgy density was then
converied into mm units by divading by the specific Iatemt heat of vapourisation. Other measurements
mcluded volumetne soil water content at a depth of 50 mm and the surface reflecthion coefMicient.
Measurements from an automatic weather station were also aviulable.

Ficld measurements were conducted from 14 January 2003 10 August 2004 above an open and
mixed grassland communny in the Hay Paddock arca neighbouring Ashburton and close 10
Pictermaritzburg, South Africa (-29.617° S, 30417 E) with an altitude of 706 m, The average shope
of the study site (Fig. 4.1) 15 1" 15" 10 the SE. To the south of the instrumentation, the site s cxposed
and the slope increases significantly. To the north of the study arca, there 15 a residential arca and tall
trees (Fig 410

The long-term annual rmnfall for Pictermantzburg (South African Weather Burcau data) 1s
028 mm (58 years of data) and the mean maximum and mimimum air temperatures are 24.8 and
12.3 °C respectively. During winter, there is froquent dewfall but frost hardly ever occurs
Management practices included mowing (normally in April cach vear) and burming (in August when
firchreaks ure established and in October).

5.4 Results and discussion

The energy balance components for the entire I8-month penod, for weekly 1otals, are shown
Fig. 6.1. The conversion from the lefi-hand v-axis units of MJ m™ 10 mm of evaporated water s
shown in the top Jefl of Fig. 6.1, The night-hand v-axis shows the cumulative evaporation at seven-doy
intervals and the daly rumfall 1otsls. The three management events (1wo mowing and one fire) are
indicated by arrows. Fig. 6.1 serves as o useful reference and also removes some of the large
variations in latemt energy and sensible heat when a daily ume-step i1s used. The 18-month period s
divided o three six-month peniods with a daily tme-step (Figs 6.2 10 6.4). The x- and v-aves scales
for cach graph are almost the same which cnables comparisons (o be made across the cightcen-month
period. In cach graph, the right-hand v-axis represents the scale for ramnfall and the same scale is used
for the cumulative evaporation for the month depicied. The otal rainfall for cach month is indicated at
the bonom night of each graph. The 1otal recorded rainfall for the period 1 Jan 10 31 Dec 2003 was
532 mm, well below the long-ierm annual nunfall for Pictermantzburg of 928 mm. The 1ol

Chapter 8 Estimation of scasonal evaporation using surface layer
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Fig. 6.2 Seasonal variation in daily sensible heat, latent energy and soil heat densiny (lefi-hand
veanis. MJ m®), cumulative evaporation and daily rainfall (mm) for the period 14 Jan and
30 June 2003, The total monthly rainfall is shown. bottom right of each graph

Chapter § Estimation of seasonal evaporation using surface laver
scintillometer and eddy covariance measurements



176

Theors and practice of evaporation measurement, with special focus on
Savage ef al

SLS as an operational tool for the estimation of spatially-averaged evaporation

LE !

| A {
. | - | tWE
I A
o ' i o % 1 i
o ue o | ! 2
: iy VIV LAY Y
E | ™ g l|! A 1 f | ! :
= o "! = 4 | ’-g
Fi—n il B> Limmediabely | §

- - ] ')
) g Comeap® % Fire aherfie  jat
Py o b ¢
§ | e oo o s | 3
: L ‘M
1-”' o i i - > ;
" '..’. ’ ! = i pl'. ' g
...4 -

T 13 % _.0‘ 131 5

1 ‘_.o'. Riotal A3 - . vt 1

- T “19mm. S il =4 mm

[ . w2 -— .

w (L L s = N b1 ¥4 M1 s ] pa’ b} b2 e -
D of vear (2003 Dhory ol yur 120803)

Fig. 6.3 Scasonal varistion in daily sensible heat, latent encrgy and soil heat density (lefi-hand
veanis. MJ m7). cumulative evaporation and daily rainfall (mm) (right-hand v-uxis) for the
period 1 .Jul and 31 Dee 2003, The total monthly rainfall is shown, bottom right of each graph

Estimation of seasonal evaporation using surface laver

Chapter 8
scintillometer and eddy covariance measurements



Theary and practice of evaporation measurement, with special focus on 177
SLS as an operational tool for the estimation of spatially-averaged evaporation Suvage et al,

1> 1 after mowing -

Mowing ,.« i.;

3 N "i

£ £

% =14
94- : E-l 3
‘. 1 5o W
: 5Ey A
H t B4 A -
: 1t =
2, ‘ 5.!’4 | i
L2 ] -

4 ] 12 1) » " i n W @ “ o « s .
D3 ol veae (2084 Pers af vear (20
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cvaporation for 2003 excecded 673 mm. This 1otal & for the period 14 Jan 10 the end of Dec 2003,
There were also periods for which no evaporstion measurements were made due 10 power problems or
equipment damage due 1o the fire, Condimons during 2004 were even dner with a 1otal ramfall for the
first six months of 248 mm and a total evaporation of 306 mm.

The maximum daily evaporation amount seldom exceeded 5 mm (equivalent 10 a latent energy
density magnitude of Jess than 12.2 MJ m™). In the summer ramnfall months, the cumulative monthly
cvaporation amount seldom excecded 90 mm. corresponding 10 an average daily evaporation amount
of about 3 mm. In winter, the evaporation amounts were extremely Jow, particularly for the May and
June 2004 months. Dunng this penod, monthly evaporstion 1otals seldom excecded 50 mm and daily
evaporation rates were scldom greater than | mm (Fig. 6.4)

The increases and decreases in sensible heat, latent energy and soil heat magnitudes shown
(Figs 6.2 10 6.4) are mainly due to the increases and decreases in net irradiance due 1o clouds affecting
the solar irradiance and the consequential impact on the available cnergy density. During dner
perods, these increases and docreases are less pronounced but still occur. Whike the net imadiance 1s
important in defining the available energy. the partition of thes nto sensible heat and latent encrgy is
dependemt on a range of factors includimg soil water availability, dew deposition, atmosphenc
hurmadity, air temperature, wind speed and surface cover. Duning the wetter periods, the daily Bowen
ratio 1s usually moch less than 1 (Fig 6.2, Jan 10 Apr 2003; Fig. 6.3, Dec 2003; Fig. 6.4, Jan to Mar
2004). Generally. dunng dry periods, the Bowen ratio approaches 1 (e.p. day of year 140 10 212,
2003 of Figs 6.2 and 6.3) and then exceeds 1 during ¢ven drier peniods (e.g. day of year 291 10 304
and 321 10 329. 2003 of Fig. 6.3). Since 2004 wus generally much dner than 2003, periods for which
the Bowen ratio exceeded 1 were more evident (e.2.. day of year 124 10 179, 2004, Fig. 6.4).

The sonl heat density magnitudes mcrcased afier the fire (day of year 227 2003, Figs 6.1 and 6.3),
reaching their greatest magnitudes during the summer rain season (exceeding § MJ m ™ during Nov
and Dec 2003). Generally, while the soil hear term has the smallest magniude of all the energy
balance components, it is significant in kne-spring and summer (Fig. 6.4, Ot 10 Dee 2003), Duning
very dry penods, the soil heat magnitude exceeded the evaporstion amount (Fig. 6.4, May and Jun
2004). The resulis for this grassland system demonstrate that significant errors 10 the estimate of
evaporation would result if the soil heat measurement were excluded.

The Priestley and Taylor (1972) evaporation prediction for humid climates is approximately 1.26 »
[A 1A +7)) 4 where A s the slope of the saturation water vapour pressure vs temperature relationship
(kPa “C"), y the psychrometric constant (kPa "C') and 4 (expressed in MJ m ) the availuble energy
density. Hence. the Pricstiey and Taylor (1972) evaporation estimate for the Bowen ratio is given by:

Pell=126-A(A4y)] [L26:A (A< 7))

Simce Afy = L2 and 3 m 6, IX and 26 "C respectively, the Bowen raio for Priestley-Taylor
cvaporation woukd 1vpically be 0.59. 0.19 and 0.038 respectively. Dunng the dryv peniods in the winter
of 2004, clearly, Bowen ratios exceed | and hence Pricstley-Tayvlor evaporation cannot apply
(Figs 64, May and Junc 2004). During the wetter periods of summcer, the Bowen ratios fluctuate
between 033 and 1 (Fig. 6.2, Jan and Feb 2003, Fig. 6.3, Nov and Dec 2003, Centainly then, for the
duration of this work, the Priestley-Tavlor formulation for estimating evaporation cannot be relied
upon,
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The mmpact of fire and mowing on the encrgy balance components was investigated. The iwo
cvents are shown and indicared by arrows: mowing (Figs 6.1 and 6.2) on day of vear 131, 2003 and on
day of year 124, 2004 (Figs 6.1 and 6.3) and burmmg due 10 an acodental fire (Figs 6.1 and 6.3) on
day of vear 227, 2003,

Figs 6.5 10 6.8 show the soil and lsmem encrgy density. and the volumeine soil water content and
reflection cocfhicient. The fire resulied in a large reduction m the surface reflection coefficient (from
about 22 % 10 6 %y, Figs 6.5 and 6.6, Aug 2003). Not shown 15 the consequent increase in net radant
density following the fire. The magnitude of the soil heat density also increased afier the fire - hefore
the fire, this was less than 1.75 MJ m* in magnitude but exceeded 3 MJ m -~ afier the fire. The limied
evaporation dats after the fire seemed 10 indicate increases i the magniude of the latent encrgy
density. These comparisons are  however difficult 10 make since rainfall events mask general trends.
There were, for example, ramfall events before and after the fire. Because of the masking of
management (or similar) practices during dry periods by rumfall events, management practices do not
appest 10 result m large changes in sensible heat and/or latent energy density. However, another
rcason s that the increase n net radiant density i offset by the magmitude increases in soil heat
density following burning or mowing. In other words, while the net radiant density may increase afier
the fire, the available encrgy density is Joss affected. If the available encrgy demsity is less affected.
the sum of kaent encrgy and sensible heat densitics would slso be loss affecied by the management
practice.

The two mowing events resulied in slight increases in the surface reflection coefficient (Figs 6.5
and 6.6, May 2003; Figs 6.5 and 6.8, May 2004). The 2003 mowing also coincided with two rain
events making it difficult 1o directly assess 1s impact i solation. However, the mowing event in May
2004 was not sccompanied by runfall cvents and did show a large divergence between sensible beat
and latent energy immedutely after the mowmg compared to the trends in e Apnl (Figs 6.1 and
6.4). The Bowen muo increased from around 1 before mowing 10 m excess of 4 some three weeks
afier mowing. This high value was increased even further 10 until day of year 160 when a muin event
occurred (Figs 6.1 and 0.4, June 20604), Afier this. the very high Bowen ratio values were maintuned
until the next rain event on day of year 180, Clearly, removal of vegetation, in the absence of rain
results i higher Bowen ratio values due 1o relatively higher sensible heat values and relatively lower
latent energy values,

The volumetric soil water content, measured at a depth of 30 mm, varied between 0119 m' m '’
iFigs 6.3 and 6.7, July 2003) and 0.504 m' m"' (Figs 6.5 and 6,5, Mar 2004) The very low water
contents experienced In winter prevented installation of o different type of sensor horizontally at
30 mm. The measurements were however confirmed using a probe insened from the surface.

Chapter § Estimation of seasonal c:’?onﬁn using surface laver
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£.5 Conclusions

The data demonstrates that it is possible 10 estimate evaporation continuously using the SLS and EC
measurement methods. Priestles-Tavlor evaporation, dependent on the net irradiance, soil heat flux
density and air temperature, is not & good indicator of the measured evaporstion

Peak summer evaporation rates were dictated primarily by the available energy flux density, ofien
varying wildly from one day 10 the next due 10 the influence of clouds

The total net radiant density for the 18-month period was 319785 MJ m™, The soil heat density
fotal wits ~363.79 MJ m . the sensible heat total 110163 M) m” and latent energy total
-15X8 85 MJ m . Evaporation (latent energy) is therefore o significant fraction of both the energy and
water balances. It represented just less than 50 “s of the net radiant density during 2003 and exceeded
the measured ramfall dunng 2003 and duning the first six months of 2004: the 1otal evaporation was
979 mm and the rainfall was 780 mm, It appears that the removal of vegetation by mowing during
periods of low and sustaned low rainfall results in very high sensible heat magmitudes and low latem
heat magnitudes that may have further negative influences on the surface cover. The influence of
burning wias masked by ramnfall events that occurs at the same time. Following a fire, the decreases in
the surface reflection coefficient resulied in increases i the net irradiance. These increases in net
irradiance on the available encrgy were however somewhat offset by the increases i the magmitude of
the sonl heat that occurred at the same ime.

Chapter 8 Estimation of scasonal :\d:ronlhn using surface laver
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Chapter 6

Conclusions and recommendations for future rescarch

6.1 Conclusions

The specific objective of thes rescarch is the use of the surface laver scintiliometer (SLS) method 10
estimate arcally averaged semsible hemt flux over a muxed-community grassland canopy  and
companson with measurements oblamned using an eddy covanance (EC) method. Since the SLS
method measures sensible beat, the methodology relies on the encrgy balance and in particular the
measurement of the net imadiance and the soil heat flux density 10 estimate latemt heat. The SLS
method also depends on the Monin-Obukhov similarity theory (MOST). Other methods used for
comparison purposes are the traditional Bowen ratio (BR) and eddy covanance (EC) methods. In
addition the surface renewal (SR) method, also previously untested in South Afnca, was used.

The eddy covanance (EC) method is the only method that allows for independent estimution of
sensible heat and latent energy flux densities provided sonic temperature, vertical wind speed and
concemtrations of water vapour and carbon dioxide are measured using fast-responding  sensors.
Aliernatively, the EC method may be used 10 measure the sensible heat flux density and the latent
energy Mux density esumated as a ressdual 1erm from the energy balunce. The Bowen rauo (BR) and
surface layer seintillometer (SLS) measurements allow sensible heat flux density 10 be estumated {rom
which Jatent energy may be estimated as o ressdual component of the energy balance.

The mahodology assoctated with the use of a dual-beam SLS 15 discussed in detail. The
procedures assoctated with the crucial step of beam alignment are not complicated. These procedures
are presented as are the procedures for the error-checking of the data post-data collectuon. Once the
receiver 1s correctly aligned with the transmtter beam, the system runs virually unatiended. The
nutomatic alignment system could be programmed 10 perform an automatic alignment between daily
and hourly time miervals, This allowed the svstem 1o run unstiended for weeks on end. 11 the
automatic alignment option was disabled. the system could run unanended for up 10 & week or so,
There would be a cost savings if the auto-alignment feature were not reguired but this feature woukd
be necessary if the system were mounted on a tower above tall wrees. While a honzontal beam and a
horizontal surfaces ts assumed by MOST, there was no consistemt over- or under-estimate m SLS
sensible heat flux density compared 10 ECAT measurements for a non-horizontal beam angle. A low
effective beam heght of 0.3 m resulied in more vanable sensible heat flux density measurements, and
variahle inner scale of turbulence values that approached the detined lower value for acceptable data.

Routine site visits usually required that the beam position be set using a computer and computer
software and an alignment procedure performed. These procedures usually take less than 10 min o
perform. If the beam was no longer aligned. alignment st the receiver would normally be required.
This procedure usually 100k no longer than half an hour. If alignment from the position of the
trapsmitter was also required., the procedure could take an bour or more,

The rate of data accumulation using the SLS method s not excessive. In one month, about
35 Mbyies of data, including both the 2-min and 12-s data, are accumulated. When compressed, thus
amounted 10 about 16 Mbyvte. Copying the collected data from the I'C does not take Jong and can be
Chapter 6 Conclusions and recommendations for future research
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done without switching the beam off. If only the 2-min Jats are required. which was ofien the case,
only 3.5 Mbyies of data were accumulated each month.

Une of the main problems was that the clock of the computer would dnft off by up 10 30 s per
woek. A compater with a more accuraie clock should be psed if measurement comparsons with other
measurement systems are undentaken. 1t s possible 10 dispense with the use of a compuier on-site if
the PC card option 15 used for data storage. This option reguares the use of a PC or lapiop 10 launch the
svstem but then the dma i stored on a PC card withowt the necessity of a compuier. The second mam
problem with the system was the power requirement. Relying on ¢lecineal power supplied to a
residence resulied m gaps i the data record. This problem could be avoided by having a bank of
batterics as a power supply for the SLS system and a DC 10 AC convertor for powering the computer
if the PC card option is not used. The third main problem is that the beam alignment would drift off
during condinons of high wind and or runfall. Rainfall would soften the ground around the stands
used for the tansmitter and receiver units and create the musalignment. For & more permanent
installvtion, a concrete hase for cach unit would solve this problem. Extensive use of cords 10 reduce
wind vibration worked well but the cords required nnthly checking and possible replacement. The
fourth mam problem was the possibility of accumulnied dint and cobwebs on the transmitter and or
receiver windows interfering with the transmitted beam. The check for dint on the windows should be
routinely done at cach visit, The fifth mam problem with the use of SLS and LAS measurement
systems s that theoretically, the methods do not predict the direction of the sensible heat flux. The
direction was routinely cstimated from the direction of the sensible heat flux measured using the EC
system and confirmed by the fine-wire profile air temperature differences, These measurements were
however obtuned using addmional data logging systems. In the absence of such measurements, it may
be possible 10 estimate when the sensible heat changes sign from noting bow ns trace with time
approaches 0 W m ™ around sunset for example and then increases with conditions becoming darker.

The procedures for the onscreen and real-time checking of the SLS data and system are fairly
simple. Early wdentification of errors or potential errors can avoid significant data loss. Vegetation
height for every 10 m of the SLS beam path length needs 10 be measured every ten to fourteen days or
so duning the growing scason and probhably monthly in the off-season. The frequency of height
measurement would depend on the growth rate of the vegetation, This hesght can then be used 10 input
the height of beam above the level corresponding o a wind speed of 0 m 8™ This procedure would
avoid o recalculation of the data following dats collection.

Error<checking of the data post-data collecton s alse not very comphicated. In summary; the
svstem allowed for the real-time estimation of sensible heat flux density every two minuies,

The pereentage of error-frec 2-min SLS sensible heat flux density measurements for the daytime
hours showed little scasonal variation, vanying between 86.7 "s and 94,5 %4 for the | 8-month period.
The nighttime variation in the percentage had a more pronounced scasonal pattermn with the Jowest
pereentage acceptable measurements occurring between January and March of cach year duc to the
effects of dew and mist.

Values of the mner scake of trbulence / loss than 2 mm results i rejected sensible heat flux
density daw. For most of the study, the most common (or a1 least 33 % of the nme) /, value s
between 4 and 6 mm. For the mghtime, the most common / value 15 less than 2 mm. The
second-most common mghtiime value s that between 6 and 8 mm i contrast 10 the 4 10 6 mm value
Chapter 6 Conclusions and recommendations for future rescarch




Theory and practice of evaporation measurement, with special focus on 187
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al,

during the davtime hours. The larger values of 6 to 8 mm at night is due 10 the more stable nighttime
conditions comparcd 10 the more turbulent daytime conditions creating smaller and smaller eddies.

The data mputs for the SLS method include atmospheric pressure, air iempersture, heam path
length and the beam height relutive 1o the level at which wind speed 1s Om s, Cain ¢t al. (2001 ) used
o different basis level from the Jevel a which wind speed is 0 m s ' The collected data did not suppon
this,

The wfluence of surface slope on senssble heat flux density measurements was investigated by
ahering the beght of the receiver relative 10 the transmitter, Theorctically, a non-horizontal beam
relative 10 a horizomal suriace, or wee verse, invabdates MOST. The receiver 10 transmitter vertical
height difference used was 1.0 m. For measurements performed over five days, there wis no
sigmificamt consistent difference between 2-min SLS and EC sensible heat flux density messurements
in spite of the fact that MOST is invahd for a non-honzontal beam.

The mfluence of beam height was investigated by also altening the height of the wransmitter and
receiver units, For most of the study. the beam was abow 1.68 m above the soil surface with
vegetation hewght varying between virtually 0.0 m and a maximum of 113 m. The effective beam
height therefore varied between 082 m and 168 m. The lowest beam height used was a height of
0.5 m. The comparison between sensible heat flux density measured using the EC and SLS methods
showed that the SLS measurements were not significantly influenced by even this low beam height.

The worst-case errors in the SLS data inputs of atmosphene pressure, air iemperature, beam path
length and beam hoight resulied in fractional errors in sensible heat flux density of 20,013, 30,015,
2003 and 20 04 respectively, The beam height above o + = needs 10 be known accurately as the
crror in beam height contnbutes the most 10 the overall error with errors in beam path length next
most important, The worst-case 1otal fractional crror in sensible heat flux density was 2 0,054 and the
typical fractional crror amounted 10 < 0,032 Furthermore, the sensible heat can in any case be
recakeulated post-data calculation using the correct values for the dats mputs. This procedure s
however time-consuming since the input for atmosphenc pressure and air temperature would have 1o
be mput for each 2-min penod. This is casily done by importing the data into a spreadshect,
combining and then exporting the data for recaleulation purposes, This procedure would however
reduce the error 1n SLS sensible heat from the worst-case total fractional error of £ 0,054,

The procedures for the measurement of other energy balance components, the net imadiance and
soil hem NMux density. are reponted, The theory associated with a sensitivity analysis of the estimated
latent energy flun density was used 1o determine the relative impontance of the SLS data inputs of wir
temperiture, atmospheric pressure, beam path length and beam height on sensible heat flux estimates,
In addinon, it was shown that crrors in the measurement of soil heat flux density and net irradiance
also affected the estimated latent encrgy.

The seasonal varation in the error in the evaporation rate 1s generally less than 0.2 mm day '
(equivalem 10 o lutem encrgy density of 0.49 MJ m™) in winter when the daily cvaporation rate was
around | mm day” (245 MJ m”) and typically less than 04 mm day” (0985 M) m™) when the
evaporation rate generally exceeded 4 mm day”’ (9.8 MJ m™). Most-ofien, the measurement with the
greatest contributing error s the soil heat flux measurement which ofien expresses the spatial
variability of canopy growth, Care therefore needs 10 be exercised 10 ensure that soil heat flux
measurement_procedures do not_compromise the calculated latent energy fluxes when using SLS
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sensible heat measurements, particalarly for shont vegetation where it is expected that the magnitude
of the soil heat 1erm may not be small. This would also apply to BR estimates of latent encrgy and the
EC method when only sensible beat s mcasured and latemt encrgy 1s estimuned using the net irmadiance
and soil heat encrgy bakince components, While the term “error” imphes that the soil heat and net
iradiance measurcments are semsor errors, they also reflect the nature of spanal varability in the site
landscape. It 1s simply not possible 10 have an mfinste sumber of sonl hear flux plates and net
radiomerers for sites 1vpical of that used here. However, the use of a linc-averaging SLS system goos
pan of the way compared 10 other point measuring devices.

Laboratory and field BR dats collected showed that the Varsala CSS00 or the HMPASC capacitive
sensor may be used as a replacement for the Dew-10 gooled dew point mirmor sensor of the BR
svstems used. Water vapour pressure profile differences of m keast 0.01 kPa, as 15 required for BR
measurements, were possible with these Vaisala CS300 and HMP4EC thin film polvmer capacitive.
The CSS00 or HMPAEC sensors required no servicing compared 10 the Dew-=10 whieh required a bias
adjustment and mimror cleaning cach week. The water vapour pressure measurement notse for the
HMP45C sensor wis greater than that for the Dew-10 but the average water vapour pressure profile
difference for the two sensors was highly correlated. The CSS00 exhibited gremter vanation m
measured water vapour pressure but its resolution was better than the required 0.01 kPa. These
findings will make BR estimates of evaporation considerably cheaper and more reliable than when
using just the Dew-10,

An examination of wind dircction demonstrated that 1he largest differences between SLS and EC
sensible heat densities occurred for wind directions between 0 and 60" corresponding 10 winds from
residential arcas with limited feich, Compansons between SLS- and ECoameasured sensible heat flux
density, for sclected davs, did not appear to be affected by differences between wind perpendscular 1o
the beam and winds parallel 1o the beam. For the perniod Junuary 10 end March 2004, the wind was
perpendicular 1o the beam 335 %y of the daytime hours compared 10 less than 5 %% for wind paralie! 10
the beam.

A footprint analvsis allowed three key parameters 10 be calculated: the peak location of the
footprint (1,00 the footprint fraction itself and the 90 % feich 1o measurement height ratio. For
daytime hours, conditions were most ofien convectively unstable which resulied in feich 10 height
ratios less than the commonly accopted 100:1 and also resulied in peak footprint locations very close
10 1he pomt line of measurement. Based on the v estimation, one trend was that the general stability
condition Tor the 9 am to noon hours was not the same as that for the noon to 3 pm penod. For much
of the time, or at least for 75 %4 of the 9 am to 3 pm penods, the v, values in the moming were less
than that for the afiernoon. The 90 %4 fetch 1o measurement height ratio difference between moming
and afiernoon bours may impact on measurement compansons between the differemt wehmgues
panicularly when comparing a hinc-averaged SLS measurement of sensible heat fTux density with a
poimt EC measurement. Also. the diumal shape of the sensible hew flux density curve may be
asymmetnical given thar moming hours are generally more unstable than are afternoon hours. The
asymmetrical shape of the diurnal sensible heat flux densny curve for EC measurements, was not as
noticeable doe 10 the temporal vanability of the point EC measurements.

Two-minute measurements of EC, SLS and SR sensible heat flux density were in good agreement
much of the nme, particularly for cloudless condions. There were however peniods for which the
magmitude of the SLS-measured sensible hem flux density exceeded the measured available hear flux
density. The result was that the calculated Litent heat was positive. apparently cormesponding 1o
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condensation, Further examination showed that some of these events corresponded 10 counter-gradient
events dommated by overnding coberent structures apparently of undetermined ongin. Indications
were thit the counter-gradient evemts occurred whenever high solar irradiance events were followed
by large reduction due 1o clouds.

There was no evidence for a consistent underestimation in sensible heat measurements by the EC
method compared to the SLS measurements. Furthermore, there was no evidence 10 indicate thm the
effective SLS beam hewght input was incorrect as suggesied by Cam et al. (2001), An incorrect beam
herght mnput would have caused a consistent overestimation or underestimation i the SLS sensible
heat measurements compared 10 EC measurements.

Twenty-minute measurements of BR (using polymer and Dew- 10 ¢cooled mirror sensors), EC. SIS
and SR sensible heat flux demsity were also in good agreement much of the time, particularly for
cloudless conditions, No measurement technique resulted in measurements that were consistently
greater of larger than the other measurement techniques apant from the SR method which gencrally
resulted in shightly lower sensible heat magniudes. The ECopen system, which measures the fatent
energy  Tlux density  directly  without  resorting to use of the energy  balance. consistently
underestimined the ket heat magnitude compared 1o the residual SLS amount ¢stimated from SLS
sensible beat, net irradance and soil heat

Daily estimates of lntent encrgy density for the SLS and EC methods were compared for a period
of ubout 250 days during 2003, The 95 *u confidence bands for a single predicied value were within
0.3 mm of the regression line and the error mean square was 0,295 MJ m* or about 0.12 mm. The
95 % population confidence bands were easily within 0.1 mm Sutistically, there was no significant
difference between the point measurements using the EC residual method and the hine-averaged
estimate obtained using the SLS method,

The scasonal data collected demonstrates that it s possibie 10 estimate evaporation continuously
using the SLS and EC meusurement methods, Pricsticy-Taylor evaporation. dependent on the net
iradiance, soil heat flux density and air temperature, 38 not o good indicator of the measured
evaporation.

Peak summer evaporation rates were dictated primanly by the available energy flux density, ofien
varying wildly from one day 10 the next doe 10 the influence of clouds.

The 1otal net radiant density for the 18-month period was 3197.85 MJ m ™. The soil heat density
total was 46379 MJ m°. the sensible heat totl 110163 MJ m™ and latent energy total
-1588.85 MJ m”. The sum of all of these values is not exactly zero since occasionally. there was no
cvaporation data but there was net imadiance data, Evaporation (latent energy) 18 therefore a
significant fraction of both the energy and water balances. It represented just less than 50 %y of the net
rachant densaty during 2003 and exceeded the measured ramnfall during 2003 and during the first six
months of 2004: the 1wtal evaporanon for the 18-month period was 979 mm and the ramfall was
T80 mm. It appears that the removal of vegetstion by mowing during periods of low and sustained low
rainfall results in very gh sensible heat magnitudes and low latent heat magnitudes that may have
further negative mflucnces on the surface cover, The mfluence of burming was masked by ramfall
cvents that occurred at the same tme. Following a fire, the decrease m the surface reflection
coefficient resulted 1n an increase in the net irradiance. The increase in net irradiance on the avanlable
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enerey was however somewhat offset by the increase in the magnitude of the soil heat that occurred at
the same time.

6.2 Recommendations for future research

6.2.1 General comments

One of the major imiutations 10 real economic growth of South Afnce is the limitation imposed by
madeguate water resources to support the given human population and their activities. Evaporabion 1s
a process wherehy water is used consumpuively. The measurement and or the estimation of
cvaporation is kev 1o quantifving this consumption in relation 1o the productive or benefical use of
water. Also, the quantification of water use can assist management in shifting from less 1o more
productive consumptive water use and thercfore rescarch nto evaporation measurement or s
estimation ts crucial 10 South Africa.

6.2.2 Large aperture scintillometer and surface layer seintillometer comparisons

Onur rescarch has concentrated on use of the SLS method for which the measurement range is tvpically
S0 m to 2530 m, There was insufficient time 10 extend the focus 10 compansons with a LAS system.
Such a comparison would prove useful and allow evaporation measurements 10 be scaked to pinel size
with confidence.

6.2.3 Bowen ratio methodology

Ouwr rescarch has concentrated on energy and water movement exclusively and therefore has ignored
the important aspect of plant productivity m terms of the amount of water used. We behieve that the
BR rescarch needs 10 be extended 10 rescarch on a BR carbon dioxide and water vapour sysiem. This
rescarch would allow such a BR CO, system 10 determine water use efficiency in real-time, Open path
EC systems can also be used for determining water use cfficiency is real-time, but there are repornts in
the Incrature indicatng that the EC method undercstimates latent encrgy (also demonstrmted
Chapter § for the ECopen system measurements) and carbon dioxide fluxes.

6.2.4 Surface renewal methodology

Preliminary work on this method s reported on in this report (Chapter 5). Given the simphcity of the
technique theoretically and practically, the results found and that it 18 imexpensive, the technigue
cerainly desenves further attention,

6.2.5 Soil heat flux and net irradiance influences

This report has shown the importance of the soil heat and net imadance measurements. Since these
measurements are required for both SLS and LAS estimations of latent energy. future rescarch would
need to consider these two energy balunce messurements in more detul. In particular, for shon
vegetation, the measurement of soil heat flux closer 1o the surface requires attention and ¢ven more so
for more heterogencous vegetation consisting of grass and shrubs or trees.

6.2.6 Collected data not used in the report

Theorctically, it is possible 10 use the canopy 1emperature data (not reported on) collected as past of
this work and remote sensing techniques for the determmation of sensible heat iff measurcs of
acrodvnamie resistance are also possible either from measurements of wind speed or from using the
Chapter 6 Conclusions and recommendations for future rescarch
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SLS or LAS methods. In view of the possibility of "arcal™ measures of sensible beat, it may then be
possible 10 also calculate surface evaporation from estimates of net irradiance and soil beat flux.

2.7 Technology transfer

In a sense. thes project has already resulied in echnology transfer. The results produced carly on were
valuable and resulied in much greater confidence m the use of the EC method for the measurement of
sensible heat. Prior 1o these results, the correciness of previous BR and EC evaporation measurements
or estimaies could not be gauged. Funhermore, the results of 2004 have confirmed the suspicion that
BR measurements would be more reliable by the use of a sensor replacement for the cooled dew point
mirror sensor. Also, preliminany investigations mvolving the use of the SR method, indicated tha this
technigue can be implemented at comparatively low cost.

It 1s proposed that a vanety of methods be used 10 transfor some of the wehnology of the rescarch
imvestigated here: small workshops, conference workshops and e-manl iterest groups. A cooperative
effory 15 needed. The WRC has been proactive in this regard through a call for solicited rescarch
proposals on cvaporation estimation. Technology transfer forums should encourage young scientists
as much as possible. These processes would quickly permit the transfer of the technology deseribed in
this report,

Much of the rescarch described here has already benefited stadents, rescarchers and technical staff
at the Umiversity of KwaZulu-Natal and the CSIR.
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