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Executive summary

1 Motivation

1 lie need lor increased food and timber production has led to increases in irrigated and forestry lands

in South Africa. Agriculture and forestry face increased competition for water by industries,

municipalities and other groups. This ever-growing demand for waier makes it imperative that water

resource management procedures and policies are wisely implemented and improved. The accurate

assessment of evaporation is essential if ihis is to be done. Furthermore, the real and'or potential

impact of global wanning and climate change on all forms of water resources increases the imperative

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

estimation.

The 1998 Republic of South Africa National Water Act refers to fhe 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 scenario and the

above-mentioned demand on water resources ii is important to consider how evaporation, one of the

main components of the water balance, is to be measured or estimated routinely with reliable accuracy

and precision.

So. what is the standard or benchmark for evaporation measurement or its estimation? This

importan) and fundamental question needs to be addressed to achieve the ideal of accurate and reliable

evaporation data. This investigation focuses on one method, using a surface layer scintillometer (SLS)

and other measurements, lo estimate evaporation. The SLS method involves the more fundamental

aspects of micromeleorological research. Advances in this field will have direct benefits lo water

resources assessments and management processes. Examples of areas not easily addressed using the

more traditional evaporation measurement and modelling methods include amongst others:

measurement of evaporation in riparian zones: determination of open waier evaporation from rivers

and dams (both large and small); effluent water management from saline dams in the mining

environment: measurement of evaporation from slimes tailings; water use of trees and crops in

agro-forestry trials: remote sensing applications: determination of baseline evaporation from natural

communities (e.g.. indigenous forests); irrigation research.

Since John Dallon first introduced the mass transport equation for evaporation 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 certain surfaces

or certain times or provide only rough approximations. Currently, there is no single accepted method

capable of providing both good spatial and temporal measurements or estimates of evaporation that is

reliable and has adequate resolution. This has been confirmed by Drc>;lerc1 al. (2004) who concluded

in their review that there is no single approach that is best for estimating wetland total evaporation.

Similarly. Hanson ct al. (2004) concluded that no single tcsicd mode! (using hourly, daily or annual

time steps), for capturing intra- and imer-annual forest water and carbon cycle, consistently performed

best at all time steps or for all variables considered. However, they did find that inter-model

comparisons showed good agreement of water cycle fluxes.
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South African researchers have had good success with the heat pulse velocity (HPV) (Dye et al.

11>C>2. Dye and Olbricht 1993} and energy balance methods (Savage et al. 1907). The energy balance

is defined by the balance of energy between the net irradiance at a surface and the energy terms used

for evaporating water, heating the atmosphere, heating the soil and for photosynthesis. ["Net irradiance

refers lo the flux density of net radiant energy comprised of the incoming solar energy minus ihe

reflected solar plus the incoming long wave energy minus (he outgoing long wave. Flux density is the

change in an entity, for example net radiant energy per unit time per unit area. Hence nel irradianee is

the nel radiant energy per unit time per unit area with unit W m"2].

The HPV method for estimating sap flow is based on using heat as a tracer for sap flow in plant

stems. Temperature needles and a healer probe are inserted in the plant stem and a pulse of heat is
applied al regular intervals of lime. The rate of change in temperature as measured by the needles a

known distance for the heater is related to the sap How. However. Ihe HPV method is suited only to

mono-specific stands of trees, is problematic when sealing from single trees to whole stands and is a

destructive method since the tree must be felled to calculate sapwood areas and wound size. The lack

of wound size inforniaiion al ihe time of measurement makes calculations of transpiration only

possible at the end of an experiment. Another method fo determining sap How. the stem steady state

heat energy balance technique, has also received attention in Soulh Africa (Savage el al. I993. 2000).

Another traditional method for estimating evaporation, the Bowcn ratio (BR) method, uses

measurements of profile differences in air temperature and water vapour pressure above the canopy,

surface nel irradiance and soil heal flux density. The method assumes that the coefficients of exchange

between the surface and the atmosphere for sensible heat [heal transferred from the atmosphere lo a

surface, or Vice versa, that results in a temperature change] and latent energy are identical. Latent

energy refers to the energy removed from a surface when water from the surface evaporates. The

evaporation causes a cooling effect due lo the loss of energy. The lerm latent is used since largely the

process is invisible and results in no temperature change. The BR method, compared lo the HPV

method, is well suited to mixed species communities such as grassland, but is limited by constraints

imposed by both fetch distances and measurement height and is essentially a point measurement.

Fetch refers to the upwind distance from the instrument local ion across a uniformly rough surface

such as a forest or a grassland until there is a discontinuous change in surface roughness. Thus, the BR

method is not suited to narrow strips (e.g.. riparian zones, wetlands, etc.). where fetch distances are

short, or above tali vegetation where there are small gradients of air temperature and water vapour

pressure (caused by the increased wind turbulence above tall canopies) or above almost any surface in

the dry season typical of even the humid areas of South Africa. These gradients may be outside the

measurement resolution of the sensors particularly when placed above forest canopies.

The EC mclhod is also a traditional method for direct and point measurement of one or more of

sensible heat and latent energy fhi\ density. The method uses uses high frequency (typically 10 Hz)

measurements of air temperature and vertical wind speed (for sensible heat) and air temperature and

water vapour pressure (for latent energy flux density). In recent years, direct measurements of

turbulent fluxes have been achieved using the eddy covariancc (EC) method in KwaZulu-Natai

(Monnik et al. 1W5. Savage et al. 1 W5a. b). If only sensible heal ilux density is measured using the

EC method, then latent energy Ilux density may be estimated by also measuring net irradiance and soil

heat flux density. A drawback of EC measurements is that they, like BR measurements, are point

measurements although both sets of measurements are affected by fluxes from upwind source areas.

However, the application of the EC method is sometimes problematic. The necessary sensors for
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vertical wind speed, air temperature and water vapour pressure (or equivalent) must respond very

quickly (frequency of 5 Hz or greater) and al the same lime must not show noticeable drift. This

makes them delicate, expensive and in some cases difficult to calibrate. However, more serious is the

airflow distortions by Ihe sensor, mast, etc., as well as the horizontal misalignment measurement

errors. In addition, there arc technical problems because temporal co-spectra, measured at a fixed local

sensor, extend to very Sow frequencies. To achieve acceptable significance often demands averaging

periods of several tens of minutes. Such long averaging periods reduce the temporal resolution and

conflict with the requirement of atmospheric stationariiy within averaging periods.

Because of the above-mentioned theoretical and practical difficulties associated with the various

measurement methods, alternative or complementary flux measurement methods for estimating

evaporation have been sought. Recent investigations have demonstrated the potential of using a

scintillomcter to measure arcally-avcragcd sensible heat flux density. A scintillomctcr measures the

intensity fluctuations of visible or infrared radiation after propagation above the plant canopy of

interest. A scintillometer is an instrument that optically measures a parameter associated with

refractive index fluctuations, over atmospheric path lengths from 50 m up to at least 3 km and beyond

in some cases, from which sensible heat flux density may be calculated. The refractive index

fluctuations are caused by interference after Ihe radiation has been scattered by inhomogeneiiies of the

refractive index of air. the latter caused by turbulent fluctuations of air temperature and atmospheric

humidity. The parameter is referred to 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, effective beam height and beam path length. In contrast to BR and EC

measurements, scintillomctcrs provide path-averaged results. Surface layer scintillometer (SLS)

systems have beam paths between about 50 and 250 in and large apertures sciniillometer (LAS)

systems usually operate over distances of between 500 in and 3 km or even up to 10 km for

boundary-layer scintillomclcr (BLS) systems.

The main objective of this project is to estimate arcally averaged sensible heat flux density using

the SLS method, previously untested in South Africa, and to compare these estimates with those

obtained using the more traditional 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 is a high frequency, typically K Hz. singlc-lenipcraturc measurement technique that

also allows for the estimation of sensible heal flux density.

For most of the measurement methods used in this study, the use of the energy balance, requiring

measurement of the net irradiance and soil heal flux density, is crucial. The measurements arc required

together with sensible heat flux density to estimate evaporation. Net irradiance and soil heat flux

density measurements are made above and within the surface respectively and need to reflect the

spatial variability of the surface and therefore the spatial variation of evaporation. Attention lo these

measurements for heterogeneous terrain is all the more crucial.

This project falls within ihe hydroclimatological research programme of the WRC. In this

programme the project will contribute to research suppon for water resources assessment,

management and sustainable utilisation in South Africa, by improving the methodologies for

monitoring evaporation from surfaces with variable vegetation cover and water surfaces, possibly

resulting in a standard for evaporation estimation by which other methods will be judged.
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2 Aims

2.1 Project aims

The original aims of the project were:

1. lo make recommendations on the feasibility, to provide guidelines for the use. and to specify the

limitations of the SLS method for the estimation of arcally averaged sensible heat flux density over

heterogeneous surfaces:

2. to provide catchment researchers and consultants with a practical, accurate and operational tool to

improve our understanding of comparative evaporative losses of water from land surfaces and water

bodies associated with various forms ofland use and a range of catchment conditions.

Once the project had commenced, it became clear thai as complete a set of measurements as

possible using a variety of methods over a couple of years would be more useful than oblaining an

incomplete set of data for a whole range ofland surfaces. To that end. all measurements were obtained

from a mixed grassland site in the KwaZulu-Natal midlands near Pietermaritzburg. Furthermore, it

became clear that the SLS measurements in isolation would be insufficient to determine the

measurement accuracy and limitation(s) of the SLS method. It was therefore necessary to perform

measurement comparisons with measurements obtained from the other methods such as the BR. EC

and SR measurement methods.

2.2 Background

This project was primarily concerned with the use of the SLS method for the measurement of sensible

heat flux density from which path-averaged evaporation, for disiances of between 50 and 250 m, can

be determined based on additional measurements of net irradiance and soil heat flux density.

2.3 Investigation of other micronieteorological methods

2.3.1 Baseline comparisons

Prior to our study, the SLS method for the estimation of evaporation had not been lesled in South

Africa.

It was our intention to use the SLS method for estimating evaporation and compare this method

with other methods of estimating evaporation and in particular the traditional BR and EC energy

balance methods reported on in a previous Water Research Commission report (Savage et al. 1997).

After the research had commenced, a fourth method was used: the SR method, also previously

untested in South Africa, for the determination of the sensible heai flux density from which latent

energy flux density could be estimated using other terms of the energy balance.

2.3.2 Sensible heat using field measurements and estimation of evaporation

We wished to compare the SLS method with other evaporation methods that also use energy balance

measurements of net irradiance and soil heat flux density and use the SLS method for estimating

evaporation in a mixed grassland community for almost two years and compare the SLS estimates

with:

(i) BR energy balance estimates of evaporation;
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(ii) EC estimates of evaporation using EC measurements of sensible heat flux density and the nei

irradiance and soii heat flux density lerms of the energy balance;

(in) preliminary measurements of sensible heat flux density using the SR method for estimating

evaporation. The SR method was not part of the original proposal but was subsequently

researched as part of a preliminary investigation.

In the process of testing the various methods, seasonal estimates of evaporation for the grassland

site using both SLS and EC methods were collected and the impact of mowing and burning

investigated.

2.3.3 Laboratory investigations

Our aim was to investigate if a cooled dew point mirror, often used as part of BR equipment, could be

replaced by a cheaper sensor that required much less maintenance and avoided the possibility of data

loss. The dew point mirror used required a weekly service and resulted in unacceptable data whenever

the mirror inexplicably iced up.

3 Products

Products include a new method for estimating arcal averages of latent energy (evaporation) over large

and heterogeneous surfaces, with recommendations on its use. feasibility, and limitations under

various conditions. In addition, the theory and practice of a number of evaporation measurement

methods is presented.

Target Water resource managers: researchers in the following sectors: agriculture, forest, mining,

agroforeslry: catchment management agencies or any group interested in understanding and

quantifying evaporative processes.

Application To provide catchment managers with a practical means of accurately quantifying and

comparing evaporative losses of water from land surfaces and water bodies associated with various

forms of land use and a range of catchment conditions.

4 Structure of report

Chapter 1 introduces the study, emphasising that currently there is no single acceptable method for

evaporation measurement or estimation that is capable of providing both good spatial and temporal

data of evaporation that is reliable and has adequate resolution. Additional arguments are presented to

justify the need for the investigation.

An introduction to turbulence and a brief introduction to scimillomctry. and the Monin-Obukhov

similarity theory (MOST) upon which the SLS method is based, is presented in Chapter 2. The

Monin-Obukhov similarity theory is a widely-accepted body of semi-empirical theory of atmospheric

turbulence, assuming similarity between fluxes, that allows (he dimensionless stability factors for

sensible heal flux density lo be estimated from the so-called Monin-Obukhov length. In establishing

the link between lurbulence and energy, the various radiation and energy balance components existing
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at the surface is discussed first. Following ihis. the Kolmogorov cascade theory of lurbulence is

discussed. A discussion on eddy structure and stability functions leads to the Monin-Obukhov stability

length and the Monin-Obukhov stability theory. Methods for the measurement or estimation of
sensible heal flux density, including the scintillometer method are discussed. Most of these methods

involve turbulence theory for the estimation of sensible heat flux density and application of the energy

balance which in turn allows evaporation to be estimated. The theoretical basis of various methods.

with special emphasis on the scintillometer method, for the estimation of sensible heat flux density, is

presented.

Chapter 3 is devoted solely to the SLS method and the logistics of estimating evaporation from

SLS data. The methodology associated with the use of the dual-beam SLS method is discussed in

detail. The procedures associated with the crucial step of beam alignment are presented as are the

procedures for error-checking the data post-data collection. The seasonal march oi'the percentage of
error-free data is 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

simultaneous EC measurements. Also, for a limited time. SLS measurements at a very low beam

height were compared with EC measurements. An error analysis is undertaken to determine the

worst-ease scenario influence of (he input data on the measured sensible heat flux density as well as

the influence of net irradiance and soil heal flux density on the estimated evaporation. In a sense, these

so-called errors reflect the spatial variability in the surface cover.

Chapter 4. the bulk of the report, presents the comparisons between the SLS. BR, EC and SR

sensible heat flux density measurements and evaporation estimates at various time scales: 2-min,

20-min. and daily. Peculiarities of the collected data such as the asymmetrical nature of the diurnal

sensible heat flux density curve and the so-called counter-gradieni latent energy flux densities, also

receive attention in this chapter. Also, a footprint [which refers to the relative contribution of upwind

surface sources 10 the measured flux density] model is improved upon and used lo calculate three key

footprint parameters: the peak location of the footprint, the footprint fraction itself and the % % fetch

to measurement height ratio, the relative contribution of upwind surface sources to the measured llux

density. This chapter is also concerned with BR measurements and in particular the replacement of a
cooled mirror dew point sensor by a thin film polymer capycitive sensor.

Chapter 5 is concerned with seasonal evaporation aspects of the collected data over the 1 8-month

period. The influence of a fire and two mowings at the site on the evaporation estimations is also

discussed.

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

5 Results and conclusions

The various methods used for the estimation of evaporation are discussed, particularly with reference

to their theoretical basis and instrumentation requirements. The operational procedures for use of the

surface layer sciniillometer (SLS) method is discussed in delail. The procedures for checking the

integrity of the data in real-time are high-lighted as are the post-data collection rejection procedures-

Surface layer scintillomeler measurements were performed at the Hay Paddock site near

Pietetmaritzburg for most of 2003 until November 2004. The system allowed for the real-time
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estimation of sensible heat flux density every two minutes. For most of the study, the automatic
alignment option was enabled except near the end of the study. Without the use of the automatic

alignment option, measurements were sometimes 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 to the SLS sensible heat flux densih measurements, an energy balance system was used to

measure the soil heat flux density and the net irradiancc from which the latent energy flux density was

calculated as a residual using the energy balance.

5.1 The logistics of estimating latent energy flux densities from ran surface layer
scintillometer data

The logistics of estimating latent energs flux density from SLS data was the focus of a thorough

investigation.

5.2 The rejection criteria for the exclusion of out-of-ran<;e and "•bad" or doubtful data

We successfully used logical rejection criteria to exclude SLS measurements where necessary. Data

rejection or filtering procedures were applied in Excel to the sensible heat flux density 2-min values.

Sensible heat flux density values were rejected, blanks were created or data recalculated:

• if the percentage of error-free data was less than or equal 10 25 %. data were rejected:

• if the inner scale of refractive index fluctuations was less than or equal to 2 mm data were rejected:

• for missing data, designated by zeros, a blank cell was used for sensible heat flux density:

• the sign of sensible heal flux density was assigned depending on the measured vertical air

temperature gradients.

5.3 Error considerations of the surface scintillometer method

The percentage of "acceptable" 2-min SLS sensible heat flux density measurements for the daytime

hours (taken as 06h00 to 1 8h(K)) showed little seasonal variation and was consistently high - between
86.7 % and 94.8 % for the 22-month period. The nighttime variation in the percentage had a more

pronounced seasonal pattern with the lowest percentage acceptable measurements occurring between

January and March of each year. The lower nighttime percentage values were due to the effects of dew

and mist. Included in these percentages are the times for which the electrical power was interrupted.
At worst, this period was no longer than a day or so. Other minor interruptions, usually less than two

days in duration, were due to an accidental fire and accidental cutting of the cables. The average

percentage error-free data varied between 62 and 85 % for the 06hO0 to I ShQO period and 33 to 73 %

for the nighttime. The lowest percentages were during the summer rainfall period (September to

March), presumably due to the influence of rain events on beam transmission.

For the SLS measurements, a sensitivity analysis was used to deicrmine the relative importance of

the data inputs of air temperature, atmospheric pressure, beam path length and beam height on

sensible heat flux density estimates. Beam height was the height of beam above the level dJtza al

which the wind speed is assumed to be 0 m s"1. In addition, errors in the measurement of soil heat flux

density and net irradiance also affected the estimated latent energy flux densiiy.

The influence of surface slope on sensible heal flux density measurements was investigated by

altering the height of the receiver relative to the transmitter. Theoretically, a non-horizontal beam
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relative to a horizontal surface, or vice versa, invalidates MOST. A receiver to transmitter vertical

height difference of 1.0 m was used lo alter the effective slope. For measurements performed over five

days, there was no significant consistent difference between 2-min SLS and EC sensible heat flux

density measurements in spile of the fact that MOST is invalid for a non-horizontal beam.

The influence of beam height was investigated by also altering the height of the transmitter and

receiver units. For most of the study, the beam was about 1.6K m above the soil surface with

vegetation height varying between virtually 0.0 m and a maximum of 1.13 m. The effective beam

height therefore varied between 0.H2 m and 1.68 m. The lowesi beam height used was a height of

0.5 nt. 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 errors in atmospheric pressure, air temperature, beam path length and beam hcighi

resulted in fractional errors in sensible heal flux density of ±0.013. +0.015. +0.03 and ±0.04

respectively. Clearly, the beam height above d + za needs to be accurately known as the error in beam

height contributes the mosi to the overall error. Overall, the worst-case total fractional error in sensible

heat flux density was ± 0.054 and the typical fractional error amounted lo ± 0.032.

The error in estimated latent energy flux density from independent measurements of the energy

balance components depended on the error in the SLS sensible heal flux density and errors in

measured net irradiance and soil heat flux density. Mosl-oflen however, the error in SLS sensible heat

flux density was smaller than the error in net irradianee and soil heat flux density measurements.

Using four to five soil heal flux plates and averaging thermocouples, we investigated the actual

variation in soil heat flux density over an area of about a square metre. Using this information as well

as other error values from ihe literature, including measurement error in net irradiance. we estimated

the error in latent energy flux density. The seasonal variation in Ihe error in latent energy is generally

less than 0.2 mm day"1 (0.49 MJ m"2) in winter when the daily evaporation rale was around 1 mm day"'

(2.45 MJ m'~) and typically less than 0.4 mm day" (0.% MJ m~~) when the evaporation rale exceeded

4 mm day" (9.8 MJ m"). The measurement with the greatest contributing error is the soil heat flux

densily measurement. Care therefore needs to be exercised to ensure that soil heat flux density

measurement procedures do not compromise ihe estimates of latent energy flux density using SLS

sensible heal measurements. The same caution would apply to BR estimates of latent energy flux

density and the EC method when only sensible heat flux density is measured and latent energy flux

density is estimated using the net irradianee and soil heal flux density energy balance components.

5.4 Field comparison of evaporation measurements usiny surface layer scintillometry,
eddy covariance, Bowen ratio, and surface renewal methods

The main aim of this research is to investigate dual-beam surface layer scinlillomeler (SLS) estimates

of sensible heal flux density also obtained using the following methods: Bowen ratio (BR). eddy

covariance (EC), reference evaporation, and surface renewal |SR). These measurements and

measurements of net irradiancc and soil heat flux density allowed evaporation to be be estimated as a

residual using the energy balance. The influence of wind direction, in particular winds perpendicular

and parallel to the SLS beam, on these measurement comparisons is examined. Since the measurement

height of the various instrumentation was necessarily different, she relative contribution of upwind

surface sources to the sensible heat flux density measured al a height above the canopy surface was

investigated using a footprint analysis.
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in order to obtain accurate comparisons using the BR method, we also investigated the possibility

of replacing the often problematic Dew-10 cooled dew point mirror usually used with such systems

with a thin film polymer capacitive sensor such us a Vaisala sensor. The main disadvantage of (he use

of a Vaisala sensor is that two measurements, relative humidity and temperature, from two different

sensors was required for the estimation of the airstream water vapour pressure. A laboratory

experiment showed that potentially, a Vaisala CS500 and the predecessor of the Yaisala HMP45C

could replace the Dew-10 sensor. A four-month field-comparison between 20-min latent energy flux

density obtained using the HMP45C and a Dew-10 sensor (6002 data points) yielded a slope of 0.9938

and y-intercept of -0.095 W m"~. This excel lent agreement shows that the HMP45C would be a

cheaper and adequate replacement for the Dew-10 cooled mirror sensor. Furthermore, the HMP45C

requires no servicing compared to the Dew-10 which requires a bias adjustment and mirror cleaning

each week. The water vapour pressure measurement noise for the HMP45C sensor was greater than

(hat for the Dew-10 but the average walcr vapour pressure profile difference for the two sensors was

highly correlated (slope of 0.9534, r = 0.9N99, n = 12965). The HMP45C sensor used was not as

accurale as the Dew-10 but (he resolution of the HMP45C profile difference measurements was better

than the minimum resolution of 0.01 kPa required for BR measurements when averaged over 20 min.

The even cheaper Yaisala CS500 sensor was also used for Held measurements. Comparison oi' the

HMP45C with the CS5O0 yielded a slope of 1.0236 ( r = 0.9956. /; = 21.V). The CS500 sensor

exhibited greater variation in measured water vapour pressure mainly as a consequence of greater

variation in temperature using the CS500 temperature sensor even when compared to the HMP45C

temperature sensor, In spite of this, the resolution in the CS500 water vapour pressure was better than

0.01 kPa. The water vapour pressure variation could be reduced by replacing the tempcraiurc sensor

with a thermocouple. These findings will make BR measurements of evaporation considerably

cheaper, more reliable than in the past and easier to assemble.

Polar diagrams were used to show that during daytime hours, the wind vector wind direction is

generally from the SE fhSO to 270") hut sometimes from the N\V (0 to 90"). The SLS beam was

aligned from 20*' east of S to 15" W of north - almost from S to N. The largest SLS and EC differences

in the daily sensible heat density occurred for the 0 to 60" wind direction. These winds were from

residential areas and the fetch more limiied than the other wind directions. However, there were many

days when the wind direction was almost pcqiendicular to the beam and seldom parallel.

The footprint model of Hsieh el al. (2001)) was corrected and exlended to include a surface with a

zero plane displacement height. The more unstable the atmospheric conditions, the closer was the peak

location of the footprint to the measurement position. For convectively unstable conditions, the peak

location was within metres of the measurement position. Generally, during the daytime hours, the

100:1 fetch to measurement height ratio is too stringent for the atmospheric conditions experienced.

The general stability condition for the 9 am to noon hours is not the same as that for the noon to 3 pm

period. Surprisingly, the morning hours are generally more unstable than are the afternoon hours. This

asymmetry in stability often results in asymmetrical diurnal sensible heal flux density curves.

The genera! agrecmen) between the 2-min SLS and EC measurements was very good. The EC

measurements showed greater variability since thc\ are point estimates. The SLS measurements

represent a linc-avcragc and were much less variable. The correspondence between the two

measurement techniques improved when there was reduced turbulence, particularly for uniformly

cloudless days and before 10 am and after 2 pm. There did not appear to be a consistent bias between

the two measurement methods. This implies thai 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-min SR sensible heal flux density

was more variable than the other methods (error mean square of 2299,1 W m"' when compared with

SLS measurements). Averaging SR measurements over 20 min is recommended.

Latent energy flux density is estimated as a residual from the energy balance equation. Negative

latent energy values correspond to normal evaporation but cases were found when Ihe laleni energy

flux density was positive for brief periods. Positive latent energy flux density values correspond 1o the

magnitude of the sensible heat flux density exceeding the available heat flux density. Counter-gradient

fluxes of sensible heal were deiecled. Some of the selected data displayed show thai counter-gradient

fluxes may be associated with large reductions in solar irradiance but were short-lived.

The BR 20-inin measurements of sensible heat and lateni energy flux density were in good

agreement with the corresponding SLS. EC and SR estimates. Examples of this correspondence were

selected from the large data set collected. There was no consistent under- or overestimate in ihe SLS

sensible heat flux density measurements compared to the sensible heat flux density measurements

from the three other methods. The magnitude of the SR sensible heal flux density measurements, if

anything, (ended to be less than the sensible heal flux density measured using the other measurement

methods and therefore tended !o overestimate the latent energy flux density. The SR method is the

leasl expensive in terms of instrumentation and datalogging requirements. The good agreement

between the different measurements is remarkable considering the different underlying theory of each

method, the different measurement heighls. different footprints, differing spatial scales of

measurement (i.e.. poinl measurements us path averagingl and differing measurement frequencies.

Furthermore, it would appear thai the EC sensible 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 techniques showed

good agreement (error mean square of 0.18S M.I m° which is equivalent to 0.077 mm). These

comparisons were separated oui according to wind direction which showed that best comparisons

between EC and SLS measurements were obtained for the 180 to 270" wind directions (error mean

square of 0.171 MJ m : compared to 0,229 M.I m : for the 0 to 90" wind directions). The 0 10 90" wind

directions corresponded to wind from residential areas and relatively limited fetch.

Measurement comparisons over a period in excess of 55 days showed that the ECopcn system

daily lalcnt energy density measurements had a variable relationship with daily latent energy density

estimated using SLS measurements, net irradiance and soil heal (error mean square of 0.632 M.I m~.

r = 0.239). Daily estimates of latent energy density for the SLS and EC techniques were compared

for a period of about 250 days during 2003. The 95 % confidence bands for a single predicted 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. There was no statistical difference between daily lateni energy density estimates obtained

using the EC method based on point measurements and the line-averaged estimates obtained using the

SLS method.

5.5 Estimation of seasonal evaporation using surface layer scinti Hornet or and eddy
covariance measurements
The main aim of this research is to investigate the application of the dual-beam surface layer

scintillomeler (SLS) and eddy covariance (EC) methods for estimating evaporation in an open and

mixed grassland community in a summer rainfall area. Evaporative water loss is oflen the largest

component of the hydrological cycle and is usually calculated as the remainder term of the soil water
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mass balance. Quantifying the total evaporative loss is difficult but necessary for an informed.

objective long-term management plan of catchment areas. Determination of total evaporation from a

grassland site in the midlands of KwaZulu-Natal. South Africa l-ZL),6\T' S. 30.417" E. attitude of

706 m with a very slight siope) was carried out over eighteen months (mid January 2003 to June
2004), The measured sensible heat flux density, net irradiance and soil heat flux density were used to

estimate latent energy flux density even, two minutes. The 2-min estimates were then totalled for each

day for the 6 am to 6 pm period. The estimates from the SLS and EC methods were averaged for each

day. The daily values were totalled to form a monthly total. The seasonal trend in latent energy density

(evaporation) and the impact of the mowing and fire treatments over the 18-month period is discussed.

After the 2004 mowing, the Bowcn ratio increased significantly. Following the removal of vegetation,

the sensible heat daily total increased and the latent energy daily total decreased. The levels were

maintained for nearly two months, except for rain days.

Priestley-Taylor evaporation was a poor estimate of evaporation amounts during this period with

below-average expected rainfall, overestimating the measured evaporation. The evaporation total of

673 mm for 2003 and 306 mm for the first six months of 2004 exceeded the rainfall totals of 532 and

24S mm respectively. The magnitude of the daily lota! latent energy density typically varied from a

summer maximum of about 12 MJ m" (4 mm) to a winter season minimum of 2 M.1 ra* (less than

I mm). The SLS and EC methods were shown to be suitable for long-term monitoring of daily total

evaporation and capable of detecting the effects of management fires and mowing.

6 Extent to which contract objectives have been met

Our research has taken the contract objectives further than was originally envisioned. We have:

• investigated evaporation measurement using two methods not previously tested in South Africa: ihe

SLS method and ihe low-eost SR method;

• thoroughly imestigaled the SLS method and identified the sources of crror(s) in the estimation of

surface evaporation using this method including the influence of beam angle and beam height on

sensible heal fiux density measurements;

• made extensive comparisons between SLS and EC methods of estimating evaporation using the

energy balance as well as performed comparisons with direct measurements of EC evaporation that

do not involve use of the energy balance;

• identified the practical (imitations of the BR method and presented data using a replacement sensor

for the commonly-used dew point mirror system:

• made comparisons between SLS. BR and EC energy balance estimates of evaporation for a period

often months;

• investigated footprint aspects of the SLS measurements. An improved footprint analysis framework

was applied to the SLS measurements;

• made preliminary comparisons of sensible heal flux density between the SR and SLS methods;
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• obtained a se1 of evaporation data using SLS and'or EC measurements for an open and mixed

grassland community in a summer rainfall area fora period of 22 months.

7 Future research

7.1 General comments
One of the major limitations to real economic growth of South Africa is the [imitation imposed by

inadequate water resources to support the given human population and their activities, Evaporation is

a process whereby water is used consumptively. The measurement and or the estimation of

evaporation is key to quantifying this consumption in relation lo the productive or beneficial use of

water. Also, the quantification of water use can assist management in shifting from less lo more

productive consumptive water use and therefore research into evaporation measurement or its

estimation is crucial to South Africa.

7.2 Large aperture scintillometer and surface layer scintillometer comparisons

Our research has concentrated on the use of the SLS method. There was insufficient time to extend the

focus to comparisons with a large aperture scintillometer (LAS). Such a comparison would prove

useful and allow evaporation measurements to he scaled lo pixel size with greater confidence.

7.3 Bo^ven ratio methodology

Our research has conceniraied 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 research needs to be extended to research on a BR carbon dioxide and water vapour system. This

research would allow such a BR CO: system to determine water use efficiency in real-lime.

7.4 Surface renewal methodology

Preliminary but important work on the SR method is reported on in ihis report (Chapter 4). Given the

simplicity of the method theoretically and practically, the results found and that it is relatively

inexpensive, the method certainly deserves further investigation.

7.5 Soil heat flux density and net irradianee influences

This report has shown the importance of the energy balance components net irradianee and soil heat

flux density measurements for estimating latent energy flux density from a measured sensible heat

flux density measurement. Since these measurements are required for both SLS and LAS

measurements, future research would need lo consider these two measurements in more detail. In

particular, for short vegetation and for heterogeneous lerrain. the measurement of soil heal flux density

closer to the surface requires attention.

7.6 Collected data not used in the report

It appears possible lo use canopy temperature and remote sensing techniques for the determination of

sensible heat flux density if measures of aerodynamic resistance are also possible using the SLS or

LAS methods. In view of the possibility of "area!" measures of sensible heat flux densiiy. it may then

be possible lo also calculate surface evaporation from estimates of net irradianee and soil heal flux

Executive summar\



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

density. Furthermore, the temperature variance method, used together with measurements or estimates

of the friction velocity, needs to be investigated as a possible method for the estimation of sensible

heat flux density.

7.7 Technology transfer

In a sense, this project has already resulted in technology transfer. The results produced early 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 point mirror sensor. Furthermore, preliminary investigations

involving the use of the SR method, indicated that ihis technique can be implemented at locations

where data logging capability currently exists as is the case for automatic weather stations.

It is proposed that a variety of methods be used lo transfer some of the technology of the research

investigated here: small workshops, conference workshops and e-mail interest groups. A cooperative
effort is needed. The WRC has been proactive in this regard through a call for solicited research

proposals on evaporation measurement or estimation. Technology transfer forums should encourage

young scientists as much as possible. These processes would quickly permit the transfer of the

technology described in this report.

Much of the research described here has already benefited students, researchers and technical staff

al the University of KwaZiilu-Nalal and the CS1R.

it is the intention to publish parts of this repon in scientific journals and present the results at

conferences. Specifically, the error analysis of Chapter 3. the role of wind direction on the SLS and

EC comparisons in Chapter 4. the comparisons between BR measurements for the various sensors

used, the footprint analysis and the sensible heal measurement comparisons between the various

methods used in this report could be published andor presented at scientific conferences.

Furthermore, it is envisaged thai at least two PhD theses will stem from this project.

8 Capacity building

The SLS results produced early on in this project were extremely valuable and resulted in much

greater confidence in the use of the EC method and also confidence in the SLS method for the

measurement of sensible heat. So these methodologies can be used by researchers and students with

confidence.

Mr Rasool (ex CSIR) and Mr Xaba (both previously disadvantaged individuals) have furthered

their technical training b_\ completing the course on: Environmental Instrumentation for the Life and

Earth Sciences in 2002. Both technicians arc now capable of servicing the micrometcorologica!

instrumentation associated with this project.

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

path EC system.

Ms Jarmain has been trained to use the open path EC instrumentation and the LAS system.
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In 2003. Dr Everson visited the Meteorology and Air Quality Group. Wageriinger) University.

Wageningen, The Netherlands.

A PhD student (Mr George O. Odhiambo) is using the experiment as ihe subject for a PhD thesis

on SLS. Mr Michael G. Mcngistu is also using the SLS and SR methods for a PhD registration as part

of his research. A third student will use the method as part of his PhD research. Two other students

from Zimbabwe arc making plans to undertake postgraduate study starting next year on the use of one

or more of these evaporation methods for irrigation research (one masters student and one PhD

student). Another student from outside South Africa, that has been accepted for PhD study in the area

of energy and water relations, would be involved in these techniques. He is in the process of applying

for a study permit.

Studcms from \arious undergraduate courses have visited the site for practical demonstrations on

the various methods for evaporation estimation.

In addition, students and researchers from Swaziland and Mozambique spent a morning visiting the

research site and receiving instruction on the use of scintillometers.

Scintillomctry is a new technology, to Africa - we have confirmed that there arc no other SLS units

available in Africa. There arc however some LAS units in operation. With any new technology, a

great deal of effort is needed first to understand it and apply it. Capacity has therefore been buih in

terms of this new technology in all the members of the project team. The success in the use and

application of the methodologies has been encouraging and advanlagc should be taken of this.
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10 Statement regarding the archiving ol material

The raw data has been archived to one DVD (SLS_DATAh and 10 a second as a backup

(SLS_BUDATA1). The subdirectory structure for Ihe raw data is contained in the file read_mc.tM

contained in the root subdirectory. All of the SLS data is space delimited. The EC. BR. SR. energy
balance and automatic weather stalion data are comma delimited. The worked data (thai is. Excel

spreadsheets, files for ihe graphics created including Plotii and Origin graphics files) has aiso been

archived to one DVD (SLS DATA2) and to a second as a backup (SLS_BUDATA11. The report itself
has been converted to a number of pdf Hies.

11 Information about this report and data handling

Initially the Microsoft Word (2000) word processing software package was used for entering text for

this report. In the final report stages, the desktop publishing program Corel Ventura If) was used.

Virtually all of the computer graphics were generated using Plolil 3.1 and version 3.20k (Scientific

Programming Enterprises, Hasleit. Michigan). TcxlPad 4.6.2 was used for combining SLS and data

logger files. The data required (o generate the graphics was copied from Excel to Plotit using the

Windows clipboard and saved in Plolit as ixt files. The Plotit graphics were cither copied to the

Windows clipboard and pasted individually directly into Ventura frames or exported from Plotit as

wmf files and then imported into Ventura. Some of the scientific graphics were gencralcd using

Origin, version 7.5 from OriginLab Corperation and copied to the Windows clipboard and pasted

directly in Ventura frames. The report was printed using a Hewlett Packard LaserJet 4 printer al the
600 dpi by 600 dpi resolution. Most of the calculations for this report were performed using MicroSof(

Excel (\ersion 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
as air temperature at 10 Hz: (b) a SR thermocouple for measuring air temperature at S Hz thai then

allows sensible heat flux density to be determined: (c) 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, nei irradiance and soil heal flux density; (c) the EC open path system showing

the open path sensor (while, upper right of the mast): (f) the SLS receiver (bottom right) and the

transmitter is shown at the lop left comer. Also barely in view at the lop is the BR equipment as well

as the EC sonic anemometer 6

Fig. 1.2 Top: Map showing the location of the site: bottom: aerial view of the experimental sile 8

Fig. 2.1 Diagrammatic representation of the two-dimensional internal boundary layer problem (after

Rosenberg 1974. Oke 1978, Brutsaert 1982. Raupach and Lcgg 1984 and Heilman ct al. 1 W>) 18

Fig. 2.2 The energy spectrum E(K) associated with turbulence for a range of wave numbers K for the

various boundary layer flows (taken from Kaimal and Finnigan 1994): A corresponds to regions of

energy production. B to the inertial sub-range of turbulence and C to the dissipation range where

kinetic energy is converted to internal energy acting 1o raise the temperature of the fluid. The integral

length scale of turbulence is denoted A and n, denotes the Kolmogorov microscalc of length 27

Fig. 2.3 An illustration of the range of eddy sizes, from the inner scale /,, to the outer scale Lo 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 31

Fig. 2.4 The so-called Hill spectrum showing /if, as a function of K / . The hump in the dissipation

range of turbulence is evident. The Hill spectrum was derived from temperature fluctuations assuming

they dominate refraclivc-index fluctuations at optical wavelengths 47

Fig. 2.5 A factor, used by Wesely (1976) for estimating C; from C:
n (Eq.2.59). involving the Bowen

ratio fi Assuming correlation between air temperature fluctuations T' and water vapour pressure

fluctuations c'. for Bowen ratios greater than 1. the factor exceeds 0.942 and for factors greater than

0.97 the Bowen ratio would have lo be greater than 2 48

Fig. 3.1 Schematic of the research site and sensor placement. The diagram is to 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 20(12 winter and 0.8 m in 2001 - summer): the

two EC systems are indicaled by ECAT (100-mm sonic path at a height of 1.5 m above the soil

surface) and ECopcn (150-mm sonic path at a height of 2.67 m above the soil surface) indicates the

open path LI-7500 water vapour pressure and carbon dioxide concentration sensor: the energy balance

system (net irradiance, soil heat flux density, soil water content, soil lemperature. canopy temperature,

fine wire thermocouples for air temperature profile measurements) before the 2003 accidental fire is

indicaled by EB; the BR system is indicated by BR which was subsequently used as an energy balance

and weather station system after the accidental fire: the automatic weather station system is indicated
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by AWS (in operation for da\ of year 31 to 138, 2003): the two SR thermocouple positions, not

shown, were adjacent the ECAT position 64

Fig. 3.2 A schematic of the SLS system: the switch-box, the signal processing unit (SPU) and the

personal computer (PC) and associated batteries, batter)' chargers and mains power supply were all

housed in a tent to prevent water damage. The power requirements of the switch-box are typical for a

transmitter to receiver distance of 101 m and a receiver to switch-box distance of 50 m. The

transmitter and receiver SLS units also require tripod stands 65

Fig. 3 3 A side-view schemalic of the SLS40-A transmitter. Of particular note for alignment purposes

is the embedded alignment hole and the three positioning screws - one is obscured 66

Fig. 3.4 An illustration of the error of parallax 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 middle set of circles 70

Fig. 3.5 The SLSRUN version 2.24 start-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 screen showing the selection of the Alignmcni option and the two

sub-options: Level Screen or Automatic alignment 71

Fig. 3.7 The options for automatic beam alignment. Routinely, the beam is first centred five or more

limes 71

Fig. 3.X For measurement of the background and crosstalk values, click on Sellings and then

Background Measure Background. Prompts are displayed on the screen for when to block both beams.

the one beam and then the other beam 72

Fig. 3.0 The rear of the SLS40-A receiver with the back metal plate removed. The two rows of dip

switch settings shown are used to set different voltage settings for each of the two SLS40-A beams

(Table 3.3) 74

Fig. 3.10 Temporal variation, for the 18-month period, in: (a) and fb) bottom two graphs - percent of

acceptable 2-min SLS sensible heal flux density measurements for the 06h00 to 1 8hO0 period and for

the I8hO0 to 06h00 periods respectively: (c) and (d) top two graphs - the average 2-min SLS Nok"o

values for the O6hOO to I 8h00 period and for the 18hO0 to 06hOO periods respectively.

The horizontal line is the average for the entire 1 8-month period: 92 % for (a). 85 "•*. for (b). 75 % for

(c) and 5 5 % for (d) 85

Fig. 3.11 Histogram plots, for the 18-month period, of ihe perccnuige of the inner scale of turbulence

for the categories / < 2 mm. 2 to 4 mm, 4 to 6 mm lo 12 to 14 mm and > 14 mm for the O6hOO to

18h00 period. Each plot is for roughly 90 days. The top hisiogram also includes a line plot for ihe

entire period for average Rvalues. The zones of/,, values lor which data were accepted are shown by

the horizontal arrows 87

Fig. 3.12 Histogram plots, for the 18-month period, of the percentage of the inner scale of turbulence

for the categories /, < 2 mm. 2 to 4 mm, 4 to 6 mm to 12 to 14 mm and > 14 mm for the 18hOO to

06hOO period. Each plot is for roughly 90 days. The top histogram also includes a line plot for the
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entire period for average /„ values. The zones of/,, values for which data were accepted arc shown by

the horizonlal arrows K8

Fig. 3.13 The components of the energy balance for 23 Fcb 2003 (day of year 54) [upper] and 5 Jan

2004 [lower]. Each point represents a 2-min period except on 5 Jan some of the data is 20-min data 89

Fig. 3.14 The results of the sensitivity analysis for the effeel of fractional error in air temperature

(from 10 % below the measured value for the time indicated to 10 % 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 to 2 % above) on the fractional error sensible

heal flux density. Atmospheric pressures greater than that al sea-level (1013 hPa) were excluded in ihe

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 to 2 % above) on the fractional error in sensible heal flux density 92

Fig. 3.17 The results of the sensitivity analysis for the effect of fractional error in beam height above

the reference level at which the wind speed is 0 m s'1 (from 5 % below 1.04 m to 5 % above) on the

fractional error in sensible heal flux density 93

Fig. 3.18 The seasonal march of the path-w-eighted 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 94

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) lor log-amplitude variances but normalised to an area of 1 <̂ 4

F i g . 3 .20 T w o - m i n u t e v a r i a t i o n in S L S a n d E C A T s e n s i b l e hea t flux d e n s i t y for (a) a b o v e : a hor i zon ta l

beam at an effective height of 1.5 m for day of year 223 to 230, 2004; (b) below: a non-horizontal

beam angle. The change in angle was on day 231. indicated by the dotted line. The beam was distance

was 101 m. The effective beam height was 1.08 m and the heights of the transmitter and receiver were

1.68 and 0.68 m respectively with (he vegetation height about 0.1 m 95

Fig. 3.2! Two-minute variation in inner scale of turbulence la (mm) (a) above: a horizontal beam at an

effective height of 1.5 m for day of year 223 to 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 1.6H and 0.68 m

respectively with the vegetation heighi about 0.1 rri 97

Fig. 3.22 Two-minute variation, for an effective beam height of 0.5 m for day of year 223 to 230. 2004

in (a) above: sensible heat flux density (W m":): (b) below; inner scale of turbulence Iu (mm).

The change in effective beam height was on day 242. indicated by the dotted line. The beam was in

the horizonlal position with the vegetation height about 0.1 m 9^

Fig. 3.23 Diurnal variation in 2-min soil heat flux density (right hand y-axis. and the standard

deviation in soil heat flux density (measured and estimated) on the left hand y-axis for two almosi

cloudless days (day of year 54 (top) and 189 (bottom). 2003) 100
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Fig. 5.24 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 each component, converted ink* mm units. The worst-case error

amount is used for sensible heai flux density 10]

Fig. 3.25 Seasonal variation in evaporation {mm day"1). o l , F , (mm day"1) and fractional error in

evaporation (a L, Fn I L, /•"„ ) for 2003. The smooth curves were created by smoothing the v values in

x, y daia using a smoothing factor of 0.4 (Scientific Programming Enierprises 1999). The worst-case

error amount used for sensible heat flux density is used to determine a L F ](J3

Fig. 4.1 An idealized air temperature ramp for unstable conditions, upon which the SK method

depends, is visualised as consisting of a quiesceni period (period s (s)) and a ramping period (period /)

for which the amplitude is u \)\

Fig. 4.2 An idealized air temperature ramp for stable conditions, upon which ihe SR method depends,

is visualised as consisting of a quiescent period (period s (s)) and a ramping period (period /) for

which the amplitude is -a ]]]

Fig. 4.3 The relationship between the inner scale of turbulence /. and the correlation coefficient r

where r = Br {Bt B. )' : for a 100-rn path length where Br is the covariance of the logarithm of the

amplitude of the radiation received and S and B. are the single detector variances for the SLS

method 1 15

Fig. 4.4 The algorithm (Hill 1997) used for the various estimates obtained using the SLS method

based on weak scattering theory and measurements of the variances £,and B,. covariance 812, inputs

of beam hcighi z above the zero plane displacement height, beam distance Lhrtim, air temperature T.

atmospheric pressure and measurements of net irradiance I iu, and soil heat flux density / \ , (based on

Weiss (2002) but modified 10 reflect the role of single detector variances S, and £>'., that T, and it. are

required to calculate <3>(T and O.. and to reflect the estimation of I, FK). The square boxes indicate

data inputs and the shaded boxes are statistical calculations (variances and covariances) based an

measurement of the logarithm of the amplitude of the radiation transmitted lo the receiver detectors

116

Fig. 4.5 The error in temperature C'C) for the two Vaisala relame humidity and temperature sensors.

The error for any given temperature is beiween the upper and lower corresponding set of sensor

curves. So for example, al 20 DC, the error for the CS500 is z. 0.46 °C and ± 0.2 °C for the HMP45C

Fig, 4.6 (a) Top: the error in the water vapour pressure for a Vatsala CS50O 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 % and a temperature error that varies with temperature and is a

minimum of ±0.3 °C at (I °C and a maximum of ±0.62 °C at 40 °;

(tO bottom: the error in the water vapour pressure for a Yaisala HMP45C 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 T at 20 T and a maximum of ± 0.3 °C at 0 and 40 X 13 ]
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Fig. 4.7 Reference water vapour pressure differences in kPa (dc) measured using the L16I0 Dewpoint

Generator compared with the measured water vapour differences {dc) using:

(a) Vaisala GS5O0 sensor air temperature and relative humidity sensor:

(b) Vaisala HMP35C air temperature and relative humidity sensor;

(c) 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 (dc) measured in the field using Vaisala HMP45C and the CS50Q sensors for liic periods

indicated 134

Fig. 4.9 Comparison of the mean of the standard deviation of the water vapour pressure profile

differences (dc) measured in the Held using Dew-10 and Vaisala H-MP45C sensors for the periods

indicated 135

Fig. 4.10 One second measurements of water vapour pressure for a 20-min period for Dew-10 and

HMP45C sensors during conditions of: top (a) low evaporative demand: bottom (b) high evaporative

demand. Also shown in the bottom graph on the right-hand y-axis is the block temperature, which

illustrates the resolution problem 137

Fig. 4.11 One-s variation in water vapour pressure for Dew-10 and Vaisala HMP45C sensors top (a)

for a 40-s equilibration period: middle (b) for a 40-s equilibration period followed by an 80-s

averaging period for high evaporative demand conditions. The variation in block temperature is also

shown: bottom c) for a 40-s equilibration period followed by an 80-s averaging period for low

evaporative demand conditions 138

Fig. 4.12 Regression of 20-min field-measured BR latent energy flux density obtained using a Dew-1(1

and Vaisala HMP45C sensors for the period 17 January to 3 June 2004 140

Fig. 4.13 Polar diagrams for daytime (061:00 to 1 XhOO) measurements of:

(a) wind speed <m s"'}and wind direction (for the period day of year 48 to 283. 2003):

(b) SLS sensible heal density (M.T m") and wind direction;

(c) for SLS and ECAT sensible heal density difference (MI m"~) and wind direction.

The two arrows in each of a. b and c show the resultant wind vector for the 0 to W and ISO to 270"

sectors for the entire measurement period for day of year 48 to 283 (20031 144

Fig. 4,14 a to e Wind direction for selected days. A horizontal arrow from right to left is S-N. The

orientation of the beam is shown by an arrow from the transmitter (T) to the receiver (R) 145

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 parallel lo the beam (indicated by the lower trace labelled "Wind

parallel to beam"). For day of year 5 (2004). the 20-min BR measurements obtained using a Vaisala

HMP45C sensor are also shown.

The effective beam height was approximately 1 m and the beam path length is 10] m. Winds

perpendicular or parallel to the beam are defined as winds within 30 degrees of perpendicular or

parallel to the beam position 149

Fig. 4.16 (a) Top: Comparison between the estimated footprint (Eq. 4.51) for selected days based on

2-min SLS measurements of the Monin-Obukhov stability length L, horizontal distance .v (m) from the
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measurement positions, beam height relative to the zero plane displacement height d. and the

stability-dependent similarity constants D and P of Hsich et al. (2000). The peak location of the

footprint .\ iaA (m) is shown for each date us is the stability condition. The x a value used was the

average of the 2-min.v vi values between O9hO0 and l5hOO

(b) Bottom: Comparison between the ratio of the flux density F(x,zm -d) to surface source flux

density £, (Eq. 4.30) for selected days based on 2-min SLS measurements of Z. 150

Fiy. 4.17 Diurnal variation in the 2-min values of the 0̂ % fetch to measurement height ratio

(Eq. 4.52) for three relatively cloudless days (5 Jan 2004, and 6 and 5 July 2003) and one partly

cloudy day (2 Sept 200?). Days with the lowest ratios have the greatest instability. 5 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 slate 152

Fig. 4.18 The difference in the average .v,wi values between 9 am to noon and noon to 3 pm for two
90-day periods where n is the number of points for which there is a posilive or negative peak location

difference. The x]Saft values were estimated using Eq. 4.49 and are based on estimations of I from SLS

measurements and the stability-dependent similarity constants D and j"(Eq. 4.45) 153

Fig. 4.J9 Diurnal variation in 2-min values of SLS-measured sensible heat flux density Fh for four

near-cloudless days: day of year 15. 54. 62 and 68. 2003. The asymmetrical shape of the Fh curves are

evident on most cloudless days. The other components of the energy balance. },„,. LtF» and Fsun are

shown 154

Fig. 4.20 Diurnal variation in 2-min values of SLS-measured sensible heat flux density Ft, for four

near-cloudless days: day of year 71, 110 and 111. 2003. The asymmetrical shape of the Fh curves is

evident on most cloudless days. The other components of the energy balance. /,„,,„ LVFU and Fs,,<, are

shown. The bottom-right graph, a repeat for day of year 54 (2003) also shows the 2-min EC'AT

sensible heal flux density measurements ] 55

Fig. 4.21 A comparison between EC sensible heal flux density (CA27 system) measured using a

20-min average and two-minute averages ihen averaged to 20 min 156

Fig. 4.22 Diurnal variation in 2-min sensible heal flux density as measured by SLS and ECAT systems

fora period of 24 consecutive days (day of year 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 157

Fig. 4.23 Diurnal variation in 2-min sensible heal ilux density as measured by SLS and ECAT systems

for a period of 24 days (day of year 71 to 44 or 12 March to 4 April. 2003) 158

Fig. 4.24 Histogram plots of ihc percentage frequency (left-hand y-axis) and number of occurrences

(right-hand y-axis) of positive 2-min latent energy flux densities for the 2003 data set for ECAT and

SLS measurements. The histogram limits used were < 15 W irT. between 15 and 30 W m~. between

30 and 45 W m"\ etc. up to 135 to 150 \V m : . The total number of occurrences was 3318 for SLS

measurements and 2638 for ECAT measurements 159

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 energy flux 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 in sign due to the reduced solar irradiance did nol occur 160

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 tlux densities after the reduction:

Top two graphs: The variation in the air and IRT and the air profile temperature differences showing a

change in sign due to the reduced solar irradiance 161

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-jim type-E fine-wire thermocouple was used

163

Fig. 4.28 Comparison of 2-min SLS and SR sensible heal flux density for the period 21 si Oct to 17 th

Nov 2003. The SLS beam was ai 1.5 in above the soil surface and the SR thermocouple was at a

height of 0.8 m 163

Fig. 4.29 Diurnal variation in 20-min sensible heat flux density for two cloudless days (lower sei of

graphs for day of year 5 and 78. 20041 and for two days with variable cloud [upper graphs for days 19

and 22, 2004J. 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 flux density (left-hand y-axis). The height of the

SLS beam was aboul 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 165

Fig. 4.30 Diurnal variation in 20-min latent energy flux density values for two cloudless days (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 energy flux density was estimated as a residual from the energy

balance. Also shown is the net irradiance (right-hand y-axis} and the soil heal flux density (left-hand

y-axis). The height of the SLS beam was aboul 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 1 66

Fig. 4.31 Half-hourly sensible heat flux density measurements for the two EC systems and the SLS

system for one week. All points represenl 30-minute averages between 6 am to 6 pm of the specified

day 167

Fig. 4,32 Comparisons between daily sensible heal density measurements in M.I m~ (taken from the

period day of year 28 to 2fs3. 2003) for the various systems:

lai EC AT vs ECopen:

(b) EC AT vs SLS:

c) EGAT vs SLS for daily percentage count of good data exceeding *5 %:

(d i EC AT i'v SLS for wind directions between 0 and 90' mainly from residential areas:

(e) EC AT vs SLS for wind directions between I 80 and 270' (largely perpendicular lo beam)

Ths dotted line in each case is the 1:1 tine 168

Fig. 4.33 Comparisons between latent energy density in MJ m " (taken from the period day of year 2S

to 283. 2003):

(a) measured using the open path EC system ECopen and that estimated from SLS sensible heat

density, net radiant and soil heal densities:

(b) estimated from SLS sensible heat density, nei radiant and soil heat densities and estimated from

ECAT sensible heat density, net radiant and soil heat densities
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All measurements were 2-minUte measurements summed over Q6hOfl to l8hOO apart for the ECopen

system which involved 30-min measurements summed over 06hOO io 18hOO 170

Fig. 5.1 Seasonal variation in weekly sensible heat, lateni energy and soil heal density (left-hand

y-axis. MJ m~"). cumulative evaporation and daily rainfall (mm) for the period 14 Jan 2003 and

30 June 2004. The lota] rainfall Io dale is shown, bottom right of each graph ] 74

Fig. 5.2 Seasonal variation in daily sensible heat, latent energy and soil heat density (left-hand y-axis,

MJ ni'"). 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 175

Fig. 5.3 Seasonal variation in daily sensible heat, latent energy and .soil heat density (left-hand y-axis.

MJ in'"), cumulative evaporation and daily rainfall (mm) (right-hand y-axis) for the period I .lul and

31 Dec 2003. The Iota I monthly rainfall is shown, bottom right of each graph 176

Fig. 5.4 Seasonal variation in daily sensible heat, latent energy and soil heat density (left-hand y-axis.

MJ m"~), cumulative evaporation and daily rainfall (mm) (right-hand y-axis) for the period I Jan and

30 June 2004, The total monthly rainfall is shown, bottom right of each graph 177

Fig. 5.5 Seasonal variation in weekly latent energy and soil heat density (left-hand y-axis. MJ m'~).

volumetric soil water content and surface reflection coefficient r (right-hand y-axis, %) for the period

14 Jan 2003 and 30 June 2004 I SO

Fig. 5.6 Seasonal variation in daily latent energy and soil heat density (left-hand y-axis. MJ m"").

volumetric soil water content and surface reflection coefficient ("«) and daily rainfall (mm)

(right-hand y-axis) for the period 14 Jan and 30 June 2003 ] 81

Fig. 5.7 Seasonal variation in daily latent energy and soil heal density (left-hand y-axis. MJ m"2).

volumetric soil water content and surface reflection coefficient (%) and daily rainfall (mm) for the

period 1 Jul and 3 I Dec 2003 182

Fig. 5.8 Seasonal variation in daily laieni energy and soil heat density (left-hand y-axis. M.I m" :).

volumetric soil water content and surface reflection coefficient (%) and daily rainfall (mm) for the

period 1 .Tun and 30 June 2004 1 S3
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C List of abbreviations and symbols

Abbreviations

ABL atmospheric boundary layer - same as PBL

BLS boundary layer sciniillomcter that uses an extra-large aperture for

measurement pfC* over distances between 500 m and 10 km

BR Bow en ratio method

BREB Bowen ratio method energy balance method

EC eddy covariancc

EC AT Applied Technologies eddy covariance system

ECopen open path eddy eovariance system

HPV heat pulse velocity

IBL inner or internal boundary layer - region of atmosphere affected by a

step change in surface conditions

1RT infrared thcrtnomelcr

LAS large aperture scinlillomeler for measurement of C~ over distances

between 500 m and 3.5 km

LI DAR light detection and ranging system
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MWS microwave scintillometer (- see RWS)

MOST Monin-Obukhov similarity theory, a semi-empirical theory of

atmospheric turbulence

PBL atmospheric or planetary boundary layer

RWS radio wave sdniillometer

SBL surface boundary layer- lowest 10 to 15 % of the PBL

SLS surface layer scinlillometcr for measurement of C~ over distances

between 50 m and 250 m

SPU signal processing unil for SLS system

SR surface renewal, a mclhod for determining sensible heal ilux density

from high frequency measurements of air temperature at a single

atmospheric level
TKE turbulent kinetic energy

XLAS extra-large aperture scintillometer for measurement of C ; over distances

between 500 m and 10 km

Roman symbols

"oEFD percentage error free SLS data %

a air temperature amplitude for the SR method "C

a constant in the relationship between C:
T andC^ (= 7,89 x 10"* K hPa*1)

a regression coefficient

a. proportionality constant

S, proportionality constant

<•'.,,.„„„„.., b u o y a n t a c c e l e r a t i o n o f a p a r c e l o f a i r m s"~

A area m"

A available energy flux density A -1„,,, 4 F ^ VY m"~

A.h-m cross-sectional surface area of a lysimeler m '

B\ variance of the logarithm of the amplitude of SLS beam 1 signal

B\z covariance of the logariihm of the amplitude of the received SLS beam

radiation

c energy balance closure W m"~

f,,. specific heat capacity of dry soil .1 kg" K"

r
specific heal capacity of air at constant pressure (= 1004 J kg"1 K"1) .1 kg"

c,. specific heal capacity of water J kg' K"'

f.,.. specific heat capacity of soil J kg" K"

C Bowen's definition of the sum of conductive and convective heat energy W m"~

Ilux densitiesC =R(L Ft. )

C concentration of scalar quantity kgm

C constant used in Eq. 2.55 - vegetation type dependent

C; structure parameter of refractive index

C ; structure parameter of air temperature

d SLS detector separation distance m

J zero-plane displacement height m

de actual profile wafer vapour pressure difference kPa
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dP

JT

D

D

D

DOY

DT(r

e.

E

EC

E(K)

f
f

F

F

F

F plait

Fmil

F(x,zm -d)

zttn, 'imjl! tti'i'rntrt'

change in pressure due lo a change in heat added 10 a thermodynamic kPa

sysiem

heat energy added 10 a parcel of air J

time interval s

actual profile air temperature difference "C or K

similarity parameter used in the Hsieh et al. (2000) footprint model

SLS detector diameter m

separation distance of surface roughness elements m

day of year

air temperaiure structure function °C

water vapour pressure scale of turbulence kPa

surface boundary water vapour pressure kPa

average water vapour pressure (usually over 20 min) al heighl r, kPa

average water vapour pressure (usually over 20 min) at height : , kPa

BR air sircam water vapour pressure kPa

saturation waier vapour pressure kPa

saturation water vapour pressure al the Yaisaia temperature kPa

fluctuation in entily E various

turbulent kinetic energy per unit mass J kg"

eddy covariancc

energy spectrum ns a function of wave number K J m"'

uniform upwind fetch m

frequency Hz

a function that describes the decrease of B]2 with increasing /„. d and D

a function that describes the decay of refractive index fluctuations in the

dissipation range of turbulence

footprini function al dislancc x from the source and a measurement unitlcss

height zm fora surface with a zero plane displacement heighl J

viscous force

flux density at measurement height W in"

carbon dioxide flux density

flux density of entity E

sensible heal flux density (sometimes H is used)

correct sensible heat flux density

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

soil heal flux density

average soil heat fliu density (20-min average)

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

water vapour flux density

scalar flux density at distance v from the source and a measurement W

height za for a surface with a zero plane displacement height J

FresncI zone size

small aperture Fresnel zone size

acceleration due to eraviiv m s

N

kg

k«

s"1 2
111""

various
YV

W

w
w
w
w
- ]

m~~
2

rri.

Elf

m*
tn"

in'"

rrf

m

m
.-2
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H1miH SLS beam height

/; canopy height

h height of roughness elements

AIWII, SLS beam height

K™..- • correct SLS beam heigh!

H sensible heat flux density

/, mean intensity for SLS beam I

/„,, net irradianee/,„., =*/, -/*/, •+ Lit - Lit (sometimes /?,,.. is used)

l\ solar irradiance

j sample lag between data points for the SR method

k von Karmarf s constant(k =:0.41)

A" general turbulent exchange coefficient

A' optical wave number (=2 n ! ^v , ,m)

K h turbulent exchange coefficient for sensible heat transfer

Km (urbulenl exchange coefficient for momentum transfer

Ky turbulent exchange coefficient for quantity q

K't turbulent exchange coefficient for latent heat transfer (water vapour)

A . eddy diffusivity at height z

KEh kinetic energy associated with buoyancy

KEt initial turbulent kinetic energy

I breadth of surface roughness element

/ characteristic length

/ ramping period used in the SR method

/, inner scale of turbulence

L or Monin-ObukhoY length

L, transmitter to receiver beam distance
beam

•Lhmm,twnicl correel SLS beam distance

LAI leaf area index

LE latent energy flux density

Lf Song wave irradiance in the downward direction

Lti outer scale of turbulence

Lti long wave irradiance in the upward direction

L, specific latent heat of vapourisation

h% F , evaporation of water (latent energy flux density) - sometimes LE is used

L F , lysimeter talent energy flux density

Z., ^ „.,.,,,,.„., reference latenl energy flux density

m number of data points collected, using the SR method, in a certain time

interval

M uir mass of air kg

ft eddy frequency Hz

n number of acceptable two-minute wind speed measurements between

()6hOO and 18fa00

to refractive index
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n

P

P
P

P
P

9

Q

r

r

r

stability factor

coefficient of a third order polynomial used to soivc for the amplitude of

the air temperature ramp of the SR method

period (— 2 71 /co)

similarity parameter used in the Hsieh et al. (2000( footprint model

atmospheric pressure

correct atmospheric pressure

coefficient of a third order polynomial used to solve for the amplitude of

the air temperature ramp of the SR method

flux density of the entity q

eddy size

correlation coefficient

reflection coefficient

"c-

kPa

kPa

s m

mm

unitless

unitless or

r"

ah

Re

RH

R H <.,•„!„

ncs

A'(0)

A'(OT)

s

s

S
S{n)
S'(r)
•y,

7

T

. . . " . •

T'

r

sm"1

sm"1

unitless

aerodynamic resistance s m"

coefficient of determination unit less

aerodynamic resistance for sensible heat s rrf

aerodynamic resistance for momentum

aerodynamic resistance for latent energy | water vapour transport)

canopy resistance (also referred to as the bulk stomatal resistance)

Richardson number: Ri = 4= —
n 1 J 1 I CU~ I GZ~

Reynolds number

relative humidity %

relative humidity measured by a Yaisala sensor %
net irradiance W in"~
correlation function defined as the time-averaged correlation between m" s"~

w'{t) and w'{t) for a zero time lag

correlation function defined as the time-averaged correlation between m" s""

iv'l / land ir'(6/) for time lag o;

quiesceni period used in the SR method s

static stability parameter
j

soil heat flux density W m ' "

eddy spectral density as a function of frequency n

the air temperature structure parameter to the n th exponent ° C n

corresponding to a time lag r

surface source flux density W itf

t ime s

average air temperature CC

air temperature at height r ,

air temperature at height r ,

correct air temperature measurement

infrared thermometer measurement of canopy surface temperature

air temperature fluctuation

fluctuation in the measured sonic temperature

°c

°c

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



Theory and practice of evaporation measurement , with special locus on o
SLS as an operat ional tool lor the estimation of spatially-averaged evaporation Savage el al.

T average air temperature C

Ti,T\ lime-averaged air temperatures al heights z. and -, respectively C or K

F, temperature scale of turbulence K

TKE turbulent kinetic energy - often per unit mass m~ s"~

7", average surface temperature K.

Thnifi lower BR thermocouple air temperature K

7* T upper BR thermocoLiple air temperature K

fiV^s temperature of the Vaisala temperature chip °C

Fu Surface t empera tu re K

T(r.t) air temperalure al posiiion r and timei °CorK

F, virtual temperature °C or K

T. air temperature al height r "C

T{ z) air temperature al atmospheric level - °C

T - mean air teniperattire at atmospheric level z ~C or K

Tr limrl virtual temperature of an air pareel K.

virtual temperature of the surrounds K

V horizontal wind speed m s"

u' fluctualion of the resolved component of the horizontal wind speed in m s"

the x direction

ut wind speed in the x direction m s*

v' fluctuation of the resolved component of ihe horizontal wind speed in ms"

they direction

it, horizontal wind speed in the y direction m s"

U' fluctuation of the horizontal wind speed m s"

u. friction velocity ns

U a average wind speed between height : , + d and measurement height zm m s"

ii horizontal wind speed in ihe x direction m s'

u mean liorizontal wind speed m s"

U mean of the horizontal wind speed in the x direction m s"

it i mean of the horizontal wind speed in the y direction m s"

v honzonlal wind speed in the y direction m s"

vpd water vapour pressure deficit kPa

V volume of air m*"1

I volume of soil m

ir vertical wind speed m s*

w' vertical wind speed fluctuation m s"

w'(i) vertical wind speed fluctuation at time t m s"

M average vertical wind speed m s"

.v fetch distance no

x distance in the .v-direclion fn

<X> average of SLS signal for beam 1

x t peak location of the footprint for sensible heal flux density m

y distance in the v-direclion m

<Y> average of SLS signal for beam 2
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distance in ihe r-direction

height above ground

height above ground

substitution for ( r -</) / zit

placement heighi at level 1 above canopy

placement height ai level 2 above canopy

measurement height

roughness length

roughness lcniilh for momentum

m

m

m

m

m

m

m

m

Greek symbols

I
P

S'

57"

ST

BW

5_-

A

A/

AT

Az

weighting factor used in the SR method

kolmogorov constant - between 0,5 and 0.6

Rowen ratio

empirical function of LAI [Eq. 2.60)

Obukhov-Corrsin constant (= 0.86)

thickness of internal boundary layer

measured water vapour pressure profile difference

Vaisala CS500 measured waler vapour pressure profile difference

Vaisala HMP45C measured water vapour pressure profile difference

thickness of equilibrium sub layer

measured air temperature profile difference

finite difference in air temperature

profile air temperature diiTerence

change in weight of a weighing lysimetcr between two known times

depth incremeni

slope of the saturation water vapour pressure vs temperature relationship

time difference

average soil temperature difference from one lime interval lo the rrexi

depth increment

energy dissipation rate

fractional error in sensible heat flux density measurements

fractional error in air temperature measurements

fractional error in atmospheric pressure estimate

fractional error in beam path length measurements

fractional error in beam height measurements

stability parameter for the structure parameter for temperature

dimensionless stability function for sensible heat

dimcnsionless stability function for momentum

three-dimensional spectrum of refractive index inhomogeneilies

dimensionless stability function for latent energy

normalised dissipation rate of turbulent kinetic energy

unitless

m

kPa

kPa

kPa

m

°C
°C

K
kg

m

Pa°C

s

°C

m

Wkg*1 or
. 2 - 3m s '

unitless

unitless

unitless

unitless

unities*
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energy spectrum densily
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dry adiabatic lapse rale

coefficient used to correct sensible heat flux densily for stability (Eq.

2.57}

spatial wave number associated with eddy size

specific blent heal of vapourisation

transmitter beam wave length

spectral wave length

dynamic viscosity of air

wind direction

gravimetric soil waier content

poicntial temperature

virtual potential temperature

air density

densily of air

densily of a parcel of air

densily of the surrounding air

density of water

variance of the intensity of SLS beam 1

standard deviation of a sensible heat flux densily measurement

standard deviation of a sensible heal flux densily measurement from the

SLS40-A

standard deviation of a soil heat flux density estimate

standard deviation of a net irradiance measurement

standard deviation of a hitenl energy flux densily measurement

variance of TKE

variauce of the amplitude of the sciniillomcter beam intensity

momentum flux density

kinematic viscosity of air

quantum yield

dimensionless stability parameter proposed by Monin-Obukhov

(z-d)IL

Tm"1

m

Jkg
nm

nrn

Pas

degrees

anti-ciock-

vvise from

N

kg kg"'

K

K

kg rn"

kg m~~

kg m"""1

kg m"

kg ID""

W m"-

VA m " 2

W mZ

W rn'2

W m"2

relative

units
Pa

nrs"1

.Ik,"1

Mathematical symbols
partial derivative
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Chapter 1

Introduction

1.1 Abstract
The theory, use and application of the dual-beam SLS method for estimating evaporation in an open

and mixed grassland community in a summer rainfall area is investigated. One of the justifications for

this work is the reference, in the 1998 Republic of South Africa Water Act. to the possible prescription

by the Minister, of methods for making a volumetric determination of water for purposes of water

allocation and charges in the ease of activities that result in stream flow reduction. Also, given the

demand on uaier resources and the potential and or real impact of global warming and or climate

change, it is imponant to consider how evaporation is to be measured or estimated with reliable

accuracy and precision.

Currently there is no single accepted method that 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 estimation using micrometeorological

measurement methods.

The specific objective is the use of the surface layer sciniillometer (SLS) method, previously

untested in South Africa, to estimate areally averaged sensible hea) flu* densily over a

mixed-community grassland canopy and comparison with measurements obtained using an eddy

covariance (EC) method. The SLS methodology for evaporation estimation relies on the energy

balance and in particular relies on the measurement of the net irradiance, defined by net short wave

and net long wave irradiances. and the soil heal flux density and depends on the Monin-Obukhov

similarity theory (MOST) for determining sensible heat flux density. Other evaporation methods used

for comparison purposes also include the traditional Bowen ratio (BR) and the surface renewal (SRI

method, the latter also previously untested in South Africa.

This project falls within the hydroclimaiological research programme of the Water Research

Commission (WRC). In this programme the project will contribute lo research support for water

resources assessment, management and sustainable utilisation in South Africa, by improving the

methodologies for monitoring evaporation from both land and waicr surfaces, possibly resulting in a

standard for evaporation measurement by which other methods will be judged.

A summary structure of the repon on a chapicr-b) -chapter basis is outlined.

1.2 Motivation for this study

The 199S Republic of South Africa National Water Act states that the Minister may make regulations:

"requiring that any water use be registered" (p ll))- Furthermore, the Minister may also prescribe

"...methods for making a volumetric determination of water to be ascribed to a stream flow reduction

activity for purposes of water use allocation and the imposition of charges" (p 20).

The Water Research Commission (2004) has called for solicited research project proposals refining

tools for evaporation monitoring in support of water resource management, staling that: "This (the

Act) makes it important 10 know (a) the degree of aecuracyprecision thai can be achieved when
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measuring or estimating evaporation using currently available methods, including those computational

methods built into hydrological and agrobydrological models, and (M how closely these values come

to meeting requirements of IWRM (integrated water resource management) within the context of the

Water Act. There are also other compelling water-resource related reasons for being able to monitor

evaporation with sufficient confidence in the accuracy and precision of the measurements/estimates."

Given the reference in the Water Act to 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 that result in stream flow reduction and given the demand on waler resources and the

potential and or real impact of global warming and/or climate change, it is important to consider how

evaporation, one of the main components of ihe water balance, is to be measured or estimated

routinely with reliable accuracy and precision.

The need for increased food and timber production has led to dramatic increases in irrigated and

forestry lands in South Africa. Agriculture and forestry faces increased competition for water by

industries, municipalities and other groups. This ever-growing demand for waler makes it imperative

that water resource management procedures and policies are wisely implemented and improved. The

accurate assessment of evaporation is essential if this is to be done.

So. what is ihe standard or benchmark for evaporation measurement or estimation? This important

and fundamental question needs to be addressed to achieve the idea! of accurate and reliable

evaporation data. Although this investigation on the SLS method for estimating evaporation will also

necessarily focus on the more fundamental aspects of micrometeorological research, advances in this

field will ultimately have direct benefits to waler resources assessments and management processes.

Examples of areas not easily addressed using the more traditional evaporation measurement

techniques include amongst others: measurement of evaporation in riparian zones; determination of

open waler evaporation from rivers and dams (both large and small): effluent water management from

saline dams in the mining environment; measurement of evaporation from slimes tailings; water use of

trees and crops in agro-Forestry trials; remote sensing applications; determination of baseline

evaporation from natural communities (e.g. indigenous forests): irrigation research.

Since John Dulton first introduced the mass transport equation for evaporation estimation, and

Penman researched the potential evaporation formulation, numerous methods for estimating or

measuring evaporaiion have been developed. Currently, there is no single accepted method capable of

providing both good spatial and temporal measurements or estimates of evaporation that is reliable

and has adequate resolution.

South African researchers have had good success with the heat pulse velocity (HPV) (Dye et al.

1992. Dye and Olbrieht 1W) and energy balance techniques (Savage et al. 1997). The HPV

technique for estimating sap flow is based on using heat as a tracer for the flow of sap in the stem of

plants. Needles and a healer probe are inserted into the stem of the plani and a pulse of heat is applied

at regular intervals of lime. The rate of heal movement is related to the sap flow. However, the HPV

technique is suited only to mono-specific stands of trees, is problematic when scaiing from single trees

to whole stands and is a destructive technique - trees must be felled to calculate sapwood areas and

wound size. The luck of wound size information at the lime of measurement makes calculations of

transpiration only possible at the end of an experiment The stem steady state heal energy balance

technique for determining sap flow has aiso received attention in South Africa (Savage et al. 1993.

200(1).
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The Bowen ratio energy balance (BREB or simply BR) method on the other hand, is well-suited to

mixed species communities such as a grassland community. The BR method is a traditional method

for the estimation of evaporation using measurements of profile differences in air temperature and

water vapour pressure above the canopy, surface net irradiance and soil heat flux density. The

technique assumes thai the coefficients of exchange between the surface and the atmosphere for

sensible heal [heat transferred from the atmosphere lo a surface, or vice versa, that results in a

temperature change] and latent energy are ideniical. The BR method is limited by constraints imposed

by both fetch distances and measurement height. Fetch refers lo the upwind distance of traverse across

a uniformly rough surface such as a forest or a grassland surface from the instrument location until

there is a discontinuous change in surface roughness. The fetch often depends on the wind direction

(unless the shape of the uniformly rough surface is circular). Thus, the BR method is not suited to

narrow strips (e.g. riparian zones, wetlands etc.). where fetch distances arc short, or above tall

vegetation where there arc small gradients ofair temperature and water vapour pressure (caused by the

increased wind turbulence above tall canopies). These gradients may be outside the measurement

resolution of (he sensors particularly when placed above forest canopies. The method is critically

dependent on a cooled dew point mirror sensor that is prone to bias, requires almost weekly

adjustment and periodically and inexplicably occasionally ices up resulting in unacceptable data.

In recent years, direct measurements of turbulent flukes have been achieved by eddy covariancc

(EC) measurements in KwaZulu-Natal (Monnik ct al. 1995. Savage ct al. 1995a, b). A drawback of

EC measurements is thai they, like BR measurements, arc point measurements although both sets of

measurements may represent a fairly large upwind area depending on the atmospheric stability.

However, the application of the EC method is sometimes problematic. The necessary sensors for

vertical wind speed, air temperature and water vapour pressure must respond very quickly (frequency

of 5 Hz or greater) and at the same lime must not show noticeable drift. This makes them delicate,

expensive and in some cases difficult to calibrate. However, more serious is the fact that airflow

disiortions by the sensor, masl. etc.. as well as horizontal misalignments may cause measurement

errors. In addition, there are technical problems because temporal co-spectra, measured at a fixed local

sensor, extend to very low frequencies. To achieve acceptable significance often demands averaging

periods of several tens of minutes. Such long averaging periods reduce the temporal resolution and

conflict with the requirement of atmospheric staiionarity within the averaging period.

Because of these and other theoretical and practical difficulties, alternative and or complementary

flux density measurement methods have been sought. Recent investigations have demonstrated the

potential of using a seimillomeler to measure areally averaged sensible heat flux densities. A

scintilJometer measures the intensity fluctuations of visible or infrared radiation after propagation over

the plant canopy of interest. The fluctuations are caused by interference after the radiation has been

scattered by inhomogeneiiies in the refractive index of the air. the latter caused by turbulent

fluctuations ofair temperature and humidity. In contrast lo BR and EC measurements, scintillometers

provide path-averaged results. Surface layer scintillomcters (SLS) have beam path lengths between

about 50 and 250 m and large apertures scintillomclers (LAS) usually operate over distances of

between 500 m and 3 km or even up to 10 km for BLS (boundary layer scintillomcler) systems, For all

three types of sciniillometer systems, measurement of the net irradiance and soil heat flux density

terms of the energy balance is required to estimate evaporation as a residual term using ihc energy

balance equation.
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The main objective of this project is to use the SLS method, previously untested in South Africa, lo

oblain measurements of areally averaged sensible heat fiux density and compare with measurements

using (he BR and EC methods and also to estimate evaporation from the additional measurements of

net irradiance and soil heat flux density. The fourth method chosen for preliminary measurement

comparisons is the relatively new surface renewal (SR) method, also previously untested in South

Africa, for measuring sensible heal flux density. It is the least expensive of the four methods used.

This project falls within the hydroelimatologica! research programme of the WRC. In ihis

programme the project will contribute to research support for water resources assessment,

management and sustainable utilisation in South Africa, by improving the methodologies for

monitoring evaporation from both land and water surfaces, possibly resulting in a standard for

evaporation measurement by which other methods will be judged.

1.2.1 The physical processes of evaporation and transpiration

Evaporation is a physical process for which a liquid or a solid substance is transformed to a gas. In

meteorology, evaporation is usually restricted to the change of liquid lo gas/vapour without a change

in temperature. Sublimation is used to describe the change from solid to gas. In the case of the

evaporation of water, large amounts of energy are required. The process of evaporation for the most

part is 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 thai provides us

with an inhabitable earth.

The evaporation of water exists everywhere in the hydrological cycle, from rain, land and water

surfaces and from vegetation in the form of transpiration. When water evaporates from a surface, there

is a removal of energy. Thus, evaporation is a cooling process. Whilst part of this energy remains

latent in the atmosphere, it is released when water vapour condenses. This is an ongoing process as the

average tenure of a water vapour molecule in the atmosphere is about nine days.

Thus water vapour is an energy carrier, and energy must be available lo cause the water to

evaporate. That part of energy flux from a surface which produces a temperature change is often

referred lo as sensible heat to distinguish ii from latent energy. The word "latent" is derived from the

Latin word laicn meaning hidden and is used to describe the evaporation process since there is no

temperature change during the evaporation process even though a cooling effect at the surface is

evident. Also, the process of evaporation is usually invisible. At 25 °C, 1 kg of water will remove

about 2.44 MJ of energy from the evaporating surface if all the water evaporates. The sources of this

energy in the soil-plant-atmosphere system include:

• sun (solar energy) during the day and long wave or terrestrial radiant energy at night;

• heal energy earned into the area by wind (advected energy):

• heal energy stored by vegetation and in land masses;

• heat energy stored in water 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 often, a water balance approach is used for the estimation of evaporation. The disadvantages in

this approach (Slatyer 1967) include the low level of measurement accuracy and the difficulties of

determining total evaporation during rainy periods. However, even with careful measurements, it is

difficult to detect daily soil water changes to within 2 mm of water. This magnitude of error makes it

unsuitcd for estimating daily total evaporation for many locations and times of the year.

1.2.2.1 Lysimetry

Weighing lysimeiers have been used for decades to estimate evaporative loss from large containers,

filled with soil, water and other chemicals and whole plants. The containers are weighed at regular

time intervals to calculale evaporation. Improved instrumentation allows water loss from such

containers to be measured for very short time intervals and longer from minutes to days or longer.

Lysimeiers are regarded as the siandard for evaporation measurement although they may require

extensive engineering logistics to ensure accurate measurement and also require adequate drainage

mechanisms at their base. Also, lysimctric methods are non-portable, expensive and destructive in the

sense thai usually a relatively large volume of disturbed or sometimes undisturbed soil is placed in a

container usually of metal construction. Their lack of spatial scale and their high cost serve as a

justili cat ion for the quest for alternative 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 researched. The height

placement of sensors above surfaces, in relation to the fetch distance, is 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 el al. 1992) and a stem steady stale heat energy balance method (Savage et al.

20(10). formed the basis of previous W'RC reports.

1.2.2.3 Micromeleorologicai methods

Above-surface flux measurement methods arc complex. Estimates of sensible heal and latent energy

exchange, for example, at the canopy surface arc affected by a dynamic atmosphere changing in

character in time and three-dimensional space, in turn affected by radiation and the variable gaseous

constituents. Over an extensive uniform stand of level vegetation, fluxes of water vapour arc constant

with height in the lowest parts of the turbulent boundary layer. Exchange fluxes between the canopy

and the air flowing over it can be determined by measuring vertical fluxes, representative of surface

fluxes, in this part of the boundary layer provided there is adequate fetch. To measure evaporation

above a grassland surface, adequate fetch would ensure that the measured evaporation is not

influenced by evaporation from adjacent non-grassland areas.

Four methods of determining fluxes, above a uniform stand of vegetation, from

micromcteorological measuremenis in the boundary layer were used in this report. Two of the

methods arc regarded as traditional methods and two have not previously been tested in South Africa.

The direct method, known as the eddy covariance (EC) method (Swinhank 1951. Verma et al.

1992) requires simultaneous and rapid measurements of vertical wind speed and air temperature for

the determination of sensible heal 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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r • \

Fig. 1.1 (a) The EC system that allows measurements 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 f l u \ density to be determined; (c) 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 soil heat flux density; (e) the EC open path system
showing the open path sensor (white, upper rii;ht of the mast): (f) the SLS receiver
(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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often, a single sensor, a sonic anemometer is 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 (Bowcn 1926). an indirect method of determining fluxes (Fig. l.ld). relics on the

measurement of mean air temperatures and water vapour pressures and their gradients in she

atmosphere as well as the net irradiance and soil heal flux density terms of the energy balance.

The SR method involves high frequency air temperature measurement (Fig. 1.1b) and considering

air temperature ramps (positive or negative) consisting of periods during which there is no change in

air temperature with time and then ramping periods for which there is an air temperature ramp.

Positive ramps occur for unstable conditions and negative ramps for stable conditions. The amplitude

of the ramps and the time taken for them is estimated from the high frequency record of air

temperature and the sensible heat 11 ux density calculated from the amplitude and the times.

The SLS method (Fig. 1.1c. 0 is intensively investigated in this, repon. li is a micrometeorological

method since lurbulent fluctuations in air temperature affect the transmission of the scinlillometer

beam.

The emphasis in the research documented in this report is on the use of the SLS method for

evaporation estimation largely based on measurements of sensible heat flux density and the

application of the energy balance equation. These estimates however need to be compared against

other methods in order that the accuracy of the SLS measurements may be ascertained.

1.2.2.4 Surface layer scintillonwtry

Scintillomctry depends on the upplicalion of the Monin-Obukhov similarity theory (MOST). A SLS

consists of a transmitter and a receiver unit separated by between 50 and 250 m with a laser beam

between the transmitter and receiver. In the ease of the commercially-available dual-beam SLS used m

this project, two parallel and displaced beams with orthogonal polarizations are used. The receiver

unit measures the radiation intensity fluctuations at 1 kHz. caused by atmospheric refractive scattering

of turbulent eddies in the path of the SLS beam. The so-called inner scale of refractive index

fluctuations {/,.) is calculated from the beam path length and the variances of the logarithm of the

amplitude of the two beams and the structure parameter vi~ refractive index fluctuations C~n is

calculated from the covariance of the logarithm of the amplitude fluctuations between the two beams.

Using an iterative method, and applying MOST, sensible heat flu\ density may be calculated from

inputs of air temperature, atmospheric pressure, beam path length and the SLS beam height above the

level corresponding to a wind speed of 0 m s"'. The laten! energy flux density is then estimated as a

residual using the energy balance equation and measurements of net irradiance and soil heat flux

density.

1.2.3 Site description

Field measurements were conducted from 14 January 2003 to November 2004 above an open and

mixed grassland community in the Hay Paddock area neighbouring Ashburton and close lo

Picicrmaritzburg (Fig. 1.2). South Africa (-29.6348° S, 30.4329° E) with an altitude of 671.32 m. The

average slope of the study site is V 15' to the SE. The fetch distances in the prevailing S-E wind

direction is 135 m for the EC systems 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 system?
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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 transmitter (indicaied by SLS_T) and SLS receiver (indicated by

SLSR) respectively. Note that the direction indicated in Fig. 1.2 is the true north direction. Magnetic
north is 221' W of true N. Beyond these distances and to the south, the site is exposed and the slope

increases significantly. To the north of the study area, there is a residential area and tali trees. The

contours, at 2-m intervals are shown. Entry to the site is gained using the gale thai is east of the light

red-roofed house in the lop left corner of Fig. 1,2. The SLS measurements were collected for a full
22 months apart from interruptions due to a fire, mowings, accidental damage to cables and infrequent

electrical power cuts. First measurements were using a SLS beam path length of about 50 in but

subsequently 100 m was used. The EC measurements commenced on 17 February 2003 using a

3-dimcnsional sonic anemometer although there were earlier measurements using a I-D sonic. The SR

measurements commenced in October 2003 and the first reliable measurements from the BR systems
commenced in December 2003. The energy balance system, indicated by EB in Fig. 1.2. was moved

lo close lo the BR systems after the accidental fire.

For most of the study, energy balance measurements were collected as well as routine automatic

weather station and surface temperature measurements. Additional measurements included the soil

waier content and leaf wetness, the latter from April 2004 until August 2004.

1.3 Project a ims

The original project aims were:

• to make recommendations on the feasibility, to provide guidelines for the use. and to specify the
limitations of surface layer scimiilometry for ihe estimation of areally-averaged sensible heat flux
density over heterogeneous surfaces:

• to provide catchrneni researchers and consultants with a practical, accurate and operational tool to
improve 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 variety of methods would be more useful than obtaining an incomplete set of data for

a whole range of land surfaces. To (hat end. all measurements were obtained from a mixed grassland

silc in the KwaZulu-Nala! midlands. The collected data set, extending over a period of 20 months, also

allowed for ihe influences of two mowings and a fire on the evaporation measurements to be

invesligated. Furthermore, it became clear thai the SLS measurements in isolation would be

insufficient lo determine the measurement accuracy and limilation(s) oi' she SLS method. It was

therefore necessary lo perform SLS measurement comparisons with measurements obtained from the

other methods such as the BR. EC and SR measurement methods.

1.4 Structure of report
There is a List of Figures. Tables and List of abbreviations and symbols following the Executive

Summary. These may prove useful to the reader. The definition of a particular term may not be

sufficient in the lisi of symbols so the reader may find a fuller definition in the body of the report. An

introduction lo turbulence and a brief introduction sciniilloinelry, and the Monin-Obukhov similarity

iheory upon which the SLS method is based, is discussed in Chapter 2. The Monin-Obukhov

similarity semi-empirical theory is a widely-accepted body of theory of aimosphcric turbulence,

assuming similarity between flu\es. thai allows the dimensionless stability factors for sensible heat

flux density to be estimated from the so-called Monin-Obukhov length. In establishing the link
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between turbulence and energy, the various radiation and energy balance components existing a1 the

surface is discussed. Following this, the Kolfnogorm cascade theory of turbulence is discussed. A

discussion on eddy structure and stability functions leads to the Monin-Obukhov stability length and

the Monin-Obukhov stability theory. Methods for the measurement or estimation of sensible heal flux

density, including the scintiilomeler method are discussed. Most of these methods involve turbulence

theory for the estimation of sensible heat flux density and application of the energy balance which in

turn allows evaporation to be estimated. The theoretical basis of various methods, with special

emphasis on the scintillometer method, for the estimation of sensible heal flux density, is presented.

Chapter 3 is devoted solely to the SLS method and the logistics of estimating evaporation from

SLS daia. The methodology associated with the use of the dual-beam SLS method is discussed in

detail. 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. The seasonal march of the

percentage of error-fret; data is discussed. The assumption of a horizontal beam above a horizontal

surface, a requirement of the SLS measurements, is also investigated by comparison of non-horizontal

beam SLS measurements with simultaneous EC measurements. Also, for a limited time. SLS

measurements at a very low beam height were compared with EC measurements. An error analysis is

undertaken to determine the worst-case scenario influence of the input data on the measured sensible

heat flux density as well as the influence of errors in net irradiancc and soil hcai flux density on the

estimated evaporation.

Chapter 4. the bulk of the report, presents the comparisons between the SLS. BR. EC and SR

measurements at various lime scales: 2-min, 20-min. and daily estimates of sensible heat as well as

evaporation estimates arc compared for the various measurement methods. The influence of wind

direction, in particular those perpendicular and those parallel to the beam, on the SLS and EC

measurement comparisons is reported on. Also, a footprint model is improved upon and used to

calculate three key footprint parameters: the peak location of the footprint, the footprint fraction itself

and the W % fetch to measurement height ratio. This chapter is also concerned with BR measurements

and in particular the possible replacement of a cooled mirror dew point sensor by a thin film polymer

capacitive sensor. Measurement data from two types of polymer sensors are presented and compared

with BR measurements using a cooled dew point mirror. Peculiarities of the collected SLS data such

as the asymmetrical nature of the diurnal sensible heal fhrx density cur\e and the so-called

counter-gradient latent energy flux densities, also receive attention in this chapter.

Chapter 5 discusses seasonal evaporation aspects of the collected data over the study period. The

influence of a fire and two mowings at the site on the evaporation estimations is also discussed.

Chapter 6 presents the overall findings and recommendations for future research.
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Chapter 2

Introduction to turbulence and scintillometry

2. 1 Introduction

Turbulence may be regarded as the irregular motion of air resulting in uneven currents of air. li is

common, when turbulence is qualitatively described, to speak of eddies. An eddy is a rather abstract

concept generally used to describe turbulence or its effects. Eddies arc three-dimensional structures

(i.e.. thai van- in x, y. and z directions) thai change with time. A smoke-filled room may show

turbulent flow composed of a wide range of eddy diameters, typically from millimetres to metres,

referred lo as length scales or the scale of turbulence. The link between turbulence and energy is often

evident. For example, we can see that vertical and horizontal eddy motion is driven by energy. Unlike

viscosity, turbulence is a feature of the flow of the fluid rather than a feature of the fluid itself. In

establishing the link between turbulence and energy, the various radiation and energy balance

components existing al the surface is discussed first Following this, the Kolmogorov cascade theory

of turbulence is discussed. A discussion on eddy structure and stability functions leads to the

Monin-Obukhov stability length and the Monin-Obukhov stability theory. Methods for the

measurement or estimation of sensible heat flux density, including the scintillometer method are

discussed. Most of these methods involve turbulence theory for the estimation of sensible heat flux

density and application of the energy balance which in turn allows evaporation to be estimated. The

theoretical basis of various methods, with special emphasis on the scintillometer method, for the

estimation of sensible heal flux density, is presented.

2.2 Radiation balance and components of the energy balance

Energy flux density available at the earth's surface is cither sensible heat Fh (or H. in W m"~). which

results in a temperature change with no phase change of water, or latent energy £,. Fv or LE which

results in a phase change of water usually from liquid to vapour with no temperature change. The

water vapour flux density (f,, in kg s" ra" ), multiplied by ihe specific latent heal of vapourizalion. I,

(in J kg'1) is the lalent energy flux density 1, F , . in W m"~.

For a short, horizontal and exlensive surface, net irradiance /„,,, is the sum of the incoming short ls

and long wave Ld irradiances, less the reflected short wave r •/ and emitted long wave L,, irradiances:

/ , , , = / . - / • • / . + £ . - £ „ . 2.1

commonly referred to as the radiation balance. The net irradiance also appears as a term in the energy

balance equation. For a short and fiat surface, the shortened form of the energy balance equation

ignores adveetion (both sensible and latent heat forms), the photosynthelic flux density ; f (\V jyT)

[where c is the quantum yield (J kg1) and Fr is the flux density of carbon dioxide in kg s~l m'].

physically and biochemically (photosynthctically) stored heat flux densities in the canopy as they are

considered negligible (Thorn 1975) compared to the other energy balance components. So the

important terms of the energy balance are the net irradiance and sensible heal, latent energy and soil

heal flux density if adveetion is negligible. Rosenberg ct al. (1983) used an operational definition for

regional adveetion; lhal the sensible heat flux density is directed towards ihe surface for conditions of

large positive net irradiance. Due to its complex nature, adveetion is usually not routinely accounted
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for when using methods to estimate surface sensible heat and latent energ) flux densities, always in W

m' .

Two sign conventions are used for energy balance terms in relating their direction to the sign

assigned to their magnitude. Writing

/ „ = 1 . F . + F. + F , 2.2

(commonly referred to as the shortened form of the energy balance equation), the sign convention is

that during the day the net irradiance (defined by Eq. 2.1) is positive with lerms on the right hand side

of Eq. 2.2 leaving the earth's surface being regarded as positive. The alternative convention requires

that terms leaving the surface arc negative:

/,„.. + L, Fy + Fi; + FsaH = 0. 2.3

This sign convention results in negative latent energy and sensible heat values under normal daytime

conditions. This convention has been used throughout in ihis work. In an alternative commonly-used

notation, the energy balance is given by:

R,h, +LE + H +C=0.

The available energy flux density A in W m"~ is the sum of the net irradiance above a vegetated

surface and the soil heat flux density /\.u, stored by and entering (or leaving) the soil surface:

available energy flux density A = /m,, 4 FSIII, -- L, Fv -Fr. 2.4

where all terms arc in W trf". Using the alternative energy balance sign convention and invoking the

shortened form of the energy balance, viz..

the available energy flux density is defined as follows:

2.3 Closure of the shortened energy balance
If components of the energy balance arc measured independently and correctly, then Eq. 2.3 should be

satisfied and closure is said to be satisfied. However, the condition could still be satisfied even if two

or more lerms have incorrect value and that fortuitously the terms still sum to 0 W m ". h would be

inconceivable however that an incorrect set would always sum to 0 W m" for each time interval, Use

of ihe energy balance equation for independent measurements of ihe component terms results in:

where c is termed the energy balance closure (W m'2). Closure is satisfied if c = 0 W m'~. A non-zero

value for c may be due to measurement errors in one or more of the component energj balance terms,

although a near-zero value for c may be due to two or more of the component lerms with incorrect

value lending 1o cancel each other. As pointed out by Slannard el al. (1994), a near-zero value for c

only increases confidence in the HUN density measurements but does not necessarily verify them.

The spatial scales of the measurements for the component energy balance terms are different due to
the nature of their measurement. For example, the source area of soil heal flux density measurements
Chapter 2 Introduction to turbulence and scintillormtry
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using a heat flux plate which is small in area, is very much less than I nr whereas the fraction F of the

source area .4W,,,(, measured by a rtel radiomeier placed a distance d above the canopy is given by:

A m +7rJ -

(Savagc ct al. 1997). Defining F = OS, a value also used by Stannard et al. (1994) for which the net

radiometer measures 90 % of the source area Asmrci . results in .<„,., = 9 J I d~ or a source area radius of

Id. Hence, for a net radiometer measurement height of 2 m above canopy, the source area radius is

6 m. equivalent to an area of I 13 nr. The EC measurements of sensible heat flux density are point

measurement influenced by downwind source areas. The differing spatial scales of measurements

tend lo counter the achievement of closure especially for heterogeneous terrain (Slannard el al. 1994).

For their relatively homogeneous terrain, Savage et al. (1997) found (hat the mean closure value c

was positive. For their helerogeneous terrain using eddy covariance (EC) measurements, Stannard et

al. (1994) also found that the mean closure value c was positive. Slannard el al. (1994) listed a number

of possible mechanisms associated wilh f > 0 W m"":

the magnitude of one or both of F , and L, Fv is underestimated;

the available energy flux density. 1 n,: + F^, is overestimated;

the sensible heat or latent energy content, or both, of ihe air adverted into the source area of the flux

density measurements by the mean wind speed was less than that leaving the source area (-horizontal

flux divergence):

mismatched source areas for the different measurements of the energ\ balance component terms.

Slannard et al. (1994) reasoned that the influence of horizontal flux divergence on c would be

small. They reasoned that divergence of sensible heal tlux density would lend to be opposite in sign to

the divergence of latent energy flux density since wetter areas tended to be cooler and drier areas

tended lo be warmer. Therefore in total, these divergences would tend lo be nullified. They concluded

that a detailed neiwork of air temperature, relative humidity and wind speed sensors would be required

to determine the nel c\Tcc\ of divergence at any site. They also concluded that the underestimation of

sensible heat and latent energy flux densilies were the major cause of the tendency for c to be positive.

If closure is not satisfied, then, for example, I nr, + F w > — L, FM - Fh (or using the alternative sign

convention that /,k.. - F^., > L, Fv 4 Fh \. Another measure of the lack of closure is the closure ralio.

which using the second sign convention (Eq. 2.3) is given by:

• -£ , K ~F> 2.5
closure ratio =

for which a closure raiio of 1 yields the shortened energy balance equation.

Han ct al. (2003) found that the energy imbalance persisted in different surfaces with an average of

about 20 % but that the energy balance closure was belter on average in the afternoon than in the

morning, possibly suggesting the underestimation of storage terms, which are usually larger in ihe

morning.
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In the case of the BR technique, for which by definition P = /% ' L. F, . and invoking the energy

balance yields Li FM = (-/,„,, - F itl ) /(I +$\ the closure ratio is necessarily always 1. Other methods

for estimating sensible heal flux densin used in this report such as the EC. surface layer scinlillometer

(SLS) and surface renewal (SR) methods involve measurements of Fh and calculation of I. Fn by

assuming a closure ratio of 1. The EC sysiems that measure Fh and Z. F independently of each other

make no assumption of the value of the closure ratio.

2.4 Ficks Law

A generalised stalcmcnl of Fick's Law is that the flux density of an entity is proportional to the

relevant concentration gradieni. We assume for example that sensible heat flux density is given by:

Fi:=?MrcrKJT!vz 2.6

where p (kg nv ) is the density of air, c (J kg"1 K'1) is the specific heat capacity of dry (unsaturated)

air at constant pressure. K k (nr s"!) is the exchange coefficient for sensible heat flux densitj

/•*,.( W m"~) and CT dz is the mean air temperature gradient (°C m'1) typically averaged over a time

period of 20 min and usually measured across a vertical distance of 1 m just above the canopy. The

overbar for air temperature T indicates that a time period is used to obtain its average value and does

not imply ihal ii has a fixed value. In the literature, the exchange coefficient K h is also referred to as

the eddy diffusivity for sensible heat flux densily. Notice in Eq. 2.6 that under normal daytime

conditions, the air temperature gradient cT rdz< 0 "C m"1 since the surface warms the air closer to the
surface than air al higher elevation. Hence, under these conditions. Fh < 0 W rn . Similarly, we assume

that the latent energy flux density is given by:

L, F, =(Pair c , A',, ty)-de/ds 2.7

where K, is the exchange coefficient for latent energy flux detisity /-, F,, (W m":). y (kPa K"!) the

psychrometric constant andde/di the mean water vapour pressure gradieni (kPa m'1) where t'(kPn)

is the mean water vapour pressure usually measured at the same positions as the air temperature

measurements. In Eq. 2.7 under daytime evaporative demand conditions, the water vapour pressure

gradient cc • r r< 0 kPa rn' since the water vapour pressure closer to the surface is greater than that at

higher elevation. Hence, under these conditions. L( Fv < 0 W m"\

In practice, cT cz is estimated from two profile air temperature measurements and similarly for

?e rzc where both gradients are negative:

if. [z*\T_ -T,) Iz2-zt)

and Be 5r *{c , - « , . ) / { - , - z, ),

For the exchange of momentum flux densily T (Pa) from the surface lo the atmosphere, we assume

thai

' = P . , , K» -euldz 2.S

where Kti. is the momentum exchange coefficient (m" s 1 ) and cu cz is the mean horizontal wind

speed gradient in the vertical direction (m s'1 m"1). Momentum flux density T is an expression of drag

force per unit area of level ground caused by horizontal air motion. Due lo the friction thai the surface
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offers, the wind speed gradient cu Icz> 0 m s'1 since wind speed increases with distance away from

ihc surface. Hence, under these conditions. T >0 Pa.

2.5 Ohm's Law analogue to entity transport
Ohm's Law relates electrical resistance to the potential difference divided by the electrical current.

Applying Ohm's Law to sensible heal flux density using pm. c as a proportionality constant, for

example.

aerodynamic resistance = proportionality constant x concentration difference •' flux density.

Hence. f - T 2.9
''„* = P . H , '•/• ' " •

<; S P*-« / ' 2.10

where rih. rm and ram are ihe respective aerodynamic resistances (s m*1) for sensible heat latent

energy and momentum flux density, and Ta. Z\ and u = 0 m s are the average surface boundary

conditions for temperature, water vapour and wind speed respectively and T.,e. and u represent the

average air temperature, water vapour pressure and wind speed respectively at height r. Given thai

under normal daytime conditions T. ~Tn<§°C and since F f r <0W m"~ so that /\. > 0 s m1 . Similarly,

under evaporative demand conditions e. -en < 0 P a a n d since i , F , <OW m " so that rm >0s m 1 .

2.6 Fetch and the Similarity Principle
Vertical transport in the atmosphere is referred lo as convection. Fully forced convection occurs when

the associated vertical motions are generated and maintained by the surface which offers friction to the

atmosphere above. In this case, we assume that a truly logarithmic vertical wind speed profile exists

provided that the local effects of neighbouring trees, buildings, changes in topography, etc., on the

horizontal air flow over the measurement site are insignificant. The assumption of a logarithmic

vertical wind speed profile assumes that the horizontal wind speed u is related to In; where z is the

vertical height.

As a simplistic rule of thumb [often referred to as the 100:1 rule], for a canopy with height /; (m).

the highest measurement height should not exceed h by more lhan I % of the uniform upwind fetch:

greatest measurement height = h40.01/ 2.11

where /' |m) is the uniform upwind fetch (Thorn 1975). This rule of thumb lakes no account of

atmospheric stability. So, for example for a canopy height of 2 m (/; - 2 m) and a uniform upwind

fdeh of 50 m, the highest measurement height should be below 2.5 m. If the fetch were 250 m. then

the measurement height should be below 4.5 m.

If fully forced convection is assumed to exist, the Similarity Principle is applied, viz.. ihat

KK=Ku=Km 2.12

or, using Ohm's Law,

r^ (=_.:. ) = ;•„, i: ..-- ) = rnn (z ._-. ).
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in other words, the aerodynamic resistance between the two levels al height r, and r . in the

logarithmic wind profile region over vegetation is not related to ihe entity being transported (sensible

heat, latent energy or momentum flux density in this case) but to the exchange coefficient (Eq. 2.12)

or aerodynamic resistance (Eq. 2.13).

Since the momentum flux density (T in Pa) is related to the momentum exchange coefficient (Km in

nr s ') and to the wind speed gradient, in Cz.

x=Patt *',„ du/dsmdr^ =p,,,, v I

where using a unit analysis, it can be shown that

[that is. the unit of momentum flux density t is Pa which is equal lo the product of the unit of density

p rti (kg in"1) and the square of a wind speed (defined as the square of friction velocity) (m s"1)].

H c n c c - r,,,, (r, r : ) = £//«; =

assuming that the friction velocity n; is constant wilh height. Hence

•pail u; (p /t) A',,,) ] dz

r,,Azt.z:)=\z (UKJ -dz.

2.7 Neutral wind profile equation

The neutral wind profile (logarithmic) equation, applied to an extensive and flat cropped surface, is

used for turbulence studies. For neutral atmospheric conditions:

*•=(.«. k)-\h[(z-d)f zu] 2.15

where it is the horizontal wind speed (m s"'j. u, is the friction \elocity (m s'1). k is the von Kaima'n

consiani (= 0.41). z the height above the soi! surface (m). r the roughness length height (m) and d is

the zero plane displacement height (m). The height at which the wind speed is 0 m s* corresponds to

Irl[(r -d) r ] = 0 for which ( r - d) • :f -\ or z = J •* zt. Typically, for neutral conditions, a graph of

wind speed measured at different heights as a function of In (z - d) for a particular value of d is linear

with a slope of it. Ik and a y-interccpt of -{u. k)-\wz t. Normally, an iterative procedure by

choosing a range of values for d is applied, and the regression coefficient obtained for each case. In

this way. the value of d corresponds to the maximum regression coefficient.

In the absence of wind profile data, assumptions are made about the approximate \alues for (/and
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2']6

(Oke 1987), based on the work by Tanner and Pehon (I960).

2.8 Boundary layers and eddy size

An understanding of boundary layers, also discussed in a previous report (Savage el al. 1998) and

partly repeated here for the sake of completeness, is crucial in this report. Micromeieorology focuses

on phenomena that occur in the comparatively shallow layer of influence of the earth's surface. This

layer is often referred to as the planetary boundary layer (PBL) or the atmospheric boundary layer

(ABL|. in this layer, the friction of the earth's surface causes significant exchange of energy, mass and

momentum between the surface and the atmosphere. Sharp variations in the properties of How of

variables such as wind velocity, air temperature and mass concentration ([CO:] and water vapour

pressure, for example) also occur in this boundary layer. The PBL extends upwards to a fairly sharp

boundary between the irregular, turbulent motions within, and the considerably smooth laminar How

of the free atmosphere above the PBL to a height of the order of 10' m van ing from 100 lo 2000 m

(Elliot 1958, Brutsaert 1982 (Fig. 2.4). Arya 1988).

The surface boundary layer (SBL). about the lowest 10 to 15 "'<> of the PBL. has received a great

deal of attention since in this layer most of our human activities take place. This layer also contains

most humans, animals and vegetation. Of more interest to micrometeorologists is the inner layer or

internal boundary layer (1BL) which is defined by Brutsaert (1982) as the region of the atmosphere

affected by a step change in the surface conditions. In other words, it is the height up lo which a

disturbance (a step change in surface cover) has been propagated (Fig. 2.1), and is thus the appropriate

layer in which to perform micrometeorological measurements. The TBL may extend from 1 m (in

extremely stable nocturnal inversion conditions| lo 500 m (in convective. unstable conditions).

A two-dimensional depiction of boundary layers including, the 1BL. following a discrete step

change of surface roughness (from smooth to rough), is shown in Fig. 2.1.

In the case of the Bowen ratio (BR) technique, for example, the measurement 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). in order to correctly assess the respective flux densities. The

transition zone would be above the roughness sub-layer (Tig. 2.1) and ends where the effects of the

surface are no longer felt. The vertical profiles of water vapour content, wind speed and air

temperature approach a new equilibrium with the active surface. Only once the boundary layer stops

growing upward has the air layer become representative of the new surface. The extent of ihe uniform

upwind fetch and the type of surface change (rough to smooth is smooth to rough, and moist lo dry.

etc.) will deiermine the thickness of the IBL.

2.8.1 Inertial sub-layer

Measurement of the extent of the boundary layer is difficult as it fluctuates depending on both the

atmospheric stability conditions and the stage of crop growth, via the influence of rB, where

ze =0.]x/j where h is the canopy height. Perhaps due to this fact, an intermediate layer, the inertia!

sub-layer, has also been defined (Raupach and Legg 1984), and further confounds an absolute

detlnition of the outer limit of the boundary layer (Fig. 2.1 >.
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Transition
zone

Outer
boundary

layer

Inertia!
sublayer 1 to 10 m

Dynamic sublayer

1.5 to 3.5 h
Equilibrium
or surface

layer
= 0.67 hRoughness

sublayer

Fetch (m)Smooth
surface

Discrete change to rough
surface of vegetative canopy

Fi£. 2.1 Diagrammatic representation of (he two-dimensional inner (internal) boundary layer
problem (after Rosenberg 1974. Oke 1978, Brutsaerl 1982, Raupach and Legg 1984, Hcilman el
al. 1989)

2.8.2 Internal equilibrium sub-layer

The internal equilibrium sub-layer is the lower portion of the boundary layer which has once again

come into water vapour pressure, air temperature and momentum equilibrium with ihe surface (Fig.

2.1). defined by Brutsaert (19X2) as the region where the momentum flux density is within 10 % of the

value at the surface. The roughness of the surface governs the thickness of the internal equilibrium

sub-layer and, thus for BR measurements, the lowest heighi setting of the lower measuring arm for

adequate horizontal spatial homogeneity. More accurately, the minimum sensor height is governed by

the vertical amplitude of the surface roughness. As a rule of thumb, five times the roughness structure

may be used as the lowest measuring rieighi (where horizontal patch mess of air icmperaturc and

humidity are smaller than the sample height i (Tanner 1963. Brutsacn lc>is2). The measurement of the

roughness structure or elements is taken from z.n to ihc top of the average structure e\ lending above ;,,

(Brutsaert NN2). Garratfs (1^7^) data indicaied a minimum level of three to five times the roughness

elements. Consequently, the minimum level should be set conservatively high to decrease the margin
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for error. This recommendation will however need to be viewed against the available fetch should ihis

be limited.

The thickness of the internal boundary layer 8 for stable conditions, may be calculated using the

Munro and Oke < 19751 equation:

8=*" s -; - 2.17

where x is the fetch (m) and r,, is the momentum roughness length of the surface (m). Instability will

increase boundary layer thickness (Hdlman el al. 1 989).

The use of Eq. 2.17 under unstable conditions would he expected to increase boundary layer

thickness (Munro and Oke 1975. Heilman et al. 1989). The momentum roughness length may be

obtained from wind speed profiles, or from the approximation z *0J 3 h (Tanner and Pelton I960) or

za =0.1 /; where /; is the canopy height. Using these values in Eq. 2.17, for a range of fetches, it can he

shown that ihc boundary layer thickness is most dependent on the fetch and only slightly dependent

on the roughness of the cover. The 1BL mnkes up about 15 % of the total aimospheric boundary layer

ABL, bm of Ibis 15 %. most is made up of a transition zone. This layer is in the process of reaching

complete equilibrium with the characteristics of the new surface over which it is now flowing. In the

transition zone the shear stress is expected (o vary with height, which is in conlrasi to early theories

which assumed equilibrium in the transition zone, thereby leading to the misnomer for this layer "the

equilibrium sub-layer".

Air flowing from smooth to rough surfaces must decelerate from the ground upwards due to the

increased shear stress caused by the greater surface roughness (as indicated by the roughness length

z,,). and the wind speed profile therefore deviates from the logarithmic wind speed profile.

The evtent of this equilibrium sub-layer has been found to be approximately 1(1 and 5 % for air

flowing from relatively smooth (o rough and rough to smooth transitions respectively (Brutsaert

1982). and is thus estimated from:

The major portion of the equilibrium layer is the upper-most inertial sub-layer where an

assumplion of constant stress is not too far from the truth, for the first few tens of meters (Brutsaert

1982). Flux gradient type (K-theory) models are based on assumptions of constant shear and require

measurements to be made within this layer. Brutsaert (1982) pointed out that constant shear and stress

imply that the wind speed profile has adjusted to be fully logarithmic, and the flux densities arc

therefore nearly constant v\iih height. However, it has been found possible to successfully formulaic

Similarity hypotheses without this constant stress assumption (Brulsaert 1982). thereby strengthening

the argument in favour of ihe assumption of Similarity used for example in the BR method.

In the lower portion of the inertial sub-layer under non-neutral conditions, is found the dynamic

sub-iayer in which water vapour and sensible heat flux density may be considered passive admixtures.

and so do not affect (and arc not affected by) the flow of air and momentum. Under neutral conditions,

the whole equilibrium sub-layer takes on these characteristics. It follows that for other than neutral

conditions, in the majority of the equilibrium layer, the movement of water vapour and sensible heal

are actively strengthened or suppressed depending on the atmospheric conditions. Instability leads to

eddies which are larger in their vcnical ihan their horizontal dimension, This aids buoyancy.
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compared to stable conditions where vertical movements arc dumped by the opposite set of

circumstances (e.g.. Thorn 1972).

In the upper portion of the incrtial sub-layer, the surface-defined scales of surface roughness

element height /;. breadth /. and separation D. are not dynamically significant, and so the friction

velocity 11. (which scales the constant momenium flux density), and the clement height itself are the

only factors which control the flow (e.g.. Thorn I 972).

Very close to iHe roughness elements of the surface, the turbulence structure is influenced by the

wakes generated by the elements, establishing a roughness sub-layer (Raupach and Legg 1984) as

illustrated diagrammatically in Fig. 2.1. This roughness sub-layer is influenced by factors such as the

distribution and structure of foliage elements and the spacing between plants. Thus no simple

expression for an exchange coefficient for any entity A',, is possible without including h, I, and D.

It is well known (Corsin 1974| thai gradient diffusion models such as arc applied in the BR method

can only be justified when the length scale of turbulence is much smaller than the length scaic over

which mean gradients must change appreciably. In inhomogeneaus turbulence such as is found in this

layer, these two length scales are of the same order (Tennekes and Lumley 1972), so measurements

should not be taken Within this layer. In the literature, the roughness sub-layer has also been termed

the canopy, interfaeial. 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'h must be taken

into account. Over a rough surface it extends to a height of approximately 1,5 to 3,5 ft (Bmlsaert

19X2).

2.X.3 Atmospheric conditions and I he planctar> boundary layer

In laminar boundary layers, the transfer of momentum, mass and sensible heat is dciermincd by the

vertical atmospheric concentration gradient profiles, as well as by diffusivities associated with

molecular agitation (- see Eq.s 2.6 to 2.8). Laminar conditions are. however, almost always displaced

by a ltirbulenl boundary layer found above vegetated surfaces during the sunlight hours. In turbulent

transfer theory, the same transfer principles are thought to apply, but the diffusivities are associated

with turbulent eddies (which are larger by many orders of magnitude) (e.g.. Arya 1988).

Most work on boundary layer theory1 deals with wind speed (or momentum) profiles as these are

more easily 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 layer. £ (m), is however mainly related to the extent of the

uniform upwind fetch. The thickness of the internal boundary layer is dictated by wind speed profiles

or momenium transfer considerations, and oftentimes the subscript m notation is used (much as the

roughness length z,, should strictly be denoted z,,,,,). The depth or extent of the inner layer, then, may

be calculated using the Munro and Oke (1975) power equation (Eq. 2.1 7} for stable conditions.

2.8.4 Boundary layer limitations on Hit' placement of sensors

Campbell (1973) pointed out that the Bowcn ratio is the ratio of turbulent sensible and latent heat

fluxes and the measurements must therefore be carried out only in the turbulent region of the PBL.

Campbell (197?) further noted that the atmosphere is laminar close to the surface for varying

thicknesses, and this may differentially affect the transfer ofheat or water vapour. Thus, if the laminar
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layer is thin, little difference will he evident, bui under windless free convection conditions, the

growth of this layer may selectively hinder transport.

Since the roughness characteristic of the surface governs the thickness of the internal equilibrium

sub-layer, h establishes the lowest height selling of the lowest measuring sensor used in

aerodynamically based studies to obtain adequate horizontal spatial homogeneity. The minimum

sensor height is governed by the vertical amplitude of surface roughness, with the implication that the

rougher the surface (he 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 lowesi measuring

height (where horizontal patchiness of air temperature and water vapour pressure measurements are

smaller than the sample height) (Tanner 1963, Brulsaert 1982).

The principle of pro file-based theories, according to Brutsacrt (19S2(, requires a uniform upwind

fetch of some 50 to 100 m at the leasl for measurements to be taken up lo 1 m above ground. This

implies that to take all wind directions into account, ihe measurements must be done in the centre of

an area of uniform cover iarge enough to allow the development of an internal boundary up to the

measurement height. Furthermore, it is required that wind over the fetch distance has come into

equilibrium with the evaporating surface and is thus representative 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 internal

boundary layer arc suitable for flux gradient measurements.

2.8.5 Blendin" height

The blending height may be defined as the height above which there is horizontal homogeneity by

turbulent mixing (• blending) of the fluxes - in other words, the signatures of the individual surface

patches disappear above the blending height (Mahrt 19%). The upper limit of the individual internal

boundary layers of different surface patches may be used lo estimate the blending height. Above this

boundary layer height, the flow is not affected by surface heterogeneity. Expressions for the blending

height include the length scale of horizontal heterogeneities, friction velocity and wind speed. A way

of ensuring that the measured flux is spatially representative is lo use a placement height above the

blending height. Schmid and Lloyd (1999) found that the blending heigln was considerably affected

by stability. In their investigation of scalar fluxes from heterogeneous terrain. Albertson and Parlange

(1999) found thai the water vapour flux Held blended more efficiently than the sensible heat tlux field

for similar surfaces.

2.8.6 Conclusion

For micrometeorologica! measurements, unfortunate!}', no visible phenomenon exists to give a clue as

to what measurement level is too low or too high, and even if one did exist, it could vary continuously

according to atmospheric conditions from hour to hour and day lo day. The measurements required to

ascertain these heights will require equipment often of greater complexity than that of the

experimental equipment. A conflict exists between measuring flux profile variables too close to the

surface and too far from the surface. When flux profile equipment is set up. then, these height

considerations arc often not gi\en the attention they deserve, and intuitive guesses of what levels to

use have lo be made.
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In summary, sensors for flux profile and EC measurements cannoi be set loo low for fear of

introducing "local effects" thereby not satisfying the assumption of homogeneity of cover. Al the same

lime, the sensors cannot be loo far removed from the surface or else they will be out of the region

affected by the surface conditions. These points are. in fact, the satisfaction o\~ the fetch requirement

expressed in another way.

The problem therefore remains, that due to (he attenuating nature of lhe waler vapour pressure and

air temperature gradients, the points al which gradient differences are measured musi be as close to the

canopy surface as possible. In order to measure the very slightest gradient, and to increase precision.

the greatest possible displacement between the l\\o points is required. The topmost sensors must

therefore be as high as is practical, the limits for these requirements being sci by the above two

constraints.

Sharma (1987) pointed out thai measuremenl heights close to ground are desirable since this

minimizes bolli advection. and the effect of buoyancy on the exchange coefficients.

Taller vegetation, especially forests, above which gradients are smaller, will therefore substantially

increase the height requirements of the measuring sensors. These requirements may thus limit the

successful use of the method to shorter crops, or. lo taller vegetation with very large areas of common

cover and thus extensive feich.

2.9 Characteristics of turbulence
Webster's Dictionary defines turbulence as a "...stale of disturbance, violent agitation, or greal

perturbation". Terms that frequently arise in so-called definitions of turbulence include chaotic,

erratic, irregular, random, disordered, rotational, diffusive, dissipalive. non-linear, three-dimensional.

Turbulent How may not be totally random and may in fuel contain some degree of order. Furthermore,

turbulence consists of a number of length scales, typically from 10' m to 10"* m. Within the context of

evaporation measurement, turbulence is responsible for transferring heat, momentum and mass (water

vapour, carbon dioxide, and other gases'} between the biosphere and the atmosphere. Turbulence is

characterized by a number of measures. Early work Showed that turbulence is associated with high

Reynolds numbers. However, to define the Reynolds number, we first have lo understand and define

three types of forces: buoyancy forces, inertia] forces and viscous forces.

2.9.1 Buoyancy forces

The Universal gas equation shows that the density of a fluid is inversely proportional lo the

temperature (in K) of the fluid for a constant pressure. Also variations in atmospheric humidity (and

air temperature) in the planetary boundary layer therefore result in fluid density differences, referred

io as density stratifications.

The consequences of ihese stratifications is that parcels of air moving up or down in the

atmosphere may have a density different from thai of their surroundings. In the presence of gravity.

the difference in density between the parcel and the surrounding air leads to a buoyancy force that will

cither accelerate or decelerate the vertical motion of the air parcel. Following the treatment by Bycrs

(1974) and using the Archimedes principle, the buoyant acceleration of a parcel of air is given by:

a* ,., =S-(P wv -pjwJ/Pj-rt
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where g is the acceleration of gravity (m s* ), So if the air parcel is less dense than its surrounds, it will

rise and vice rasa. Invoking the ideal gas law. it can be shown that:

a = - <> • ( T , - T )IT

Since vertical motions in the planetary boundary layer, which carry parcels of air vertically upward or

downward, occur rapidly, we assume that the changes in thermodynamic properties of such parcels are

adiabatic. That is, using the first law of thermodynamics the heat energy added to the parcel per unit

volume is given by the work done minus the change in pressure dP:

dQ=paii cp dT-dP.

So if the process is adiabatic (that is dO = 0 with no change in heat energy), then

dQ~Qal, cpdT — dP where from the hydrostatic equation: dpldz=—pm g and hence

p m cp dT = -puit g • dz or cT. dz =-g Ie = -0.98 "C7I00 rn. Most often, the symbol f is used for

-git),. Hence, finally.

« *

r

where cTv ' r r - f f is defined in terms of the virtual potential temperature gradient

©,. •(•'0, & =5r, . 5z •+ r where 0 , is the virtual potential temperature.

The static stability parameters is defined as

s=(-glTt )-d®, icz.

where for stable conditions s >0, cQ, / fe > 0 or r7", or > - V.

and for unstable conditions s>Q,d®y fSz >0 or BTt '5e<—F,

and for neutral conditions x< 0, c@, / f z < 0 or 57", /hi = -T.

The meteorology literature also characterises an atmospheric la_\cr as follows:

inversion layer ST, . r r>0.

isothermal layer5T: /6r=0.

adiabatic layer57", (§z~—T,

snperadiabatic tayerST, /&z<-T,

and subadiabatic layer - V < 5 f / or < 0.

2.9.2 Inertia! forces

Most introductory books on physics define inertia as the tendency of any state of affairs to persist in
the absence of external influences. In other words, inertia may be defined as the physical force ihat

keeps something in the same position or moving in the same direction. Therefore, in a gas. the inertia!
force is proportional to the acceleration of the gas panicles al any point in space and time. The faster

the particle moves, the greater is the force of inertia. Not surprisingly therefore, the inertuil force is
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related to the square of the speed of the particle. That is. it is related lo the kinetic energ) of the

particle, viz., the product of the mass and the square of the panicle speed.

2.9.3 Viscous forces

The viscosity of a fluid is a molecular property indicating a measure of the resistance of the fluid lo

deformation. In other words, in the case of fluid flow, viscosity is responsible for the frictional

resistance between adjacent fluid layers. The resistance force per unit area is called the shearing stress

T (Pa). The shearing siress T is directly proportional to the velocity gradient:

T ~ \i {cu cz)

where the proportionality constant \\. is defined as the dynamic viscosity (Pa s), In fluids, more

commonly , the kinematic viscosity u ( m : s~') is used:

where p (kg mT) is the fluid density. The viscous force F per unit mass due to a shearing stress t.

where volume V - A • z for area A and depth r is given by:

T =(I • p ) xcf iCV = (1 / p) xCF ?d{A>z)~(l/p)xex iSz

). 2.18

The kinematic viscosity of air is approximately u = 1.5 x 10'" m2 s'\

2.9.4 Inertia] and viscous forces compared: Reynolds number

The inertial force per unit mass is equal to the fluid acceleration or

cu '6l = (cu I cz)-{cz idi)-u*{cu I &). 2.19

The equations of motion for the atmosphere deal with (he conservation of energy, mass and

momentum. The derivation of these equations of motion are outside the scope of this work. An

important issue though is that the momentum conservation equation includes inertia terms of the form

i/(cu i ex) [from Eq. 2.10] and viscous terms which include terms of the form vid'u c.\" ) [based

on Eq. 2.1 X] where u and v (also referred to as /) are characteristic velocity and length respectively and

u is the kinematic viscosity.

So the inertial forces are of the order u1 11 and the viscous forces are of the order of u u ' / ' . The

Reynolds number Re is an estimate of the ratio of these two forces:

inertia! forces u: I ul 1.20
/ \t '= = = — .

viscous forces u u i I' u

If Re < 1. then viscous forces dominate and the How will be dominated by viscosity. lf/?e> 1. then

the inertial effects are more dominant than the viscous effects. It must be emphasised however that

turbulent flow must be treated statistically so statements such as "for Re > 1. viscous forces are

negligible" need to be viewed from a statistical point of view.

2.9.5 Characteristics of boundary layer spectra

Turbulence may be characlerised by turbulent spectra and cospectra scales of motion that contribute to
the production and di^ipalion of energy (Kaimal and Finnigan ILW4). The specirum of boundan layer
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turbulence may range from millimetres to several kilometres in spatial scale and from seconds to

hours in temporal scale.

2.9.5.1 Power spectrum of turbulence

The total kinetic energy of the atmosphere is the sum of the time-averaged flow (the mean kinetic

energy MKE) and the turbulent kinetic energy TKE. In this report, we are concerned with the TKE.

The spectra of an atmospheric variable indicates the spread or the spectrum distribution of the

atmospheric variable over a wavelength or a period of time. So. for example, if the atmospheric

variable is one of the three components of wind velocity, then the spectrum would indicate the

distribution of kinetic energy over wavelengths or periods. The wave number K (m~ ) is inversely

proportional to the wavelength which in turn is proportional to the length scale of the eddy /:

wave number K ~2n I.

In the case of the EC method, for example, covarianccs are used to estimate the sensible heal and

momcnium flux density. A cospectral analysis can indicate the choice for the averaging period for

covariancc in order to include the contributions of all the relevant eddies.

Two types of spectra are usually considered for atmospheric turbulence: spatial spectra and

temporal spectra. In the ease of spatial spectra, measurements are made at differing positions and the

spectrum of measurements is displayed 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 al one

position 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 is typically 0.1 s (equivalent

to a frequency of 10 Hz) and for surface layer scinlillomctry. the frequency is typically 1 kHz.

Concentrating on the temporal specirum of atmospheric variables, for c:\amplc. vertical wind speed

fluctuation w1 measured at lime / is compared, by correlation, with that measured at time / + T. Using

the notation and a treatment similar to Sorbjan ('1989). the correlation function /?(T) defined by:

depends only on the lag time i between the two measurements \v\l) and »'(/ +%). For a zero lag time,

/?(T ) = /{(()) is a measure of the kinetic energy in the vertical since kinetic energy is defined as one half

the mass times the square of wind speed. For a zero time lag. Kffl) is also the variance cr~ since A'(0) is

the mean square deviation of the vertical wind speed. Using Fourier analysis the energy spectrum

density <t>(<o) is used to describe the frequency distribution of TKF. where « = 2TT ' p=2x n is the

frequency in radians s"1 and where p is the period (s) and n is the frequency (Hz):

2 , .

Tt j "

% v h c r c R( i ) = ( - ) I" 0 ( to ) cos on rf©
rr -'"

v v l i e r e R{Q) = wr- =f* OMw) Joi

Since /?(()) is related to TKE. the contribution by eddies with frequencies between <oand W+L/OJIS

given by Q>(m)dia and the total contribution by eddies of all frequencies is j OMH) <AM More
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commonly, an eddy spectral density as a function of frequency n is used. S{n\ where

(2;rn):

A'(0) = I" ' (JM0.1) </w = 2K \ ' <I>(2TI n ) Jn = l" S( n I J/i
J <> j ii ) fi

where c : = /?(0).

In summary, ihc eddy spectral density function for vertical wind speed, is defined as follows:

S{n) tin = w': -a'.

Plots of the spectral density function are usually with «S( / i )as a function of In n instead of5(fl)as

a function of n. The reasons for this are partly due to the fact that the variance is unchanged since:

cr = [ S{n)dn-\ nS{n)cHlni
J I! J li

since from calculus d(btn)={1 !n)dn. Of particular note though from this last equation: since

n S(«)—» 0 for n —>• 0 correspond to a minima of the plot and that for finite variance a : . if n —* s then

yj S'(«)—»• 0. In other words the plot of /? 5"( /;) as a function of frequency n tends to 0 at both the low

frequency and al 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 eddies of high and of low frequencies

compared to a linear plot. Usually, the interest is in the display of a range of frequencies that extend

over several orders of magnitude and a logarithmic plol would reveal more details over this frequency

range. Also, logarithmic plots presents constant powers of n as straight lines with a slope equal to the

magnitude of the power (Shaw undated). The main disadvantage of the logarithmic plot however is

that the frequencies are not properly weighted since equal areas under the curve no longer represent

equal contributions to the total variance or covariance.

Frequently, instead of plotting n S(«)as a function of frequency /;, a plot of £ (K) as a function of

1II(K) is employed, where £ (K) represents the energy spectrum for a range of turbulence conditions

and K" is the spectral wave number. A logarithmic plot is used to display the energy spectrum for a

range of wave numbers over several orders of magnitude.

2.9.5.2 Spectral regions

Kaimal and Finnigan (1994) present three major spectral regions with regard to boundary layer 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 K;

A. the energy-containing range which contains most of the turbulent energy and in which energy is

produced by buoyancy and shear:

B. the inertial sub-range where energy is neither produced nor dissipated, cascading down to smaller

and smaller scales:

C. the energy dissipation range in which TKE is converted into internal energy acting to raise the

temperature of the fluid and is losl to the atmospheric boundary layer. This energy conversion occurs

predominant!) in the very smallest scales of motion, referred to a> the dissipative scales, through the
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UJ

In K

Fig. 2.2 The energy spectrum £ ( K ) associated with turbulence for a range of wa\e numbers K for
the various boundary layer flows (taken from Kaimal and Finnigan 1994): A corresponds to
regions of energy production, B to the inertial sub-range of turbulence and C to the dissipation
range where kinetic energy is converted to internal energy acting to raise the lemperature of the
iluid. The integral length scale of turbulence is denoted A and r| denotes the Kolmogorov
microscale of length

cascading of energy through eddies of smaller and smaller sizes. By its very nature then, turbulence

requires a continuous supply of kinetic energy if ii is to be maintained. Turbulence can gain this

energy from buoyant convection and/or !he mean flow of the fluid. Notice the hump in the curve in

this region of Fig. 2.2. This will be discussed in greater detail later.

The maximum of the energy spectrum, as a function of the wave number K — 7.%1'/. where K is the

wavelength, which is related to the length scale of the eddy, corresponds to 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) to ensure that the spectral density is nondimcnsional

so that different curves collapse onto a universal line in the region of the inertial sub-range B and

separated well according to slabiliiy slate. Also, the normalised plots allow actual frequencies to be

obtained. For example, instead of plotting the spectral curves using In n on the x-axis. a normalised

logarithmic frequency In / is used where / - n z I U where r is the measurement height and U is the

mean horizontal wind speed. As an example, suppose that for a given stability state, the spectrum

peaks al a normalised frequency / = 3 (no units), then for a measurement height : = 2 m and a mean

horizontal wind speed ( = 2 m s*, n = / u •' : - 3 H2. indicating that measurement frequencies of

3 Hz would capture eddies with the greatest corresponding energy.

2.9.6 Turbulent kinetic energy, energy dissipation rate and the two hypotheses of Kolmogorov

The turbulent kinetic energy per unit mass of the tluid (E in J kg"1), referred to as TK.E in the

literature, is given by:
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£ = _ - ( , / - + v - -I )1- ).
2

The energy dissipation rale L is defined as the rale of change in E due to viscous effects. Using

Eq, 2.21. the units of the dissipation rale ;; are J s"1 kg"' = N m s"' kg"' = kg m s" m s"' kg"1 = m2 s'\

In the 1940s, the Russian statistician Kolmogorov hypothesized that, in the limit as the Reynolds

number I Eq. 2.20) tends to infinity, the distribution of eddy sizes in the inenial and dissipation ranges

should depend on only two parameters (besides wave number K): tlie dissipation rate c and the

viscosity u. That is. E—E{ K.U.C ).

Kolmogorov also suggested that the spectrum in the inertia! range (region B of Fig. 2,2) should be

simpler still by virtue of being independent of viscosity. In thai ease E - E( K.I: ) and lie showed thai

the function dependence of the turbulent kinetic energy can be predicted from dimensional reasoning

except for ihe universal constant a ,: £( K) = a , £2
 ' K " 5 ! . This power law spectral form indicates that

motions in ihe inenial sub-range are self-similar.

Kolmogorov (1941a. b | introduced two hypotheses that in ihe atmospheric boundary layer high

frequency fluctuations, because of their small size, are not influenced by the surface and have ihe

same properties in all directions:

1. the average properties of the smali-scale eddies of any turbulent flow al large Reynolds number

(Eq. 2.20) are uniquely determined by the Iluid kinematic viscosity u and the average dissipation rate

E of the fluid;

2. for large Reynolds number, there is 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 a unit analysis) and noting that the unit of dissipation rate £ is

(m s*'r s = m" s* and thai of kinematic fluid viscosity u is m" s'!. expressions for the scales of

length, time and velocity, referred to as Ihe Kolmogorov microscales representative of the energy

dissipation process, can be derived:

unit of u it = s" and hence the scale of time is defined using o /g = (scale of time)"-

Similarly, the unit ofu ' z - m4 = unit of (scale of length!4.

Hence the scale of velocity = (scale of length4)'4 (scale of time)2)1

or scale of length (u : t:)'" n . n M

scaleof velocity — = — =u i: =(oc) .
sealeof time (v c )' :

Hence, using conventional notation:

length ii = (u"" c)1 \ 2.22

t i m e x = ( v cf 2. 2.23

and velocity v = ( u £ ) ' J 2.24

define ihe Kolmogoro\' microscaies representative of the energy dissipation process. Defining length

/,, (m) as the inner-scale length beyond which energy is dissipated as viscous heat energy in the
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dissipation range. Hill and Clifford (197X) showed that the Kolmogorov microscale length *] = !„ 7.4.

Hence, the inner-scale length is given by:

/ , , = 7 . 4 ( n : c ) 1 J . 2 2 5

For the lurbuleni spectral region B (Fig. 2.2). the inerlial region, for which energy is neither produced

nor dissipated. Kolmogorov argued that energy spectrum E[ K ) as a function of spectral wave number K

is proportional to e2 ' J K ' " with the proportionality constant estimated as being between 0,5 and 0.6:

£ ( K ) sea, c : ' K~f 2.26

where a , is referred to as the Kolmogorov constant. This relationship is referred to as the -5/3 power

law for the inertia! sub-range (Fig. 2.2. region B). Kaimal and Finnigan (1994) point out that

theoretical arguments suggest that turbulence is isotropic in the inenial sub-range B. They also point

out that a consequence of the local isolropy of turbulence is the vanishing of all correlations between

velocity components and between velocity components and scalars with the result that there can be no

turbulent fluxes in the inertial sub-range B.

For the inertia! sub-range, the Kolmogorov hypothesis relics on the fact that energy is not created

or destroyed within this range but that it is merely redistributed among the inertial-rangc wave

numbers. Kolmogorov (1941b) suggested that the very large eddies will not micract directly with very

small eddies, but only via eddies of an intermediate size. In other words, kinetic energy is extracted

from the mean flow by the large eddies. This energy is then transferred via smaller and smaller eddies

to the smallest eddies. This is called the cascade process.

2.10 Structure functions

2.1(1.1 Structure parameter of air temperature

Structure functions are the basis for scintillomclry (Hill 1997). Structure functions can be defined for

air temperature, water vapour pressure, refractive index of air, wind velocity, etc. For example, the

time-average of the air temperature deviations squared, termed the air temperature structure function

D T{r) at point r. can be expressed as:

DT(r) = [T(rJ)-T(Q,t)f 2.27

where the overbar indicates a time average, 7*10.i\ denotes the air temperature al position 0 at time /

and T(r, t) denotes the air temperature al position r from the point measurement 770, /). Therefore bolh

Hr.l) and HO.!} are measured at the same time / but are separated spatially by distance r. Structure

functions are similar 10 the standard deviation function used in statistics. In the case of Eq. 2.27. it is

the average deviation squared for two measurements of air temperature at slightly different positions

with both measurements performed al the same time. Cross-structure functions can be defined

between say air temperature and water vapour pressure. For spacing r in the inertia! range of

lurbulence, millimetres to tens of millimetres. Obukhov (1949) showed that:

D 7 ( r ) = C:
T /•-•' 2.2R

where C~ is termed the structure parameter of air temperature. Some of the literature refers to C'T as

the structure function constant of air temperature or the structure constant of air temperature.
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Another structure function, the spectra! amplitude of the refractive index fluctuations is designated

C; and is referred to as the structure function constant or simply the structure constant. Since the

refractive index fluctuations arc most often affected by air temperature fluctuations and less by

fluctuations in atmospheric humidity, C~ is often interpreted as a measure of the structure parameter

of air temperature (Thiennann and Grassl 1992). It may also be interpreted as a measure of the

strength of the refractive turbulence (Green 2001).

The standard deviation function used in statistics is just one way of expressing statistically the

characteristics of fluctuations in refractive index. Other ways include: the correlation function.

variance, covariance, structure functions such as that expressed by Eq. 2.27. probability density

function, higher order moments, and power spectra.

Kolmogorov (1941b) showed that the structure function in the eddy range (inertial sub-range,

region B of Fig. 2.2) is a measure of the total energy and can be expressed with a characteristic power

spectrum. The wave number power spectrum of the refractive index fluctuations is a key parameter for

investigating the propagation and scattering of optical waves in the atmospheric boundary layer. Since

Kolmogorov's original work, different spectral models have been developed to describe this cascade

process for the refractive index fluctuations in the atmospheric boundary layer.

The form o\' the three dimensional spatial power spectrum of the refractive index n. designated

Of (K) where K=2TI 'A. is very1 important for determining scintillation parameters such as the structure

fund ion constant C;. and the inner scale of turbulence /„. The influences of the random perturbations

in the refractive-index on the beam propagating through a turbulent atmosphere is quantified by

2.10.2 Kolmogorov cascade theory of turbulence

Statistical functions such as structure functions have been used to analyse turbulence regimes

(Kolmogorov 1940). The original idea of cascading energy, by Richardson (1922), was further

developed by Kolmogorov: large eddies of typical size 100 m. referred to as the outer scale of

turbulence L,,. are not sustainable or stable and break up by transferring their energy to eddies of

smaller and smaller size - millimetres to tens of millimetres. Typically, the inner scale of turbulence /,,

is of the order 0.0! 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. Eddies of size r where

l,,«r«L. 2.29

are in the inertial sub-range of turbulence (Figs 2.1 and 2.2). The inner scale of turbulence is important

since it is related directly to the TKE e via Eq. 2.25. "Note (hat in Fig. 2.2. A is a measure of the outer

scale of turbulence /_ and n. is a measure of the inner scale of turbulence / .

Defining a wave number Km -2~ • /. and another as K =2TT Z.r. then

K: « K « Km

also defines the inertial range of turbulence (Fig. 2.3).
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Fi«. 2.3 An illustration of the ran<;c of eddy sizes, from the inner scale /„ to the outer scale Lv

and the corresponding wave numbers. The different turbulent ranges, based on Fig. 2.2, art-
shown. The term "variance range" is taken from Green (2001). For the SLS method, the
dissipation ranj;e is used

2.11 Eddy structure and stability functions

2.1 I.I Introduction

Under ful!y-forced convection conditions, turbulent eddies arc circular with no suppression in the

vertical as might be the case under stable condnions. The atmosphere would then have a neutral slate

and the wind profile would be logarithmic. Under stable conditions, eddies are almost elliptical with

the long axis in the horizontal direction. Under unstable conditions, the long axis of the

ellipticaliy-shaped eddy would be in the vertical.

Eddy structure of the atmosphere with fully forced convection conditions can be regarded as being

composed of a number of circular eddies with diameters /. referred to as the mixing length (m). The

mixing length is defined by / = k z at height r where k is von Karman's constant, k -0.41, independent

of surface type. The tangential speeds of the rotating eddies are given by;

%:' = u' = u. = 1 • cu Ic:

where w' and u' are the vertical and horizontal turbulent velocity fluctuation. Under unstable

conditions, w' exceeds u' by an amount generated by buoyancy where u' - I cu Idz and l>k z. Under

stable condnions. w' is less than n' by an amount related to damping effects. Again »' = / -ru dz but

Chapter 2 Introduction to turbulence and scintillonietn



Theory and practice of evaporation measurement, with special focus on 32
SLS as an operational tool ior the estimation of spatiaih-averaged evaporation Savage et ai.

Under unstable or stable conditions, the neutral wind profile relationship derived from Eq. 2.15, no

longer applies. Generalizing this relationship:

du, B:=®m •». [A-( r - £ / ) ] 2.30

where the dimensionless stability function <1J„ = 1 for neutral conditions. <&m >1 for stable conditions

and <\> m < 1 for unstable conditions. The departure of <3>n. from unity would depend on the degree of

stability or instability in the fluid ilow. To arrive at expressions for (!>„.. the influence of vertical air

temperature gradients on the nature of the mrbulcnt boundary layer flow- needs to be determined.

2.11.2 Generalised llu\ expression

The generalised wind profile relationship (Eq. 2.30) is extended to water vapour pressure and air

temperature by defining e, (kPa), the turbulent scale for water vapour pressure, and L (K), the

turbulent scale of temperature:

a ? / & « - * , e |A-(.--</)] 2.31

and BT rz =-<D h • T, ! [k (z - d)] 2.32

where since, i =p i:, u; (Eq. 2.14),

LVF, =-(pmt cr,'y)-c. u. 2.33

and Fk --pmi cp-u, T.. 2.34

The negative sign in each of Eqs 2.31 to 2.34 ensure thai under normal daytime evaporative demand

conditions the gradients and the fluxes are negative. The relationship between the various stability

functions and the respective exchange coefficients includes height z—d and the frictional velocity u.

and is easily derived from, for example, Eqs 2.8, 2.14 and 2.30 for Kn:

Kni=ku,lz-J)-®;,: 2.35

Kh =ku. <_--</>• cp;1 2.36

and A\, = * a . ( = - i/)-d> „'. 2.37

The remarkable aspect of Eqs 2.35 to 2.37 is that they provide ihe link between a critical element of

K-theory (Eqs 2.6 to 2.8) and atmospheric stability {Eqs 2.30 10 2.32).

2.11.3 Richardson number

In order to arrive at a measure for atmospheric stability, consider a unit volume of air moving under

turbulent motion in an unstable atmosphere with / exceeding k : by an amount dependent on the

buoyancy (Thorn 1975). The initial turbuleni kinetic energy KE, per unit volume (.1 n r = Pa) is

increased by an amount dependent on buoyancy KEh and dependent on the air temperature difference

between level z M temperature Ti z) and le\el rH /at temperature T\z H /) where:

T{z4 / ) S r i : W 1-tTicz.

Hence KE, =mgl-BT T

where m is ihe mass of air. or KE, I volume = p m g I oT T.
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Assuming that T( z + !)< T(z}.

'cz.

Hence, averaging the KE;, volume at \c\ el : (at which 87" = 0) and level z - I where:

KEt i volume =—p m » • 6T T = - - p ,,, ii • I'cT. cz i T.

This is the inertial turbuleni kinetic energy per unit volume of air.

To arrive at an expression lor the inertial kinelic energy per unit volume of air, the inertial kinetic

energy is written as < m v2 or:

KEt volume --ml' •( du I dz) 2 volume = - p iir, • / : {du ' cz r •

The ratio KE, I KE{ is a measure of the relative importance of free [buoyant) and forced (inenial)

convection in a turbulent boundary layer.

li is conventional to define the Richardson number as:

2 cz 2 cz T cz (z

T Cz cz 2.38

Note that \[' c'T.'cz<Q (lapse considerations), Ri<Q. For inversion conditions, Ri>0. If air

temperature and wind speed are measured at two heights, then:

Ri = ^(T, - T ) ( ' ~ : ~""' \( , ) \
T ' (KZ - u , )"

Typically, for ^ = c>.8 m s":. f = 3 0 0 K. |7". - r , | < 1 K. r , - r , =1 m and w, - » , | < 1 m s"1.

Ail < 0.033.

The Richardson number is a dimensionless measure of the intensity of mixing (turbulence), and

pro\ ides a simple criterion for the existence or non-existence thereof in a stable and stratified

environment. A large positive value of Ri > 0.25 is indicative of weak and decaying turbulence and

that the environment is tending towards a stable condition.

2.11.4 Monin-Obukhov similarity theory (MOST)

The disadvantage of the use of the Richardson number, as a stability measure, is thai it is height

dependent as shown by Eq. 2.38. Furthermore, it requires the measurement of air temperature and

wind speed at two levels in the atmosphere. The ideal would be a height-independeni measure thai is

not reliant on measurement at two levels.

Combining cu cz =(J> „. •«, f[k(z- d |] [Eq. 2.30],

0T cz = - <f>. • T. I \k {z-d I] [Eq. 2.32],

F, =-?„€,-u.T. fEq.:.34]
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the definition for the Richardson number (bq. 2.3S) can be written as:

T

o r /? • ' - £
T

or usinu Eq. 2.34. D. g
A/ — —

T * « P . , c,- ><• 2.39

In arriving al a height-independent stability parameter, Monin and Obukhov defined the terms

preceding k{z -d) apart from the stability functions as the reciprocal of stability length /,:

In this expression, since the sensible heat flux density is negative under "normal unstable" daytime

conditions. L < 0. Some of the literature defines sensible heat flux density as positive for these

conditions and then define Eq. 2.40 using a negative sign preceding the right hand side. The

Monin-Obukhov stability length L contains all of the parameters associated with free and forced

convection except height z. The ratio k (z - d) L is therefore regarded as an absolute dimensionless

measure of stability at height z. The Monin-Obukhov stability length L (ml has. as has been referred

to. the dimensions of length and is essentially independent of height (Eq. 2.40):

" - d Q> ~> 4 I
R i = —L,

For simplicity, if it is assumed that C>/: O ,̂, =1. olien taken 1o correspond to unstable conditions,

then

The magnitude of /. for unstable conditions is ( r - d)'\R}\ where \Ri\ is a function of height z and in

fact by definition is directly proportional to z - d. For unstable conditions. | i | can be interpreted as the

height above z - d at which free convection becomes the dominant energy transfer mechanism (and at

which Ri= -I ). MOST (Monin-Obukhov Similarity Theory) relies on the assumption thatO, /$>2
m =1

(Eqs 2.41. 2.42).

Since the Richardson number is a non-dimensional ratio describing conditions in the surface layer

over uniform terrain, il can, according lo MOST, be equaled directly to z • L in unstable air (Panofsky

and Dulton 1984).

2.11.5 Example of Monin-Obukhov stability length assuming MOST conditions

Suppose that for unstable conditions above tali grass: Fi: = -300 W to"2, 7"= 500 R. and it. = 0.5 m s"'.

Hence using Eq. 2.39 and assuming that <J>,. = O *„ or equivalently Eq. 2.40:

n 9S . -300 0.41 (=-d) ,
A1; = • 1 • m •

300 12-1004 ()j;-
Chapter 2 Introduction to turbulence and scintillometry



Theory and practice Of evaporation measurement, with special focus on 35
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

-(2-rf) m '

and , - - d z — d
L- = m = -37.5 m,

Ri -0 .02667-(r- t / j

Hence, al a height of 37,5 m above the zero plane displacement level, free convection dominates. Nole

then thai L is independent of height z.

2.11.6 The Monin-Obukhov stability length and atmospheric stability

In stratified turbulent flow any dimensioniess characteristic is determined by: the height z-d, the

shear stress at the surface i , . the air density p ) i ; , and the production rate of turbulent energy resulting

from the work of buoyancy forces. These lour quantities can be expressed in terms of the three basic

dimensions of time, length and mass, combined inlo one dimensioniess variable. Ri proposed by

Monin and Obukhov (1954), as shown by Eq. 2.42. where L is Obukhov's (1946) length (Brutsaert

1982) or "buoyancy length scale", defined by its originator Obukhov (1946) as "the characteristic

height (scale) of the sub-layer of dynamic turbulence".

The relevance of this is thai, in magnitude. L represents (he thickness of the layer of dynamic

influence near the surface in which shear or friction effects are always important. On strongly

convective (windless free eonvective) days. \b. =10 m (i.e. small). \L\ =100 m on windy days, and

approaches infinity with purely mechanical turbulence (Brutsaert 19K2). At night, or with downward

heat flux. L is positive, and when turbulence ceases, Ri»0.

Closest lo (he surface (i.e. z< \L\) shear effects dominate, and buoyancy effects are insignificant,

whereas the latter dominates when r > |£|. Thus the ratio [z-d)!L is important in assessing the

relative importance of buoyancy versus shear effects in the stratified surface layer, similar to the Ri

number, to which it can be related (Panofsky and Dutton 1974). Under stable conditions, (z-d), L

varies linearly with height showing the increasing importance of buoyancy above the surface (Arya

1988).

In the vertical direction, the atmospheric boundary layer consists of the surface layer with

approximalely constant turbulent fluxes and the ouier layer above. The surface layer is approximately

10 % of the atmospheric boundary layer in vertical extent. It is in this lower 10 % that MOST is

applied. In terms of stability, the atmospheric boundary layer can be classified as convective, unstable,

neutral, stable-continuous and stable-sporadic (Dcardorff 1978):

• conveclive: {z-d) L<-0.5 for which buoyancy dominates. The vertical profiles of the mean
wind speed and air temperature are almost uniform. The term "mixed layer" is therefore used to
describe this state:

• unstable:-0.05 < ( z - r f ) ' L< -0.02 for which there may be significant wind shear:

• neutral: -0.02 <{z-d):L< 0.02

• stable-continuous: 0.02 < ( z - J) ' L < 02 for which turbulence is mechanically driven:

• stable-sporadic: (z -d) / L>Q2 for which only a very shallow layer next to the soil surface is
turbulent in character.

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

For siahle conditions, it has been found from the so-called Kansas data (Businger el al. 1971.

Wyngaard and Cote 1971) with other refinements (Dyer 1974. Hogstrom 198?) thai:

® = CJ = 1 + S ± — and<D =125 (1 +02—-) forO:£ — - < 1 ~ 4 3

1 I " I L

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

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

d> = o : =(N i f t l Z i V " and<T> =125-0+3—-)"'' for-2<^—^<0 2 4 4

Z " / L

where the relationships have again been extended to allow for a zero plane displacement height. Note

that it can be shown thai <t> /O . = K. IK .
I" f> f! n

A generalized stability factor F is defined as

{Thorn 1975) where Fp is ihe stability facior for any property P.

2.11.8 Alternative methods lor determining the zero plane displacement

Many of the equations involving MOST depend on the zero plane displacement (Eq. 2.15. 2.16).

Various methods for determining the zero plant displacement height, based on wind profile
measurements, arc discussed by Wicringa (199?). A method based on single-level measurements of

the standard deviation of the vertical wind speed a n and ihe sensible heat flux density Ft is described

by de Bruin and Verhoef (1996) for tall vegetation. Using MOST, they show that lor unstable

conditions, the cube of the standard deviation of ihe vertical wind speeder' is directly proportional to

the product of the magnitude of the sensible heal flux density and z - d:

a] =0.01%]9-(r-<7)-|F,| T

where T is the air temperature (K). This equation is different from their version through the direct use

of the sensible heat flux density, as opposed to the covariance (w. T) and substitution of the various

constants they used. A plot o f c ' as a function of Fr should yield a slope of0,019619-(z -d) from
which z -tl and hence d may be determined. The assumptions of this approach are that the magnitude

of ihe Montn-Obukhov stability length is very much less than z—d and that free convection applies.

They used sensible heat flux density magnitudes exceeding 120 W m2 as indicative of free

convection. This method would require EC measurements to obtain estimates of <?„ and Fh for

unstable conditions. Furthermore, the regression between o', and Fh would need to be statistical

significant.

2.12 Methods lor estimating surface evaporation
Evaporation measurement using a weighing lysimctcr is usually regarded as the siandard measurement

against which all other evaporation (latent energy) measurements or estimates arc compared. In spite

of this standard, the use of lysimcters is often fraught with complications that may impact on
measurement accuracy. The main limitation of their use is the cost and complex engineering involved
and the non-portable nature of measurements thai represent a small area of the experimental site.
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In Chapler 1. ii was pointed oul that there is no single accepled meihod that is reliable and results

in adequate resolution 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 el al. (2004). of models and micrometeorological methods used to estimate wetland total

c\aporalion. They concluded that: 1. due to the variability and complexity of wetlands, there is no

single approach that is the best for estimating wetland total evaporation; 2. there is no single foolproof

method to obtain an accurate, independent measure of wetland evaporation.

Therefore, it does become important to understand the limitations, advantages, accuracy and

resolution of a variety of methods for estimating surface evaporation.

Hanson et al. (2004) evaluated stand-level models varying in spatial, mechanistic, and temporal

complexity for their ability lo capture intra- and inter-annual components of the water and carbon

cycle for an upland, oak-dominaled forest of eastern Tennessee. The comparisons between model

simulations and observations were conducted for hourly, daily, and annual lime steps. The

comparative data were obtained from a wide range of methods including: EC. sapfiow. chamber-based

soil respiration, biometric estimates of stand-level net primary1 production and growth, and soil water

content by time or frequency domain refleciometry. They concluded that a single model did not

consistently perform the best at all time steps or for all variables considered. Inter-model comparisons

showed good agreement for water cycle fluxes.

The emphasis in the research documented in this report is on the use of SLS meihod for

evaporation measurement. These measurements however need to be compared againsi other

measurements using other evaporation methods in order that ihc accuracy of the SLS measurements

may be ascertained. The other methods chosen include the BR method. EC methods, SR and the

reference evaporation method, applied to a sub-daily time interval. Each of these methods will be very

briefly discussed here and will receive more attention in subsequent chapters. In addition, a

temperature variance and a surface temperature meihod for estimating sensible heal flux density is

discussed.

2.12.1 Eddy covariance

Eddy covariance (EC) measurements (Swinbank 195 I. Dyer and Maher 1965) allow for absolute poini

measurements of sensible heat and latent energy flux density at a defined height above canopy.

Advances made in 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 meihod is based on

the governing equation:

where p w and c are respectively the air density ( = 1.17 kg m" at 25 "C and 100 kPa) and specific

heal capacity of dry air (= 1056 .1 kg"1 K."1) and where w' and T' are the vertical wind speed and air

temperature fluctuations respectively and w' T' is the average covariance over a period, usually less

than an hour.

The EC method may also be used to directly measure the latent energy flux density from the

covariance between the vertical wind speed and the water vapour pressure. Alternatively, the latent

energy flux density may be estimated as a residual from the measured sensible heat tlu.x density
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(Eq. 2.45) and measurements of net irradiance and soil heal flux density using the energy balance

equation (Eq. 2.3).

2.12.2 Bowen ratio

The Bowen ratio energy balance (BREB or BR) method (Bowen 1926. Tanner 1960) is a profile

method involving measurements of mean air temperature and mean water vapour pressure al two

vertical heights above the canopy. The BR method also allows sensible heal and laleni energy flux

density to be determined. The calculation of sensible heal 11 ux density F. using the BR method is

based on:

Fh = < - / „ -/\., j : I/(1+P ' ) 2.46

where /„_., is the net irradiance at the canopy surface, F ; the soil heat flux density and p" the Bowen

ratio calculated using:

P = y<7 : -T,)/(e2 - ? , ) 2.47

where 7"., T}. c.. Z\ are the time-averaged air temperature (°C) and water vapour pressures (Pa) al

profile heights r , and z, 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 i F

(W m'~) where c is the quantum yield (J kg"1) and F is the carbon dioxide mass flux density

(kg s"1 rn" ), may be estimated by measuring Ihe mean concentration of carbon dioxide at two

atmospheric levels (C, andC. at heights r, and r , respectively) using:

cf =K (C, -Ct)/(22-Zj)

where the generalised exchange coefficient (Savage et al. 1997) is determined using a rearrangement

of Eq. 2.6 but expressed in Unite difference form:

2.12.3 Surface renewal and other hi<;h frequency air temperature based methods

The surface renewal (SR) method is relatively new and quite simple (Paw et al. 1995. Snyder el al.

1996. Spano el al. 2000). Prior to the use of this method, a temperature variance method (Tillman

1972) was used. Both the SR and the temperature variance methods allow sensible heat flux densily

Fh to be estimated from measurements of air temperature at a single level using fine-wire

thermocouples. Frequency of measurement for the SR method is typically 8 Hz and post-measurement

calculations are used to estimate F,. Measurement of net irradiance and soil heal 1lux densitv allow

latent energy ilux density to be estimaied for both methods using the shortened energy balance

equation (Eq. 2.3). The SR method is attractive because of its simplicity but also since it is relatively

inexpensive:

c- ?T 2 4S

where : is the measurement height. CT!t't is the rate of change in air temperature, and a is a

weighting factor. The weigh!ing factor u needs to be determined, for the vegetation type used, by

comparison of the estimated sensible heal flux density with other sensible heat flux density
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measurements from other methods such as the EC method. In a sense. STldl is a structure function

(Eq. 2.271 bin with measurements performed at high frequency at the same position. The method

assumes that the variation in air temperalure consisls of a temperature quiescent period \. for which

there is no change in air temperature with time, followed by a ramp period /. A ramp with a positive

amplitude a occurs during unstable conditions and a negative amplitude for stable conditions. The

ratio a (s + I) is therefore used as the temperature change with time in Eq. 2.48. Apart from the

choice of the empirical constant a (Eq. 2.48), the disadvantage of the method is that the change in

iemperalure following the ramp period is not quantified. For this to be quantified, (he friction velocity

//. is required and MOST applied (Chen el al. 1997a, b. Castellvi 2004). The determination of friction

velocity requires additional equipment such as a wind speed sensor, and MOST requires knowledge of

the Monin-Obukhov stability length which in turn requires knowledge of sensible heat flux density

Fr. Hence, an iterative procedure is used to determine the sensible heat flux density Fh.

kusias el al. (1994) uses an air temperature variance method for unstable conditions based on

MOST for estimating sensible heat flux density based on the work of Tilhnan (1972). The method

involves an clement of empiricism in estimating sensible heat flux density using:

***-*>- ^ « , < M C 3 2.49

where a T is the standard deviation of the measured air temperature (over a time period) and

C\ * C , \C\ where Kustas et al. (1994) found C, = 1.1 and C\ = 0.085. They cautioned that the

variance method should always he calibrated with measurements from other flux measurement

systems. They calculated the friction velocity it. using MOST, cither from (he standard deviation of

the vertical wind speed (cr B ) or from the measured wind speed:

it. - a , , | 1 3 - p - 2 - ( r - J ) / L ] ] i \ 2.50

or it. =u-k:\ In [(=-J,m ) / r , , , J -ym'( 2.51

where from Dyer (1974 ) and Hogs t rom (1988) :

y m = n 2 + 2 - ln f(l +.v) 2] + ln f{ l +xz) 2 ] - 2 - a r c l a n . v -, ^

where .v =|l - 16-< z -dIM ) ••' L}] J 2.53

for unstable conditions where dtm and rr,,;i are the zero plane displacement height and roughness

length for momentum respectively. Since the value of Fh needs to be known for the calculation of the

Monin-Obukho\ stability length L contained in the expression for u. (Eq. 2.50). and in turn used to

calculate the sensible heat flux density (Eq. 2.49). an iterative method is used by starting with L =

-109 m for determining Fh. The dm and zm values were estimated for unstable conditions from

measurements of<Tv . u and Fu (Eqs 2.50 or 2.5 1).

Wang and Bras (1998) also uses an air semperature based method for estimating sensible heat flux

density using K-lheory. They expressed sensible heal flux density as a function of the eddy diffush ity

and a weighted average (half-order derivative) of the time history of air temperalure. Their expression

depended on knowledge of the surface parameters and included friction velocity.
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2.12.4 Determining sensible heat using a surface temperature method

Assuming a big-leaf 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 (T. )

temperatures (°C) and wind speed (m s"') may be arrived at as follows:

u=(u. i k)-\n\{z-(I) r J [ E q . 2.15].

,-.,„, =piH. u ifEq.2.101.

and T = P J ( . M; [Eq. M 4 ]

assuming that ruh ( r, . r , ) = rtmi(:l . r , ) [part of Eq. 2.13].

Manipulating:

Hence. T. —T „ f. . , -, , , -

or _ Tr -T, 2.54

""P C r ' y :

For neutral wind conditions, sensible beat flux density may be calculated from surface temperature

estimated using infrared thermometer (IRT) measurements of canopy surface temperature, air

temperature and wind speed and applying Eq. 2.15.

Applying the big-leaf model. Thoin (1975) defines Tu as the mean canopy surface temperature (his

Fig. 8(a)|. Montcith and Unsworth (1984) however define Tt as the temperature at which wind speed

i.s 0 ms'1, The two definitions are therefore not the same since the wind speed is zero al height d 4 ru

above the soil surface. Monteith and Unsworth (1984) define an additional boundary layer resistance

r. as follows:

In ( r

where z'0<zB and d-i ;',. is the height at which the source of sensible heat flu\ density and latent

energy flux density originate and J - zu is the level at which wind speed (and therefore momentum) is

zero. Hence the atmospheric resistance for momentum transfer is described in terms of r. and by

ra + r. for sensible heal and latent energy flux density. The term it. r is identical to k B' used by

other workers for investigating rough surfaces.

Using the above relationships, designating T'a as the average temperature at the level al which wind

speed is 0 m s"1. then it can be shown that:

F,
T -T =--*-

P cr
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Thorn (1472) obtained an empirical relationship for rh, for smooth surfaces, as a function of

friction velocity:

rh =62 M,'B'*7 for O.I m s~> < u. 05 m v"1.

Monteith and Unsworth (1984) corrected the aerodynamic resistance ra (s m"1) for stability using:

p Ptl. c p - ( f : - f j 2 . 5 5

[(In- - ) - . A - » ] - [ 1 - _ , - 1
u' [05 ( T -TV)+273.15]

For field conditions, a value of 5 for r] was suggested. Different 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 el al. 1986; Kustas et al. 1989, Chchbouni et al. 2000a,

b). For the general case. Choudhury et al. (19K6) used an analytical approach and showed thai

F P,,- i-..-lf:-Z) 2.56
F

[(In—-)2 rk2

where with sufficient accuracy

il = 5 - ( r -< / ) -» ( r -TJ'(T: ir). 2.57

for unstable conditions where it is assumed that the roughness length for sensible heat and momentum

flux density are equal. They also showed thai the use of Eq. 2.55 is almost equivalent to 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. (1986) showed that:

p i r cp (T. - f ) 2.58
F

[(In

For sparse cover and dry vegetation, Ta (Eqs 2.56. 2.58) is often much less than the measured

infrared surface temperature. Physically, inclusion of an additional resistance term, to the denominator

of Eq. 2.56, is recognition that the infrared temperature for sparse vegetation is also influenced by soil

surface temperature (Kustas et al. 1989). On the other hand however, experience with the use of

infrared thermometers has shown that in the case of complete cover, the sensor detects sunlit leaves as

well as deep shade within the canopy. For sparse vegetation cover. Chchbouni et al. (1996. 1997)

showed that:

n-Tz=MTlKT-Tz) 2.59

where p is an empirical function of leaf area index LAI and Tlf,T is the observed infrared surface

temperature. The disadvantage of this approach is that the empirical function for |3 would depend on

vegetation type. For a grassland site. Chehbouni et al. (2000a) showed that:

-L4l))-\
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2.6(1

where for their grassland site, C = 1.5. An alternative method involves introducing an excess

resistance r., falso referred to as k B'' b\ Monteith and Unsworlh (1 WO) and others], as an additional

term to the denominator of Eq. 2.54. the aerodynamic resistance, to account for the differences

infrared surface temperature and Tn for the case of sparse vegetation:

rn =k B ' =0.1 7 V -(T.-Tn) 2.61

(Kustas et al. 1989). Moran et al. (1904) modified Eq. 2.61 by using \Tt -f.\ instead o f f -T. to

only allow for positive 7\ - T. values. Kustas ct a!. (1994) modified the empirical factor of Eq. 2.61

from 0.17 to 0.13. based on improvements in the estimation of the momentum roughness parameter.

Moran et al. (1994) used ground-based remotely sensed data in a semi-arid grassland site to compare

sensible heat flux density estimation. Their results were similar to that of Mengisttl (2003). namely

that the estimation of the denominator of Eq. 2.56 is sensitive to the uncertainly in estimating d and

r , . Furthermore, the excess resistance (Eq. 2.61) is also another source of uncertainly clue lo its

empirical nature (Moran et al. 1994).

Verhoef et al. (1997) quesiion the use of the k B~' concept thai attempts 10 adjust the

IRT-measured surface lemperalure for sparse canopies for which the IRT sees too much understorey

or bare surface and does not yield the temperature of the top of vegetation that drives the sensible heat

flux density. They recommend the use of a more physically based approach.

As is the case with other methods that use the energy balance and measurements of sensible heat

flux density, net irradianee and soil heal flux density to estimate latent heat flux density as a residual,

there is a cumulative effect of errors when calculating latent energy flux density that can only be

reduced by reducing the errors in the individual measurements or estimates,

2.13 Scintillometry

2.13.1 Introduction

A scintillometer. depending on its type, allows determination of a number of micromeleoroiogical

parameiers but in particular C*. Under cenain conditions, in particular under conditions of weak

scattering of the scintillometer beam, and using certain measurement methods or assumptions, sensible

heal llux density Fr may be derived from Cfr As with the other methods discussed in the previous

section, knowledge of the net irradianee and soil heat flux density allows the latent energ\ flux density

to be estimated as a residua!

A full understanding of scimillometry requires knowledge in electronics, optics, wave propagation

theory, data logging and mierometeorology. Andreas (1990) presents a collection of selected key

papers on wave propagation and atmospheric turbulence. A comprehensive review describing the

background, recent progress and future trends in optical scintillation is described by Hill (1992). The

scintillomelry method is dependent on algorithms, based on MOST, for determining atmospheric

surface-layer fluxes. A detailed description of these algorithms is described by Hill (I 9971. Green

(2001) describes the practical application of scintillomcters for determining sensible heat, latent

energy and momentum flux density and Hartogensis (lc>97) describes the areal averaged sensible heal

llux density using a large aperture scintillometcr. de Bruin (2002) describes a resurgence of interest in
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the use of the sciniillomeler method. The assumed benefits of a path-averaged C\ value when the

objective is to estimate surface fluxes is discussed by Andreas el al. (2003).

Essentially, a scinlillometer consists of a source of light of known wavelength usually directed over

some horizontal distance to a receiver. The light beam needs to be eollimaled - that is. the light rays need

to be parallel. For the surface layer scintiflomeler system (SLS). for example, the changes in the iniensity

and the phase of the light beam is delected al the receiver position some known horizontal distance from

the transmitter. These changes result from the atmospheric perturbations caused by the variations in

sensible heat and latent energy that refract the light beam. The key to the implementation of the

scintillometer method is the interaction between eddy size, beam distance, beam wavelength and aperture

diameter and for some of the estimates, effective beam height, air temperature and atmospheric pressure.

The estimated sensible heal flux density requires the friction velocity measurement or estimate,

2.13.2 Fresnel zone

The different types of scintillomelers differ in the size of the transmitter and receiver apertures (Table 2,1 )

when compared lo what is referred to as the Fresnel (pronounced Fraencl) zone. The Fresnel zone size is

the geometric mean between the wavelength ~Khnim of the transmitter beam and the beam path lengih Lllmm:

F =JX. xL . 2.62
awn" \ beam txjm

For weak scattering of the scintillometer beam, it is the ratio of the inner scale of turbulence to FMm thai

is important in determining which range of turbulence, shown in Fig. 2,2. is used. For a small aperture

scintillometer such as a SLS that uses mainly the dissipation range of turbulence (Fig. 2.2). for a typical

beam wavelength of 670 nm and a path length less than 250 m. Fz,,m maii apenun = 12.9 mm lEq. 2.57.

Table 2.1). Scintillomelers with an aperture size less than F _ilni are referred to as small aperture

scintillomelers and otherwise large aperture scinlillomeiers (LAS). The LAS systems use mainly the

inerlial range of turbulence (Fig. 2.2) for which /„ << r « Lti (or Ka « K « KUI ). The LAS systems use a

typical beam wavelength of SRO nm and a path length of less than 5 km. Fsm l4s = 68.6 mm (Table 2.1).

The boundary layer scinlitlomctcr (BLS) systems usually use a beam wavelength of 880 nm but the beam

path length can vary between 0.5 and 10 km with the result that F_ m is between about 21.0 and

93.8 mm.

For each category of sciniillomelcr. viz., SLS for which 5.8 mm < F.ijni.sls < 12.9 mm (corresponding

lo 50 lo 250 m beam path length) and boundary layer large aperture scinlillometer (LAS) systems for

which 21.0 mm < F.imlAN < 68.6 mm (corresponding to 0.25 to 5 km beam path length), and BLS

systems for which 21.0 mm < F.iini SLS < 93.8 mm (corresponding to 0.5 to 10 km beam path length), there

are dual-beam (- in some cases mulli-beam) and single-beam methods used for determining C; and from

that and other measurements but in particular the friction velocity, the sensible heat flux density.

The small aperture scintillometers (or surface layer seintillomcler (SLS) systems) are sensitive to

eddies with diameters close lo F-mic. corresponding to the inertial sub-range [defined by Raupach and

Legg (1984) and shown in Figs 2.1 and 2.2] containing larger eddies or to the so-called dissipation

sub-range of turbulence containing smaller eddies. In the case of eddies in and close to the dissipation

range, the measured variances do not only depend on C." but also on the inner scale of turbulence / , . For

the SLS system employed in this study, a dual-beam laser method with two detectors is used. The inner

scale li: of rcfracOve index fluctuations is calculated from the correlation of the light intensities at these

two detectors. Only once /, is known, can ihe structure parameter of refractive index fluctuations C," be

calculated from the variances of the intensity from the two beams.

Chapter 2 Introduction to turbulence and scintilloniL-try



Table 2.1 Details of selected flux measurement systems for determining £2
*-3

System type.
reference

SLS, this study,
Tliiermann and
CiiassI (1492)

LAS - sec review
by Andreas

(1990)

BLS (also
referred Io as

XLS by Andreas
et al (2002) for

pathlengths
around It) km)

MWS/RWS

(Green ct al.
2001»for

measurement of
latent energy flux

density

Differential
image motion
(HIM) LI DAK

(Gimmestad and
Roberts 2003)

Measurement
distance

5(1 to 250 in

250 m to 5 km

0.5 to 5 km for
145 mm aperture;
1 to 10 km for 265

mm aperture; •
10 km lor aperture
size oH 10 mm

Typically 2.2 km

300 m

Beam
wavelength;

' ;„„ (>"»•)

670 nm;
5.8<F a m •

12.9

940 nm: 15.3

< >\w < 686

880 nm: 21.0
- F. < 66.3;
29.7<F^mf <

<J3.X

\\ mm:
transmitter

frequency of
27(illz

Laser
wavelength

Aperture
si/e

2.5 mm

152 mm

145 mm:
265 mm

600 mm
antenna
diameter

Not stated

Measurement
frequency/av-
eraging period

1 kHz/2 min

Typically 1 Hz

1 to 125 Hz/10 min

Filtered at 10 Hz
and sampled at 20

11/

Not stated

System current

<3 A

0.1 to 1 A
(transmitter)

depending o\\ path
length; 0.2 A for

transmitter
From 0.1 A for I Hz
measurements and
145 mm aperture to

10 A f o r 1 2 5 11 /

measurements

Not slated

Not stated

Typical
measure-

m e n ) l lM' / l l !

Typically 1 m
above canopy

3 m?

10 to 20 m

10 in

Not stated

Limitations
/comments

Affected hy strong turbulence
- referred to as saturation; u.
determined; small footprint
since measurement height

typieally 1 m above surface
». is required for estimation of

Current drain high for 125 11/
measurements; measurement
height should IK* in excess ol

10 m: it. is required for
estimation oi Fl:

Seintillomctet must he
mounted sufficiently far from

the surface so as Io avoid
signal distortion through
ground reflection; it. is

required for estimation of/-*,,

Measurement comparisons
were made with a

scintillomeler

3
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The LAS systems sense eddies close to the transmitter and receiver diameters - typically greater

Irian 0.1 m. Eddies of this size belong to the inertia! sub-range of turbulence (Fig. 2.2). In ihis case for

LAS Systems. C~ is independent of/, and hence friction velocity is required for estimating sensible

hea! flux density. However, measurement heights of at least 10 m may be necessary.

2.13.3 Scintillometer types

The SLS system is specifically targeted for short path lengths, compared to the BLS and LAS

counterparts. The current drain of the SLS system is 1 A for the iransmilter/receiver systems (if the

alignment is automatic) and 1 A for the central processing unit. A computer or laptop is also required

if the unit does not ha\e data storage capability. The current drain for the BLS systems (Table 2.1) is

usually greater than 1 A. depending on how the system is operated. If the system is operated al a

transmitter pulse rate of 125 Hz. corresponding lo maximum accuracy, the current drain varies from

3.5 to 13 A forthe 0.5 to 5 km and 1 to 10 km beam path lengths respectively. The limitation of large

equipment current drain however also applies to EC and BR methods although (he current drain is

usually less than 1 or 2 A. Routinely, it is not easy lo operate the BLS systems at the high pulse rates

of 125 Hz unless electrical power source is available.

There are various types of scintillomeler systems in use (Table 2.1} (hal include:

SLS (50 to 250 m beam path length);

LAS (Kipp and Zonen LAS with a 250 to 3.5 km beam path length);

BLS (Scimec boundary layer scintillometer. with a beam path length between 0.5 and 5 km or

between 1 and 10 km);

XLAS scintillometer system with a beam pathlenglh up to 10 km. Kohsick ct a). (2002) were the first

lo use a LAS with an increased diameter of 0.31 m, which they referred to as XLAS systems:

microwave scintillomeler system (MWS). This type is also referred to as a radio wave scinlilloineter

(RWS) (Meijninger et al. 2002a).

Gimmcstad and Roberts (2003) used a differential image motion (DIM) L1DAR! concept to

measure Cn
:. Their field validation was performed by testing against a conventional scintillometer for

a 300 m horizontal path, for a range of turbulence conditions. Their lest results supported the concept

and confirmed that C~ can be accurately measured with this method. The details of the work was

available as an abstract. Further information on this method and in particular the cos! is limited since

the work was undertaken for military research reasons.

Each scintillomctcr type corresponds to a different range of path length sensitivity. The RWS

syslems use radio wavelengths that are most sensitive to humidity fluctuations (Andreas 1989,

Meijninger et al. 2002). The RWS systems are noi discussed further in this report. The SLS. LAS and

BLS systems all operate in the visible and near-infrared wavelength range. Light with ihcse

wavelcngihs arc affected by tcmpcraiure fluctuations (Yv'esely 1976, Hill ct al. 1^80} and using

MOST, makes possible the esiimalion of sensible heat flux density.

I L1DAR is an acronym of light detection and ranging for describing systems that use a light beam

for atmospheric monitoring, tracking and detection functions
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The BLS boundary layer systems available allow measurements of C; and use two transmitters,

each with hundreds ©flight-emitting diodes.

2.13.4 Application of weak scattering theory to scintillometry

Central to the use of scintillometers is the measurement of C;. the structure parameter for refractive

index. However, weak scattering of the scintillomcter beam is paramount. All scintillometer units

allow for the estimation of'C,'. The first measurements ofC~ were obtained by Tatarskii (1961) using

a relationship for weak scattering I Lawrence and Strohbchn (970) and Wesely (1976) was the first to

obtain sensible heat fiux density from optical measurements.

Kolomogorov (J941) showed that within the inertial-convective sub-range of eddy sizes, the

refractive index spectrum <£„( K) IS given by:

*,(ic)=<M>33C;V* 2.63

where 2 n L / « K « 2 TI / !. 2.64

Hill and Clifford (1978). and others, applied modifications to the Kolmogorov (1941b) relationship by

describing a sub-range of the inertial-convective range, the viscous convective range and developed a

theoretical spectrum for the inertial-conveetive through lo the dissipation range:

C]>,I(K) = ().O33C, : K
 X/(KT|) 2.65

where T\ (he Kolmogorov inicroscale length, is related to the inner scale of turbulence: rt = /,, / 7.4

(Hill and Clifford 1978). Hill and Clifford (1978) described a sub-range of the inertial-convective

range, referred lo as the viscous convective range. They proposed a theoretical spectrum for the

inerlial-convective through to the dissipation range. The so-called Hill spectrum was derived from

temperature fluctuations and were assumed lo dominate refractive-index fluctuations at optical

wavelengths.

For weak scattering of the scintillometer beam (Lawrence and Strohbehn 1970) for the inertia) and

dissipation turbulent regions (zones B and C of Figs 2.2 and 2.3). and integrating over the beam path

length Lh m and wave number K. the variance in beam intensity c : is given by:

a ; -0J24C; K1'* ZJV / „ (/„ , ̂  LK, , =0J24C = X1'* L1^ . / , ( / „ F: ) 2.66

where K is the optical wave number (= 2TT /-,„.„,.( and thcam is the beam path length. Similarly.

Thiermann and Grass! (1944) showed thai she measured covariance in the logarithm of the amplitude

of the beam intensity at the receiver position is given by:

S- =0.124C;/rX:/ftl/,. F_ ). 2.67

The function fB describes the decrease in the measured covariance B,.. with increasing / , . %.h and

Lhin . This function fB depends on the function /,. which was determined by Hill and Clifford (1978)

from the so-called Hill spectrum (Hill 197S) and is shown in Fig. 2.4. The function tails off for large

values of lti FaMi . To increase the / , FaMi ratio so as not to be al the tail end of the function requires

that L. , be decreased. So a requirement of weak scattering is that path lengths not be too long.

Another important point: to ensure that the ratio / F. is not too small (and therefore in the tail
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Fig. 2.4 The so-called Hill spectrum showing f as a function of K / , . The hump in the

dissipation ranj;e of turbulence is evident. The Hill spectrum was derived from temperature
fluctuations assuming they dominate refractive-index fluctuations at optical wavelengths

region of the / , . function), the beam height could be increased resulting in larger eddies and larger/,,

values.

In the case of the dual-beam SLS method, the function fB describes the decrease in the eovariance

in the logarithm of the amplitude of the radiation, measured at (he scintillomeler receiver position,

with increasing detector separation distance tl. detector diameter D and inner scale of turbulence /,..

For microwave propagation and without inner-scale dependence.

a ; =O.12 2.68

Eq. 2.68 allows C~t to be determined from measurements af a j \ and knowledge of K i- 2rr A ,, I;J )

and L, . However, to determine the sensible heat flux density, F,, the structure parameter for

temperature C~ is required using the relationship for when the fluctuations in air temperature and

water vapour pressure are perfectly correlated (Wesely 1976):

T- 2.64

and
n'

tlP
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when then.1 is no correlation between the fluctuations in air temperature and water vapour pressure

where T iK) is the air temperature. P the atmospheric pressure (hPa) and a = 7.89 x 10"' K. hPa"1 al

/. = 680 nm. In Eq. 2.69. the influence of humidity on C' is evident via the Bowen ratio R.

Generally, the effect is regarded as small and contributing less than 3 % to C'r. However, the Bowcn

ratio would then have to exceed 2 (Fig. 2.5). corresponding to drier conditions. Hence, it may be

necessary to apply a correction for when the water vapour pressure fluctuations become large

compared to the air temperature fluctuations. This could be the case for measurements above water

surfaces or above irrigated fields. Previous Bowen ratio measurements (Savage et al. 1997) for natural

grassland showed that Bowen ratio values during summer rainfall periods were typically 0.5. Ignoring

the influence of the Bowen ratio would result in an underestimation in C~ of at least 10 V Meijninger

and de Bruin (2000) point out that this would in turn result in an underestimation in sensible heat flux
density. They used "common-sense" values for p\ They noted that other studies determined P

iteratively using the measured net irradiance. soil heal flux density and the energy balance equation.

For their measurements above irrigated areas, they obtained reliable estimates of sensible heat flux

density that compared favourably with estimates using a temperature variance method.

The effects of water vapour on the structure parameter of the refractive index for near-infrared

radiation, used mainly in LAS systems, was investigated in detail by Moene (2003) who confirmed

that when C.;. is used lo compute the sensible heat flux density, the influence of the correction for
water vapour fluctuations on ihe measured energy balance is small. For smal! (J. the correction is large,

but the absolute value of the sensible heat flux density is small, whereas for large fl the correction is

S,X3-P-d_i'_ll_u_c_ULatjp_ns_np_t_correlated.
2v-1

T 0 .8 -

'orreetion > (1.97

Assumes T and e
fluctuations
correlated
(I+0.03/R)

Sensible heat > latent cner»\

0.2

0.0
0

Bowen ratio ([$)

Fi<;. 2.5 A factor, used by Wesely (1976) for estimating Cz
r from C* (tq.2.59). involving the

Bowcn ratio [i Assuming correlation between air temperature fluctuations 7" and Mater vapour
pressure fluctuations e'. for Bowen ratios *;reater than 1. the factor exceeds 0.942 and for factors
greater than 0.97 the Bowen ratio would have to 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 Bowcn ratio can contain errors of between 5 and 40 % for fi < I.

Some scintillomctcr units such as the dual-beam SLS system used in this study also allows friction

velocity u. to be determined from the SLS measurements from which sensible heat flux density Fh is

estimated for stable and unstable conditions (Table 2.1 ). Most other scintillomcter units only measure

C; and hence independent measurements or estimates of it. arc required for Fi to be estimated except

if the measurement heigh! is several tens of metres and in which case. u. is negligible. Most often, it,

is estimated, from wind speed measurements, by using Eq. 2.15 or 2.30.

2.13.5 Some disadvantages of scintillometer use

2.13.5.1 Direction of sensible heat flux

One serious disadvantage of all scinlillomelers. by their very nature, is that they cannot distinguish

between the upward or downward direction of the sensible heat flux density, for example. Most often,

a pair of fine-wire thermocouples may be used to measure air temperature at two vertical positions to

determine the direction of the sensible heat flux density. This necessitates use of a second logging

system. However, frequently, an automatic weather station system is located near the centre of the

beam and this could be used for the temperature differentia! measurement. Alternatively, EC

measurements of Fh arc used to ascertain the direction or assuming that unstable conditions occur

bciween sunrise and sunset.

2.13.5.2 Saturation

The second major disadvantage of the scintillometer method is due to the fact that ihe method is 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-amplitude

(Eq. 2.66). which assumes weak scattering, was developed by Lawrence and Strohbehn (1970).

Hence, the theorj applied that allows C' to be determined from Eq. 2.66 assumes that weak scattering

of the radiation beam occurs. Weak beam scattering is assumed to correspond to a variance of the

log-amplitude of less than 0.3. The assumption of weak scattering is valid only when perturbations in

the refractive-index arc small. For weak scattering, for a spherical wave, the variance of ihe

log-amplitude of ihe electromagnetic radiation at the receiver point position is a function of

(Eq. 2.67):

the optical wave number 2 n •' ?-ft(.iwr.

ihe structure parameter of air temperature C\.

and a function that describes the decay of the amplitude due to dissipation at large wave numbers

(Thiemiann and Grassl 1992). The function in turn depends on the inner scale of turbulence, wave

number and beam path length.

As the strength of refractive turbulence increases, the scintillations saturate and any scintillometer

whose performance is based on the proportionality relationship between the variance of the

log-amplitude and C~ (Eq. 2.66) will fail (Wang ct al. 1978). This phenomenon is called saluraiion of

scintillation and is reported by Gracheva et al. f 1974). In this case, the only option is to decrease the

beam path length and or increase the beam height position.
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2.13.5.3 Friction velocity requirement and free convection estimate of sensible heat flux density

A third disadvantage of many scintillometer systems is that the friction velocity needs to be known a!

the Lime C; is measured for the sensible heat flux density lo be estimated. However, an estimate of

sensible heat flux density can be arrived at, referred to as the free convection estimate, by performing

C' measurements sufficiently far from the surface. For measurement heights of at least 10 m above

the surface, for mainly unstable conditions, the importance of the friction velocity is relatively small.

For these conditions the free convection method can be applied (dc Bruin ct a!. 1995):

, I . < C ; »

To summarise: large aperture scinlillomcters can be used to calculate the turbulent sensible heal

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 near neutral conditions, sensible heal flux

density estimates using LAS measurements only are impossible. In this case, an independent estimate

of the friction velocity is required. Most often, this can be estimated from wind speed. For SLS

measurements, the dual-beam arrangement allows sensible heat HUN density to be calculated from C~

and e for all stability 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 estimation of C\ alone, is not sufficient for determining sensible heat

flux density. The estimation of C; is based on C'B and the Bowen ratio p1 (Fq. 2.09). For fi - I. the

error in C~ in ignoring p1 and hence the water vapour pressure fluctuations is less than about 6 %

(Fig. 2.5). Fur the SLS method, this is less of a problem since an educated guess for fl over a distance

of less than 250 m is required. However, in the case of the LAS method, an educated guess for [i over a

palhlength of up to 10 km, depending on the type of scintillometer used, is more problematic. For

relatively heterogeneous terrain, the choice for p1 is made even more difficult.

2.13.5.5 General

While encouraged by their LAS results. Chehbouni ct al. (199Q) lisi advantages and disadvantages or

concerns associated with use of the method. Their concerns include the requirement for a humidity

correction (Eq. 2.69) using a spatially-averaged Bowen ratio over transects that comprise several

patches with significantly different Bowen ratios, the limitation of the method in being unable lo

distinguish between stable and unstable conditions and also the need for further investigation

associated with changes in wind direction from downpath lo crosspaih. Overall, they found that the

LAS method has several advantages over other methods such as the EC method, also mentioned by

McAneney el al. (I 995). for measuring sensible heal flux density: the method is not sensitive to flow-

distortions near (he instrument: il is easy to operate and maintain; it can provide a reliable lool for

estimating sensible heat flux density at spatial scales compatible with meteorological models and

remote-sensing satellites,

2.13.6 Application of scintillomctry

2.13.6.1 Large aperture scintillometry applications

The MOST requires homogeneous and horizontal lerrain. However, such conditions almost never

apply. Remotely-sensed surface temperature and use of the LAS method to estimate the area-averaged

sensible heat flux density over heterogeneous has been investigated (Chehbouni et al. 2000a. bl.
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Mcijninger et al. (2002b) used LAS measurements over heterogeneous terrain above the blending

height (Section 2.8.5). for which MOST is applicable, provided the LAS beam is still in the surface

layer. Their work was performed above a flat hcierogcneous terrain of rectangular agricultural fields

with different crops. A study using LAS measurements for an area comprising forest, grassland and

lakes was undertaken by Bcyrich el al. (2002a). Hartogcnsis et al. (2003) investigated using a slanted

path over flat terrain, structured terrain, and varied the path height due lo the curvaiurc of the earth's

surface. The resulting sensible heal fiux densities were compared with EC measurements and showed

satisfactory resulis.

The other aspect of scinlillometry that deserved attention relates to the assumption that the

influence of humidity on C). used to estimate F... could be neglected (Eq. 2.6^). The implication is

that scmtillomeler measurements would require knowledge of Ihe Bowen ratio when used above

irrigated areas, for example. Hoedjes et al. (2002) discuss the use of (he LAS method above irrigated

areas. In the former study, the role of regional advection was investigated. In another study, on a

spatial scale of a watershed and water basin. Mcijninger et al. (2002a) applied two methods to

determine the area-averaged laient energy flux density: a two-wavelength method in which both a

LAS and a RW'S were used. Hemakumara et al. (2003) and Chandrapala and Wimalasuriya (2003)

performed routine measurements of spatially-averaged surface fluxes of sensible heat density in river

basins using LAS measurements and compared these with estimates obtained from a remole sensing

based surface energy balance algorithm for land using NOAA satellite images without any a priori

calibration. The average deviation of total evaporation estimates for a 10-day period was with 17 %

and 1 % when monthly esiimales were considered. They suggested that the LAS method is a low-cost

alternative to other methods of estimating heal fluxes for use in basin scale water use studies. In

another study above semiarid grassland, sensible heat flux density estimates obtained using LAS and

NOAA radiometers on orbiting satellites compared well (Watts el al. 2000).

Lagouarde et al. (2002a. b) compared LAS measurements against EC measurements, finding that

LAS-measured sensible heal flux density systematically overestimated by approximately 10 %. Their

measurements were lor a composite surface of wheat and bare soil. In a previous study however.

Lagouarde et al. (2000) found that LAS-derived fluxes provide consistent measurements but

underestimate by 15 % the flux obtained using the EC method. They attributed the over-estimation to

spatial non-homogeneities of the experimental site.

One important application of the use of scintillomelry is the ability to provide crosswind data

(Andreas 2000, Poggio et al. 2000 and Furger el al. 2001. for example). Crosswind scintillometers use

two light detectors separated horizontally by a small distance. The detectors would measure intensities

thai arc highly correlated if one detector is timc-iagged. The time lag can be related to the mean wind

speed perpendicular to the scintillomctcr beam. The wind speed measurements represent a weighted

average of the wind speed over the full beam pathlcngth with the winds near the centre of the path

carrying greater weight. Commercial crosswind scinlillometers are available for SLS and LAS

systems.

In a study using a microwave scintillomctcr and a large-aperture infrared scintiliomclcr. Green ct

al. (2001) found that the simultaneous use of both scintillometer types allows sensible heat and latent

energy flux density at large scales to be measured - o\er 3 km in their case. Independent EC

measurements showed that the LAS (infrared) Fk measurements were within 4 % and that the MWS

L, Fr measurements were within 12 % of their EC counterparts.
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Some of the published literature indicates that the scintillometer method is being used as a standard

by which other methods arc judged. For example:

a non-scintillomcter method using a passive optical monitor for atmospheric turbulence and wind

speed was used (Steli et al. 2003) to estimate C* and comparisons were then made against estimates

using a commercial scintiilometer. The passive optical monitor uses existing lights al various locations

as point sources for determining light angle-of-arriva! fluctuations. The real time analysis of (he

fluctuations enabled determination of ihe power spectrum of the fluctuations every fevi seconds. The

additional power spectrum information yielded more understanding of atmospheric conditions which

included average wind speed estimation based on frequency shifts in the power spectrum distribution;

Vilcheck et al. (2002) used microphones and a thermocouple to measure a pressure and temperature

differential al two points separated by a specific distance. The microphone thermocouple system

performed measurements over land alongside the scintillomctcr which was used as the reference

method for C";. They presented their comparative results;

in a study of pixel-scale aerodynamic surface temperatures, LAS measurements and meteorological

observations by Min et al. (2004) were used to calculate surface temperature for comparison with the

hilly radiometrie surface temperatures retrieved from satellite dala;

Bange et al. (2002) used lower, scintiilometer, and averaged ground-station sensible heat and latent

energy measurements for various surface types to compare with airborne measurements of turbulent

Jinxes;

a model for the estimation of C] from profile measurements (at two levels) of conventional wind

speed, air temperature, and humidity as input was proposed by Tunick (2003). The model is based on

the structure function formulations of Tatarskii (1961) and invokes N4OST for the surface layer. The

model algorithm was validated by comparison with estimates from scintiilometer data collected at 2 m

above ground level over a 450 m path.

2.13.6.2 Surface layer sciniillametry

A SLS consists of a number of components (Thiermann 1992. Thiermann and Grass! 1992) but chiefly

a transmitter and a receiver unit separated by between 50 and 250 m with a laser beam (low power

class 3a. 670 nm) emitted by the transmitter and directed at the receiver. In the case of dual-beam

scintillometer systems, a laser beam is split into two parallel, displaced (2.7 mm separation) beams

with orthogonal polarizations. The receiver unit measures the radiation intensity fluctuations at a very

high frequency, typically 1 kHz. caused by refractive scattering of turbulent eddies in the

scinlillometer path, emitted by the transmitter. The inner scale of refractive index fluctuations (/,,) and

the structure parameter of refractive index fluctuations C; are calculated from the variances of the

logarithm of the amplitude of the wva beams, and the covariance of the logarithm of the amplitude

fluctuations between the two beams. Using an iterative technique, and applying MOST, turbulent

fluxes may be calculated.

de Bruin and Mcijninger (2002) compared friction velocity and the sensible heal 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 to the scatter found with the two EC systems used. The

SLS method overestimated friction velocity for u, values less than 0.2 m $' and underestimated for

high wind speeds. This would imply thai the SLS measurements of lu are biased. They discussed
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causes for their results and prcsenied a correction procedure to account for effects of random noise

and of so-called inactive turbulence or sensor vibrations. Of particular note is that they a!so report that

the estimated sensible heal flux density is less sensitive to errors in Ia and C:. because of a cancelling

of errors.

Hartogcnsis ct al. (2QQ2) investigated the performance of the SLS method in the stable boundary

layer and found the method to he superior to the EC method in determining vertical flux densities of

sensible heat and momentum close to the ground and or over short (less than 1 mini averaging

intervals. The systematic errors in ihe SLS measurements reported by de Bruin and Meijninger (20021

relating to friction velocity measurements were overcome by adjusting the beam displacement

distance from 2.7 mm to 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 unavoidable uncertainties of the beam displacement of the commercially available unit

cause some errors in the absolute values of the friction velocity measurements. He maintains though

tliat overall Shis error is not larger than typical errors of conventional measurements of friction

velocity, considering problems of How distortion and directional cross-talk of the sensors,

instrumental rotation, spectral filtering, necessity of a cut-off at low wave numbers clue to the limited

averaging time, and conventional sensor calibration.

In a study under unstable conditions and for a etever-ryegrass pasture for which LAS and SLS

measurements were compared with EC measurements. Green ct a!. (1W7) found that although the

scintiilometers respond to eddies 150 and 10 mm respectively, the data scatter for crosspath winds was

similar. There was a tighter regression for downpath winds.

Sensible heat flux density over a wheat canopy was measured by Anandakumar (1999) using the

SLS. EC and SR methods for one month in order to compare the methods and to investigate the

influence of cloud shadows on the 1 min temporal SLS data collected. He found that the sensible heat

flux density, averaged over 20 min for the various methods, were in good correspondence with the

SLS measurements show ing a smoother variation.

Weiss (2001) used the SLS method in various field experiments conducted under different

atmospheric conditions. The experimental sites varied from homogeneous and flat terrain to flat,

non-homogeneous terrain to slanted, non-homogeneous terrain in an alpine valley. For comparison.

the EC method was used. Window periods were used for measurements at the various sites. There was

satisfactory accuracy of the estimated sensible heat flux density even for non-homogeneous terrain.

Further, the SLS method demonstrated good temporal resolution. In general, this work demonstrated

thai the SLS method gives accurate values under many atmospheric conditions even over

non-homogeneous terrain.

This brief review of the literature shows that there have been more measurement studies using the

LAS method than using the SLS method. The reason is probably due to the desire for flux

measurements at the scale of a catchment. These measurements can then be used to validale or at least

compare with satellite or aircraft-derived fluxes or estimates of the surface temperature. Furthermore,

the review has shown there have noi been man}- extended studies that have used SLS. EC. SR and BR

methods for estimating sensible heal (lux density. In part, this is due to costs hut also due to the

difficult logistics involved in obtaining quality measurements over long periods. Indeed, many of the

studies using the SLS methods have been very short in duration - in some cases for jus! a few days and

in other cases for a couple of months. The same applies to LAS measurements. For example Daoo et
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al. (2004) compared scinlillomctcr and energy balance methods for two periods of two days each.

Beyrich el ;il. (2002b) used EC and profile meLhods over a three-week period as well as estimates of

the area-integrated sensible heal llux densiiy during daytime were obtained from continuous

measurements using a LAS along a 4.7 km path. Liu e! al. (2003) used LAS, BR and EC methods for

one month for a bare soil surface. Most of the studies used the method for estimating sensible heal

flux density but nol for then estimating the latent energy ULIX density using net irradiance and soil heal

flux densiiy measurements and invoking the energy balance. In general however, most of the studies

agree lhat the SLS method is a useful, robusl and accurate method for obtaining a palh-a\eraged

estimate for sensible heat HUN density for beam palhlengths between 50 and 250 m. The major

limitation is that of saturation under conditions of strong turbulence, necessitating shorter beam

palhlengihs and high beam heights than that used when saturation occurs. The major advantage,

compared to the LAS method, is lhat many of the mieromcteorologieal parameters, for example, u.. c.

/., are also estimated without (he need for additional instrumentation. Furthermore, the power

requirements are usually not as demanding as with ihe LAS melbod. However, ihe SLS and the LAS

methods should be seen as complimentary since their pathlenglhs are virtually non-overlapping.

Furthermore, most-oflen they scale different regions o\' the scale oi' turbulence, namely region B lor

the LAS method and region C for the SLS method. Fig. 2.2.

To summarise, scintillomclry involves the high frequency measurement of the modulation oV

transmitted light over large distances. The modulation of the light beam is surbulcnce-induced due to

atmospheric temperature fluctuations causing changes in the refractive index. In the case of dual-beam

SLS systems, the covariances and variances in ihe Iransmitted radiation intensities allow the so-called

inner scale of turbulence lu and the structure parameter of refractive index referred lo as C," 10 be

estimated. Using MOST, the sensible heal Ilu.x densiiy Fh and other mierometeorological measures are

estimated.

2.13.6.3 Path length details

The Scintec (2000) SLS40-A manual provides a number of useful pointers with respect lo beam path

length details for the SLS system. These are lisied here.

(a) The calculation of the turbulent fluxes, for example sensible heal and momentum flux density, and

the Monin-Obukhov length is based on MOST. MOST requires the beam heighl r of the scinlillomelcr

to be significantly larger than the heighl of the roughness elements r, where typically. zn =0.1 /; where

h is the canopy height.

(b) MOST also requires site homogeneity (fetch) in ihe upwind direction of several tens of limes the

scintillometer beam height. Therefore poor site homogeneity necessitates using a lower beam height

but ai ihe same lime ensuring that ihe beam height is much greater lhan zi .

(c) For long beam propagation paths, saturation may occur under strong turbulence conditions. This

results in signals thai are loo large to be measured, even by altering the voltage range. Saturation is

avoided by using a sufficiently short propagation path or a high beam heighl. In other words, longer

path lengths may require higher beam heights. The same restriction applies to BLS systems.

(d) The path length changes the surface scintillometer measurement range and sensitivity. For typical

turbulence conditions, a 100 to 200 m path length provides an optimum sensitivity lo ihe inner scale

and all deri\ ed quantities.
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(e) With short path lengths the iniensily fluctuations are small. For longer paths, the average received

intensity is small. Both path lengths affect the signal-to-noise ratio. Most often, a 100 to 2(10 m path

length usually provides an optimum.

(f) The propagation path should be horizontal and the soil surface should be as even as possible. A

well-defined beam height is required for application of MOST. The primarily measured quantities C^,

i.e. the structure parameter for refractive index fluctuations, and /„. i.e. the inner scale of refractive

index fluctuations, strongly depend on beam height and a slant path would lead to an undesired
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Chapter 3

Logistics of estimating evaporation from surface layer scintillomcter data

3.1 Abstract
The various methods used for the estimation of evaporation are discussed, particularly with reference

to their theoretical basis and instrumentation requirements, The operational procedures for use of the

surface layer seintillometer (SLS) method is discussed in detail. The procedures for checking the

integrity of the data in real-lime are high-lighted as are the post-data collection rejection procedures.

Surface layer scintillometer measurements were performed at the Hay Paddock site near

Pielermaritzburg for most of 2003 until November 2004. The system allowed for ihe real-lime

estimation of sensible heat flux density every two minutes. For most of the study, the automatic

alignment option was enabled except near the end of the study. Without the use of the automatic

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 to the SLS sensible heat flux density measurements, an energy balance system was used to

measure the soil heat flux density and the net irradiance from which the latent energy flux density was

calculated as a residual using the energy balance.

The percentage of "acceptable" 2-min SLS sensible heat flux density measurements for the daytime

hours (taken as 06h00 to IShOO) showed little seasonal variation and was consistently high - between

86.7 % and 94.8 % for the IK-month period. The nighttime variation in the percentage had a more

pronounced seasonal pattern with the lowest percentage acceptable measurements occurring between

January and March of each year. The lower nighttime percentage values were due to the effects of
dew and mist. Included in these percentages are the times for which the electrical power was

interrupted. At worst, this period was no longer than a day or so. Other minor interruptions, usually

less than two days in duration, were due to an accidental fire and accidental cutting of the cables. The

average percentage error-free data varied between 62 and 85 % for the 06h00 to IShOO period and 33

to 73 "<> for the nighttime. The lowest percentages were during the summer rainfall period (September

to March), presumably due to the influence of rain events on beam transmission.

For the SLS measurements, a sensitivity analysis was used to determine the relative importance of

the data inputs of air temperature, atmospheric pressure, beam path length and beam height on

sensible heat flux density estimates. Beam height was the height of beam above the level d-\ z:, at

which the wind speed is assumed to be 0 m s"1. In addition, errors in the measurement of soil heat flux

density and net irradiance also affected the estimated latent energy flux density.

The influence of surface slope on sensible heat flux density measurements was investigated by

altering the height of the receiver relative to the transmitter. Theoretically, a non-horizontal beam

relative to a horizontal surface, or vice versa, invalidates MOST. The receiver to transmitter vertical
height difference used was 1.0 m. For measurements performed over five days, 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-horizontal beam.

The influence of beam height was investigated by also altering the height of the transmitter and

receiver units. For most of the stud), the beam was about 1.68 m above the soil surface with
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vegetation height varying between virtually 0.0 m and a maximum of 1.13 m. The effective beam

height therefore varied between 0.S2 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 errors in atmospheric pressure, air temperature, beam path length and beam height

resulted in fractional errors in sensible heat flux density of ±0.(113. +0.015. +0.03 and -ti.M

respectively. Clearly, the beam height above d - z . needs to be accurately known as the error in beam

height contributes the most to the overall error. Overall, the worst-case total fractional error in sensible

heat flux density was ±0.054 and the lypieal fractional error amounted to ±0.032.

The error in estimated latent energy flux density from independent measurements of the energy

balance components depended on the error in the SLS sensible heal flux densily and errors in

measured net irradiance and soil heal flux densily. Most-often however, the error in SLS sensible heal

flux density was smaller than the error in net irradiance and soil heat flux density measurements.

Using four to five soil heal flux plates and averaging thermocouples, we investigated the actual

variation in soil heat flux density over an area of about a 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 is generally

less than 0.2 mm day ' (0.49 M.1 m'") in winter when the daily evaporation rate was around I mm day'1

(2.45 MJ m"2) and typically less than 0.4 mm day"1 (0.98 MJ m'~) when the evaporation rate exceeded

4 mm day"' (L).X MJ m'~). The measurement with the greatest contributing error is the soil heat (lux

densily measurement. Care therefore needs to be exercised to ensure that soil heat flux density

measurement procedures do not compromise the estimates of latent energy flux density using SLS

sensible heat measurements. The same caution would apply to BR estimates of latent energy flux

density and the EC method when only sensible heat flux densily is measured and latent energy flux

densily is estimated using the net irradianee and soil heal flux density energy balance components.

3.2 Introduction
There are many methods used for estimating evaporation (Table 3.1). As mentioned by Drexlcr et al.

(2004) in their recent review, very few of the evaporation estimation methods work well for an hourly

lime-step, and in some cases, do not work well even for a daily time-step. There is perhaps only one

method that allows for the direct measurement of the total water loss from a vegetaied surface (soil

evaporation plus transpiration). Virtually all of the methods rely on a theoretical framework, for

arriving al an expression for the laieni energy flux densily in terms of other measurable quantities,

based on certain assumptions or approximations. Some methods, such as the EC method, involve ihe

measurement of two atmospheric variables and a theoretical framework and assumptions that allow for

the direct calculation of the latent energy flux density. Other methods, such as the BR method, involve

up to eight measurements and a theoretical framework and assumptions to estimate sensible heat and

lateni energy flux density. There are a whole hosl of empirical methods, not listed in Table 3.1. used to

estimate the grass reference evaporation which use the crop factor approach to calculate evaporation.

The weighing lysimetric method is often regarded as the standard for evaporation measurement

(Table 3.1). Weighing lysimeiers are large containers, tilled with soil, water, other chemicals and

entire plant(s). Weigh! measurements are made at regular time intervals. The weight difference per

unit time difference (in s. min. h or day I divided by the density of water (1000 kg m' l and divided byr

the cross-sectional area (m~) of the lysimctcr yields the evaporation rale in mm s", mm min', mm h '
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Table 3.1 Selected methods used for measurement or estimation of sensible heat Fk and/or latent
energy flux density Lr Fn terms of the surface energy balance where I nn +Lr Fx -+ Fh

Jt /\„,., =0

Method

Class A-pan;

Svmon's
tank

Lysimelry

Microly-
simeter

BR energy
balance

EC (2
sensors)

EC(1
sensor)

SLS

LAS

SR

Measurement
distance or area

< 5 nr

< 10 nr

< 1 nr

Vertical measurement
distance of ! m

(grassland) to 2 m for
forests

Sensor path length of
100 to 150 mm

Sonic path length of
100 to 150 mm

Beam length between
50 and 250 m

GeneralK
500 m < beam length

<3.5 km (up to
lOkmforBLS)

Point measurement at
a defined height

above the surface

Averag-
ing

period
Usually

daily

Usually
20 to 60

min

Usually
daily

Usually
20 to

30 min

Usually
between
20 and
60 min
Usually
between
20 and
60 min
2 min

(possibly)
and

60 min

2 min
(possibly)
to 60 min

2 min
(possibly)

and
60 min

Theoretical basis

i I-, fata

L, pv [BW &t)/Arai

i n h si mi i* T

L, p , , (S1V / S i ) / A h ^

i vt h'Strtmtt'f

Z, p B (SIC / 6t) I' .4,,„,„,,.,

1 p . art ~~ WJ/

F. =BL F ;
assumes K h - KK

Lt r u = —p c w e

fh =-pcr w'T'

1 F =-F,-l -F

MOST lo estimate
Fh and measurements of
Im and Ftrii, to estimale

Z., Fn using

Measures C;, the slnjclure

parameter for refraclive
index fluctualions;
MOST is assumed

Fl: y. amplitude of the air
temperature ramps'(ramp

period)

Closure
statement/comment

Only pan evaporation
measured (historical

merit only)
By definition. /•*,. =

_/,( Fv -/,.(1. -Fwt! fEq.

2.46. 2.47)

By definition. Fh -
-L, F, - /„„ -Fw!,(Eq.
2.46. 2.47). Mosl-often
used for measuring soil

evaporation
BY definition.

-L F -F. =1 +F ,

Generally.
-Lr Fv -Fh<Iih., + /V,

Bv definition.
- L , F - F , =/„,., 4 F,,,

(Eq. 2.45)

By definition.
-L F,-Fk = / „ . ,+ F w

By definition.

By definition.
-Lv F, - F , =/,iiV + F W

(Eq.2.48)
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Table 3.1 Selected methods used for measurement or estimation of sensible heat F. and/or latent
energy flux density Lv FH terms of the surface energy balance where I,
(continued)

Z, F,

Method

', Temperature
variance

: Temperature
method

Reference
evapora-

tion

Infrared
technique

Almometer
(e.g.,

ET-gage)
Heat pulse
/sap flow

Measurement
distance or area

Point measurement of
the friction velocity

and the standard
deviation in air
temperature at a

defined height above
the surface

Point measurement of
the friction velocity

and the air
temperature at a

defined height above
the surface

Point measurements
of solar irradianee,

Arcal measurement

(<25m2Vofr w

and wind speed

Point measurement al
1-m height above soil

surface
Measurements made
in or surrounding the

stem of plants
(< 200 mm)

Averag-
ing

period
30 min

30 min

Hourly
daily

Hourly

Hourly

Hourly

Theoretical basis

F. x a . and u.;
MOST is assumed

F is related to the
weighted average of the

time history of air
temperature and it.

Pcnman-Monteitli method
for estimating reference

evaporation (FAO 56), and
use of a crop factor

Fick's Law to estimate
sensible heat flux density

Empirical, with material
cover of known pore size

or known material
Rate of movement of heat
pulse in stem: stem energ\
balance with cominuous

heat applied

Closure
statement/comment

By definition.
-L>F'. -F;, =!„.., +F.,,

Bv definition.

K theory is assumed

Only reference
evaporation and
estimated crop

evaporation estimated
Bv definition.

-kK-n=i««+F

(Eq.2.49)
Only reference

evaporation measured

Transpiration
measurements only

or mm day'1. Lysimeters allow the water loss from such containers to be measured for vcr> short lime

intervals and longer from hours lo days or longer. The main component of water loss from a lysimeter

is due to transpiration by plants and evaporation from the exposed soil surface. The disadvantages of

the lysimetric method include: cost, destructive nature of ihe measurements in the sense thai u

relatively large volume of disturbed or sometimes undisturbed soil is placed in a container usually of

metal construction and the non-portable nature of the measurement method. Also, the representation

or the so-called footprint of the evaporation measurement is localised to the cross-sectional area of the

lysimeter. Much less expensive is the microlysimelric method but the surface area is an order ol'

magnitude less than a large weighing lysimeter and it is still a destructive method and not designed to

contain whole plants. The more portable and much less invasive EC and BR methods used for the

estimation of sensible heat and latent energy flux density by measurements above the surface arc more;

popular research methods for the estimation of evaporation (Table .111. They are both portable

systems that can be used to collect unattended measurements for extended periods of time. These

methods were the focus of a previous report (Savage et al. 1997).

Chapier 3 Logistics of estimating evaporation from surface layer scintillomcter data



Theory and practice o( evaporation measurement, with special locus on 60
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage ci al.

Given the previously-mentioned limitations of the lysimctric method, the search for an alternative

standard for evaporation estimation has been the focus of many studies for several decades. The EC

and BR methods essentially yield point estimates of sensible and latent energy flux density although

these estimates are influenced by events upwind from the point of measurement, The extent of the

footprint area of influence on the measurement using both EC and BR methods has received attention.

For example. Savage et al. (1996. 1997) investigated the footprints of EC measurements and Stannard

(1997) investigated the footprints of BR measurements. The literature reports on the inadequacy of the

EC technique for the direct estimation of latent energy flux density (Wilson ei al. 2002, Ham and

Heilman 2003) with the result that the magnitude of the sum of sensible heal and latent energy flux

density may be less than the sum of the net irradiance and soil heal flux density (Table 3.1 ) resulting

in a closure ratio less than I (Eq. 2.5). This situation is referred to as a lack of closure. As an

alternative therefore, the EC method could he used to measure the sensible heal flux density from

which the latent energy flux density may be estimated from simultaneous measurements of soil heat

flux density, net irradiancc 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 different footprints. The

footprint of the lysimctric measurements is the area of the lysimeter. In the ease of the EC method, the

footprint is defined as the relative contribution of upwind surface sources to the measured sensible

heat flux density.

By theoretical definition and making certain assumptions, the BR measurements always produce

exact closure (Table 3.1). Due lo 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:

• that EC measurements of latent energy flux density are often underestimated, as claimed by a
number of authors (for example. Twine et al. 2000);

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

• that due lo the theoretical assumptions made using the BR technique, exact measurement
comparisons between the BR and EC measurement techniques have been frustrated by differing
assumptions, differing footprint areas, measurement limitations and often-times poor agreement:

• 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 limitation of point cstimaies. The use of the SLS

is the only method that supposedly allows for ihe estimation of sensible heat flux density over

distances between 50 and 250 m. The frequency of SLS measurements is typically I kHz compared to

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 high frequency of the SLS measurements, the

averaging period for SLS measurements can be as low as I or 2 min compared to the commonly used

20 min for EC and BR averaging periods.

The objective of this chapter is lo present the technical aspects of the SLS method for the

estimation of evaporation lor a mixed grassland community for an extended period o( time. The

methodology for the measurement of sensible heat flux density and the subsequent estimation of latent

energy flux density is presented. A "sensitivity analysis is used to determine the order of importance of
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the input parameters for the SLS method as well as ihe importance of beam angle and the effective

beam height. Also, the procedures and definition for the rejection of out-of-range and bad or

"doubtful" data are prescnied.

3.3 Theory
Surface layer scintiJloroetry, with the use of Monin-Obukhov similarity theory (MOST) allows for the

estimation of sensible heat flux density. The technique relies on the determination of the structure

parameter of the refractive index fluctuations. C) (Eq. 12$). from the covariancc of the logarithm of

the beam signal amplitude (Br \ measured using the iwo detectors. In addition, the inner scale of

turbulence la (Eq. 2.25) is determined from a correlation coefficient r that relates the single detector

beam signal amplitude variances B. and fl, )o the covarianee Br: r = Br (/?, #, )' : . The term Bj

refers to the variance of the logarithm of the amplitude of the beam signal. Application of MOST and

an iterative procedure allow the following to be determined:

Monin-Obukhov length L (Eq. 2.40);

friction velocity u. (Eqs 2.30. 2.33. 2.34);

temperature T, (Eq. 2.34):

sensible heat flux density Fh (Eq. 2.34).

3.4 Material and methods

3.4.1 General

Surface layer scintillomctry. allows for the determination of sensible heat flux density using MOST,

and relying on the determination of the structure parameter for refractive index as well as the inner

scale of refractive inde\ fluctuations.

Different measurement systems were used for measuring sensible heal flux density: two EC

systems and a dual-beam SLS system, two BR systems as well as an energy balance system for the

measurement of net irradiance and soil heat flux density. The one EC system was also used to measure

latent energy flux density directly and the BR systems used lo measure sensible and latent energy flux

densities for (en months. Data from a weather station system was used to calculate grass reference

evaporation. Daily data from a South African Weather Service automatic weather station, about 5 km

away by line of sight, but excluding solar irradiance were used to patch missing data. The clocks of all

systems were set according to a USA atomic clock (www.precision-time.com) once a week. The clock

used in 1he SLS computer tended to drift off by approximately 15 seconds per week. This drift would

affect the nvo-inimue sensible heat flux density measurement comparisons between systems but would

have little effect on daily estimates.

Field measurements were conducted from 14 January 2003 to November 2004 (Table 3.2) above

an open and mixed grassland community in the Hay Paddock area neighbouring Ashburlon and close

to Pietcnnaritzburg. South Africa (-29.6348" S, 30.4329" E) with an altitude of 671.32 m. The a\erage

slope of the study site (Fig. 3.1) is 1'' 15' to the SE. The fetch distances in the prevailing S-E wind

direction is 135 in for the EC systems 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 systems

and 146 and 114 m for the SLS transmitter and SLS receiver respectively. Beyond these distances

and to the south, the site is exposed and the slope increases significantly. To the north of the study
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Table 3.2 Details of operations at the Hay Paddock research site

Date
11 to 26

Jan 2003

13 Jan

19 Jan

19 Jan to
I3Feb
26 Jan

28 Jan

31 Jan
17 Peb

8 April

7 to 16
May

19 May
5 June

| 17 June

15 Aug
17 Au»
18 Aug

31 Aug

1 Sept

20 Oei
23 Nov

j to 8 Dec
27 Dec
28 Dec
9 Jan
2004
13 Jan

24 to 27
Jan

28 Jan
29 lo 30

Jan

DOY
11 to 26

13

19

19 to 44

26

2S

31
46

96

126 to
135

138

155
167

227

229

230

237
2-4?

244

294
328 to

344
361

362

9

13
24 to 27

28
29 to 30

Svstem
SLS40-A

EB

ECAT

ECCS1

SLS40-A
SLS40-A

AWS
ECAT

EB

All

AWS
EB

ECAT

All

SLS40-A
BR

BR

ECAT

ECAT

SR
ECAT, SR

BR11
ECAT

BR15

BRDcw-10
SLS40-A

BR3

ECAT/SR

Comment
Installed SLS system - beam path length of 5 1 m. beam heigh! of

1.58 m
Installed system to measure soil heat flux density, net irradiance,
soil wnlercontent, solar irrudiance. line wire thermocouples for

direction of sensible heal
Calibrated the EC system for temperature and zero wind speed

using a zero air box
Used EC system (uses 1-D sonic) that is noi water-proof

Removed system
Moved SLS transmitter and receiver lo increase the beam path

length to 101 m, beam height of 1.68 m
Installed an AWS svstcm (2 m)

Commenced EC measurements (1.5 m height)

Installed p\ ranomeler to measure surface reiledion coefficient
Mowing of site: On 7 to 10 May. nci radiometers, soil heal
sensors were slill in long grass: on 16 May the grass cast of

SLS40-A beam was cul

Removed the AWS system
Installed ETgage and rain gauges

Calibrated EC system for temperature and zero wind speed using
a box covering the 3D sonic anemometer

Accidental fire - all measurements suspended
Measurements resumed

Reconnected all sensors used for energy balance to a replacement
data logger

Installed wind speed and direction sensor
Measurements resumed after fire and replacement of analogue to

digital system
Calibrated the EC system for temperature, relative humidity and

zero wind speed using a zero air box
Commenced SR measurements

Power problems

Installed first BR system (Yaisala HMP45C sensor)
Increased sensor height from 1.45 m to 2.12 m above soil surface

Installed second BR system (Vaisala CS500 sensor)

Installed third BR svstem (Dew-10 sensor)
Switched off SLS system due to disconnection of power while

fence was installed

Installed fourth BR system BR3 (Vaisala HMP45C sensor)
ECAT/SR battery charger problem
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Table 3.2 Details ol operations al the Hay Paddock research site (continued)

Dale
2Feh

3 to 10
May

25 July
1 1 Aug

14 Aug
1 7 Aug

29 Aug

DOY

33
124 to

129

207

224

227
23(1

242

Svstem
BR11

All

SLS
BR1 i

BR11
SLS

SI S

Comment
Reduced flow rate (07h30) of BR11 system to 0.4 L mm'1

Mowing of site: grass was cut around the instruments on 4 May:
the bales of hay remained on the site for three weeks; on 10 May

the iirass area cast of SLS4Q-A beam was cut
Switched off the automatic alignment svstem

Increased BR 1 t equilibrium time before measurement from 40 s
lo 60 s

Replaced CS500 temperature sensor with a type E thermocouple
Decreased height of receiver to 0.68 m with transmitter height

maintained at 1,68 m - effective beam height set lo 1.08 m above
d + z to investigate the effect of a non-horizontal beam

Decreased height of transmitter to 0.6K m with receiver height
maintained at 0.6K m - effective beam height set to 0,5 m above

d -\ zv to investigate the effeel of a low beam height on SLS
measurements

area, there is a residential area and tall trees (cf Figs 1.2 and 3.1 but note that Fig. 1.2 refers to true

north and Fig. 3.1 to magnetic north - magnetic north is 22" W of true north).

3.4.2 Climate

The long-term annual rainfall for Pielermarilzburg (South African Weather Service data) is 92K mm

(58 years of dala) and the mean maximum and minimum air temperatures are 24.S and 12.3 -1C

respectively. During winter, there is frequent dewfall but frost hardly ever occurs. Management

practices include mowing (normally in April each year) and burning (in August when firebreaks are

established and in October). Due to the low rainfall in 2004. no burning was carried out prior to

November 2004.

3.4.3 Surface layer scintillometer

A dual-beam surface layer scintillometer (model SLS40-A. Sctaitec Atmosparcnmessetcchnik.

Tubingen. Germany), referred to as the SLS system in this report (Fig. 3.1). was used to measure the

sensible heat flux density every 2 min for a beam distance of 101 m. The beam path was adjacent the

automatic weatherstation. The SLS40-A receiver has four detectors with two of the detectors used for

automatic identification of and correction for transmitter vibration by the software used for analysis.

In other words, the SLS40-A dual-beam system and its four detectors enable the separation and

correction for the intensity fluctuations caused by beam movement. There are two delectors per beam

with the separation distance between the detectors being 2.7 mm. The dual-beam scinlillometer was

positioned at a height of between 1.5 and 1.65 metres above the soil surface and the path length

between the receiver and transmitter units was 101 metres except al the beginning of the study a path

length of 50 m was used. Towards the end of the stud\. various beam heights were used from an

effective height of 0.5 m to a height of 1.5 m.
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Open land sloping away to the SE

Fence

SLS T

Predominant wind
direction

Gradual slope of
I 15' to the soul

O
o

AWSECopen
o
EB

P . r , A T iL C A I B R

50

40

30

20

10

SLS R 0 J

0 10 20 30 40 50
Norih side fence

Gate to site
SLScomputcr in tent Residential area

Fi«. 3.1 Schematic of the research site and sensor placement. The diagram is to scale {- scale
shown at bottom ri^ht in metres). The SLS transmitter and recci\er positions are indicated by
SLST. S L S R (generally with the dual-beam 1.5 m above canopy in 2002 winter and 0.8 m in
2001/2 summer): the two EC systems are indicated b\ ECAT (100-mm sonic path at a height of
1.5 m above the soil surface) and ECopen (150-mm sonic path at a height of 2.67 m above the
soil surface) indicates the open path LI-7500 water vapour pressure and carbon dioxide
concentration sensor; the energy balance system (net irradianee. 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 whicli was subsequently used as an energy balance and weather
station system after the accidental fire: the automatic weather station system is indicated by
AWS (in operation for day of year 31 to 138. 2003): the two SR thermocouple positions, not
shown, were adjacent the KCAT position
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A computer was connected to the signal processing unii (SPU) through the computer seri;il port

(Fig. 3.2). The computer, the SPU and the SLS switch-box were housed in a lent. The cables to the

receiver and transmitter were separately connccicd between the switch-box and the receiver (50 m)

and transmitter ( I 5(1 ml units. The transmitter (Fig. 3.3) and receiver units were mounted on tripods

that could he raised to a maximum beam heighi of 2 m. The vegetation height during the year of study

\aried but was always less than 1.13 rn lor most of the studv

The SLS beam height was referenced to the height at u hieh wind speed was estimated to be

0 m s '. Using Eq. 2.15. the neutral wind profile equation, this height corresponds to heighi J + -,,

above soil surface where </ = 0.67/j where /; is the canopy height and ztl =0.1 !i is the roughness length

(Eq. 2.16). Approximately therefore, the beam height input value was the heighi of the beam above

the soil surface minus 0.77/;. The average beam height above the soil surface during winter when the

grass heighi was short was about 1.6 tn. In the first quarter of 2003 during which the grass height was

much taller, the beam height input value when the canopy height was about 1.12 m was \.b m -0.77/?

a 0.S2 m. The SLS manual refers lo the beam height as the height of the beam above ground instead of

the height above the soil surface minus d + £„.

101 m
(50 m for period

11 lo 28 Jan 2003)

I SLS40-A

transmitter

SLS40-A

receiver

Fig. 3.2 A schematic of the SLS sysiem: the switch-bo\. the signal processing unil (SIT) and (he
personal computer (PC) and associated batteries, battery chargers and mains power supply
were all housed in a lent lo preveni water damage. The power requirements of Ihe switch-box
are typical for a transmitter to receiver distance of 101 m and a receiver (o switch-box distance
of 50 m. The transniilter and receiver SLS units also require tripod stands
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Alignment
hole ^

Positioning
screw

Dual beam
laser

Cable

-Positioning
screw

Fig. 3.3 A side-view schematic of the SLS40-A transmitter. Of particular note for alignment
purposes is (he embedded alignment hole and the (hree positioning screws - one is obscured

The SLS employs a diode laser source with an output of 670 nm wa\ etenglh and 1 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 the instrument allows on-iine

measurements at a frequency of 1 kHz and subsequent calculation of the structure parameter for

refractive index (C~. m":""). structure parameter for temperature {Cj. K : rrr'"). the inner scale of

turbulence as indicated by the inner scale of refractive index fluctuations (/ . mm), kinetic energy-

dissipation rate (e, m~ s*3), sensible heat HUN density {F., W rrf"). momentum flux density (t. Pa) and

the Monin-Obukhov length (/.. m). The input requirements for these calculations include air

temperature 71. . atmospheric pressure P. beam path length Lhmm and the beam heighi hWtim relative to

the reference height at which ihc wind speed is zero. A profile air temperature difference measurement

is required for determining the direction of the sensible heat flux density. Calculations are performed

for both directions at for each 2-min interval.

Two-minute averages of all SLS-calculated parameters were stored on a computer hard drive for

further analysis. The sign (direction) of the sensible heal flux density was determined using the BR

profile air icinpcraturc measurements and a second pair of line-wire thermocouple measurements for

the period prior to the accidental 200? tire. For each Iwo-minutc period, only data for which the inner

scale of refractive index fluctuations /,. was greater than 2 mm and the percentage of error free data

(%EFD) was greater than 25 % were accepted for further analysis. In general, the ^aEFD was close to

100 % for much of the lime during the day except during wet conditions. An analysis of the 2003 data

for day of year 180 to 270 showed that the average of the daytime (OhhOO to 18h00| 2-min '\>EFD

data was 90 % and the nighttime average was 78 %. nighttime SLS measurements were often not

possible due to condensation or mist affecting the passage of the laser beam through the boundary

layer.

3.4.4 Seintillometer components and power requirements

There are a number of components to the SLS40-A seintillometer system |Fig. ?.2) used in this work:

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

2. the receiver mounted on a tripod stand and firmly secured;
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3. a signal processing unii (SPU) as a stand-alone unit housed in a tent. The SPU contains a

microprocessor that performs the required analogue signal processing and statistical analysis and

communicates the results to the PC via the serial port at %00 baud. The SPU allows for ihe

connection of a number of external sensors (air temperature, atmospheric pressure sensors and the

like). The SPU also contains a stepper motor encoder card for the SLS40-A for purposes of automatic

alignment. The SPU requires 12 V for operation:

4. a switch-box, housed in a lent, which connects to ihe transmitter and receiver units, lo the SPU and

to the batteries. The switch-box supplies the voltages required for the transmitter and receiver:

5. a computer with a 386 processor (20 MHz) or belter operating under Windows 95/98/NT 2000 XP

i-. sufficient, housed in a tent, to execute the MS-DOS software lo capture the signals from the SPU:

6. three 12 V (7 A h) batteries, housed in a tent, to power the SPU and separate batteries to power ihe

transmitter and receiver units via the switch-box;

7. for Ihe SLS40-A unit used, cables for connecting the transmitter to the switch-box and to the SPU in

turn. Alternatively, if the automatic alignment is not being used as is the case for the SLS20 and the

SLS40 units, then the transmitter needs to be powered by a separate battery placed in close proximity.

In this case, the SPU needs to be connected lo the switch-box and ihe receiver to the switch-box with

no direct 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 transmitter have a typical lifetime of 20 000 hours, are fairly weather proof but both units were

partly covered with insulation to reduce radiation ioad. The operational temperature for the transmitter

should not exceed 50 "C and 60 "C for the receiver, Both units need lo be checked during routine visits

for dirt, insects or cobwebs that would decrease beam transmission. A clue that the beam is obscured

is often indicated by reduced <X> and <Y> average voltage signals as well as differences in the <X>

and <"Y> voltages indicated by the diagnostic screen discussed in more detail later.

The SPU current drain and power requirements are as follows; 12 V, 0.7 A with a peak 0\" 1.5 A.

Routinely however, the current drain of the SPU was just under 1.05 A. which may increase lo 1.35 A

when centering the beam and 1.15 A during alignment of the transmitter and receiver. Typically, ihc

power requirements of the transmitter was -12 Y to 12 V for cable lengths less than 150 m and for the

receiver the power requirement is -12 V (o 12 V for cable lengths less than 50 m. We used two 12 V

batteries (7 A h) as the - 12 V power supply connected to a common centre-lap ground such thai the

one batten supplied 12 V and the other -12 V. A battery charger was permanently connected to each

of the two batteries of the -12 to 12 V power suppK (Fig. 3.2), The current drain for both the

transmitter and the receiver is 0.2 A and ihe maximum voltage that may be supplied is 13.5 V, For

transmitter cable lengths between 150 and 350 m and receiver cable lengths less than 50 m. the power

requiremeni is -16 V to 16 Y (with a maximum of 17.6 V),

The switch at ihe switch-box must be sei to 'inf if the transmitter and receiver are powered by the

SPU. With the switch in ihc middle position, the transmitter and receiver are disconnected.

3.4.5 Switching beam on

For the beam of ihe SLS transmitter to be on. it has lo be supplied with the correct voltage, there has

to be a computer connected via the computer serial port to the scintillomcter SPU. and the SLSRUN

software correctly executed. Furthermore, the receiver and the SPU have to be supplied with ihe
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correct voltages. The system has no on or off switch • ii is switched on using software, assuming

everything else has been correctly set up. The switch-box has a red LED to indicate when the SLS

transmitter laser beam is transmitting. However, even with the transmitter beam on. mca>.urcmcnts

may not be valid due to incorrect beam alignment, beam obstruction or incorreci data inputs.

3.4.6 Procedures prior to alignment

Since the rotational positions of the transmitter and receiver tubes (Fig. 3.3) can be easily altered using

any one of the three positioning screws, it is important to verify ihat the rotational positions around

their main axes are correct. This is important since each beam is identified a! the receiver by its beam

polarization. When standing at the rear of the transmitter, the top positioning screw will move the tube

vertically up or down. The left screw will move the tube to the left or to the right and the right screw

will move the lube to the right or lo the left. With the top positioning screw not securing the position

of the tube, simultaneously rotating the left and right screws can cause upward or downward

movement of the tube. It is advisable that the operator practice altering the tube rotational position

prior to a field alignment. The two beams of the scintillomeier transmitter are identified at the receiver

by differences in their beam polarization. An incorrect orientation will produce considerable crosstalk

in the measured signals. For the same reason, it is best that both the transmitter and receiver units are

correctly mounted in the horizontal.

3.4.7 Beam alignment

Crucial to the use of ihe SLS is correct beam alignment. Although not absolutely essential, the use of

two people for beam alignment would reduce the time taken. Two-way radios also allow for easier

communication between transmitter und receiver locations for the initial alignment procedures and

between receiver and PC locations for subsequent software alignment. The beam alignment procedure

requires that power be supplied to the SPU. the transmitter and the receiver. Furthermore, the

SLSRLJN software needs to be running and proper communication between the computer and the SPU

established. The SLS transmitter and receiver need to be correctly mounted on tripod stands with both

units roughly at the same height above surface with boih units facing each other. It is not necessary for

the correct data inputs to be used for beam alignment. For a path length of about 50 m. it is advisable

that the operator noi look directly at the beam. For distances greater than this, one may look at the

beam but only for a few seconds at a lime. The laser beam is a type 3a beam, similar to that used in

laser pointers. As such, the equipment has to carry warning notices of this hazard. Notices were placed

at the transmitter and al the receiver.

Before alignment, it is important to inspect the transmitter and receiver windows for din or

cobwebs that may reduce the voltage signals.

The alignment procedure is best undertaken at the receiver rather than a! the transmitter due to the

larger field of view of the receiver. Experience has shown that the alignment procedure is also

possible at night since the horizontal and vertical positions al which the beam has the greatest intensity

is most easily visible to the eye at night. Nighttime alignmeni also meant that special equipmeni such

as a theodolite or other survey equipment for alignment is not required. Nighttime alignmeni also

meant that there was no need for noting the voltage signals directly at ihe receiver at the time of

alignment. The magnitude oi'the voltage signals could be confirmed adequale at a later time. The only

difficulty with nighttime alignmeni is that it is more difficult lo ensure that the beam is perpendicular

to the receiver window. This can however be easilv done during the day.
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The receiver should be as horizontal as possible on its lripod stand. It is important to note that the

Held of view of the receiver is much larger than the beam's divergence. Therefore, the stability of the

tripod supporting the receiver is much less critical than that used for the transmiuer.

Then, al the transmitter position, ensure that the transmitter lube is centra! to its housing. The

transmitter umi should at this siage be attached firmly to the tripod stand and the stand firmly secured

using guys or bungee cords. Ideally, there should be at least three such attachments. Also, the beam

should be as horizontal as possible. Ideally too. MOST requires thai the surface is horizontal. This

requirement is impossible to satisfy for many siies. We used a level Id ensure that the transmitter was

horizontal. A ladder was used for easy viewing of the bubble indicators of the level placed on ihe

transmitter. Also, viewing through the alignment hole of the transmitter allowed for identifying the

initial placement position of the receiver (Fig. 3.3). 11" the receiver cannot be seen in the alignment

hole, the transmitter position can be raised or lowered by altering ihe tripod stand support positions.

Alternatively, the receiver position, typically 101 m from the transmitter, can be lowered or raised

until the receiver appears at the centre of the alignment hole of the transmitter.

Once the beam is on. alignment is most easily achieved from the position of the receiver. A

five-step procedure, also possible at night, may be used to align the beam and perform measurements:

1. the operator may walk slowly from left lo right of the receiver position and back again while

viewing the beam, menially noting the strength of ihe beam. Three or four or more traverses may be

required to identify the exact horizontal position at which the beam has the greatest intensity. Initially,

this horizontal position may not coincide with the location of the receiver. The receiver on its tripod

stand should then be moved to that position. It may be necessary lo again walk from left to right to

carefully identify again the position of maximum beam strength in the horizontal;

2. once the correct horizontal position has been identified, it remains lo identify the correct vertical

position for the receiver. For determining this correct vertical position, a small ladder may be required.

Locale the ladder at the best horizontal position. Then walk slowly Lip and down the ladder to locate

the position al which the beam intensity is the strongest in the vertical. If the maximum beam intensity

is at the highest position of the ladder, the beam may overfly the transmitter position. Similarly, if the

maximum beam intensity appears to be at a position near the bottom of ihe ladder, the beam position

may be too low. If this is the case, this position needs to be lowered or raised, as the case may be, at

the transmiuer side and the procedure restarted afresh. If however, there is a horizontal position at

which the beam is strongest, then the receiver needs to he lowered or raised to thai height. Small

horizontal and or vertical adjustments lo the tripod stand of the receiver or positional adjustments lo

the recencr itself may be necessary to obtain maximum beam strength. These adjustments necessitate

\ ieuing the beam through the alignment hole of the receiver. This procedure is much easier to perform

during the day but it is also possible to perform during the night with the aid of torch light al the far

end of Ihe alignment hole. Caution is necessary with this procedure for two reasons. Firstly, the

receiver must he more than 50 m from the transmitter when viewing the beam. Secondly, an error of

parallax can result in beam misalignment. The error of parallax is demonstrated in Fig. 3.4. In each of

the three cases, the centre dot represents ihe beam, the inner circle represents the end of the receiver

alignment hole furthcresl from the operator and the outer circle represents the alignment hole closest

to the eye. For the left and right pair of circles, the beam is in the centre of the inner circle but

misalignment would still occur since the beam is not also central lo ihe outer circle. To avoid the error

of parallax, the two circles should be concentric as is the case for ihe middle pair of circles, The error
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Fi«. 3.4 An illustration of the error of parallax problem when viewing the distant laser at the
receiver alignment hole. The problem is avoided by standing hack 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

of para!ki\ is reduced by viewing through ihc alignment hole at a distance of five or more meters

behind ihc receiver;

3. once the receiver has been positioned at the position al which the beam intensity is strongest in the

horizontal and in (he vertical, the stand of the receiver unit need to Lie made secure using bungee

cords. As in the case with securing the transmitter, at least three such attachments are required. Care is

needed al this stage to ensure that (he receiver unit is noi moved and the alignment disrupted:

4. once the best position has been determined, the central position of the beam can be improved by

only viewing the beam from the receiver position through the receiver alignment hole. A beam high

and to the left when viewed from the receiver positions can be belter aligned by lowering it and

moving it to (he right from the transmitter position. This can be done by carefully adjusting the three

positioning screws (Fig. 3.3) at (he transmitter position. Very small incremental adjustments io the

positioning screws al the transmitter should be performed and the beam strength examined using the

SLSRL'N software. Two-way radio communication between the transmitter and computer locaiions at

this stage is esseniial. By aliering the transmitter position screws, (he transmitter should be carefully

and incrementally moved from left to right and Ihe position corresponding lo maximum beam

intensity located. Following this, the transmitter position screws should be used lo incrementally move

the beam upward and downward until the position corresponding lo maximum beam intensity located;

5. If not already done so in step 4. the beam then needs to be centered in the window of the receiver

using the SLSRUN software. Executing the software SLSRL'N at the MS-DOS command line

displays the screen shown in Fig. 5.5. At this stage, it is advisable to enter the correct path length

(normally 101 m in this case), the beam height (which is the beam height above the soil surface minus

c/ •+- ri;. shown here as 1.62 m). the air temperature ("C) and the atmospheric pressure (hPa) [top left

and top middle of Fig. 3.51. ' l is also advisable lo specify the periods for the output data files (top right

of Fig. 3.5): 2 min for the main data and 12 s for the diagnostic data files. Other information required

is the specification of an automatic file naming convention, a data subdirectory path and the types of

data to be collected (bottom left of Fig. 3,6). This is discussed in more detail later. Once these choices

have been made, ii remains to align the beam using the software. Clicking on the Alignment

pull-down menu (Fig. 3.6) displays two choices - either the Level Screen option or the Aulomatic

option. Normally, (he Aulomalic option is chosen [Fig. 3.7). At this point, the beam can be centred a
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Fi«. 3.7 The options for automatic beam alignment. Routinely, the beam is ilrst centred live or
more limes
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number of limes. Any procedure may be aborted by pressing the ESC key. It is not necessary to

perform a complete alignment since one of the options under the Settings menu and Automatic

Alignment sub-option (Fig. 3.71 allows one xo specify thai a complete alignment be performed prior

to the start of measurements {bottom right of Fig. 3.5). This option also allows one to specify a

complete alignment on a regular time basis. We routinely used two automatic alignments per day {at 6

am and 6 pm). Each automatic alignment procedure takes about 6 min and no measurements are stored

during that time. Towards the end of the study, the automatic alignment option was switched off lo

investigate how often the beam alignment procedure is required.

Al this point, measurements may be initialed by selecting Main and Start measurements. However,

following movement of the transmitter and/or receiver units, background and crosstalk measurements

should be performed.

Confirmation of the strength of the voltage signals is possible by clicking on Go To Level Screen.

This displays the voltage signals for channels Al. A2 and channels BI, B2. Ideally, the optimum

range of the voltages is between 700 and 1400 relative units, is indicated by two horizontal lines. For

paths shorter than IQG m or longer than 200 m, the voltage levels should be as close as possible to the

optimum range. For a path length less than 100 m the voltage levels can exceed the optimum range

(since the intensity fluctuations are likely lo be small). For path lengths greater than 200 m. the

voltages can be below the optimum range since large intensity fluctuations will improve (increase) the

signal-to-noise ratio.

3.4.8 Background and crosstalk measurement

The SLSRUN software corrects for background signals and crosstalk between the two scintillometer

channels (Fig. 3.5, bottom middle). The background values and crosstalk coefficients determined

during this procedure arc used to correct the data during measurements. It is advisable to measure both

the background and crosstalk values whenever the instruments are moved and before measurements.

The measurement of background and crosstalk are initiated by first selecting the Settings pull-down

menu and then specifying Background to invoke the background and crosstalk measurement

procedures (Fig. 3.8). In the first dialogue box. one has to first allow measurement of the undisturbed

signal, then cover the whole beam to allow measurement of the background and then cover each beam
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Fig. 3.8 For measurement of the background and crosstalk values, click on Settings and then
Background Measure Background. Prompts art- displayed on the screen for when to block both
beams, the one beam and then the other heam
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separately using a small piece of thin paper to allow measurement of the crosstalk. The use of thin

paper allows the beam position to be revealed when covered. Covering of the hcams must be done

where the beam exits the transmitter. Care must be taken 10 ensure that only the one beam is covered

and not both and that the tripod stand and transmitter position is not disiurbcd. A message will follow

if there was incorrect procedure in covering each beam and then both beams. The measured

coefficients are then displayed on the computer screen.

The mean values <X> and <Y> should be in the range 5 to 25. If not. the background measurement

procedure should be repeated. The standard deviations sig\ and sigY should be less than 10 and if

not. the Background Measurement procedure would need to be repeated.

The crosstalk coefficient should be less than or equal to 5 % and if not. the Background

Measurement procedure would need to be repeated. If one or both crosstalk coefficients arc still

greater than 5 %, the transmitter and receiver units should be re-aligned to the correct horizontal

position and the Background Measurement procedure repeated.

Once the procedure has been completed, the necessary7 background and crosstalk coefficients are

stored in a file for use by SLSRUN for automatic correction of the data during real-time

measurements.

3.4.9 Beam misalignment and beam saturation

Beam misalignment results in reduced voltages, and often zeros for the various output parameters. The

manual of the SLS40-A provides a live-point check procedure for possible causes of low voltage

signals:

• 1. check ii"there is dirt, dew or ice deposit on the transmitter and/or receiver windows:

• 2. check the alignment of the transmitter:

• 3. check the alignment of the receiver;

• 4. check ihe pinhole adjustment at the transmitter:

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

Most often, it is cobwebs or dirt that covers the windows that reduces the voltage signal. Cleaning is

achieved using a cotton bud to remove the cobwebs and distilled water to remove dirt on the actual

window. Next most common, it is the receiver that goes out of alignment relative to the transmitter

position. This often occurs after high wind or rain. Rain events loosen the soil with the result thai the

tripod siands may move ihcir positions. Saturation of the voltage signals results in low voltages under

conditions of .strong turbulence (Section 2.15.5.2). Such conditions invalidate the assumption of weak

scattering upon which the SLS method depends. Should saturation occur frequently, (hen the effective

beam height needs to be increased and or the beam path length decreased. In the unlikely even! that all

of these procedures have been followed but the voltage signals are still too low, then the voltage range

setting needs lo be altered. This can be done without having to switch ihe beam off or disconnect

cables. Remove the three metal screws from ihe back circular plate of the receiver. Carefully remove

the plate ensuring support to the plate to prevent tension on the attached wires. Two rows of swiiches

should he visible (Fig. 3.9). The ON position corresponds to the switch being flipped vertically

downwards and OFF vertically upward. The settings for the different \oltage ranges arc shown in

Table 5.?i. When securing the meta! plate back in position, care is needed to ensure thai the wires are;

moved to the side of the vero boards to avoid them being severed by the boards.
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Fig. 3.9 The rear of the SLS40-A receiver with the back metal plate removed. The two rows of
dip switch settings shown are used to set different voltage settings for each of the two SLS40-A
beams (Table 3.3)

Table 3.3 The receiver switch settings that define the voltage range used. A "1" corresponds to
ON or the down position and a "0" corresponds to OFF or an up position. Increasing the switch
setting number would increase the voltages measured

Switch setting number

1
7

.1

4
5

6

Switch number (from left)

I 2 3 4 5 6 7 X

0 0 0 I 0 0 0 I

I I I 0 I I I 0

0 0 I 0 0 0 I 0

I I 0 0 I I 0 0

0 ! 0 0 0 I 0 0

] 0 0 0 I 0 0 0

Path length (m)

< 100

90 to 120

HO to 150

I40to 190

170 lo 220

210 to 250

Pin hole adjustment involves maximising the beam intensity with the transmitter beam aimed al a

white wall. The l\vo over-lapping red dots should be visible on the wall. Three plastic screws near the

from end of the transmitter are used to adjust the beam position. Less than quarter turn adjustments are

necessary. Two small screw drivers are used to adjust (WO of the screws at any one time. If one of the

two pin-hole adjustment screws are loosened, the other one must be adjusted in the opposite sense to

tighten with ihc aim being to maximise the beam intensity. Care is needed since loosening both screws

may result in the beam becoming "lost". It is important that the one screw be lightened while the other

is loosened. Once the beam intensity has been maximised by adjusting a pair of screws, the procedure

needs to be repealed for each of the remaining two pairs of screws.

Chapter 3 Logistics of estimating evaporation from surface layer scintillometer data



Theory and practice oTevaporation measurement, with special locus on 75
SLS as an operational tool lor the estimation of spatially-averaged evaporation Savage et al.

3.4.10 System inputs

Although five data inputs are required for the execution of the SLSRL"N program, it is possible to

perform u postdata recalculation with different values chosen for the five data inputs. Three of the

inputs may in fact be measured using air temperature and atmospheric pressure sensors connected

directly to the SPU. The system inputs include:

• atmospheric pressure (hPa);

• air temperature ("C):

• profile air temperature difference (°C);

• beam path length (m):

• beam height above the level at which wind speed isOms'1.

Routinely, for inputs, a fixed atmospheric pressure of c>40 hPa and an air temperature of 25 "C

between November 20(13 to March 2004 and otherwise 15 "C was used. The sensors that can be

connected to the SPU need to have a voltage output of 0 lo 10 V. None of the sensors routinely used

met this requirement so data loggers and other sensors were used to measure these inputs, apart from

atmospheric pressure. Routinely, atmospheric pressure was not measured but estimated from latitude,

longitude and altitude and measurements of air temperature and water vapour pressure (Eqs 3.2 lo 3.5

of Savage et al. 1CW). A sensitivity analysis, demonstrated later, showed that the SLS software

outputs are not very sensitive to atmospheric pressure and air temperature changes. Note thai in the

calculation of the SLS outputs, air temperature is in K so that even a 10 °C change in air temperature

is effectively only a 3 % change in K units.

The lack of an inpui for the profile air temperature difference is not crucial at the time of

measurement since this input is only used to determine the direction of the sensible heat HUN density -

either towards or away from the surface - and not its magnitude. This direction was determined using

measurements of air temperature al 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 outputs are beam path length and beam height inputs.

Again however, incorrect inputs can be corrected post-data collection, by re-estimating the outputs

using the correct data inputs. It is recommended that in spite of this, these two inputs be correct since

then the screen-displayed outputs are as near as possible lo being correct. This approach then allows

decisions to be made in real-lime. This may be particularly useful when performing real-time

comparisons of SLS estimates of sensible heal flux densiu against EC estimates.

3.4.11 System outputs to the computer screen

The SLS is cheeked by examining the voltage signals shown by the various SLSRUN screens. The

output screen displays the voltage >ignals for the two laser beams. In general, the voltages for ihc

different channels should be between 700 and 1100. Voltage signals greater than 200 may still result in

reliable measurements. Generally however, measurement accuracy decreases with decreasing voltage

signals.

The SLS software shows three screens of information. The one screen display corresponds to stable

conditions usually for the night, the second corresponds to unstable conditions mostly experienced

during the day and the third displays the diagnostic data. For a 2-min averaging period, the first two

displays are updated e\erv two minutes but the diagnostic display is updated every 12 s. Routinely,
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Table 3.4 Typical diagnostic data displayed lor a 2-niin period. The meaning of the headings of
each column is presented in (he tevt. Each data line represents a 12-s period

Sub
MO

0
1
2
3
4
5
6
7

8
9

i i

1 1 50(1

12000
11500
12000
11500
12000
12000
11500
12000
I15O0

<X>

739.7
737.5
735.5
734.5
732.4
728.7
728.3
727.4
719.2
"24.5

<Y>

757.0
757.9
757.2
761.0
761.9

760.1
767.0
771.1
754.7
763.4

sigX

35.6
34.1
33.8
31.5
31.6
32.9
29.7
28.1
30.1
31.6

sigV

32.2
30.5
30.0
27.8
28.3

29.8
26.0
24.2
25.3
27.8

Cor

0.532
0.514
0.508
0.512
0.521
d.531
0.542

0.569

0.545
0.5 3 S

Xmin

598
598
617

613
HK,

586
626
623
485
604

Xmas

" 1 5

880
sr-,2

878
859
861
851
856
869
Soil

Ymin

615
606
603
642
627
616

653
660
602
-42

Yma\

933

901
898
893
906
890
904
943
891
978

errX

0
0
0
0
0
0

0
o
0
0

crrY

0
0
0
0
0
0
0
0
0
0

errW

4
4
4

4
4
4
4
4
4
4

during the day, it is onh the diagnostic display and the display for unstable conditions that needs to be

scrutinised to check for correct functioning of the SLS.

3.4.11.1 The diagnostic display

A typical diagnostic display of the SLS software is shown (Table 3.4).

The data line associated with the sub number column is generated every 12 s. For a 2-min data

collection period, the run number is double the number of minutes since midnight. So for example a

run number of 471. not shown, refers to 2 x47l 60 h = 15.7 h or the local time of I5h42. For a 2-min

period, there arc ten sub number lines: 10 x 12 s = 120 s. with each line associated with a 12-s period.

The second column, labelled n. refers to the number of da!a points evaluated within the diagnosis

data period of two minutes, in this case. The maximum number of data points evaluated within a 12 s

period is 12000. So the rate of data collection is 12000/12 s = 1000 Hz. This frequency is almost two

orders of magnitude greater than that for EC measurements and three orders of magnitude greater than

BR measurements. Notice that for some of the 12-s sub number lines, she number of data points used

is 1 1500. which corresponds to 500 data points not used for the calculations. In these cases then 100 -

11500/12000 % = 95.83 "« of the measurements are used. During conditions of poor visibility,

excessive vibration or significant crosstalk, the number of data points used would decrease.

Consistently low values of n may be an indication of beam misalignment, requiring operator

intervention.

The third column with the heading <X> displays the average SLS \oltage for channel 1. The

display value is not raw data since three corrections have already been applied: a background

correction, an analogue to digital range correction and a crosstalk correction. Ideally, the mean voltage

should be between 700 and 1400. The voltages corresponding to <X> and <Y> need not be the same.

The fourth column with ihe heading <Y> displays the average SLS voltage for channel 2. As with

the channel average, corrections for background, an analogue lo digital range correction 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 sixth columns, with the heading si<;\ and si«Y. refers to the standard deviation of the

channel 1 and 2 signals during each 12-s period.

The seventh column, with the heading Cor. is the statistical correlation between the signals in

channel 1 and channel 2 after the normal background correction, analogue to digital range correction

and crosstalk correction.

The eighth to eleventh columns, Xmin. \ m a \ . Ymin. and Ymax refer to the minimum and

maximum for channels 1 and 2 respective!). Ideally, these should be between 7(10 and 1100.

The nvelveth column. errX refers to the error for channel 1 (0 for no error) for which there are

numerous codes used to indicate the type of error. The numerous codes used are gi\en as an appendix

to the manual. The important codes for the operator to take note of are those larger than 4. Diagnostic

data with such an error code that exceeds 4 are rejected and not used further for analysis. Values of 0

indicate that no data could be used in the calculations.

The thirteenth column. crrY refers to the error for channel 2.

The final column. errVY refers to the error associated with the wind opiion. not used in this case.

1brtheSLS40-A.

Al the bottom of the diagnostic data screen, there are other important data shown that are useful for

error-checking the system. Three bils of information that need to be checked whenever there is a site

visit arc:

beam distance: The beam distance is the distance of the beam from the- ccmral position as a percentage

of the possible scan range. So a value of 100 % means that the beam has reached the outer area of the

scan cone and a value of 0 % means that the beam is in ihe centre. The manual of the SLS40-A

recommends a manual re-alignment if the beam distance is greater than SO %.:

beam angle: The beam angle is the angle oC the beam displacement from the centre in degrees (0 to

360=):

vibration index: The vibration index is defined as (corlAlB •+ cor2A2B)2. where corlAlB is the

correlation between main channel 1A and channel IB and cor2A2B is the correlation between main

channel 2A and channel 2B. If the vibration index is less than 0.5 the corrected data can usually be

used. A vibration index greater than 0.5 usually occurs if C," is very smalt- Under these conditions,

normally during the night, the signal fluctuations caused by vibration dominate over signal

fluctuations caused by turbulence. There is therefore a high rate of data rejection.

3.4.11.2 Real-time display of turbulence data for unstable conditions

The real-lime display> of the data are updated even1 2 min. The display (Table 3.5) includes:

a run number corresponding to the number of 2-min intervals since midnight. In the example. 390

corresponds l o 2 > 390 min = 7X0J6O min h''] = 13 h or I3hO0:

the Nok in column 2 is the percentage of error-free diagnosis data periods within ihe main data period.

A data line is subsequently rejected if the Nok value is less than or equal to 25 V During the day. this

value is usually between 80 and 100 %. Consistently low Nok values requires the operator to realign

the beam:
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Table 3.5 Typical real-time data displayed ever) 2-min for unstable conditions from 13h00 to
13h18. The meaning of the headings of each column is presented in the text

Run

;<>0

391
392
303

W4
395
396
397
398
39Q

\ o k

100
inn
90
50
90
100
MH)

70
100
60

Time

13:00

13:02
IV 04
13:06
13:08

13:10
13:12
13:14

13:10
13: IS

c\
0.912919

0.930667

0.761178
0.313806
0.284935

0.329552
0.401794
0.602809

0.782815
0.451371

/„

5.36
4.91

4.21
2.74
6.99

6.97

5.63
3.37

2.33
3.67

c\
1 I42NOX

1.165025

0.952856
0.392827

(i.356<->8~

0.412539

0.502973
0.754606

0.979942

0.565033

c Diss

0.01418
0.02009

0.03725
0.20746
0.00492

0.00496
0.01162

0.09131

0.39701

0.06463

Heat1

173.0
182.1

176.0

166.1
71.0

78.5
98.0
187.3

326.1
145.9

Mom

0.0526

0,0666
0.0980
0.2852
0.0257
0.0255
0.0462
0.1705
0.4399
0.1361

MO-L

-4.825
-6.527
-12.040
-63.370
-4.005
-3.594

-7.000
-25.000

-61.835
-23.771

Wind

0
0
0
0
0
0
(1

0
0
0

The SLS40-A system indicates normal daytime sensible heat flux density values as positive as
shown here. The convention in the report however is that sensible heat flux density away from the
surface corresponds to an energy loss to the surface and is therefore assigned a negative value

time (corresponding to the computer clock time):

C; , the structure parameter for refractive index, with unit I0''~ m~'*;

/ . the inner scale of refractive index fluctuations, with unit mm. A data line is subsequently rejected

if /ri is less than or equal to 2 mm (for a 10! m beam path length). Nole lhal ln becomes smaller al

larger wind speeds or closer to ihe ground. The height dependence of /(. may allow one to alter the

height of the beam path fora defined beam path length .so as to increase or decrease ihc voltages;

CZ-, the structure parameter for air temperature fluctuations, with unit K" irf":

diss u:). the rate of turbulent kinetic energy dissipation with unit m" s" ;

heal (Fr). the turbulent flux density of sensible heal, calculated using MOST, with unit W m~ for

which the sign is positive for unstable conditions and negative for stable conditions:

Mom (-T| . the negative of turbulent flux density of momentum with unit N m'" calculated using
MOST for unstable conditions:

MO-L ( •/). the Monin-Obukhov lengih with unit m calculated using MOST for unstable conditions:

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

1.4.11.3 Real-time display of turbulence data for stable conditions

The real-time display o\~ the data for stable conditions is similar in formal to that for unstable

conditions except that MOST, for stable conditions, is applied (Eqs 2.4? and 2.44. for example).

3.4.12 Data files required or created during system operation

Various items of software are used with the SLS40-A. Most of the software requirements are bundled

together in the SLSRLN.EXE program (MS-DOS based, version 2.24). However, the SLSF1L.EXE
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program, lor example, needs to be executed firsi before data collection can be performed using the

SLSRL'N software.

For the SLS4U-A scintillomctcr system, a number of data files are required or created. The tile

names arc not case sensitive:

1. the SLSC'AL.XXX files. The program SLSFIL software generates the path length calibration data

files required by SLSRUN. The files generated by SLSFIL are named SLSCAL.XXX, where XXX

represents the oplieal propagation path length specified during software execution. For each

propagation path length used, a separate file is used. So for example, the file SLSCAL.I01 needs to be

created using SLSFIL for a path length of 10] m. These path length files need to be located in ihc

same subdirectory in which SLSRUN is located and need to be created before execution of SLSRUN:

2. the slserr.dai file is an error file created whenever SLSRUN cncounicrs a problem - for example, an

incorrect specification of a daia subdirectory:

3. the log file (SLSLOG.DAT). The file contains a single line of the date and time of when the beam

was switched on. Bach time the beam is switched on again, the content of the file is over-written;

4. the *.pos file (with pos as the iile extension). This information file contains the record of the date

and time when the position of the beam was automatically aligned. The "beam disiance". "beam

angle" and voltage signal values at the time of the alignment are also shown. A convenient file-naming

extension that the SLSRLTN software can use is the yymmdd formal. For example the file name

04022^.pos would correspond to a position realignment file created on 27 th February 2004:

5. the slsbck.grn iile. the background and crosstalk file, is created by the Background Measurement

procedure. The information from the background and crosstalk measurement procedure is stored in

this file. Whenever a background and crosstalk procedure is followed, the contents of this file are

overwritten:

6. the *.dgn diagnostic data file. If specified from within SLSRUN, the diagnostic data may be

colleeied. usually one file per day (just less that 1 Mbyte for two-minute data). Each line of data in

this file corresponds to a 12-s period. So. for example, the file 040227.dgn would be a diagnostic file

created at midnight on the day before and closed at midnight on the 27 th February 2004:

7. (he main output data file, the turbulence data file, is stored with a res extension, one file per day. So.

for example, the file 040227.res would be created al midnight on the day before and closed al

midnight on lhe 27 th February 20(14. Usually, it is this file thai is opened using a spreadsheet program

such as Microsoft Excel. Fora day of 2-min output data, this file has a sbe of 120 kbytes.

3.4.13 Sign convention for the energy balance terms and the profile air temperature difference

The energy balance equation used. 1 u , -> /., F + F. A F =0. implies that for the day when the net

irradiance is usually positive, the remaining energy balance lerms arc generally negative. In the BR

system, the profile air temperature difference. 57V is defined as 67"̂ . =ThMV - 7] . This definition

results in positive BR sensible heat flux density values during the day - in other words, the opposite

sign convention. The on-screen SLS sensible heat values for unstable conditions occurring usually

during the day are also positive, as are the values in the main output data files. The real-time EC

sensible heal values are also positive for unstable conditions.
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3.4.14 Rejection criteria for the exclusion of out-of-range and "bad" or doubtful SLS dala

The SLSRUN software only uses error free diagnostic data to form the basis for the calculation of the

main oulpul data. SLSRUN detects errors due to one or more of the following:

• unrealisiiaillv low correlations. This can occur in the case of precipitation, or when the inner scak

of refractive index fluctuations decreases below the measurement range (under strong wind

conditions) or with transmitter vibration which usually occurs when C\ is very low;

• unrealislically hieh correlations. This can occur if the beam is temporarily obscured or the

transmitter position is unstable or when the laser beam has just been switched on;

• low si'-Lnal-to-noisc ratios. These low ratios can be avoided by increasing the beam path length if it
is less than 100 m or by decreasing it if it is more than 200 m. In addition, reducing the beam
height may increasing ihc signal-to-noise ratio. Extremely small thermal turbulence, which occurs
when fluxes are small (sunset, sunrise, large and dense cloud coverl and in the ease of laminar
flow (calm nights) may also result in low signal-so-noise ralios. Note that reducing the
measurement height reduces the influence of vibration due to wind:

• crossing of the beam by insects, rain. mist, or particles cause measurement errors.

The following are not errors directly detected by the system but may need attention;

• errors due to misalignment of the transmitter has only a minor effect on the accuracy of the

measurements provided that the intensities are sufficiently high. Misalignment however does

magnify the effects of vibration resulting in decreased signal-io-noise ratios:

• intensity differences between the mean intensities in the four channels of the SLS40-A

scintillometer cause little error. However, large differences could be due to dirt or cobwebs on or

near the window of the receiver.

In spile of SLS RUIN' rejection criteria, a number of conditions were imposed to reject data

post-data collection. The rejection criterion were applied afler the data was imported into Excel. When

a main dala file is opened in Excel (*.res file). Excel loads an import wizard. Specifying that the data

file is delimited and then specifying that it is space delimited correctly imports the data into Excel into

columns.

On occasion, when the collection of data is interrupted due to power failure or if manual alignment

procedures are followed, there is missing data. The SLSRUN software always outputs data even

rejected data. Naturally, for the collected data the percentage of error free dala and the inner scale of

turbulence less than defined critical values give clues as to the possible problems with the collected

dala. Due to the loss of data due lo power problems or interruption of the beam, a time-stamp check

for the 2-min data was performed within Excel, to ensure that there were no missing lines. This was

necessary since for example, the air temperature profile differences and the EC sensible heal (lux

densities were copied from anoiher spreadsheet and pasted into the SLS data spreadsheet. Time

synchronization was therefore necessary between different spreadsheets containing different data sets.

The day of year, decimalised, was calculated first as follows using the value function of Excel:

= value(date) - 37622 H value(time')

as an example where date refers to the cell containing the date in the mm ddyyyy format, -37622

corresponds to the number of days between 1 Jan 1900 and 1 Jan 2003. and time refers to the time of

day cell in the hh:mm:ss formal. E\cn though time is in the hh:mm:ss formal, vaiue(time) converts the
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time to traction of a day. The expression thercibrc yields a number between 0 and 365. incrementing

by 2 min (converted to a traction of a day). A column for the "missing" tag was erealed. Each cell of

[his column contained the condition:

-IF(ABStpreviousDOV-2f60*24)-ne\tDOY)>(».002."missing"."11)

where previousDOY and ncxtDOY refer to the cells containing the previously calculated DOY and the

next DOY. respectively.

This lest condition ensured that if there was more than a 2 min time difference between

consecutive lines of data, the message "missing" would then be displayed in the lag column.

Procedures were used to determine the direction of the sensible heat tlux density based on the sign

of the measured profile air temperature differences from the BR thermocouples. In the absence of such

data, the sign was determined using the EC sensible heat flux density values or based on lime of day.

When the rejection was based on lime of day. it was assumed that unstable conditions occurred

between 06hOG and ) ShOO.

Data rejection or filtering procedures were applied in Excel to the sensible heat flux density 2-min

values. Sensible heal flux density values were rejected, blanks were erealed or data recalculated:

• if the percentage of error free data was less than or equal to 25 % C'»EFD < 25 %). data were

rejected;

• if the inner scale of refractive index fluctuations was less than or equal to 2 mm (/„ <2mm). data

were rejected;

• for missing data, designated by zeros, a blank cell was used for sensible heat flux density:

• for positive oTir / o:-0,0\ values, where or is the vertical distance between the profile
thermocouples, corresponding to unstable conditions, and "«EFD > 25 % and /,-• 2 mm and
non-blank sensible heat tlux density values. ~Fhdia is displayed in the cell;

• for stable conditions, corresponding to oTir. or -0.01 < 0 'V m '. and °'&EFD > 25 %, and /„>

2 mm. -F ija is displayed in the cell.

Seven nested Excel if statements were used for these procedures (Table 3.6). In Excel, the single

cell calculation, one such calculation for each 2-min period, explained in Table 3.6, is as follows:

- IF{OR(%£F£)<25J < IANDIF,,,,,,, - O.F,,n.t.,1,=0)i.'1'1.IF(ANDfoT...- "-JXiY-J\T (DOY )"•().2>.DOY-WTi

-().OI >0. %£F& 25. / >2).lF(Ffi,/j> = 0"".-FkJ . ).IF(ANDtfir,,.-0.()K0.

F ^ ^
25,/ > 2 I . -F . . . / t")) ,rF(/ r^,= 0:'^IFfAND(%EF£> > 25. /. ->2>.-F, •

"••mm)
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Table 3.6 A listing of Ihe seven nested Excel If conditions (and three siib-eonditions) used to
reject had or missing SLS sensible heat flux density data and to combine the stable and unstable
nifasurcments into one column, based on the si<;n of <S7"u/r: if oTait-0.01 > 0. unstable sensible
heal flux densities are displayed, else the values for stable conditions are displayed

Excel code

= IF(OR(n„£FD<25.1\ <, 2,AND(FW,,, =

0,F, =0)).

IF(AND(6r,.=

"".DOY-\NT(DQY )>0,25.£)Or-TNT(/W )-'0.75).

i> tla\ -

IF(AND(57",,,r- 0.01 > 0. %EFD>25.1,, - 2).

"".

IF(AND(or, | t- 0.0] < 0, %EED>25, l,>2).

IF<^^,=0."",-^ J,

IF( AND(<i Tm ="".OR(£>O>'-fNT( DOT K0.25,

DO) -Tm\DOY}>Q.75i)

•IF(FJiW,,= 0.

"".

IF(AND(%£FD^25./. >2).

JPfF- ,.=0.

IF(AND(%£FD>25. / -2).

- ^

Posiliun

of

contliiiun

1

2

3

a

a

a

4. b

b

5

c

c

6

7

1.2.3.4.5.
6.7

E\planation

L ]f°'uEFD < 25 w'<, or FA(fc1 = 0 W m'2

and/7, . = 0 W m "
/I rii^/fl

then display a blank

else 2̂  if 67" is blank and time is

between 6 am and 6 pm

ihen display -F4(tm

else 3. if oT - 0.01 > 0 "C, %EFD >

25 %, and / > 2 mm

ifF J i ( i i -0 \Vm- :

displa> a blank

else display -F,uiii

else 4. rfSr - 0.01 < 0 "C. %£"FD >
n't

25 %. and /„> 2 mm

ihen if/7,,,,,.,,,,̂  0, display a blank else
display -Fktligttl

else 5_̂  ifS7'aM ="" and time is between 6

am and 6 pm

then display F, = 0 W m' :

else dispiav a blank

if %EFD > 25•% and / > 2 mm

displa\ -Fhn. h else display a blank

else 6. i f ^ . ^ . - O W m ^

display a blank

else 1 if %EfD > 25 % and /„> 2 mm

display -F.

else display a blank
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3.4.15 Estimation of latent energy flux density from net irradianee and SLS sensible and soil
heat flux density measurements

3.4.15.1 Available energy flux density

The available energy flux density A^lru_ +Flnl (W m' : ) (Eq. 2.4) was calculated from measurements

of net irradiance /,,r, fW m ' ) and soil heal flux density Fsni! (W m~):

A=ln., +F ... 3.1
tit') \.,ii'

By definition, assuming thai there are no other energy balance terms, such as advection energy flux

density or canopy stored heat flux density, we may write:

If each of these four energy balance terms are measured independently, then the extent of closure may

be tested: viz., using Eq. 2.5:

CR=(-L, F. ~Fk)/(Inel+Fmil) 3.3

where CR-\ would mean perfect closure (or balance), and CR > 1 would imply that one or more of

latent energy and sensible heal heal flux densitv is an overestimate (or that net irradiance plus soil heat

flux density is an underestimate).

Should the four terms not he measured independently, as is the case for BR. one-sensor EC

i Table 3.1). and SLS methods, then closure is assumed lo take place and the latent energy flux density

is calculated using:

Clearly ihen. all three terms on the right hand side would be important in determining the latent

energy flux density. Soil heat flux density, during the daytime, is often the smallest term in magnitude.

However, for lime scales of less than a day. its importance cannot he ignored especially when dealing

with short vegetation such as grassland.

3.4.15.2 Net irradiance

Net irradiance was measured using two or three Q*7 net radiometers placed 2 m above the soil

surface. During the early stages of the project only one net radiometer was used. The procedure for

calibrating nei radiometers was discussed in a previous report (Savage ct al. W97) and is not repeated

here.

3.4.15.3 Soil heat flux density

Soil heat flux densiiv was eslimaicd every two minutes for the SLS measurements and everv. 20 min

for the BR measurements from the sum of the average of measurements of soil heat fiux density F ^

(W m"") at a depth of SO mm (using lour to five soil heal flux plates) and the average stored heat fiux

density Ftttm , (W m ') above the plates;

.«..;,' ' pltm

The stored heat flux density F . was estimated from measurements of AT r {"C). the average soil

temperature difference (between 20 and 60 mm) from one 2-min time period for SLS measurements
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(or 20-min period for BR measurements) to another (A/ = 120 s for SLS energy balance calculations or

1200 s for BR calculations), the depth of soil \z mi), and the volumetric soil water conient 8 (in' m~ ):

Fmintj = stored energy (lime difference >• area]

= M pj/ AT.i;. cmjl '(time difference x area) = p VIJ., I\r,: AT i: cvii (time difference > area difference)

= p , . u ^ A r v u < „ A ,

where pwj) is the bulk density of the soil (kg rrf3), the soil depth Ar = 0.08 m. r i iy, is the specific heat

capacity of the soil (J kg"' "C"') and ! \ r = arca Ar. The specific heat capacity of the soil is calculated as

the specific heat capacity of dry soil plus that of water using:

P . , c...,, = P,.,. c...... + P.,., &:„ £„

where crfwjrt is the dry soil specilic heat capacity, p ^ G is the volumetric soil water content fnr m l and

£•„. =4190.1 kg"1 "C"1. the specific heat capacity of water.

Five sets of lype-E averaging thermocouples were used for the soil temperature measurements and

five soil heat flux plates were used for calculating F hh.. A CR7X daia logger (Campbell Scientific,

Logan. USA) was used for these measurements for much of 2003, including the volumetric soil water

conient in the first 50 mm of the surface which was measured using a frequency domain rcflccsomcter

(ThelaProbe. model V1L2x. Delta-T Devices. Cambridge, UK). Most of these sensors were connected

to the Campbell CR7.X data logger and transferred to a 23X data logger after the 2003 fire.

3.4.16 Miscellaneous measurements and data lo««er programming

Oiher measurements included iwo-minule averages of solar irradiance. air temperature, water vapour

pressure, and wind speed for the calculation of reference evaporation and wind direction and rainfall

(at 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 height of 2 m

ahove the soil surface (at position EB. Fig. 3.1) before the accidental fire and subsequently at a height

of 1.5 m when they were attached to (he lower BR ami. An ET-gagc cvaporimeter (model E. ETgage

Company. Loveland. USA) was used to measure reference evaporation directly. This evaporimeler has

a measurement depth resolution of 0.25 mm and was connected to the CR7X data logger. The

evaporating surface was positioned at 1 in above the soil surface. A pair ofCM3 pyranometcrs (Kipp

and Zonen, Delft. Holland) were used to measure solar irradiance and reflected solar irradiance (al

position EB, Fig. 3.1). Following the fire, the CR7X dam logger sensors were connected to the BR

CR23X data logger.

3.5 Results and discussion

3.5.1 Fraction of acceptable SLS data

The percentage of "acceptable" 2-min SLS sensible heat flux density measurements for me daytime

hours (taken as OdhOO to l!ShOO) showed little seasonal variation and was consistently high - between

S6.7 % and 94.S % for the 1 S-monih period (Fig. 3.10a). Acceptable values were defined according

the criteria described in Table 3.6. The nighttime variation in the percentage had a more pronounced

seasonal pattern with the lowest percentage acceplable measurements occurring between January and

March of each year (Fig. 3.10b). The lower nighttime perceniage values were due lo the effects of dew

and mist. Included in these percentages are the times for which the electrical power was interrupted.
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At worst, this period was no longer than a day or so. Other minor interruptions, usually less than

hyo-days in duration, were due to the accidental fire and accidental cutting of the cables.

The average Nok% varied between 62 and 85 % (Fig, 3.10c) for the OMiOO to IShOO period and 33

lo 73 % for the nighttime (Fig. 3-10d). The lowest Nok% values were during the summer rainfall

period (September to March), due to the influence of rain events on beam transmission. The Nok%

refers to the percentage of the 1000 measurements per second.

The seasonal variation in ihe inner scale of turbulence /, (mm) for the daytime and nighttime

periods are shown separately in Figs 3.11 and 3.12 respectively using histograms. Values of/ less

than 2 mm results in rejected sensible heal data. For most of the study, the mosi common (or at least

35 ".i of the time) /, value is between 4 and 6 mm (Fig. 3.11). For the nighttime, the most common lo

value is less than 2 mm (Fig. 3.12). The second-most common nighttime value is that between 6 and

8 mm (Fig. 3.12) m contrast lo the 4 to 6 mm value during the daytime hours (Fig. 3.1 I). The larger

values of 6 to X mm al night are due lo the more stable nighttime conditions compared to the more

turbuleni conditions during the day creating smaller and smaller eddies.

3.5.2 Sensitivity analysis to determine the relative importance of data inputs on evaporation
estimates

A sensitivity analysis was conducted to determine the relative importance of the data inputs in

determining the SLS sensible heat flux density. Errors in the input data affect the real-time

measurements displayed and these inputs would also affcel post-data recalculations. For (he purposes

of the sensitivity analysis calculations, data for 23 February 2003 (day of year 54) and 5 January

2004. relatively cloudless days, were used. The variation in the energy balance components for these

days are shown (Fig. 3.13).

Each of the four dala inputs were varied from below lo above a "normal" value. The following

were used for the normal values:

measured air temperature 7\M ... for each 2-min period. The temperature T,,.,, was calculated from

the average of all available 2-min measurements of air temperature:

the estimated atmospheric pressure /*,„.„,,, based on the measured air temperature, altitude and the

measured water vapour pressure;

the measured beam path length /-, .,.., of 101 m;

the beam height above the level at which wind speed is 0 m s"1 (//, ,„.„,„,) estimated, for example, at

1.04 m using:

hw. « *-,...,„ -0.77/;

for a height of the beam above the soil surface rfc of 1.68 m and for a canopy height of 0.83 m.

For each data input a fractional error was calculated:

s: = t P - P) IP
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Fig. 3.11 Histogram plots, for the 18-month period, of the percentage of the inner scale of
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The effect of each fractional error, in turn, on the sensible heat flux density was calculated and

convert'

period:

converted into a fractional error, e , , based on the actual sensible heat flux density for each 2-min

E F,_ ' * ht-nrr, • " A ' 'hcartm '

where Z7,,,.„.,.,., is the sensible heal Ilu.\ density estimated using the four correct data inputs.

For the measured air temperature 7" ,„ .. ihe fractional error was calculated by allowing T to vary

from 50 % below to 50 % above T:.:i,_ti.. A wide range was used for T to calculate c T. since during

routine measurements Ihe data input for air temperature was altered very infrequently - sometimes

even' three or four months. What is the effect of not changing this data input on the real-time

estimates of sensible heat flux density? The consequential change to atmospheric pressure, due to the

change in air lemperature. was accounted for in Ihe sensitivity analysis.

Atmospheric pressure changes are typically very small in Pietcrmarilzburg. The atmospheric

pressure was varied from 10 % below to 6 % above .P ,„,,.,. The procedures used ensured that Pdid noi

exceed sea-level atmospheric pressure of 1013 hPa.

The fractional error in beam path length was varied from 10 % below to 10 % above L,

The height of the beam above the height at which the wind speed is 0 m $"'. kbam virr is based on

the neutral wind profile relationship (Eq. 2.15). The fractional emir in hjvi T>if was calculated by

varying h]>am from 10.5 % below to 10.5 °n above the hlnim j,,w value of 1.04 m corresponding to

r,ram = 1.68 m and a canopy height of0.83 m.

3.5.2.1 Effect of errors in air temperature

The sensitivity of air lemperature on sensible heat flux density is more complex since air temperature

also affects atmospheric pressure. Clearly however, the overall effect is small (Fig. 3.14). An

over-estimate in air temperature causes an under-estimale in sensible heat flux density. Assuming that

measured air temperatures have a fractional error of 0.1. the fractional error in sensible heat flux

density is + 0.015. Even with a fractional error of 0.5 in the measured air temperature, the fractional

error in sensible heal is only +0-07. The use of+ indicates that, for example, a fractional error in air

lemperature of 0.1 results in a fractional error in sensible heat flux density of-0.015 and an error in air

temperature of -0.1 results in an error of 0.015.

3.5.2.2 Effect of error in atmospheric pressure

The effect of error in atmospheric pressure on sensible heat flux density estimates was more

significant than that for air temperature (Fig. 3.15), Also, an o\er-estimaied atmospheric pressure

results in an over-estimated sensible heat flux density. The estimates for atmospheric pressure arc to

within 20 hPa. corresponding to a fractional error in sensible heat flux density of ±0.013.

3.5.2.3 Effect of error in beam path length

For a fractional error in the beam path length of ± 0.02. corresponding to within about 2 m of the

actual beam path length of 101 m, the fractional error in sensible heat flux density is + 0.03 (Fig.

3.16). An over-estimate in beam path length resulted in an under-estimated sensible heat flux density
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Fi«. 3,14 The results of the sensitivity analysis for the effect of fractional error in air
temperature (from IK % below the measured value for the time indicated to HI % above) on the
fractional error in sensible heat flux density

3.5.2.4 Effect of error in beam height

The error hi estimation of htuam mrtvl resulted in the largest error, compared to the errors lor the other

Lhrec data inputs (Fit:. 3.17). For J fractional error in hhetMj „.,. of ±0.10, c r =± 0.08. Typically, the

estimate of /',„„„,,,,TiV, is within 0.05 m. or a fractional error of within 0.05. corresponding to a

fractional error c r of ±0.04. An over-estimate in beam heighi results in an over-estimate in sensible

heat flux density.

3.5.2.5 Overall error in SLS sensible heat due to errors in data input values

Attaching an equal weighting to each of the four errors, allows the overall fractional error to he

calculated usirm:

,
3.4

with worst-case values as follows: + 0.015 Tor c , . ± 0.0 i 3 for r, r. and + 0.03 for z , . The fractional

error for /r was typically ±0.04. Overall, therefore, the worst-case tola! errorsF = ±0.054. Typical

errors in air temperature are no worse that ± 0.05. ± 0.01 for atmospheric pressure. ± 0.015 for beam

path length, and ± 0.025 for beam height. Overall, these typical fractional errors correspond to

fractional errors in sensible heal flux density of = 0.075, ± 0.065. ~ 0.0225 and ± 0.02 for air

temperature (Fig. 3.14). atmospheric pressure {Fig. 3.15). beam path length (Fig. 3.16) and beam

height (Fig. 3.17), respectively. Overall, therefore, typical errors calculated using Eq. 3.4 amount to

±0032
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3.5.2.6 Effect of beam height and beam angle on SLS sensible heat flux density- estimates

Beam height, relative to the level at which the wind speed is 0 m s"1. is alTecied by vegetation height.

Defining effective beam height as the height of beam above the soil surface minus d + z,. where the

zero plane displacement height </ is assumed to be two-thirds of the canopy height and the roughness

length zt is assumed to be one-tenth of the canopy height (Eq. 2.16). The variation in canopy height

for the duration of the study is shown [Fig. 3. IS). The canopy height was measured a! various times

during the stud) and on each occasion, canopy height was measured even 5 m of the direct lino

between transmitter and receiver. These heights were weighted according to a path-weighting function

used for the log-amplitude variances (Thiermann 1992) which was then normalised so as to have an

area under the curve of 1 (Fig. 3.19). Of note is that (he weighting process favours effective beam

heights midway between the transmitter and receiver units with vegetation height near the transmitter

and receiver earning little weight.

An alternative method for determining the zero plane displacement height, using the procedure

proposed by de Bruin and Vcrhocf (1996) (Seel ion 2.1 l.S). was investigated. For IF, > 120 W m"~ the

estimated z — d values were often greater than 3 m with the result that d was negative. Therefore, the

normal method o f est imating d was used (Eq. 2 .16) .

Theoretically, a non-horizontal beam relative to a horizontal surface, or vice versa, invalidates

MOST. The influence of surface slope on sensible heat measurements was investigated by reducing

the height of the recchcr relative to the transmitter. A receiver to transmitter vertical height difference

of 1.0 m for a horizontal distance of 101 m was used. For measurements performed over five days

(Table ?.2). there was no significant consistenl difference between 2-min SLS and EC sensible heat

flux density measurements in spite of the fact (hat MOST is invalid for a non-horizontal beam

(Fig. .^.20). Of note is the reduced variability of the SLS measurements since these represent
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measurements for the entire !01 m path length compared to the F.CAT point measurements. For this

same time period, differences in the inner scale of turbulence /, as a result of the change in beam

angle from ihc horizontal, were nol noticeable (Fit:. 3.21).

The influence of effective beam height on sensible heat flux density was investigated near the end

of the study. For These measurements (Fig. 3.22. top), 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

vegetation height varying between virtually 0.0 m and a maximum of 1.13 m. The effective beam

height therefore varied beiween 0.82 m and 1,68 m except for the effective height of 0.5 m al the end

of the study. The inner scale of turbulence ( ( ) was noticeably more variable for this low height

(Fig. 3.22. bottom). Also of note is that /, was smaller than for the higher effective beam heights

(Fig. 3.21}. often as low as the cut-off value of 2 mm used for data rejection (Table 3.6). The smaller

/ value for lower effective beam heights is is to be expected since smaller eddies occur closer to the

surface. Based on these measurements, higher placement heights are recommended hut it would

appear that the need for a non-horizontal beam does not invalidale MOST significantly for our site and

the weather conditions experienced.

3.5.2. 7 Errors in soil heal flux density and net irradianee measurement

Since blent energy flux density is estimated from the sensible heat flux density, soil heal flux density

and net irradianee. the error in soil heat flux density and net irradianee measurement needs to be

considered. The fractional error in soil heal flux density and that for net irradianee is due to calibration

errors and errors associated with field measurements, including spatial variation differences. While the

errors associated with calibration are known at the time when calibration is performed against an

accurate and standard reference soil heat flux density or net irradianee reference, the error may change

as a function of lime after calibration in an unknown fashion. Furthermore, the errors associated with

field measures of soil heal flux density are dependent on the measuremeni errors associated with

change in soil temperature (for the 20 to 60 mm depth) from one measurement time period to another.

the errors in measuring the placement depths, the error in measuring the soil heat flux density at the

placement of 80-mm depth of the plate and the error in the measurement of the soil water content.

Furthermore, spatial variability in soil heat flux density is affected by the soil and vegetation cover

variability and vary with day of year as the canopy height changes. Mosl-often many measurements

over a larger area, typically several tens of square metres, of soil heal flux density at plate depth and

many measurements of soil temperature arc performed to obtain reliable spatial averages.

The record of canop\ height is important for two main reasons. Firstly. the vegetation height

affects the soil heal flux density. Secondly, the SLS beam height is referenced to the height al which

wind speed was cstimalcd to be 0 m s", namely to 0.77 h where h is the canopy height. Approximately

therefore, the beam height input value was the height of the beam above the soil surface minus 0.7"?/;.

The seasonal march of canopy height, weighted along the beam according to a path-weighted function

given by Thiermann (1992) Lalso Fig. A.I of Scintec (2000)] for a beam path length of 100 m, was

determined by measuring canopy height every 5 m along the beam at different times during the study

period, from transmitter to receiver. The path-weighted function of Thiermann {1W2) was normalised

so as to sum 1 along the full length of 100 m (Fig. 3.19). The function gives much greater weight to

vegetaiion height near the mid-position of the beam and much less weighting to vegetation heights

near either the transmitter or the receiver. The weighting function of Fig. 3.19 is then used lo estimate

the path-weighted canopy for a path length of 100 m (Fig. 3.18). The reductions in vegetation height

due to the two mowings and the fire is shown by the arrows. The weighted canopy height varied
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Chapter 3 Logistics of estimating evaporation from surface layer scintillumeter data



Theory and practice of evaporation measurement, with special focus on 98
SLS as an operational tool for the estimation of spatialh-averaged evaporation Savage et al.

-500 n

-400-

-3(10

-200-

-100-

1 OH

a
EC AT
SLS40-A

J -500

1 -400-

£ -300

I -200-

' -100-

o-

245.4 245.6 246.4 246.6

Effective beam
height = 0.5 m »

247.4 247.6 24H.4 248.6

241.4 241.6 242.4 242.6 243.4 243.6 244.4 244.6
Day of year (2004)

16n

I2-|

I «
= 4H

= °
C 16

0 12-|
.*•-

a*
s 8

4-

II

SI.S4O-A b

245.4 245.6 24<>.4 246.6

Eflective

248.4 24S.6

241.4 241.6 242.4 242.6 243.4 243.6
Day of year (2004)

244.4 244.6

Fi<;. 3.22 Two-minute variation, for an effective beam height of 0.5 m for day of \car 223 to 23(1.
2004 in (a) above: sensible heat fluv density (\V m : ) : (b) below: inner scale of turbulence /o

(mm).
The change in effective beam height Mas on day 242. indicated by the dolled line. The beam was
in the horizontal position with the vegetation height about 0.1 m

Chapter 3 Logistics of estimating evaporation from surface layer sciniillometer data



Theor\ and practice of evaporation measurement, with special focus on *M>
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

between practically 0 m after these events to a maximum of just over 1 m in March 2005 and 0.8 m in

March 2004. Hence, during the periods January lo March of each year, with canop\ height increasing,

the tendency is for soil heat flux density in decrease, all oiher factors equal.

In the ease of net irnidiance measurements, measurement errors arc dependent on errors associated

with calibration as well as errors associated with dome condition and errors associated with

inadequate drying of the air inside the dome. The net irradianec measurements do however represent a

large area, compared lo soil heat flux density measurements and may therefore be less affccicd by soil

and canopy spatial variability.

For the soil heat flux density, an overall error of 20 % of the F ;/ value (Angus and Watts

was used to lake into account spatial variability and sampling problems inherent with these sensors, as

well as errors in the determination of stored heat energy from the change in soil temperature, the soil

bulk density and the specific heai capacities of soil and water.

S.S.2.S Error in calculating latent energy flux density from SLS sensible heut flux density

In the case of the SLS method, the estimation of evaporation is based on the measurement of sensible

heal flux density and the other energy balance components. Besides errors in the input data affecting

the calculated sensible heat flux density, the calculation of latent energy flux density I, Fu using:

K K =-' - ^ , - * W
where Flr;i^ is the SLS-eslimated sensible heat flux density, results in additional errors. Hence, the

standard deviation for a latent energy flux density measurement is given by:

= far FH /<7/,,,,):a; | . uL, F ^ , , , ) : a> + (fL F, • .V ,^

Angus and Walts (1984) u^cd the following for error in nci irradianec and soil heat flux densitj

measurements:

CT7 =±0.025/,,,, 3.5

Approximately therefore, the final overall worst-case error in laleni energy llux density1 is given by:

a, F =^(0.025/ ): 4 (02 F

and CT; F = ^{0.025 /niV ): + (020F ,jr )
: + (0.032^. m V 3.8

for typical errors.

L'sing fjve soil heat flux plates and averaging thermocouples, we investigated the actual spatial

variation in soil heat llux density over an area of about a square metre. The variation in soil heat llux

density, the standard deviation of the five measurements and 0.20 of the measured soil heat flux

density (Eq. 3.6) is shown for cloudless summer and winter days (Fig. 3.23). From these data, typical

of other cloudless days, the measured standard deviation is 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 layer scintillometer dala



Theory and practice ol evaporation measurement, with special focus on 10(1
SLS as an operational tool for the estimation of spatialh -averaged evaporation Savage el al.

--120

-90

--60

--30

ooF
s o i l I ' M i i i i j i i

53.3 53.4 53.5 53.6
Day of year(2003)

53.7

188.3 188.4 188.5 188.6
Day of y e a r ( 2 0 0 3 )

188.7

Fig. 3.23 Diurnal variation in 2-min soil heat flu\ density (right hand y-axis. and the standard
deviation in soil heal flux density (measured and estimated) on the left hand y-axis for two
almost cloudless days (day of year 54 (top) and 189 (bottom). 2003)
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Fig. 3.2-4 The diurnal variation in the calculated component error terms (2-min data) of the
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The component worst-ease error terms of" the energy balance arc shown in Fig. 3.24 for two

cloudless days, one in summer and one in winter. The variation in the error in net irradiancc is

estimated using Eq. 3.5. Of particular note is thai while the overall error in latent energy flux density

is similar for the two days, the component errors are different. The error in sensible heal flux density

is greater in summer as is the error in ne( irradiancc measurement. However, due 10 the greater amount

of plant material covering the soil in summer, the error in soil heal flux density is smaller in summer

than in winter. In brackets in the upper lef! legend of Fig. 3.24 is the evaporation equivalent of each

component calculated by summing the 2-min error values for the OGhOO to 18hOO period and

converting them to mm units.

The seasonal variation in a , r in mm day"1, shown in Fig. 3.25 for selected relatively cloudless

days, is typically 0.2 mm day (0.49 MJ m'~) in winter when the daily evaporation rate was around

1 mm day1 (2.45 MJ m' :) and typically 0.4 mm day"1 (0.98 MJ m' :) when the evaporaiion rale

exceeded 4 mm day"1 (9.8 M.1 m") in summer. The evaporation totals shown in Fig. 3.25 (bottom) are

calculated from 2-min totals between the limes of 6 am and 6 pm. For these calculations, it is assumed

that the error in soil hea! flux density is 20 % of the measured soil heat flux density and the error in

net irradiancc 25 % of the measured value (Eqs 3.6 and 3.5 respectively).

Using typical fractional errors in sensible heat flux density measurement (within ± 0.032) instead

of a worst-case fraciional error (of ±0.054) does not alter the overall error by much since both the net

irradiance and soil heat flux density errors swamp that for sensible heat flux density: the nel irraciiance

is generally the largest term of the energy balance and hence the contribution of (0.025 /„..)" in Eqs

3.7 and 3.8 is the largest. The contribution of error in soil heal flux density may also be significant

because the fractional error is high (0.20 of the measurement) compared to 0.054 (for worst-case

error) or 0.032 (for typical error) of the SLS-measured sensible heat flux density.
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3.6 Conclusions
The methodology associated with the use of a dual-beam surface layer scimillomcier is discussed in

detail, 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-estimate in SLS

sensible heat flux density compared to ECAT measurements for a non-horizontal beam. A low

effective beam heigh! of 0.5 m resulted in more variable sensible heal Ilux density measurements, and

variable inner scale of turbulence values that approached the defined lower value for acceptable data.

The percentage of error-free 2-min SLS sensible heal flux density measurements for the daytime

hours showed little seasonal variation, varying between iS6.7 % and 94.8 % for the 18-month period.

The nighttime variation in the percentage had a more pronounced seasonal pattern with the lowest

percentage acceptable measurements occurring between January and March of each year due lo the

effects of dew and mist.

Values of the inner scale of turbulence /, less than 2 mm resuhs in rejected sensible heat flux

density data. For most of the study, the most common (or at least 35 % of the lime I /, value is

between 4 and 6 mm. For the nighttime, the most common la value is less than 2 mm. The

second-most common nighttime value is that between 6 and 8 mm in contrast to the 4 to 6 mm value

during the daytime hours. The larger values of 6 to 8 mm at night is due to the more stable nighttime

conditions compared to the more turbulent daytime conditions creating smaller and smaller eddies.

The procedures lor the measurement of other energy balance components are reported. The theory

associated with a sensitivity analysis of the estimated latent energy flux density was used to determine

She relative importance of the SLS data inputs of air temperature, atmospheric pressure, beam path

length and beam height on sensible heat flux density estimates. In addition, it was shown that errors in

the measurement of soil heat flux density and net trradiance also affected the estimated latent energy

Ilux density.

The worst-case errors in atmospheric pressure, air temperature, beam path length and beam height

resulted in fractional errors in sensible heat flux density of ±0,013, +0.015. +0.03 and ± 0.04

respectively. The beam height above d - r , needs to be known accurately as the error in beam heighi

contributes the most lo the overall error with errors in beam path length ne\! most important. The

wursi-case total fractional error in sensible heat Ilux density was ± 0.054 and the typical fractional

error amounted to ± 0.032.

The seasonal variation in the error in latent energ\ is generally less than 0.2 mm day"1 (equivalent

lo 0.49 M.I irT) in winter when the daily evaporation rate was around 1 mm day"1 (2.45 M.l tti") and

typically less than 0.4 mm day'1 (0.08 MJ m ' ) when the evaporation rale generally exceeded

4 mm day"' <C'.<S MJ m"~). Most-oftcn. the measurement with the greatest contributing error is the soil

heal flux density measuremeni which often expresses the spatial variability of canopy growth. Care

therefore needs to be exercised to ensure that soil heat Ilux density1 measurement procedures do not

compromise the calculated latent energy flux density when using SLS sensible heat Ilux density

measurements, panicuiarly for short vegeialion where it is expected that the soil heat flux density term

may not be small. This would also apply to BR estimates of latent energy ilux density and the EC

method when only sensible heal flux density is measured and latent energy flux density is estimated

using the net iiTudianee and soil heat Ilux density energy balance components.
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Chapter 4

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

4.1 Abstract
The main aim of this research is to investigate dual-beam surface layer scimillomeler (SLS> estimates

of sensible heat flux density also obtained using the following methods: Bowen ralio (BR). eddy

covariance (EC), reference evaporation, and surface renewal (SR)- These measurements and

measurements of net irradiance and soil heat flux density allowed evaporation lo be be estimaied as a

residual using the energy balance, The influence of wind direction, in particular winds perpendicular

and parallel to the SLS beam, on these measurement comparisons is examined. Since the measurement

height of the various instrumentation was necessarily different, the relative contribution of upwind

surface sources to the sensible heat flux density measured at a height above the canopy surface was

investigated using a footprint analysis.

In order to obtain accurate comparisons using the BR method, we also investigated the possibility

of replacing the often problematic Dew-10 cooled dew point mirror usually used with such systems

with a thin 111m polymer capacitivc sensor such as a Yaisala sensor. The main disadvantage of the use

of a Vaisala sensor is thai two measurements, relative humidity and temperature, from two different

sensors was required for the estimation of the airstream water vapour pressure. A laboratory

experiment showed that potentially, a Vaisala CS500 and the predecessor of the Vaisala HMP45C

could replace the Dew-10 sensor. A four-month field-comparison between 20-min latent energy flux

density obtained using the HMP45C and a Dew-10 sensor (6002 data points) yielded a slope of 0.9938
and y-inlercept of -0.095 W m". This excellent agreement shows that the HMP45C would be a

cheaper and adequate replacement for the Dew-10 cooled mirror sensor. Furthermore, the HMP45C
requires no servicing compared to the Dew-10 which requires a bias adjustment and mirror cleaning

each week. The water vapour pressure measurement noise for the HMP4SC 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 0.9334. r2 = 0J899, n - 12965). The HMP45C sensor used was not as

accurate as the Dew-10 but the resolution of the HMP45C profile difference measurements was better

than the minimum resolution of 0.01 kPa required for BR measurements when averaged over 20 min.
The even cheaper Vaisala CS500 sensor was also used for field measurements. Comparison of the

HMP45C with the CS500 yielded a slope of 1.0236 (f = 0.9956. » = 213). The CS500 sensor

exhibited greaier variation in measured water vapour pressure mainly as a consequence of greaier

variation in temperature using the CS500 temperature sensor even when compared so the HMP45C
temperature sensor. In spite of this, the resolution in the CS500 water vapour pressure was better than

0.01 kPa. The water vapour pressure variation could be reduced by replacing the temperature sensor

with a thermocouple. These findings will make BR measurements of evaporation considerably

cheaper, more reliable than in the past and easier to assemble.

Polar diagrams were used to show that during daytime hours, the wind vector wind direction is

generally from the SE (ISO to 270°) but sometimes from the NW (0 to 90"). The SLS beam was

aligned from 20" east of S to 15" W of north - almost from S to N. The largest SLS and EC differences

in the daily sensible heat density occurred for the 0 to 60" wind direction. These winds were from
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residential areas and the i'eteh more limited than the other wind directions. However, there were many

days when (he wind direction was almost perpendicular to the beam and seldom parallel.

The footprint model of Hsieh el al. (2000) was corrected and extended to include a surface with a

zero plane displacement height. The more unstable the atmospheric conditions, the closer was the peak

location of the footprint to the measurement position. For convectively unstable conditions, the peak

location was within metres of the measurement position. Generally, during the daytime hours, the

100:1 fetch to measurement height ralio is too sirinyent for the atmospheric conditions experienced.

The general stability condition for the 9 am to noon hours is not the same as that for the noon to 3 pm

period. Surprisingly, the morning hours are generally more unstable than are the afternoon hours. This

asymmetry in stability often results in asymmetrical diurnal sensible heat 1lu.x density curves.

The general agreement between the 2-min SLS and EC measurements was very good. The EC

measurements showed greater variability since they are point estimates. The SLS measurements

represent a line-average and were much less variable. The correspondence between Ihe two

measurement techniques improved when there was reduced turbulence, particularly for uniformly

cloudless days and before 10 am and after 2 pm. There did not appear to be a consistent 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 sensible heal flux density

was more variable than the other methods (error mean square of 2299.1 W m~~ when compared with

SLS measurements). Averaging SR measurements over 20 min is recommended.

Latent energy flux density is estimated as a residual from the energy balance equation. Negative

latent energy values correspond to normal evaporation but cases were found when the latent energy

llux density was positive for brief periods. Positive latent energy flux density values correspond to Ihe

magnitude of the sensible heat llux density exceeding ihe available heal (lux density. Counter-gradient

fluxes of sensible heal were detected. Some of the selected data displayed show that counter-gradient

fluxes may be associated with large reductions in solar irradiance bui were short-lived.

The HR 20-min measurements 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

selected from the large data set collected. There was no consistent under- or overestimate in the SLS

sensible heal flux density measurements compared to the sensible heat llux density measurements

from the three other methods. The magnitude of the SR sensible heat flux density measurements, if

anything, tended lo be less than (he sensible heat llux density measured using the other measurement

methods and therefore lended to overestimate the latent energy flux density. The SR method is the

least expensive in terms of instrumental ion and datalogging requirements. The good agreement

belween the different measurements is remarkable considering the different underlying theory of each

method, (he different measurement heights, different footprints, differing spatial scales of

measurement (i.e.. poini measurements vs path averaging) and differing measurement frequencies.

Furthermore, il would appear thai the EC sensible heal llux density measurements do not

underestimate as staled in the literature.

Comparisons of the daily estimales of sensible heal density for EC and SLS techniques showed

good agreement (error mean square of 0.188 MJ m~ which is equivalent to 0.077 mm). These

comparisons were separated oul according lo wind direction which showed that best comparisons

between EC and SLS measurements were obtained for the ISO to 270" wind directions (error mean
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square of 0.171 M.I m" compared to 0.229 Ml m ~ for the 0 to W wind directions). The 0 to c>0" wind

directions corresponded 10 wind from residential areas and relatively limited fetch.

Pleasure mem comparisons over a period in excess of 55 days showed thai the ECopen system

daily latent energy density measurements had a variable relationship with daily latent energy density

estimated using SLS measurements, net irradiancc and soil heat (error mean square of 0.632 Ml m' \

f = 0.2?9). Daily estimates of latent energy density for the SLS and EC techniques were compared

for a period of about 250 days during 2003. The ^5 % confidence bands for a single predicted 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. There was no statistical difference between daily latent energy density esiimales obtained

using lhe EC method based on poml measurements and the line-averaged estimates obtained using the

SLS method.

4.2 Introduction
The accuracy of SLS measurements must be judged by comparison with sensible heat ilux density

measurements obtained using other methods {Table 3.1).. Generally, the standard for sensible heat

measurements is taken as lhe EC method.

The main objective of this chapter is to present the measurement comparisons of sensible heal flux

density using a dual-beam SLS and the estimation of evaporation from sensible heat flux density, net

irradiance and soil heal flux density. The various methods used in this study for estimating sensible

heal flux density include: BR. EC and SLS methods, and to a limited extent the SR method.

Microclimatic measurements allowed reference evaporation to be calculated. The averaging time

period for the EC. SLS. SR and reference evaporation measurements was 2 min and 20 min whereas

for the BR method, a period of 20 min was used as is often the case.

Agreement between BR and SLS measurements, for example, may be dependent on lhe footprint

of the measurements, viz., the relative contribution of upwind surface sources to the sensible heal flux

density measured al a height above the canopy surface. For ihis reason, a second objective was to

perform a footprint analysis for the various measurement methods.

A third objective was 1o investigate the impaci of wind perpendicular lo the SLS beam on the SLS

sensible heat flux density measurements compared to wind parallel to the beam.

Since the dew poinl hygrometer of the BR system was often unreliable in addition to other

practical problems, a fourth objective included investigating the use of a BR system tiding a

replacement for the dew poinl hygrometer with a Yaisala air temperature and relative humidity sensor.

An error analysis was performed and the three types of Yaisala sensors were evaluated in the

laboratory and in the field for their ability lo measure waier Vapour pressure profile differences.

4.3 Theoretical considerations
Five measurement methods were used to estimate tola! evaporation (Table 4.1). In this section, the

theory of each method is briefly discussed in relation to ihc measurement requirements. Other meas-

urements methods are presenicd in Table 3.1 and some of these rev icwed by Drexlcr ct al. (2004).

4.3.1 Bowen ratio theory

For completeness, a brief description of the BR technique for measuring sensible and latent energy

flux density is presented here.
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Table 4.1 Brief details of the five total evaporation measurement methods used in this study,
Symbols are defined in the te\t in each corresponding section

Method

Bowers ratio
(BR)

Eddy
covariance

I EC)

Reference
evaporation

Surface layer
scintillometer

(SLSl

Surface
renewal (SR)

Measurements
T~ 7"~ / F

7 r-
' « , . ' " ^ . •:

Solar irradiance. air
temperature, water vapour

pressure and horizontal wind
speed

Covariance iB..) and
variances (5, and 5,) of the
logarithm of the amplitude

of the radiation together with
inputs for air temperature.

atmospheric pressure, beam
height (above d + z ,) and

beam path leneth
cT
— =K[7\ t +5/)—T(/}] 1 ft/

where 6/ is one or mo
lagging time steps: typically

5? = 0.125 s

Position

Point measurements of
the 20-min average

waler vapour pressure
and air temperature at
two heights above the

canopv
Single-level

measurement method
12-min and 20-min

averages)

AWS measurements at a
single level, typically

2 m (2-min and 20-min
averages)

Dual beam
measurements (2-min
averages) at a single
beam height across a

path length of bciwcen
50 and 250 m

High frequency single
point measurements (2-
and 20-min averages) of

air temperature above
tliL1 canopv

Theory

L, F, =-(/,„, -1 F ) / ( ! + $
Fk = - p ( / M , , +Fmfl ) (1 + P)

(Eqs 2.46. 4.5 and 4.6)

F, = - p i m c f l -

covariance (w. 7*) =
- p it c v , T '

(Eqs 2.45 and 4, IS)

Penman-Monteith reference
evaporation using r = 70

sm"1 anclr. =208 V
(Eq. 4.37)

Measurements of B,, allow
for the following

caleulations using MOST:
C~. Fh and friction velocity

1. F =-} -F -F

_ cTF = -0 c z —

(Eqs 2.4S and 4.10)

/., Fn = - / „ , , -Fk -F^

The BR method relies on the K-lheory hypothesis for which the sensible heat flux density, for

example, is proportional to an exchange coefficient for sensible heat 1lu^ density and the profile air

temperature gradient.

Bowen (1926). building on previous work of Cummings (1925). John Dalton and others, attempted to

obtain expressions for latent energy flux density in terms of water vapour pressure gradients above a

surface. According to Fick"s Law of Diffusion, the latent energy flux density L, FK (W nf ) is given in

finite difference form by:

c: y) K ̂  (e, -c} 4.1

where p b is the air density (kg m"), c} the specific heat capacity of dry air at constanl pressure

(J kg'1 K"1). 7 the psychromelnc constant (approximately 0.066 kPa K"1 at sea level). KY the exchange

coefilcieni (nr s"11 for latent energy transfer, and c. and Z7 the time-averaged water vapour pressures (kPa)
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at heights z - and r, above the soil surface respectively. The averaging period is usually 20 mm, 30 mm or

hourly.

Similarly, the sensible heat flux density Fh is related lo, in finite difference form, by the change in

heal energy content of air per unil time per unit area. Losing Fick's Law for sensible heat flux densi!\.

we have: F. =Mp c K,')(T\-T) ( - , - - . ) 4.2

where A'ti is the exchange coefficient for sensible heal transfer (m~ s"). 7", and 7", are the lime-averaged

air temperatures CO at heights r . and z, above the soil surface respectively. In lenns of the sign

convention used in Chapter 2. r . > r , . 7", > 7", and t\ > ct. as would be the normal case during daytime

hours, would result in negative L, Fv and Ft values (Rqs 4,1 and 4.2) indicative of energy losses at the

surface.

Following Bowen (lc)26). we consider the ratio [3:

where from Eqs 4,1 and 4.2, p1 can he written as:

P^lyA", A',, ){T1-T[)H.e, - ? , ).

Hence f> can be determined by measuring air temperature and water vapour pressure at two levels in

the atmosphere. Ignoring photosynthesis and adveelion. the shortened surface energy balance (Eq. 2.3 t

is given bv:t

1 =-L F - F - F 4 . 4

w t a r e Iiu., is t he nei i r fad iar tce :md F i j ; is t he so i l b e a t I l ux d e n s i t y . C o m b i n i n g Eqs A.} imd 4 . 4 ;

L, ^ =-(/, , , +^, , , ) (1 + P) 4.5

and Fh=-\\U^,, +Fm. ) ( 1 + |1) 4.6

where p1 = y ( 7", - 7 , ) /(e., - e} I 4.7

if it is assumed thai A';. = A' „ (Eq. 2.12). The equality of these two exchange coefficients, is referred to

as the Similarity Principle (Section 2.6).

4.3.2 Surface renewal theory

The surface renewal (SR) method (for example. Paw U 1992. Pav\ U el al, !992, Zhang el al. 1992,

Paw U et al. 1995, Qiu et ai. 1995. Snyder el al. 1996, Karipot 1999, Casleilvi 2004) for estimating

sensible heat flux density is relatively new. Sensible heat Ilux densily F{. can be expressed as the

change of heat energy conlent (M ;,f dJ r ;.) of air with time per unil area:

where hi is the mass of air heated (or cooled) by the rale of change in the air lempcrature difference

dT in time dt. c „ is the specific heat capacity of dry air al constant pressure (lypically 1004 J kg"' K"')

and A is the horizontal area of the healed or cooled volume of air. Expressing the mass of air in terms

of air density p jr. and the volume of air I':
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V cIT

where V IA is the volume of air healed per unit horizontal area of the healed volume of air. If the

vertical distance of the heated air is the canopy height, then Y I A is the canop\ heighi h.

Assuming that the rate of change in air temperature can be written as a function of time /. and

dimensions x. \\ or z as follows:

JT or rrr-x
4

4
Ji <~t ex dt vy dt rz dt

and then assuming that internal adveclion in the volume o\' air is negligible, the total rale of air

temperature change is given by:

</T = r7 ; 4.8

dt di'

This assumption may not be correct under all conditions or circumstances. For example, close to a

canopy or a soil surface or when (here is strong local advection. the partial change in temperature with

.V. v. or z may not be negligible. Making this assumption (Eq 4.8),

V dT
F, = n r

" f - r A dt

<T

where z is the measurement heighi for air temperature.

The SR analysis involves high frequency air temperature measurements and considering air

temperature ramps (positive or negative) consisting of quiescent periods s Is) (for which there is no

change in air temperature with time) and then ramping periods / ($) for which there is an air

temperature ramp with an amplitude a CO and for which a > 0 "C for unstable conditions (thai is. an

air temperature increase) and IKO'V for stable (that is, an air temperature decrease) (Figs 4.1 and

4.2). Hence. SR analysis assumes that: fT _ ^ a 4.9

dt s + f

with unit "Cm"1, and FA = - c c p e z~-— 4.10

s 4 /

where « is a weighting factor. Generally, a = 0.5 for coniferous forests, orchards and maize when the

sensor is al canopy level. For short grass, a - I for a sensor height of about 1 m (Paw Li ct al. ltH>5).

The negative sign in Eqs 4.9 and 4.10 ensure that Fk is negative during daytime hours, indicative of

energy loss at the surface.

The amplitude a of the air temperature ramp and the ramp period .\ 4 / is estimated using the air

temperature structure parameter approach based on measuring air temperature at a typical frequency

of about 8 Hz-or greater, using: a», . ,_ ' v IT _ r rp " ^ '

»i-J . I,J

where a is the power of the air temperature stmcture parameter S'[r) (cf. Eq. 2.27 for a structure

parameter operating over a distance) corresponding to a lime lag /•. m is ihe number of data points

collected in the time interval measured at frequency / (Hz), and / is a sample lag between data points
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dTldt = -a/(s +1)
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Ramping period 1

10 15
Time (s)

20 25

Fi«. 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 (s)) and a rampin« period
(period /) for which the amplitude is a

I5.20n

15.15-

=

i.15.10-

15.05-

Quiescent period s

dTldt = ~a/(s + I)

Stable conditions

Ramping period 1

15.00--
0 5 10

Timt' (s)
15

Fi». 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 (s)) and a rampin« period
(period /) for which the amplitude is -a
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c o r r c s p o n d i w j . t o a t i m e Ian ; •= / / a n d T is the i th a i r temperature s a m p l e . In th is r e l a t i o n , t h e t i m e

lay r m u s i b e m u c h icss than / + >. T h e Van Al i a (1CJ77) a p p r o a c h i n v o l v e s e s t imat ing the a i r

temperature amplitude a of Eq. 4.1(1 by sol\ ing for the real roots of the equation:

a r| / H H </=() 4.12

where p=\QS2{r)-£~^- 4.13
S\r)

and q=lQS*ir). 4.14

The ramp period s + l (Figs 4.1 and 4.2) is (hen calculated from:

a"r 4.15
-v + / = .

Note then that the second, third ;md fifth order of the air temperature structure parameter are
required for the SR method, viz., S' (/•). S ' ( r ) and S " (r).

The advantage of using Eqs 4.10 to 4.15 to obtain sensible heat flux density is that only high
frequency measurements of air temperature at one atmospheric level (at at least K Hz) are required.

The main disadvantage of the method is that the changes in temperature following the ramp period,

which can be quantified using additional theory and MOST, requires ihat the friction velocity be

estimated (Chen et al. 1997a, b. Castellvi 2(104).

4.3.3 Eddy co\ ariancc

For comple teness , a brief description of the EC method for measur ing sensible heal Ilux density is

presented here. From the continuity equat ion for a compress ible and homogenous medium.

d(wp m )/cr—0 where u-is the vertical wind speed (m s"1) and p rfi is the density of air (kg n v ) and

where 5 ( w p ) IQz represents the change in the mass flux density of air (kg s"' m~) in the vertical
direction. Integrating between the surface z = 0 a n d she measurement neieht r. we net

where the subscripts z and o refer to measurement height and canopy surface respectively. Since vi' = 0

at the surface, the time-averaged vertical flux density of dry air (kg s"1 m") at the measurement height

(-the first term of Eq. 4.16) is zero. Removing reference to the measurement height:

wp^-0 4.17

where the bar indicates the time average (over 20 min. say). The instantaneous vertical wind speed can

be written as a mean value TPand a fluctuation w':

U1 = U7 4 11''.

S i m i l a r l y , t h e i n s t a n t a n e o u s a i r d e n s i t y m a y b e e x p r e s s e d a s a m e a n v a l u e p i r a n d a f l u c t u a t i o n p ':

p = p 4- p .

Hence wpiW = 0 ( E q . 4.1 /i may be written as:

' )(p N 4- p m ' ) =0:
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Expanding, and noting that, by definition the mean of a fluctuation is zero:

and hence w' n F = - p vr.

Hence w'=0only if vi-'p ' - 0 .

The 1lux density Fr of an enlily E. over a specified time period, is given by:

By expansion and since if' p (i.,' — — p w;

FJ = p j n 11' £"' - covariance [w. E),

The only assumptions in this derivation arc that

"•p.,,. = a

from the continuity equation, and that

Note that it has not been necessary to assume that vv = 0.

For sensible heat flux density F (W m~)
I:

Ffl ~ - p , m Cn -covariance (u, T) =-p i ( . , cy, H ' F ' . 4.18

where c and Tare, respectively, the specific heat capacity of dry air at constant pressure (J kg ' nC" 1

and air temperature ("C| and where the fluctuations in vertical wind speed and air temperature are

represented by w' and T respectively. The negative sign ensures thai the flux density is negative

during normal daytime unstable conditions, corresponding to a loss of energy at the surface. For

momentum flux density x (Pa),

t• = p ;i, covariance ( w ' U' )=p „, "' ' i" 4.1L)

where V = ̂ ju'2 4 v1^ is the fluctuation in the horizontal wind speed (m s"') where it' and vr arc the

fluctuations of the resolved components of the horizontal wind speed in the x and v directions

respectively. Friction velocity u. may be calculated using:

T = P, , , , u- =Pan
 V1''^'"

from which U, = yjw'U'. 4.20

4.3.4 Scinfillometer fluory

Turbulent motions require a supply of energy for their maintenance on the one hand and arc

dissipative on the other hand. They involve a spectrum of space and lime scales and arc inherently

unsteady or even random, and occur in three dimensions. Pertinent to any discussion of scintillometcr

theory is the Kolmogorov (1941a. b) cascade theory of turbulence. This cascade theory, based on

dimensional analysis, deals with the scale of turbulence. The so-called outer scale of turbulence is
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denoted /.,, and /„ is the inner scale of turbulence. Large eddies have a typical size of 100 m (outer
scalcl and small eddies have a typical size of the order of 10 mm (inner scale of turbulence). Near the
surface of the earth, the inner scale /(( is of the order of a few millimetres. Eddies between these sizes

are from the so-called inertia! Subrange, where no enemy enters or leaves the system of turbulent

motion. As the turbulent eddy size becomes smaller and approaches the inner scale of turbulence ln,

the relative amount of energy dissipates by viscous forces in the form of heat.

The energy spectrum of turbulence shows thai for the high frequency range, increasing frequencies

result in reduced energy (Fig. 2.2). Kolmogorov (1941b) showed that the structure parameter in the

inertial subrange is a measure of the energy amount.

The SLS4O-A dual-beam SLS system consists of two parallel beams of radiation of wavelength

(67(1 ± 10) nin emitted from two laser diode radiation sources separated by a distance that results in a

beam separation of 2.7 mm (Scinlec 2000). The receiver delects the transmitted radiation using two

2.5 mm detectors separated by 2.7 mm. The covariance of the logarithm of the amplitude of the

radiation transmitted to ihc receiver position is measured and denoted 8,, where the correlation

coefficient r relates the single dciector variances B and B, to the covariance Bv.;

r*B l 3 ( £ , £ , } ' : 4.21

(cf / = - .v v \Lx I i]) . Thiermann (1992) slated that the correlation coefficient r is a known function
of the inner scale of turbulence /,. and the detector diameter D and detector separation distance d, For

known and fixed D and d values, the relationship between r and /„ is given by Thiermann ( 1992} and

is shown in Fig. 4,3 fora 100-m path length. For this relationship, if r is known from measurements,

then the inner scale of turbulence lo can be calculated for a known path length. These relationships

assume that d and D arc fixed.

The term H. refers lo the variance of the logarithm if the amplitude of the beam signal. However.

since the system measures the variances of the intensity o j \ the following equation is applied for a

log-normally distributed amplitude:

where 7, is the mean intensity ("or beam I (Scinicc 2000). A similar equation is used for beam 2 of the

dual-beam SLS40-A system.

The measured covariance By. and the variances B and B, are key in the algorithm used 10

estimate sensible heal flux density, as shown by the shaded elements of Fig. 4.4. The covariance 5 r is

a function of the following:

• beam wavelength w hich is fixed at between 660 and 6X0 nm for the SLS40-A SLS system:

• beam path length Llvini which is usually a reasonably accurate measurement:

• detector diameter D:

• detector separation d\

• <l>;. the 3-dimensional spectrum of refractive index inhomogeneities. dependent on wave number
(defined as 2 n h) where <1> ( =tf>e (2 n A,):
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Fig. 4.3 The relationship between the inner scale of turbulence tB and the correlation coefficient

r where r —Ba / (B, B,)' : for a 100-m path length where Br is the covariance of tin1 logarithm
of the amplitude of the radiation received and /?, and B, are the sin»lc detector variances for the
SLS method

• and two Bcssel functions of the first kind with arguments of 2rr d i '/. and where x is
the horizontal distance measured from the receiver. ** ''•••"»••

In the inertial and dissipation ranges of turbulence, <t>): depends on wave number A =2 rr "K for

beam wavelength /-. where in the notation used by Thiermann (1 i><->2).

» B (2TC/?L)=0.033C; -(2n/X) 1! J • / * ( / „ In IX 4.22

where C~ is the structure parameter that describes the spectral amplitude of refractive index

fluctuations in the inertial range of turbulence, ami / . , ,( / 2TI /.) describes the decay of refractive

index fluctuations in the dissipation range of turbulence. An expression for /„, has been given b\ Hill

(1978a) assuming pure temperature fluctuations.

Combining the mathematical expression for Br (not shown) and the expression for wave number

O , , ( 2 T I /X) (Eq. 4.221. Thiermann (1992) used the following expression lo estimate (',;:

Br=0.\24C:i2n /.)'" Lh
d D 4.2?

^l>tli»-

where fH describes the decrease of Br with increasing fu, d and D.

Finally then, i f r is known from measurements (Eq. 4.21). and !< determined using Fig. 4.3 for

example, then C~ can be determined if JS, or B. are known for which it is assumed that d- 0.

So the covariances between the transmitted radiation intensity for the two beams are used to

calculate C ' and the correlation of the transmitted radiation intensity for the two beams is used to

calculate/ (Fig.4.4).
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7\P *-^ * 'bt'tun

\
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i r

dT/dz dn/dz

*n?i

f soli

Fi<j. 4.4 The algorithm (Hill 1997) used for the various estimates obtained usinj; the SLS method
based on weak scattering theory and measurements of the variances B,and /?,. covariance Bn,
inputs of beam height z above the zero plane displacement height, beam distance Lhl.lim. air
temperature T. atmospheric pressure and measurements of net irradiance /„_, and soil heat flux
density Fwil (based on Weiss (2002) buf modified to reflect the role of single detector variances
Bt and £ , . that T. and //. are required to calculate 4> a and <]> and to reilect the estimation of
Lv Fu )• The square boxes indicate data inputs and the shaded boxes are statistical calculations
(variances and covariances) based on measurement of the logarithm of the amplitude of the
radiation transmitted to the receiver detectors
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Monin-Obukhov similarity theory (MOST) is used to relate the structure parameter lor the

refractive index fluctuations, C,; to the structure parameter lor temperature, C ~r:

1 T* ,
C-=-~C;

a; p'

CWesely 1976) and /, = 7.4 vy' £ Y> 4.23

where O| is a proportionality constant where

fl. =

and a, = 77.6 x 10"'' K. bPa"1, p is the atmospheric pressure (hPa). T is the air temperature (K) and \> —

14,6 x 10"* m~ s*1 is the kinematic viscosity of air. Rearranging Eq. 4.23, the dissipation rale of the

lurbulent kinetic energy (referred to as TK.E in the literature) is estimated using the Hill and Clifford

(1998) relationship for the dissipation ranee (range B. Fig. 2.2):

K

The contribution of humidity to C'T, typically one order of magnitude smaller than the contribution

due to temperature, is neglected (Fig. 2.5).

The Stability parameter for the structure parameter for temperature (C7 ). and a normalized

dissipation rale of mrbuleni kinetic energy, used for MOST, are defined as follows:

a n d <1>, - ^ - 4 . 2 6

where T, is the temperature scale for turbulence, u. is the friction velocity (m s"1), k is von Karman's

constanl (- 0.41) and z is the height above ihe level at which the wind speed is 0 m s'!. These

relationships alone do not allow T. and it. to be determined. Semi-empirical relationships are used to

determine <t>tT and O (Thiermann and Grassl 1992) where:

for<r -J\: L< 0. (U.r = 4 p : (1 - 7 ; + 7 5 C : ) X 4.27

for(z~d)/L>Q. O ( T =4p , ( l 4 - 7 ; - 2 ( ) ; : ) ' ' 4.28

) / L < 0 . q>, = ( l - 3 ; i ' - ; 4.29

- r f ) / I > a ^ . - (I - C •+ 16C:);- 4.30

vibert L=(z-J)L 4.31
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is the stability parameter and Tprctu. 2.40

is the Monin-Obukhov length (m), T is the air temperature (K). « is the acceleration of graviiy (m s"")

and (3, is referred to as the Obukhov-Corrsin constant. A value of 0.86 for |i, was used by Hill (1478).

Sensible heat and momentum Ilux densities, where

F. = - p , , , cv it. T. 4.32

and T - P . , l<- 2.34

(Eqs 2.34 and 2.26 respectively), are determined from it. and T. by combining Eqs 4.24 to 4.26 where:

: _ = 7-4 / ; . r- d ) y., 4.33

and T; = C~ -(k : ) ' ' • < l \ j . 4.34

Combining expressions for C L it', and 7"."' (Eqs 4.31. 2.40, 4.33 and 4.34 respectively):

. , - : k~ v' n:.. cl 1 ,„, 4.35

' T'- v ' { k : ) • 7 . 4

The right hand side of Eq. 4.35 is a function of beam height r. air temperature T(K), the inner scale of

turbulence /( and the structure parameter for temperature C\. Other terms include the density of air

p ir. the specific heat capacity of dry air c^ von Karman constant (~0.41). acceleration of graviiy g

and the viscosity of air v.

Using ihe semi-empirical expressions for d> and fl». (Eqs 4.27 to 4.30). and Eq. 4.35, it is

possible to solve for L it,, and T. using iteration. Hence, sensible heat flux density Fr may be

calculated using Eq. 4.32 and momentum flux density calculated using Eq. 2.34. The iterative

procedure is not entire!) reflected in Fig. 4.4.

Finally, invoking ihe shortened energy balance, latent energy flux density may be calculated as a

residual amount given measurements of net irradiancc /,,, and soil heat flux density F (bottom part

of Fig. 4.4) using: L, Fu = - / , „ „ -F, - F,it.. 4.36

4.3-5 Reference evaporation

Grass reference evaporation was calculated every two minutes using the Pcnman-Montcith method.

The method used followed (hat of FAO 56 (Allen et al. 1998) for daily reference evaporation

estimation. In spite of net irradiancc and soil heat fhi>; density measurements being available

{Eq. 4.36). ihe FAO 56 method of estimating these was used for estimating reference evaporation:

y • (ra +rf)-i A r,

where A (kPa "C" ) is the slope of the saturation water vapour pressure ys temperature relationship, rn

(s m" ') is the aefodynamic resistance (—20&/(U +0JD1) where LI is the horizontal wind speed in m s'!

and the offset of 0.01 m s ' ensures a non-zero denominator), the soil heat flax density F < 0 W m'"

Chapter 4 Evaporation measurement comparisons: scintiliomelry.
eddv covariance, surface renewal. Bowen raiio



Theory and practice of evaporation measurement, witb special focus on ] 19
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage et al.

during daytime hours ts taken as 0.1 of the estimated net irradianee /,,... paB is the density of air (kg

m'~). cf is ihc specific heal capacity of dry air al constant pressure (J kg*1 K."'). vpd is the water vapour

pressure deficit <kPa|. y (kPa "C ) is the psychromctric constani and r is the canopy resistance set to

70 s m" for grass reference evaporation (Allen el al. 1998).

4.3.6 Footprint estimation

A footprint describes the relative contribution of upwind surface sources to the measured flux density.

The sources of the flux are at the surface - a combination of soil and vegetation surfaces usually -

whereas for most measurement techniques, apart from the weighing lysimetric technique (Table 3.1),

the ilux density is measured at a height above ihe soil surface. Using notation similar to that used by

Calder (1949) and Gash (1986), the relationship between flux densiiy F{x,:m -c!\. sensible heat flux

density for example, at distance x from the source and al measurement height za, for a surface with a

zero plane displacement height d. and the footprint f(x,:m -d) is given by:

Fix.zw-J) = j S{x)f(x,zm-d)dx

where S(X ) is ihe source strength (W m"1 for sensible heat flux density footprints) at distance x. Most

often, distance x is taken as the downwind fetch distance. The basis of the K-lheory hypothesis upon

which Eqs 4.1 and 4.2 and the BR method is based, is that the vertical eddy flux 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 nv") with ihe eddy diffusivity A', (also referred to as the

exchange coefficient) in ihc vertical direction (nr s"1) can be written as the so-called

advcction-diffusion equation where u ( r ) is the mean wind speed al height r:

cf el ex ex cz

For homogeneous terrain, and if there arc no other sources or sinks, the horizontal concentration

gradient of the scalar vanishes (vC i ex - 0) with the result that the vertical divergence of the flux of

the scalar vanishes (A". -CC •' fr is constani with height).

An approximate solution to the advcction-diffusion equation (Eq. 4 J 9 ) is given by Calder (1949)

for an infinite crosswind line source of passive scalars using power expressions of height for wind

speed and eddy diffusivity. Calder indicated that ihe solution was actually provided by Roberts

(unpublished) [see Sutton (1953)]. Calder's work was the first description for the vertical diffusion of

material released al ground level. Early work by Monin (1959) using a similarity approach to the

diffusion oi' panicles and research for neutral How by Batchelor (1%4) and Clifford (1961) for

stratified How was followed by Pasquill 1.1972) who introduced the concept of upwind "source area".

Pasquill (1972) pointed out that: "measurements made al an elevated point may be accepted as

representative of underlying patchy terrain only if ihe patchiness is predominantly small compared to

the effective source area". Using a Gaussian (Fickian or normal! plume dispersion model, he

quantified the dimensions of the source area and its influence on concentration for smooth and rough

surfaces and for three stability classes. Pasquill and Smith (19R3) noted that observations of passive

plumes have confirmed thai ihc Gaussian form is a satisfactory description for the crosswind

distribution, in an ensemble sense. For the vertical distribution, the shape is not generally Gaussian but

somewhere between Gaussian and exponential. Gash (1986) extended the approach of Pasquill (1972)

by estimating the effect of a limited fetch on micromcteorological evaporation measurements
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assuming a uniform wind Held. He favourably compared the 90 % fetch and consequent fetch to

measurement height ratios using his assumption of constant wind Held (between surface and

measurement height! and the treatment by Dyer (1963) using empirical power functions of the vertical

variation of wind speed and eddy diffusivity. Gryning et al. (1983) investigated dispersion from a

continuous ground level source using a K-theory model and Gryning et al. (I9K7) used meteorological

scaling parameters to develop a probability density function plume model to evaluate the source area.

Applying the work of Pasquil! (1972) and Gryning et al. (1987). Schmid and Oke (1990) developed a

source area model tit estimate the source area contributing to turbulent exchange in the surface layer

above patchy terrain.

The estimation of the footprint of sensible heat and lalenl energy, and olher fluxes, is an important

application of micromeleorology to the fields of hydrology and boundan layer meteorology. Two

basic types of models. Eulerian analytical (Horst and Weil (1992. 1994). for example) and Lagrangian

stochastic dispersion models (Leclcrc and Thurtell (1990), for example), have been used to calculate

the footprini f(x.zm - d) and the flux density F(x,zm -«f)at a height above the surface and a defined

distance away from the source (Eq. 4.38). The Eulcrian approach considers changes as they occur at a

fixed point in the fluid whereas the Lagrangian approach considers changes which occur as a fluid

particle is followed along its trajectory. The Eulerian analytic models are relatively simple with ihe

Lagrangian models somewhat more complex. Hsieh el al. (2000) used a model based on similarity

theory, dimensional analysis and Lagrangian stochaslic dispersion model simulation output. Their

model framework was based on relationships among parameters such as flux, fetch, atmospheric

stability, surface roughness and measurement height. They developed an approximate analytic

expression, analogous to that of Gash (1986). Gash (1986) used the solution to Ihe advection-diffusion

equation, in a neutral atmosphere, provided by Calder (1952). For a given surface flux density S .

Gash (19<S6) showed that the flux density F{x, rra ) al a distance X (in) [where ,v is the down-wind fetch

requirement to achieve the desired normalised flux density], and at measurement height zm from the

surface flux, decreases exponentially with increasing distance x. Intuitively, an exponential decrease

in the flux density with increasing downwind fetch distance is not unexpected. Gash (1986) showed:

F ( x , : m ) = S t l e x L

k ii. .v

where U a is the average wind speed between the height z H d and the measurement height z m:

udz 4.40
J

where ". , - - d 2.15
u = — In

is the log-wind profile equation for neutral stability as a function of vertical height z above the soil

surface. Note that al height z - ztj + d. the wind speed is 0 m s"1 according to the neutral wind profile

equation and hence the requirement that ?>d+zu. Combining Eqs 4.40 and 2.15 and assuming that

the friction velocity u, is conslani with height r:
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'T 'J
u. =——

Making the two substitutions -' = and v = ln z'\

herefore |n 1 ^ ,/_- = _-. |n :'dz'

where dz' - z' dy.

Hence: , - - d , , , , , , ,
In di=y2a dz = v r , z dy—yzl e dy

so that u 7 - _ j - ,f
 l7/"

( —) In^-^dz ( ^ 1 ) f re1 rfv

assumiim that z is constant with height.

Integrating by nans: , -„ ". > r d . v d .
6 J ' ( ) f v — e -e — v ]

k dv dx
I fl

v. =

(=^l-)c'\v-n ;;: ( l - ^ » r ' [ l n r ' - l l
k

Hence

z u. (z -d) , z -d , „ . z u. z -d - -d

L
n b — — *- — n if

• — _ = . _ _

Hsieh ci al. (2000) used an equation similar in form but assumed that d« r,, and rfl 4 J « rm and

defined:

ty ( ^ , ( i ^ i ^ » 4 - 4 2

Iff/ and z + rf is not ignored relative to rri,. then

—
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For their work using potatoes, a relatively short crop, ignoring </ and r _ relative to -,„ may result in
negligible error for measurement heights about 2 m or more. However, for taller vegetation, d and zu

cannot be ignored.

Their model involved redefining a length scale. zu (m). for which:

Extending ihis to a surface with a zero displacement </ and surface roughness ; . and incorporating the

term rm '{:,„ — r, ) which Hsich el at. (2000) assumed sufficiently dose lo 1, ihe following more

exact equation defines a new length scale zu:

--.-.--.-•/I- ----rf . I toi l^J-!-^-!
zm-(zn+d) 2,,, xm-d

Using the outputs from the Lagrangian model of Thomson (1987) for a range of stability conditions.

Hsieh el al. (2000) expressed x L\, the horizontal distance to the MO length, as a function of their

similarity parameters D and P. the ratio of the length scale zu to L and the ratio F S,:.

where D — 0.21S and P = 0.59 for unstable conditions.

D = 0.97 and P - 1 for near neutral and neutral conditions. V

and D = 2.44 and P = 1.33 for stable conditions.

Hence, to estimate the horizontal distance x for which the flux density F at measurement height to

surface flux density S ratio is 0.9, or setlinc F / S = 0.9. rearranging and dividing Eg. 4.44 hv z .
the 9d '•'„ fetch to measurement height ratio is given by:

Hsieh et al. (2000) used a restricted condition for near neutral conditions, viz., \za L < 0.04

(= r/Z|<002),

Following Hsieh et al. (2000). the cumulative fraction of the flux density F to surface source flux

density 5, ratio, al distance x from the source and at an effective height of :,r -d from the soil

surface, can be estimated using:

F d ) 4 D = : \ i r ) 4-47p i 4
5 A-- x

<>

and the footprint of the surface flux density using
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. / , , , : | P ^ ; | |
A " .v" A " x

Using an approach similar to Caidcr (1952) and Gash (1986), they also showed that the peak

location of the footprint, .V;IIIJ) (ni). can be calculated using:

Dz';\L\]-p 4.49

The Hsieh et al. (2000) model is analytically based, combines the results from a Lagrangian stochastic

model and uses dimensional analysis. Their model results were in good agreement with those

calculated by detailed Euicrian and Lagrangian models. They used EC latent energy flux densily

measurements collected along a transect as confirmation of the model estimates.

For convenience. Eqs 4.47 and 4.49. for calculation the ratio of the flux densily F{x,:m -c/) to

surface source flux density 5 ,. can be written as:

F(.x. :„.-(!) . - 2 . 4.50
-! = e x p ( — ..v/i(vr( ).

Combining Eqs 4.48 and 4.49, the footprint may be determined using

f(x,zm -d\=~-x t exp (—-x ) A-]

x - x

and combining Eqs 4.46 and 4.49. the 90 % fetch to measurement height ratio determined using:

2x9.491 4^2

4.4 Material and methods

4.4.1 Bow en ratio laboratory measurements

The BR system is used for measuremenl of sensible heal and latent energy flux density, it would be

appropriate to compare BR-measured sensible heal flux density against that measured using the SLS

system. Bowen ratio systems are critically dependent on the profile water \;ipour pressure and air

temperature proille difference measurements. The most-commonly used BR system uses a cooled dew

point mirror for water vapour pressure measurements. However the limitations of this- sensor include

the cost of the Dew-10 sensor (General Eastern Instruments. Wilmington, Massachusetts. USA)

commonly used and the requirement that the electronic bias of the sensor needs to 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 ihc

field and tested in the laboratory.

In the laboratory, a reference dew point generator (L1610, Li-Cor Inc.. Lincoln, Nebraska. USA),

controlled by a Campbell 21X datalogger, was used lo obtain simultaneous measurements of water

vapour pressure from both sensors. The datalogger controlled the dew point generator lo increment the

dew point temperature generated in an airstream. Dew points ranged between 0 "C and a few degrees

below room temperature after which the datalogger reset the dew point to 0 "C. In this way.
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unattended measurements were performed. The Vaisala (Helsinki. Finland) HMP35C sensor was

replaced by a Vaisala CS500 air temperature and relative humidity sensor and the methodology

repeated. The procedure was repeated by replacing the Vaisala CS500 with a new Dew-10 dew point

sensor.

4.4.2 Bowen ratio field measurements

Three BR systems, modified after the 023A system of Campbell Scientific Inc. and connected to a

Campbell 2IX datalogger (Fig. 3.1). were used to measure air temperature and water vapour pressure

profile differences between heights of 1.55 and 2.96 m above the soil surface. The first system used a

HMP45C Yaisala air temperature and relative humidity sensor, the second a cooled mirror Dcw-10

hygrometer and the third system used a CS500 Vaisala air temperature and relative humidity sensor.

Each Vaisala sensor was scaled in a chamber. Unlike the Dew-10 chambers, the chambers were

heavily insulated using layers of mirror tape lo dampen sudden changes in lempcrature. Tubing in the

vicinity of the chamber was covered with adhesive aluminium tape in an attempt to further reduce

temperature differences between the sensor chip and the airstrcam. Measurements were performed

every 1 s and averages calculated every 20 min. Differential voltages corresponding to the HMP35C

or HMP45C air temperature and relative humidity were performed. The CS500 voltages were

single-ended, as recommended by the manufacturers. Every I s, the airstream atmospheric water

vapour pressure was calculated using the CS500 temperature and relative humidity measurements.

The Bev-a-line (Cole-Parmer. Vernon Hiils, Illinois. USA) tubing used for the water vapour pressure

measurements was as short as possible to minimise the transport time of the air lo the sensor.

Furthermore, the filter cover of the Vaisala sensors was removed. The inlet filter al each of the two

intake positions was however retained for both of the BR Vaisala systems.

Air iemperaUire was measured at two levels using 75-)jm lype-E thermocouples. At each level, a

parallel combination of 75-um thermocouples was used. Extra insulation was used lo cover the

thermocouple connectors al the thermocouple join. Extra precautions were taken to cover and

thermally insulate the point al which the thermocouple wires were connected to 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. Seattle.

Washington. USA) net radiometers placed at 2 m above the soil surface were used to measure net

irradiance. Seven soil heal flux plates (model HFTo. REBS) were used lo measure soil heat flux

density at a depth of SO mm and a system of parallel thermocouples at depths of 20 and 60 mm used to

calculate the soil heat flux density stored above the plates (Tanner I960). Volumetric soil water

content in the first 60 mm of the surface was measured using a frequency domain refleciometer

(ThetaProbe, model ML2x. Dclta-T Devices, Cambridge. UK) and a 615 soil re Hectometer (Campbell

Scientific). Most of these sensors were connected 10 a Campbell CR7X datalogger and transferred to a

CR23X datalogger after the 2003 accidental fire. Measurements were every I s and averages obtained

every 2 min which were in turn used to calculate 20-min averages for the BR calculations. The net

radiometers, soil heat flux plates, infrared thermometers for canopy temperature (model IRTS-P.

Apogee Instrument Inc.. Logan. USA), and other EC sensors were positioned approximately midway

between the transmitter and receiver units of the SLS40-A scintillomcter |Fig. 3.1).
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4.4.3 Surface renewal measurements

For the SR method, we used several unshielded type-E thermocouples (75-jiffl diameter) to measure

air 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 parallel. Some of the thermocouples were connected lo a

Campbell CR10X datalogger lhat also had a reference thermistor for thermocouple measurements. The

remaining thermocouples were connected to a CR23X datalogger. The thermocouples were pointed

into the predominant wind direction which occurred during daylight hours. Measurements were made

every 0.125 s (equivalent to a frequency of X Hz) and then lagged by 0.125 s and 0.25 s before

forming the second, third and fifth order temperature moments required by the Van Atla (1^77)

approach for SR analysis (Eqs 4.12 to 4.15) and then these were averaged every two minutes. Since

measurements from a number of thermocouples were stored in one datalogger, it was necessary to split

the data so that each data file corresponded to data from just one thermocouple. For this purpose, the

Spin program, pan of PC208 (version 3.OK) or LoggerNet 2.1. both from Campbell Scientific, was

used.

Software calculations, post-data collection, were used to calculate two-minute SR sensible heat

flux densities using the Van Aua (1977) approach. For this purpose, QuickBASIC 4.0, under

MS-DOS, was used lo modify and compile a program used to solve for the real roots of a cubic

equation {Eq. 4.12). Following the data split, the data file, for the 0.8 m height say, surfrcn.exe

QuickBASIC program was executed. The information file surfrcn.fac contains information required

when cxccuiing the surfrcn.exe program (Table 4.2). The required parameters arc self-explanatory.

The program requires two versions of the data file. For example ifsurfrcO8.dat is ihc data file for the

0.8 m height, the comma separated value (csv) file surfrcOS.csv must also exist in the subdirectory

c:\surfren. Following successful execution of the program, the file, in this example. surfreOS.out is

created (or overwritten if it already exists).

Table 4.2 The parameters required for the execution of the SR surfren.exe program together
with some example specifications

Parameter

path

file

alpha

rr

z
DRn

NRn

G

Z_G

Cv

Specification

c:\surfrcn\

surfrccOS

1

.5

0.8
9.17

1 1.25

36.7

.05

2.0

Explanation

Subdirectory for files

Data file names

Set lo 1 for grassland canopies
Not used

Height of measurements

An energy balance parameter
(not used)

An energy balance parameter
(not used)

An energy balance parameter
(not used)

An energy balance parameter
(not used)

Not used
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This fi!c may be opened in Excel, specifying that ii is comma delineated. The tile contains the

values for a. s - I and the sensible heal flux density (Eq. 4.10) for each 2-min time period. The 2-min

SR sensible heat flux density measurements were then averaged to 2(1 min. 30 rain or daiK.

4.4.4 Eddy covariancc measurements

Adjacent to the automatic weather station, a three-dimensional sonic anemometer (SWS-21I3V.

Applied Technologies. Boulder. USA), referred to as ihe EC AT system (Fig. 3.1). was used as an EC

system 10 measure the sensible heat flux density at a height of 1.45 m above the soil surface. Late in

the study, the measurement height was increased to a height above soil surface of 2.12 m (Table 3.2).

This anemometer, with a 100-ntni sonic path length, was connected lo a digital to analogue converter

that then connected to a 2IX datalogger (Campbell Scientific. Logan. USA). Measurements of the

three components of wind velocity. ;/. v. vr in the .v. r and z directions respectively and sonic

temperatures 7"were performed every 0.1 s (frequency of 10 Hz). Following the accidental fire (day of

year 227. 2003). the 21X data logger was replaced by a Campbell CR23X datalogger and a

replacement three-D sonic anemometer was used (same model). The sonic anemometer measurements

were processed on-line and the two-min covariancc between the u and T (for determining sensible

heat flux density Ft.) and the covariancc between vr and the horizontal wind speed U =^u2 +v~ (for

determining momentum flux density T) were calculated (Eqs 4.18 and 4.19 using piijr p - 1136.3 J

nv K'1 and p i; - 1.12 kg W ) . The iwo-minule averages of u, v. w and sonic temperature Tand wind

direction B (= arctan v it) were also stored. For a limited lime, net irradiance (model Q*7 net

radiometer), vertical wind speed and air temperature were sampled every (1.2 s using a Campbell

CA27 one-dimensional sonic anemometer and fine wire thermocouple, respectively, and data

processed using a Campbell 21X datalogger and two-minute averages, standard deviations and

covariances stored for further data analysis. Data rejection rules were fairly simple: sometimes.

usually whenever there was condensation, covariances of-99999 were excluded. Missing values and

also periods when incorrect sonic temperatures approaching 50 "C were also used lo exclude sensible

heal data. These incorrect values were caused by dirt on the sonic transducers or faulty transducers,

nighttime EC measurements were often unreliable due to condensation or mist affecting the acoustic

signal.

Calibration of the ECAT system and its replacement was performed by placing the 3D system in a

box for which each component of the wind speed was 0 m s"1. The air temperature and relative

humidity, required for accurate speed of sound estimation (from which the sonic temperature is

calculated), was independently measured using averaging thermocouples and a Vaisaki CS500 air

temperature and relative humidity sensor placed inside the box.

A fasl responding water vapour pressure and carbon dioxide concentration sensor (LI-7500,

Ll-COR Inc.. Lincoln. USA) and a second Applied Technologies 3-D sonic anemometer (model

SAT1/3Y) with a sonic path length of 150 mm were used to calculate the following flux densities

using the EC technique: sensible heat, latent energy, momentum, and carbon dioxide. This system is

referred to as ECopen (Fig. 3.1).

4.4.5 SeintillomtU'r measurements

The procedures used for two-minute SLS sensible heat flux density measurements arc described in

Chapter 3. The beam path length was kept at 101 m and the beam height varied between 1.5 and

1.65 m except near the end of the study. For a limited time, the influence of beam height and beam

angle on ihe sensible heat flux density was investigated. A beam angle of 22' for the non-horizontal
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beam measurements was used. For the variable 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 calculate t/ + ; r where it was assumed that the zero plane displacement height

d =t 0.67 h and ihe roughness length zn -0.1 /; . The effective beam height input, which is required fi>r

SLS measurements, was set at beam height above the soil surface minus </ 4 zr,.

For some of the lime, the voltage range was altered (Fig. 3.9) due to low voltage signals. The

transmitter and receiver units required little attention apart from inspecting for din and cobwebs

obscuring the beam and occasional realignment following storms. The cables had to be replaced swice

- once due to the accidental fire and a second lime accidentally when the grass was cut (Table 3.2).

4.4.6 Reference evaporation estimation

The procedures for the estimation of grass reference evaporation arc described by Allen ct al. (1998).

The calculations (Eq. 4.37) were performed in Excel and cross-checked against those used with

real-time estimates of reference evaporation (Campbell Scientific Application note, undated). Grass

reference evaporation was estimated every two minuics using these procedures. While the AWS

system was available, all reference evaporation estimates were based on the AWS data. After the

system was removed, data from the same model sensors were used except ihat for solar irradiance, a

Kipp and Zonen CM3 thermopile sensor was used. For some of the lime, horizontal wind speed from

the 3-D sonic anemometer was used. Waler vapour pressure was measured using a Vaisala CS500 air

temperature and relative humidity sensor from Ihe AWS system, or by one of the following humidity

sensors: another CS500. a Vaisala HMP35C or HMP45C air lemperaiure and relative humidity sensor

or a Dew-10 cooled dew point hygrometer.

4.4.7 Footprint analyses

The model of Hsieh et at. (2000) relies on the definition of a length scale zu for determining the

footprints. Their definition was adapted lo include a surface with a zero plane displacement height d

and a surface roughness r , and also included the factor:

which they assumed sufficiently close to I (- sec Eq. 4.43). The peak location of the footprint x t

was calculated using Eq. 4.49. the ratio of ihe flux density F[.v.:il, -d) ' S „ ratio calcukued using F.q.

4.50. the footprint calculated using Eq. 4.51. and the MO % height to fetch ratio calculated using

Eq. 4.52. In the case of the BR system, the measurement height for footprint calculations was taken 10

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 Bowers ratio

system was at a height of \ 155 x2.% m =2.14 m which is almost the same height as the EC AT system

after day of year 362. 2003 (Table 3.2).

4.5 Results and discussion

Before the results of the measurements for the \arious methods could be compared, a study was

undertaken to imestigatc the replacement of ihe cooled dew point mirror with a Yaisala sensor.

Furthermore, ihe results of the wind direction and footprint analyses needs 10 be known before

conclusions can be made about the various measurement techniques.
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4.5.1 Bowen ratio measurements

The BK method requires a humidity sensor that has a resolution of ±0.01 kl'a or belter. The stability

of ihe Dew-1() dew point measurements is about 0.05 "C. resulting in a water vapour pressure

resolution within O.OI kPa for chamber temperatures less than 26 "(.'. Between 26 ' f and 40 "C. dew

point measurements within 0.05 X results in a water vapour pressure resolution within 0.02 kPa. The

limitation in the measurement of the profile difference in air temperature is ihe datalogger temperature

resolution of ±0.006 "C. This is normally achievable using unshielded 75-u.m type-E thermocouples.

4.5.1.1 Error analysis of \ aisala HMP45C and CSS0O water vapour pressure measurements

The error in water vapour pressure for a dew point sensor is only dependent on the random error and

bias due to the measured dew point. The one disadvantage of using a relative humidity sensor, such as

a Vaisala air temperature and relative humidity sensor, compared IO a dew point sensor, is that the

calculated water vapour pressure depends on the measurement of temperature and relative humidity

from iwo 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 at exactly the same

position of ihe airstrcam. Ideally, when calculating the water vapour pressure from relative humidity

measured using a Vaisala chip, the temperature of the chip needs to be known and not the temperature

of the airs(rcam. Usually however, the two sensors are located in very close proximity - millimetres

apart. Also, the humidity chamber could be insulated but this alone ma) not eliminate all differences

in temperature between the chip and ihe airstream. The airstrcam-chip temperature difference should

decrease with increased flow rate.

The manufacturers state that the accuracy of the temperaiure sensor of the HMP35C or HMP45C

sensor varies with temperature and is ± 0.2 "C at 20 "C and ihe humidity sensor error is ± 2 % RH

where the % unit is in relative humidity units and not a percentage of the measured relative humidity

(for RH between 0 and c)0 %). For the CS500. the error in humidity measurements is ± 3 % RH and

the error for the temperature sensor also varies with temperature and is ± 0.46 "C at 20 "C. Vaisala do

not however give any indication of the resolution limits for their sensors. The datalogger resolution for

ihe water vapour pressure measurements is 0.0001 kPa. The limitation of water vapour pressure

measurements is the stability of the measurements. The manufacturers present a graph showing ihe

error in the temperature sensor as a function of temperature. Based on this information, the error in

temperature. oT ("Cl for a Vaisala HMP45C is given by:

f o r r > 2 0 ' C 6 T = 0 . 2 - 0.1 <7"-20)'20

and for T< 20 llC 6T = 0.2 H 0.1 [20 - T) 20

and thai for a CS500 for T > 0 "C is given by:

6T = 0.3-0.008 T.

These relationships are depicted in Fig. 4.5. So between 0 and 40 "C. ihe error in temperaiure for the

CS500 varies linearly between ±0.3 to ±0.62 "C respectively compared io between r0.2 and ±0,3 "C

for the HMP45C for the same temperature range but with the minimum error being ±0.2 at 20 "C.

Clearh then, the HMP45C temperature has a more accuraic temperaiure sensor than that used in Ihe

CS500.

Since the water vapour pressure is calculaled using:

e~RHxe, /100.
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Fi«;. 4.5 The error in temperature ("C) for the two \ aisala relative humidity and temperature
sensors. The error for any «ivcn temperature is between the upper and lower corresponding set
Of sensor curves. So for example, at 20 "C. the error for the CS500 is ± 0.46 "C and ± 0.2 "C for
I he HMP45C

the error in water vapour pressure. Se, may be estimated using:

&e=^{5efdRHY &RH' H (de det )' -Be;

where using rules of calculus. cV / CRH = c. •' 100 and te ' (\\ -RH 100 and where

6i', -{cc cT)-6T-A-^T (kPa) where A tkPa "C1) is the slope of the saturation water vapour

pressure vs temperature relationship:

& =4098JQ2862 • e, / (2373 ^ Ty

where T f°C) is the air fernperalure and

et =0.6108-exp[172694r 12373+7 )].

Finally, then.

100}- (RH ,'100r A- -5T-.

Clearly then, the error in water vapour pressure is temperature dependeni since both e, and A are

temperature dependent and the information provided by the manufacturer shows that 87" is also

temperature dependent.

Also, the relative humidity and the error in relative humidity determine the error in water vapour

pressure. For the HMP45C sensor:
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45( = \<<\ I©81* WH-HKH '100)- -A' •CO2 + 0J-(.7p-20)/20)'

for r > 20 T o r for r<20"C

SeHmm ^{et 100) : -6RH2 -\(RH I00): A* ( 0 2 H 0.1 -(20 - 7") •20) :

and for the CS50€ sensor:

^ ^ ^ e , : l 0 0 r -6RHZ -n RH 100) ' A2 (0

lor 7">0"C.

Using the manufacturer's recommendation of oA1// = - 2 % for the HMP45C ando /? / /=±3 % for

the CS500. oY was determined as a function of temperature between 5 and 50 "C and relative humidiu

between 10 and 90 %. The calculations show (Fig. 4.6) ihat the error in absolute water vapour

pressure exceeds the limits required by the BR technique. However, these errors should be regarded as

the maximum error in water vapour pressure. Typically in summer, air temperature on hot days ma\

vary from [5 to 40 °C and this temperature variation may be typical of that experienced by the air in

the hygrometer block. If this is the cascr then error for the HMP45C water vapour pressure

measurements may range from ± 0.03 kPa in the early morning to ±0.15 kPa (for a relative humidily

of 50 %) at 14h00 (Fig 4.6b). These errors exceed the + 0.01 kPa resolution value of the Dew-10 dew

point hygrometer. The errors for the CS500 are larger, particularly for high relative humidities and

temperatures exceeding 30 "C (Fig. 4.6b bottom).

One option to reduce the error shown in Fig 4.0 is to reduce temperature to below 30 "C. While it

may be possible to reduce enclosure temperature, which contributes to the hygrometer block

temperature, it is not possible to reduce the temperature of the air flowing through the block.

If the same Yaisala sensor is used for water vapour pressure measurements at both heights, and if it

can be assumed thai the errors shown in Fig. 4.6 are systematic, then the errors existing for

measurements at both heights would lend to cancel. However, laboratory proof of this would be

required before the sensor can be used in the Held for BR measurements. Furthermore, if the

temperature of the airstream for the two levels is different, as might be expected for sensible heat flux

density directed away from the surface, the errors may not cancel due to the non-linear nature of the

error as a Junction of temperature.

J.5.1.2 Use of Vaisala sensors for water vapour pressure profile difference measurements in the
laboratory

In the laboratory, profile differences in water vapour pressure were created using a LI610 dew point

generator. The differences were measured in three separate experiments using a Dew-10 cooled mirror

hygrometer, a Vaisala HMP35C and a Vaisala CS500 hummer. The Vaisala CS500 sensor, much

cheaper than the Dew-10 dew point sensor and the HMP35C. had the greatest variability in water

vapour pressure difference measurements (Fig. 4.7a). The Dew-10 dew point mirror had the smallest

error mean square (Fig. 4.7c) but is more expensive and suffers from the problems of maintenance of a

stable bias as mentioned previously. The 2003 field measurements of water vapour pressure using the

Dcw-10 could not be relied upon.

The Yaisala HMP35C sensor (now replaced by the HMP45C) seemed the most promising in terms

of an alternative 10 the Dew-10 cooled dew point mirror. The ability of the HMP35C to measure very
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Fig. 4.6 (a) Top: the error in the water vapour pressure for a Yaisala CS50O sensor as a function
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(b) bottom: the error in the water vapour pressure for a Yaisala HMP45G sensor as a function
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small water vapour pressure differences appears uood in (his laboratory experiment in which ihe air

temperature hud a much reduced diurnal range compared to that that may be experienced in the field.

The slope (FILL. 4.7b) is close to 1 bin somewhai lower than that for the Dew-10 dew point mirror (Fig.

4.7cI. Flow rates using the laboralon calibration procedure were limited by lhe dew point generator

and ihis may explain the slope values of less than I.

Of particular note is that in spite of the error in water vapour pressure shown in Fig. 4.5. the

Vaisala sensors are capable oi' resolving the water vapour pressure differences lo within 0.0(15 kPa or

better, when compared to the dew point generator, under fairly temperature-controlled conditions.

4.5.13 Field use of a I aisala sensor for Hater vapour pressure profile difference measurements

Water vapour pressure profile difference comparisons were made in lhe field. In this section, we

report on comparisons between profile water vapour pressure differences measured using a

conventional cooled minor hygrometer (the Dew-10 hygrometer) and HMP45C and CS500 Vaisala

sensors. The cooled mirror sensor is more expensive and requires a bias adjustment for the sensor to

converge on the correct dew point. The Vaisala sensors require no attention. The calculated BR
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sensible heat and latent energy flux density comparisons with EC and SLS estimates of sensible heat

and latent energy arc reported on in Section 4.5.4.6.

In the first field experiment, two Vaisala sensors (HMP45C and CS500) were each placed in

individual humidity chambers. The outlet of the one chamber was connected to the hold of the other.

The inlet of the first chamber was connected to the inlet air stream from the mixing bottles, and the

outlet of the second bottle was connected to the inlet to the pump. In ibis fashion, the two sensors

measured the water vapour pressure and air temperature of the same air stream. Water vapour pressure

and Vaisala temperature were measured every 1 s. At the end of each 20-nain period, the mean and

standard deviation of all water vapour pressures and temperatures were stored.

Measurements were obtained over a period of about a week (Fig. 4,8). There was very good

agreement between the water vapour pressure profile differences de (Fig. 4.8 botlom) during the

daytime and during the nighttime. Negative de measurements corresponded to latent energy directed

toward the surface. Dew occurred during the measurement period, corresponding to the negative c/c

measurements shown. The experiment was repeated (data not shown! for a period of a month with

similar results.

The standard deviation in the water vapour pressure difference is calculated as the square root of

the sum of squares of the standard deviation of the upper level and lower level water vapour pressures

and is shown in Fig. 4.8 middle for both the CSSOO and HMP45C sensors for all or part of the period

day of year 9 to 14. 2004. There is good agreement between the standard deviations for the two

Vaisala sensors with the standard deviations for both sensors swamping the mean determined for each

20-min interval (compare Figs 4.S bottom and middle). The standard deviations agreed with each

other (Fig. 4.8 middle) showing greatest standard deviations during the daytime hours (Fig. 4.8 top).

The spikes usually correspond to sunset. So in spile of the greater absolute error in water vapour

pressure measurements for the CS500, according to the manufacturer, there appears to be little

apparent measurement advantage in the use of the more expensive HMP45C sensor for the purpose of

determining water vapour pressure profile differences. The one advantage of the HMP45C however is

that ii does have a switch control option to turn the sensor on using datalogger control just before

measurements and then immediately off. This disadvantage is obviated when using a CR10X and

CR23X that can provide for switch control of the CS5G0. The CS5Q0 does not have a built-in switch

control option and this results in an increased current drain if the sensor is continuously powered.

However, in terms of price, the CS500 is significantly cheaper ($335 vs $545 for the HMP45C, Jan

2004 prices) and compared to $730 for the Dcw-10 sensor).

In a second experiment, measurements were made using two chambers connected in-line with the

one chamber containing an HMP45C Vaisala sensor and the second chamber containing a Dew-10

cooled mirror. Most of the measurements were done with the inlet air passing through the Vaisala

chamber first and then entering the Dew-10 chamber and then out to the pump. This arrangement

would reduce the influence of the Dew-10 cooled mirror measurement method affecting the Vaisala

measurements. Measurements were conducted for more than four months (Fig. 4.9). As was the case

for the firsi experiment, the standard deviation in the water vapour pressure profile differences

increased during the daytime hours (Fig. 4.9 top). From the temporal plot (Fig. 4.9 top), the standard

deviation lor the HMP45C measurements were similar to that o\' the cooled mirror measurements

except for when the water vapour pressure differences were small. This is confirmed by Fig. 4.0

middle. Statistically, there is very little difference between the cooled mirror Dew-10 and HMP45C

waler vapour pressure profile difference measurements (Fig. 4.9 bottom). All three sensors (CS5O0.
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HMP45C and Dew-10) detected negative water vapour pressure profile differences, corresponding to
dew deposition, equally well (Figs 4.8 bottom. 4.9 bottom).

Typically, the 20-tnin standard deviation of the profile differences in water vapour pressure is

nearly 50 % greater for the HMP45C than for the Dew-10 (0.0233 kPa re 0.0161 kPal for ihe higher
evaporative demand conditions (Fie. 4,10 bottom) and more than five times greater (0.0009 kPa vs
0.0050 kPa) for ihe low evaporative demand conditions (Fig. 4.10 lop). Both sensors respond within

10 s to an abrupt change in the BR system water vapour pressure (Fig. 4.11 topi. The Dew-10 sensor

responds slightly more quickly (within 5 s) than the Vaisala HMP4SC sensor that responds within 10 s

(Fig. 4.1 1 middle and top). However this advantage and the advantage of decreased variability of the

Dew-10 measurements do not disqualify the use of the Vaisala sensor for this application since

measurements are averaged over the last SO s of a two-minute period following which the difference in

water vapour pressure between the two levels is calculated. Generally, the greatest change in water
vapour pressure is at the beginning of the 2-min period and not during the NO-s averaging period. In

some case, in particular for low evaporative demand conditions, the HMP45C showed large variations
in water vapour pressure profile differences during the 40-s equilibration period (Fig. 4,1 1. bottom).

A report by the World Meteorological Organisation (2004) gives ihe time response of Vaisala
Humicap sensors such as that used in the HMP45C sensor as 0.5 s at 25 °C (and 10 s at -40 nC) for a

ventilation speed ot"5 m s '. The report did not state if this response time was with the filler removed.
Presumably it was.

In the case of BR measurements, since the waicr vapour pressure is calculated from ihe relative
humidity and the adjacent chip temperature, it is no( only the time response of the humidity sensor that

is of concern. The time response of the temperature sensor was only considered as a possible

limitation after the completion of these measurements and not addressed. The influence of this time

response could be reduced by using a high How rate, thereby ensuring that the sensor is exposed to a

rapid!) moving airstream. Alternatively, ihe sensor could be replaced by a fine wire thermocouple

with a faster time response. However, whatever sensor is used, no adjacent sensor apart from cm

infrared thermometer could measure the temperature of the humidity chip. It is the iL'mperalure of the

humidity chip thai is required together with the measured relative humidity to calculate the water
vapour pressure. The possible impact of any nmc response problem due to the temperature or relative
humidity sensor could be reduced by increasing the 40-s stabilization period before measurements are

made. Measurements are made every 1 s for the last SO s of each 2-min period. Increasing the

stabilization time from 40 s to 60 s should not materially affect measurement accuracy. The

disadvantage of this is that evaporation measurements are only collected 50 % of the time.

The variation in block temperature (Fig. 4.11 middle) is shown for a two-minute period. The block

was insulated, and the hose eniering the chamber covered with adhesive aluminium. The variation in

the block temperature measurements is within 0.05 °C (Fig. 4.11 middle) for this lime period and. for
the measured relative humidity of 46.7 "». this variation would result in a variation of 0.005 kPa in

water vapour pressure even if there was no variation in measured relative humidity* A variation of

0.005 kPa in water vapour pressure is reasonably consistent with the variation in ihe water vapour
pressure measurements shown in Fig. 4.10 bottom. The variation in air temperature and water vapour

pressure arc in-phase (Fig. 4.1 1 middle), largely through the influence that air temperature has on the
calculated water vapour pressure. This in-phasc nature is indicated by the venica! arrow, for example.

The in-phase nature is due to the fad that the water vapour pressure of the airstream, c . i s

estimated using:
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where RHlriiilu is the measured relative humidity and c\iTlri;i ) is the saturated water vapour

corresponding to the Vaisala temperature Tramle. Clearly therefore, assuming that RH,uu:!u is

unchanged, an increase in T. , results in an increase in e (T. . ) causing an increase in e
•- latxaSo l.i'^i/u ' ~ itlf stream

Similarly, a decrease in T. , results in a decrease in t- (T, . . ) causing a decrease in e . The

question however that deserves atlenlion is: what causes the step-like variation in temperature shown

in Fig. 4.11 middle'.'

The step-like variation in air temperature (Fig. 4.1 1 middle| is due to the 21X datalogger voltage

resolution limitation for the 0 to 5 V voltage range. The resolution on the 5 V range for the 2IX

datalogger is 0.33 mV and this translates to a temperature resolution limit of 0.033 "C for the Vaisala

temperature sensor. The limitation of the voltage resolution on the temperature measurements

affecting the water vapour pressure estimates could be avoided by using an alternative temperature

sensor thai does not suffer from the same problem. The replacement sensor should also be small since

it would need to be mounted very close to 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 sludy. The datalogger resolution for thermocouple measurements are 0.006 "C compared to

0.033 "C for the Yaisala temperature sensor. Some preliminary tests showed that a fine-wire

thermocouple showed a greater variation in temperature than the Vaisala temperature sensor, mainly

due to the small size of the thermocouple. This greater temperature variation caused a greater variation

in the estimated water vapour pressure than if the Vaisala temperature sensor was used.

Some of the data collected (not shown) indicate thai the water vapour pressure measurements of

the CS500 arc more variable than those obtained using a Dew-10 or a Vaisala HMP45C sensor. The

reason for this could be that the CS500 temperature sensor is less accurate than that used by the

HMP45C (Fig. 4.51. For example, at 20 " C the CS500 temperature sensor has more than double the

error of the HMP45C temperature sensor. The increased error in temperature measurement impacts

directly on the error in water vapour pressure measurement.

A relatively long-term measurement comparison between latent energy flux density L, Fu (W m*2)

obtained using the Vaisala HMP45C and Dew-10 sensors is shown (Fig. 4.12). The comparison is

good with little statistical difference between the estimates for the two different sensor types. The

Yaisala HMP45C sensor is cheaper, more reliable and requires much less attention than the Dew-|()

sensor.

From the data collected, it would appear that either the Yaisala CS500 or the Vaisala HMP45C

may be used as a replacement sensor for the Dew-10. To reduce the noise in the temperature

measurements and the temperature difference between the humidity chip and the airstream

temperature, the chamber used for water vapour pressure measurements should be insulated and the

hose immediately 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 sensor> (Figs 4.8 bottom. AM bottom. 4.11 middle). Furthermore, there was no statistical

difference in latent mergy flux density obtained using the Yaisalu HMP45C and the Dew-10 sensors

lFig.4.12).

4.5.1.4 Practical issues related to BR measurements

A number of practical difficulties may arise with the use of the BR system. These are listed below.
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1. Incorrect dew point measurement, Some til"the Dcw-10 mirror sensors often cannot hold the correct

dew point for extended periods of time. This is often made worse in condensing conditions. This may

he due to the electronics but it could be dirt or due to other things. Resetting the bias and cleaning the

mirror may correct the problem bin sometimes only for a limited period, typically no more than a

week;

2. Leaky bottles. The mixing bottles weaken in their corners with time. They become brittle and crack.

The cracks are not easily visible in the field with the bottles in their enclosure. If both bottles have

cracks, leaks may occur and then smaller than actual profile waler vapour pressure difference (Jv)

values are measured. A crack in one bottle but not the other would probably also reduce measured de

values. Bottles should be routinely replaced after a year and then tested in the laboratory for leaks due

to cracks;

3. Poor hose connections, We found that the nylon Swagclok connectors (NY-600-61) work best.

Hoses should not be joined from one size to another hut rather connected directly to the bottle

connector with no joins. However with lime, any of the various connector types shrink the end of the

hose causing a looser lit and hence may leak. Even over a period of a couple of weeks the end of the

lube can shrink and result in leaks. The NY-600-61 connectors allow a reasonably long length of hose

to be sealed, reducing the chance of leaks. It is a good idea to check all hose connections at each site

visit. The fit can be tested by pulling to see if the hose is loose. If it is loose, cut off 20 mm of tubing

and reinsert and seal;

4. Dirty hoses, hi polluted environments, the inside of hoses gets covered with dirt. This was the case-

for the first BR system used at (he site. Eventually the hoses become almost grey in colour. This dirt

can contaminate the solenoid and also the humidity sensor. An annual replacement of (he hoses for

dirty environments is advisable;
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5. Faulty solenoids. Solenoids can stick in which case they do not alternate air from one level to

another. This was the case for the first BR system used at the site. This results in smaller de values.

Also, solenoids can leak in which case air is taken from one level and partly from another al the same

time. This will also cause smaller de values. If a solenoid does not sound a loud click when it

swiiches. it is best to have it checked in the laboratory'. It could be that high humidity causes problems

with these solenoids. Solenoids should also be tested in the laboratory for leaks using two air streams

of known hut different dew points. Under high evaporative demand conditions, one can observe the

water vapour pressure change at ihe end of a two-minute period. Under high radiative conditions

during summer after 11 hOO. the change in water vapour pressure should exceed 0.04 kPa:

6. Long hoses. Long hoses that are wrapped up behind the enclosure cause nothing bui trouble.

Usually these dangle quite close to ground and experience low temperatures at night (compared to if

kept at higher elevations). At night, the air flowing in the hose may therefore condense. Once there is

condensation in these hoses and in the mixing bottles, it may take days of warm weather for the water

to complete!} evaporate. Applying tape to the hoses to reduce LJV degradation in the hose does not

help since then one cannot see the condensation. One way to prevent condensation inside the hoses is

to insert a constantan wire that is heated to maintain the air temperature just above the dew point. The

heating could be controlled by the datalogger based on the measured relative humidity. Condensation

inside a hose may mean that there is liquid water in the mixing bottle as well. If condensation inside

the hose is noticed, one would have to disconnect the bottle and remove the liquid from the bottle and

the inside dried with a paper towel. The bottle should then be resealed and connected to the hoses.

Hose condensation can be removed by first removing the inlet filler and then connecting the bottle end

of the hose to the outlet end of the pump. If one has to have long hoses, it is a good idea to ensure that

the hose is as high above ground as possible and wrapped around the enclosure. Alternatively, most o\'

the excess length could be pushed to the inside of the enclosure (where the temperatures are greater

due to the electronics). Better still, the length of hose needed should be as short as possible. It is

always advisable to inspect ihe hoses very carefully al each visit to see if there is condensation. Site

visits in the early morning should show the condensation cither at the bottom of the dangling hose or

inside the enclosure jusi as the hose attaches to the bottle. The change in water vapour pressure for

two or three two-minute periods should be viewed to sec if the de values are as cxpccied. Water

vapour pressures close to saturation for either level may indicate condensation. In addition, it is

advisable to store the standard deviation of water vapour pressure for both profile levels. Experience

has shown that during the night, the standard deviation should be low and approximately the same for

both levels. Large standard deviations for the one height but not the other is an indication of possible

condensation or leaks. Similarly, the daytime standard deviations of the water vapour pressure for both

levels should be fairly similar in the absence of condensation or leaks:

7. Dirty filters or incorrect filter orientation. Dirty filters obstruct the How of air causing longer times

for air lo gel to the bottles. The fillers need to be oriented so that the smooth side is exposed to the

sensor and ihe coarse side to the incoming air:

8. Thermocouples. At every thermocouple connection point, errors can result. Unlike the water vapour

pressure measurements, these errors are "invisible" in the sense that the measurements themselves give

no clue that something is amiss. There are two connecting points for the fine wire thermocouples.

Insulation can be used to co\er ihese connecting points and then aluminium used to cover the

insulation. This method often reduces temperature measurement errors if there arc sudden changes in

temperature. Af ihe datalogger end. the panel for covering the connecting channels should be used.
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Both the 21X and the CR23X have connecting strips (insulation covered by metal). These should be

used whenever BR iemperature measurements are made. As a last resort, a large pieee of Prcstik could

be used to cover the area where the thermocouples are connected to ihe datalogger and the Prestik

covered with aluminium foil;

9. Cobwebs on thermocouples. These are a problem since they affect the measured profile air

temperature differences. Also, care is needed when removing cobwebs since the thermocouple is

easily broken. The Bowen ratio manual recommends the use of dilute hydrochloric acid washing

followed by distilled water washing to remove the cobwebs;

10. Viewing the temperature measurements at the datalogger display is advisable. There have been

cases where the thermocouple looks inlact but does not make electrical contact with the thicker melal

post. Very carefully pushing on the thermocouple with a small tooth pick will show if it is joined there

or not. Care is needed to avoid damaging the thermocouple with this procedure;

11. Broken'dirty net radiometer domes. The top domes need to be inspected using a ladder to view the

sensor from above for close-checking for small cracks in the dome or removing excessive dirt. Cracks

in the dome let water on to the sensor which can discolour it and change the calibration factor

irreversibly. Distilled water and a camel hair brush should be used to clean the dome;

12. With some 21 X dataloggers, the program causes the pump to switch off at sonic time after sunset.

This can be prevented by removing the call to subroutine (ai the end of datalogger Table 2). The

consequence of this is that the system does not suspend when battery voltage goes low.

It should be possible to use a CR10X datalogger as part of a Bowen ratio system. Care however is

needed with regard to ensuring that the reference thermistor used is very well insulated so as to not

compromise the reliability of the air temperature profile measurements:

13. The soil heal flux measurements are crucial, particularly for short vegetation, since they define the

calculated sensible heat and latent energy. Stannard ei al. (1994] recommended that at least three soil

heat flux plates were required for llieir heterogeneous terrain measurements. Care is needed to ensure

that the correct depth placement is used.

4.5. 1.5 Conclusions

From the available data, either ihe Yaisala HMP45C or the CS500 can be used to replace the Dew-10

cooled mirror hygrometer sensor of a BR system. This replacement makes the BR system much

cheaper with little aueniion required by the humidity sensor compared to the Devv-10 sensor. The

issue is the Yaisala air temperature and water vapour pressure variability during the last SO s of each

2-min period. The Yaisala 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 corresponding

Dew-10 measurements. Further modifications could include increasing the equilibration time from

40 s to 60 s and using a finc-uire thermocouple to measure the temperature of the airslrcam.

4.5.2 Analysis of wind direction

Besides the investigation on a replacement for the Dew-10 sensor of the BR system, an analysis of

wind direction impacts is needed before comparisons between sensible heat flux density for the

different measurement methods can be made.
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When viewed from the transmitter, the receiver position was 20" W of compass N (Fig. 3.1). almosi

from S to N. For this location, me magnetic declination for compass N is 22". In other words, compass

N is 22" W of true N. Al! directions were referenced in degrees from compass N in an anticlockwise

direction. Winds exactly perpendicular lo the beam correspond to a wind direction of ) 10 or 2W"

from compass N. Wind directions between 90 and ISO" and between 270 and 360° were rare. Winds

parallel to the beam correspond to a wind direction of 20 or 200° from compass N. Wind directions

corresponding to the 0 to 90° sccior sometimes were the result of Berg winds and also correspond to

wind for ihe residential area including trees. For the 0 to 90" sector, the mam wind direction is about

50" and 215" for the 180 to 270" sector.

Since wind direction for this site is highly variable, the following conditions were used to define

wind perpendicular and parallel to ihe beam:

parallel to beam: wind directions between 350 and 50 degrees or between 170 and 230 degrees;

perpendicular lo beam: wind directions between 80 and 140 degrees or between 260 and 320 degrees.

In other words, wind directions within 30 degrees of the directions corresponding to exactly parallel

(20 or 200") and perpendicular to the beam (1 1 (I or 290").

4.5.2.1 Daily wind vector analysis

Sub-hourly wind speed and wind direction from measurements 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 to the SLS beam results in SLS measurements representing a much larger footprint area

than if the direction is parallel lo the beam. Initial impressions were that ihc main winds during the

day were from the SE.

The daily (OlShOO to IShOO only) wind speed and wind direction values were calculated from the

two-minute values, of the horizontal wind speed U and wind direction 9. referenced to N and

anticlockwise from N. using vector algebra:

U\ =u=(ZU cos8 ) • n

M.i =v = {Zl~ s i n O ] n

9 - arctan(« . < u> )

where u is the number of acceptable two-minute measurements between 06h0Q and 18h00. The polar

diagrams, for day of year 28 to 276 (2003). together with the resultant wind vector i'or the 0 to 90" and

180 to 270' sectors, are shown (Fig. 4.13). Clearly, during the daytime hours, the wind vector wind

direction, referenced to compass north, is generally SE (180 to 270") (Fig. 4.13a) but sometimes from

the NW (0 10 90"). The strongest winds were from the 20 to 50° directions. The magnitude of the

largest daily SLS sensible heat densities occurred when the wind direction was between 240 and 270"

(Fig. 4.13b) corresponding to an upslopc flow of air (anabatic flow). The difference between SLS and

ECAT sensible heal densities as a function of wind vector wind direction is larger for the 0 so 60° wind

directions (Fig. 4.13c) indicating thai the EC and SLS systems may be responding to different

footprints for these wind directions. Generally however, for most wind directions, it would appear thai
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Da) til itar-IB In Itt.l (2UII.1| n

"r.

.̂ 4.13 Polar diagrams for daytime (06h(KI to
measurements of:

(a) Mind speed (m s"1) and \vinci direction (for
the period day of year 48 to 283, 2003);
(b) SLS sensible heal density (MJ m*2> and
wind direction;
(c) for SLS and ECAT sensible heat density
difference (MJ m :) and wind direction.
The two arrows in each of a. b and c show the
resultant wind vector for the 0 to 90" and 180
to 270" sectors for (he entire measurement
period for day of year 48 to 283 (2003)

both the ECAT and SLS systems were similarly affected by the various wind directions experienced

during the measurement period.

4.5.2.2 Two-minute wind vector analysis

Wind direction details for selected days are presented in Table 4.3. The uvo-msruiie wind direction
measurements, referenced lo compass north, were investigated in more detail for these days to isolate
periods for which the wind direction was perpendicular to ihe beam and days for which the wind

direction was parallel to the beam. The display of wind speed and wind direction for these days are

shown for the selected days (Fig. 4.14. a lo c). The x-a\is shows the time in minutes for a particular

hour shown on the y-axis. So. for example, a point with x = 30 and r = 1 ? would correspond to ! 3h50.

The wind speed is indicated by the lenyth of each arrow. An arrow from right to left corresponds to S

to N and an upward pointing vertical arrow corresponds to W to E.

On some of the days chosen, the wind direction appeared to be random (day of year 127. 200? for

example). On other days, the wind direction was regarded as being perpendicular to the beam (day of

year 1X7. 2003 and day of year 5. 2004 for example). On day of year 1 S6 (2003) ihe wind direction
Chapter 4 E\aporation measurement comparisons: seinlillomelry.

eddv covarianct1. surface renewal, Bowen ratio



Theorj and practice of evaporation measurement, with special focus on 145
SLS as an operational loo) for the estimation of spatially-averaged evaporation Savage et al.

Table 4.3 Wind direction details for selected days. When viewed from the transmitter position,

the SLS beam pointed approximately 2(1 decrees \Y of compass N (Fi«. 3.1)

Yejn Day of

year

2003 127

186

187

278

5

Wind direction

Variable

NW (lOhOO to I0h2Q}; mostly SW

(11 hOO to 15hO0): mostly S (1 ShOO lo

I6h20); N (I6h20to 16h5O)

Mostly E(I3hO0 to l6h00)

Mostly NW: W between 14h50 and

15h50; SE between I5h50 and l6h40

and S or SE after that

E

Comment

Maximum air temperature = 26.0 °C

Not perpendicular Lo the beam

Maximum air lemperalure = 17.7 °C

Mostly perpendicular to the beam

Maximum air temperature = 1 7.7 "C

Not perpendicular to the beam; Berg wind

conditions

Maximum air temperature = 35.8 °C

Day with the most consistent wind direction:

always perpendicular lo beam

Maximum air temperature = 31.3 °C

16

4

10-

Day of year 127 (2003)

\ /

Time (minutes)

Fip. 4.14 a to t* \Nind direction for selected days. A horizontal arrow from riyht to left is S-V
The orientation of the beam is short n bv an arrow from the transmitter (T) to the receiver (R)
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was parallel to the bearn tor some of the time and perpendicular later. These graphs, for the different

days, demonstrate the variability in wind direction from one da\ to the next and indeed in some cases

from one 2-inin time period to the next,

In retrospect, the original beam position chosen was a good one with many days with the wind

direction peqtendicular to the beam and seldom parallel to the beam.

For day of year 5 (2004). the wind direction was consistently from the west, corresponding to

perpendicular to the beam. Fortunately, for this day. measurements from all four measurement

methods were made (BR. EC. SLS. and SR). These are reported on later.

When winds are near-parallel to 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 to the beam, the mam advantage of the SLS method is the line-averaging capability of

the point measurements. An hypothesis (Green el al. 1997) therefore is that for winds parallel to the

beam, that is roughly from the N or from the S. there should be greater correspondence between SLS

and EC sensible heal measurements.

Correspondence between 2-min sensible heat flux density for ihe SLS and EC methods for the five

days selected is shown (Fig. 4.15). The upper horizontal trace for each day indicaies periods when ihe

wind was regarded as being perpendicular to the beam and the lower when the wind is parallel to the

beam. If anything, there appears to be poorer correspondence between the SLS and EC sets of

measurements when the wind is parallel to the beam (day of year 127 (2003) and 2^8 (2003) in

Fig. 4.15. lor example). On daj of year 5 (2004). when the winds were almost always perpendicular to

the beam, there is good correspondence between SLS. EC and (20-min) BR estimates of sensible heat

flux density.

Between January and the end of March 2004. 35 % of the daytime hours (OfShOO to IShOO") had

winds perpendicular to the SLS beam compared to less than 5 % of the time for winds parallel to the

beam. This situation is however seasonal - with almost CJ % of the daytime hours consisting of winds

parallel or perpendicular to the beam for the period April to end August 2004.

4.5.3 Footprint analyses

The footprint of the sensible heat flux density measurements would affect the measurement

comparison between the different methods. The footprint calculations included the peak location of

the footprint x ^ (Eq. 4.49). the ratio of the flux density fi.v.r,,, -J) to surface source flu\ density

5,, (F.q. 4.50). the footprint calculation (Eq. 4.51 ) and ihe s>0 "<. fetch to measurement height ratio

(Eq. 4.52). These calculations arc stability dependent via the Monin-Obukbov length L (m) (in turn

dependent on SLS-measured friction velocity and sensible heat flux density. Eq. 2.40} and the

similarity parameters D and P of Eq. 4.45 from the model of Hsich et al. (2000). Similarity parameters

D and P are determined by the atmospheric stability condition and for this determination, as

mentioned in Section 2.1 1.6. we used the DeardorlT( 1 ^7S) set of definitions of atmospheric boundary-

layer stability, repealed here for convenience and extended to a surface with a zero plane displacement

height J:

unstable, convective(r-rf) L<-0.5:

unstable - 0 5 < { = -il) L< -0.02:

neutral -0.02 < ( r - < / ) • • L < 0.02:

Chapter 4 E\aporaiion measurement comparisons: scintillometrv,
edd\ covariancc. surface renewal, B<mcn ratio



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

x ECAT
SLS

-f— BRVaisala

9 -500

-400

-300

-200

-100

0

4.4 4.6 Day of year (2004)

Perpendicular • • • « « i l l :i 11 I II I Hi! I l l l !

Wind
parallel
o beam

126.4 126.6 186.4 186.6185.4 185.6
Day of year (2003)

277.4 277.6

Fi«. 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 parallel lo the beam (indicated by the lower trace
labelled "Wind parallel lo beam"). For day of year 5 (2004), the 20-min HK measurements
obtained usin« a Yaisala HMP45C sensor are also shown.
The effective beam height was approximately ] m and the beam path length is 101 m. Winds
perpendicular or parallel to the beam are defined as winds within 30 degrees of perpendicular
or parallel to the beam position

and

stable, continuous 0.02 < (z -../) ' L <()2:

stable, sporadic {z-d)i L> 0.2.

All calculations were performed even.- two minutes. An important reminder here about the dclmition

of the MO length L: it is the height above dz\ which free convection dominates.

Data for days that were relatively cloudless apart from those in September 2003 were chosen for

graphical display. The days chosen covered a range of atmospheric stability conditions. The wind

direction data for three of the days selected are shown in Fig. 4.14. Of particular note is that as x .

increased (Fig. 4.16). the atmospheric condition changed from convectively unstable to stable.

Furthermore, the more unstable the conditions, the closer was the peak location of the footprint to the

measurement position. For convectively unstable conditions, the x t values were within metres of

the measurement position of the SLS beam. The measurements of sensible heat flux density were

therefore fairly localised compared to measurements for which x , values were greater for these

corn ectivelv unstable conditions.
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\ = 6.K8 MI 15 .liil 2 0 0 3 . 1S6 |
peak '

Unstable/convectively unstable
\ t = 8.50 m |2 Sep 2003, 2451
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Libli- m i l l r LI[

X . = 13.37 in |21 Sup 2003. 2641
Neutral/unstable
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s <>•«-

0.6-

t

3 0.

s
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± 0.

0.0

(b)
\ = 2 . 6 4 m | 5 , l a n 2004)

peak '

Conveetivelv unstable

x , = 4.58 m |(> Jnl 2003]
Convectiveh unstable/unstable

x = Ci.JiS m | 5 . I u l 2 O O 3 |
peak •

Cnstahle/cnnvcctively
unstable

V

x e a k= 8.50 m 12 Sep 20031

Unstable/con vectively
n i i s l i i l i l f 11 e n I r . i l

X = 13.37 m |21 Sop 20031
Neutral/unstable

1 ^ 10"
Horizonta l distance \ (ni)

Fi«. 4.16 (a) Top: Comparison between the estimated footprint (Eq. 4.51) for selected days
based on 2-min SLS measurements of the Monin-Obukho\ stability length L. horizontal
distance x <m) from the measurement positions, beam height relative to Hie zero plane
displacement height d. and the stability-dependent similarity constants I) and P (if Hsieh et al.
(2000). The peak location of the footprint .vyivjA (m) is shown for each date as is the stability
condition. The x ^ value used «as the average of the 2-min JC , values between 091i()0 and
IShOfl
(b) Bottom: Comparison between the ratio of the flux density F{x,zm -d) lo surface source fluv
density Su (Eq. 4.50) for selected days based on 2-min SLS measurements of L
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The final footprint calculation is the CK) % fetch to measurement height ratio, estimated using Eq.

4.52. and shown for lour days (Fig. 4.17). The dynamic nature of stability is evident on these days and

in fact on most days. These arc many cases where atmospheric stability changes from convectively

unstable to stable from one 2-min period to the next. The data shows thai ii is more often than not that

(he 100:1 felch to measurement height ratio is 100 stringent

Based on (he Xpeai estimation, one trend that has emerged is that the general stabilily condition for

the 9 am to noon hours is not the same as that for the noon to 5 pm period. For much of the lime, or at

least for 75 % of the 9 am to 3 pm periods, the .v,,,.,, values m the morning arc less than that for the

afternoon (Fig. 4.18). Referring to Eq. 4.4°- for ihe estimation of the location of the peak footprint,

shows thai for unstable conditions for which P = 039, larger x^ values correspond to greater \L\

values which in turn corresponds to greater (z - d) L values when L is negative or corresponds to

increased level of stability. Greater instability in the period 09h(>0 to noon than between noon and

I5h00 is a significant finding since the .v,,^ estimate affects the footprint, F'S,, and the 90 % fetch to

measurement height ratio. The 90 % felch to measurement height ratio difference between morning

and afternoon hours may impact on measurement comparisons between the different techniques

particularly when comparing a !ine-averagcd measurement of sensible heat flux density with a point

measurement. Furthermore, the diurnal shape of the sensible heal flux density curve may be

asymmetrical given that morning hours are generally more unslablc than are afternoon hours. By

comparison, the asymmcirical nature of the diurnal sensible heat flux density curve is shown in Figs

4.19 and 4.20. The asymmetrical shape of the diurnal sensible heat flux density curve for EC

measurements, shown by the open circles in the bottom right of Fig. 4.20. is not as noticeable due to

the variability of the poini measurements.

4.5.4 Flux comparisons

4.5.4. J A veraging periods

The averaging periods for the various measurement systems are two minutes for EC. energy balance,

reference evaporation. SLS and SR systems. 20 min for ihe BR system and 30 min for the open palh

EC system (ECopen). The 2-min averages are easily scaled to 21) min. 30 min and diiih lime 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 technique is often regarded as the standard for flux measurements against which all

comparisons of sensible heat flux density are usually made. Initially. EC measurements were made at

intervals of 20 min using the CA27 EC system consisting of a I-D sonic anemometer and a fine-wire

thermocouple. A field experiment using two EC systems was conducted with one system performing

the covariance even 20 min and the other every 2 min. The 2-min sensible heal flux densities were

averaged over 20 min and compared with the flux densities determined for the 20-min time period

(Fig. 4.21). The correspondence is good and this partly justifies using the 2-min time period for the

EC method.

4.5.4.3 EC and SLS 2-min sensible heat flux density comparisons

Generally, the agreement between 2-min SLS and EC AT j.ensibk- heat flux density values, as depicted

by diumal variations, was very good (Figs 4.22 and 4.23). This is in spite of the SLS yielding

path-averaged measurements and the ECAT value essentially yielding point measurements, different

footprints for the SLS and ECAT measurement techniques, and the different measurement heights
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2 Sept 20(13. 24? Unstable/convecfive unsiable/ncutral

5 Jul 20011X6 Unslable/coiwective unstable
A

6 Jul 20(13.187 Convective unstable/unstable

"

120-]

100-

80-

60-

40-

20-

9 10 11 12 13
i

14 15

O 5 Jan 2004. 5 Convective unstable

^ <z>
10

1

11
I

12
Local time

13
1

14 15

Fi«;. 4.17 Diurnal variation in the 2-min values of the 90 % fetch to measurement height ratio
(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 (he greatesi inslabilit\. 5 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
stabilir\ state
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Fig. 4.18 The difference in the average xri.,d values between 9 am to noon and noon to 3 pm for
two 90-day periods where n is the number of points for which there is a positive or negative
peak location difference. The A,,,.,,* values were estimated usinji Eq. 4.4*) 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 EC AT point measurements show a marked variation from one 2-min measurement to

the next whereas there is n much reduced variation in the corresponding line-averaged SLS

measurements. The correspondence between the two measurement methods is improved on most days

under conditions when there is reduced turbulence, particularly on uniformly cloudy days and times

before 10 am and after 2 pm (.Figs 4.22 and 4.23). On some days, the SLS measurements were about

midway between the EC AT highs and lows (tor example, day of year 61 and 62 of Fie. 4.22 and SO of

Fig. 4.23) but for other days, the ECAT measurements were sometimes greater in magnitude than the

SLS measurements (for example, day of year 72 to 74. 2003 of Fig. 4.23) 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

a consistent underestimation in sensible heat measurements by the EC method compared to the SLS

measurements over and extended period of time. Furthermore, there is no evidence to indicate that the

incorrect effective beam heigh) input was incorrect (Cain et al. 2001). An incorrect input would have

caused a consistent overestimation or underestimation isi the SLS sensible heal measurements

compared to EC measurements: the results of the error analysis (Section 3.5.2.4} showed that a

fractional error in the beam height of 5 % would result in a sensible heal flux density fractional error

of 4%.

4.5.4.4 Two-minute latent energy flux density estimates using EC and SLS methods and the saga of
positive intent energy

Latent energy flux density Lt Fv (W m") is estimated using the shortened energy balance as a residual

term:

I F. = - / . -F -F .. 4.36

Chapter 4 Evaporation measurement comparisons: scintillometn.
ciidv covariance, surface renewal. BOM en raiio



Theory and practice of evaporation measurement, with special locus on 154
SLS as an operational tool for the estimation of spatially-averaged evaporation Savage e1 al.

-IIHI-

: - K i n -

0 ! nei

•Mil)

- 4IIII

0 Ini'l

• Fsoil

— Sl.SFh

SLSLvFw

(.1.4 f i l . f

Day of year (2803)

-400-

-VHI-

Qlnei ; tai

* hni!

i|,J.i' -sun

SLSLvhv
-4(1(1 T

Davnfiar(20t)l|

Al! Hfe,».,,

Sl.SFh -- •

— SLSl.vF« c .

Mill

•V* *

-Wli •

, - -.Kid

E j

JIKI * 5 M«

t =
r S - l l m

2»!l j? t

0

I Ml

1

III
f1r
if ^ i
f S ' MH

! F ^ ' "

: Im-I

* i s i . i l

Sl.SFh
— SI.SI.vFn

j, Sl.SI.vf.

\ \

\
\

0

14.3 144 14.5 14.7 y j >.u 5.1.7

Fig. 4.19 Diurnal variation in 2-niin values of SLS-measured sensible heal iluv density Fh for
four near-cloudless days: day of year 15. 54. 62 and 68. 20U3. The asymmetrical shape of the Fh

curves are evident on most cloudless days. The other components of the energj balance. /,„,,
/.,/•"„ and Fw,i are show n

Generally. Lt F^ < 0 W m"" during daytime hours, and this corresponds to evaporation, except for

when dew. misi or rain occurs. However, positive L. Fv values, as eslimaled from BR. ECAT and SLS

measurements of sensible heat flux density, have been noted during daytime hours and this deserves a

closer examination. These positive A, Fv values would correspond to a downward flux oi' latent

energy flux density which in turn implies condensation. This would seem to be impossible given that

all other environmental conditions such as high solar irradiance, moderate wind speed, moderate

relative humidity, implies that evaporation should be occurring. The 2-miii estimates of reference-

evaporation for these environmental conditions result in evaporation and not condensation. However.

o\erridiiii: lamer turbulent flows mav be the cause of this downward direction.
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Fip. 4.20 Diurnal variation in 2-min values of SLS-muasured sensible heat flux density Fh for
four near-cloudless days: day of year 71, 110 and 111. 2003. The asymmetrical shape of the Fh

curves is evident on most cloudless days. The other components of the energy balance, /,„.„ /.,./\,
and Fstlii are shown. The bottom-right «raph. a repeat for day of year 54 (2003) also shows the
2-min ECAT sensible heat flux density measurements

From F,q, 4,56. ii is noled thai for positive L: F values, implying condensation or an energy gain

at the surface

. • •
4.53

In oihcr words, the magnitude of the sensible heal flux density exceeds the available energy flux

density liKI + F ... This situation could arise if there really is a downward flux density corresponding

lo condensation or if there is an unaccounted for term such as advection contributing to the energy

balance, or if one or more of the energy balance components are in error, or if there are

counter-gradient fluxes. Counter-gradient fluxes (Deardorff 1966) appear to contradici Fick's Law

(Eq. 2.6. for example) since under counier-gradient fluxes, negative f T/ cz (air temperature gradient)
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Fi«. 4.21 A comparison between EC sensible heat I1u\ density (CA27 system) measured usin<; a
20-min average and two-minute averages then averaged to 20 min

values result in positive Ft_ values. This implies J Ilux from cold to hot instead of the expected hot 10

cold. As the American Meteorological Society Glossary (2000) explains, while this appears to violate

a law of thermodynamics thai states heal flows from hot to cold, those laws are found not to be

violated when non-local motions (air parcels moving across Unite distances) are considered. Flux is

not caused by. nor related lo, the local gradient when cohereni structures are prescni. The Glossary

defined cohereni structures as: "Three-dimensional regions in a turbulent How v\iih characteristic

structures and lifetimes in terms of velocity, temperature, eic. thai arc significantly larger or

longer-lived than the smallest local scales/'

An examination of the 2-min data collected during 2003 show thai there are occurrences for which:

-{F!; I tX >/„,., +F. i ( [equivalent to (I, FK ),( >0\Vm" :],

and or -{Fh) VLs >Jml •+ F i ; [equivalent lo (I, Fv Jvu > 0 W nV]

(Eq. 4.53). the result of this examination is shown in Fig. 4.24: about 40 % of the positive values are

less than 15 YV m for both ECAT and SLS 2-min measurements, while the SLS method has about

20 "o more occurrences, ihe ECAT measurements only commenced on day of year 4A. 2003 and the

EC measurements were suspended between day of year 227 and 24? (Table 4.2). The data set used

also included the daytime dew mist rain events.

An examination of the 2-min air temperature gradients, collected since day of year 229 (2003).

showed thai positive air temperature gradients were rare - usually only occurring in the presence of
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Fig. -1.24 Histogram plots of the percentage frequency (left-hand y-a\is) and number of

occurrences (right-hand y-axis) of positive 2-min latent energy 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 \Y m"\ etc. up 1o 135 to 15(1 \Y m"\ The total number of

occurrences WAS 3318 for SLS measurements and 2638 for F.CAT measurements

low net irradiancc and or dew mi strain. Days for which there were large changes in net irradiancc.

day 320 (2003) for example, show large changes in air temperature gradient and air to measured

infrared temperature (IRT) differentials but these differentials seldom change sign (Fig. 4.25. top two

curves I. This however does noi mean that counter-gradient fluxes do not occur since the measured

fluxes could indeed be opposite to that expected by Fick's Law. Counter-gradient fluxes occurred on

day of year 274 (2003). Fig. 4.26. again associated with a reduction in solar trradisnee.1 Interestingly,

the air to canopy temperature differentials did not illustrate the counter-gradient flux but the profile air

temperature measurements using the 75-urn diameter thermocouples did. Of particular note in

The role thai clouds play in modifying the surface solar irradiance has been investigated by Gu et

al. (2001). The\ used a spectral analysis. Two temporal regimes were shown to modulate the

surface irradiance by clouds. They reported on a convective'mesoscale of tens of minutes lo

hours and a turbulent scale of several minutes. Paw U et al. (1992) reported on organised

temperature ramp patterns for flow above and within agricultural plam canopies. They noted that

such patterns have been seen for all stabilities in traces of air temperature, water vapour and

carbon dioxide. They postulated that ramp-like patterns are associated with the presence of

turbulent coherent structures that occur much of the time in the lower boundary layer. They did

noi discuss the possible role that solar irradiance may play in creating turbulent coherent

Structures - the data of Figs 4.25 and 4.26 seems to show this
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Fi«. 4.25 Bottom: The variation in the 2-miii energy balance components, and solar irradiance
for day of year 32(1 (2003) before, during and after a large reduction in solar irradiance. Of note
is the positive latent energy flux densities after (he reduction;
Top two graphs: The variation in the air and 1KT and the air profile temperature differences
showing that a change in sijin due to the reduced solar irradiance did not occur
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is the positive latent energy flux densities after the reduction;

Top two graphs: The variation in the air and IRT and the air profile temperature differences

showing a change in si<;n due to the reduced solar irradiance
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Fig. 4.26 is the excellent correspondence between sensible heat flux density measured using ECAT

and SLS methods. Both methods were able to detect the positive sensible heat values,

The data shows thai of the total set of positive latent heat values, they most often occur following a

transition from a high net irradiance condition to a lower value due to cloud (Figs 4.25 and 4.26). For

example for day of year 320. 2003 (Fig. 4.24). there was a rapid reduction in solar irradiance over 10

min following a return to almost [he same irradiance. Both EC and SLS measurements were in phase

with the net irradiance changes but the soil heat measurements showed a slower response. One would

expeel that the soil temperature and soil heat measurements, at a depth, would be lagged. Hence, if the

magnitude of F t does not change much, the available energj flux density would decrease by much

more than that expected with the possibility therefore that -Fh >/,„.. - FMlV. However, given the

magnitude of the soil heat flux density, rarely greater than 200 W m'\ the positive latent energy

amounts associated with sudden and rapid reductions in net irradiance cannot be attributed only to a

lug of the soil measurements. The net irradiance measurements are also lagged but only slightly since

the time constant, which refers to the time taken for the net radiometer to respond to 63.2 % of a

change in the actual net irradiance. is given by the manufacturers as approximately 30 s.

As expected, whenever there is a decrease in net irradiance / , ,. the estimated latent energy 1lux

density Lt Fv increases since iT FB is estimated using: Li Fn = -Jlir, -Ft. -/\ i t,, (Figs 4.25 and

4.26).

Counter-gradient fluxes are probably not easily noticed in practise if averaging periods of the order

of 30 min or longer are used. The longer the averaging period, the greater the chance that the high and

low magnitudes of the sensible heal Hux density, for example, are averaged. Even with Uie 2-min 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 heal flux

density, the estimates of latent energy are also in good agreement as a result of invoking the energy

balance. Positive latent energy fluxes were detected and it is unlikely that these are due to

measurement method error. Unfortunately, we did noi perform 2-min profile measurements of water

vapour pressure to confirm that these latent energy fluxes were not counter lo the profile gradients.

4.5.4.5 SLS and S/t 2-min sensible heat flux density comparisons

The SR measurements, which rely on an unshielded 75-j.tm fine-wire type-E thermocouple and high

frequency measurements of air temperature (10 Hz when using a Campbell CR23X. 2SX or CR500D

datalogger) and 8 Hz when using a CR10X logger, lend to follow the SLS 2-min measurements of

sensible heat flux density (Fig. 4.27). Almost a month of data showed fair correspondence with some

scatter but a slope close to unity (Fig. 4.28), Due to the variation exhibited. SR measurements should

be restricted to 20- or 30-rrtin averages for this size thermocouple. Very few of the nighttime SR

measurements could be used.

For the future, the influence of the following needs to be tested: measurements above diHerein

surfaces: 25-um vs 75-um diameter thermocouples: measurement frequency on estimated sensible

heat flux density; optimum height above soil surface.

The SR technique appears to have considerable promise for the measurement of hourly sensible

heat flux density. The main advantage of the technique is that it is extremely cheap and set-up time is

less than an hour. A two-channel datalogger (one channel for reference temperature and one for the
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Fiii. 4.27 Diurnal variation in 2-min SR and SLS sensible heat flu\ density for three consecutive
days. For the SR measurements, a frequency of 10 Hz and a 75-um type-E fine-wire
thermocouple Mas used
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thermocouple), an enclosure, the thermocouple and a support arm and stand are all that is required for

the technique. The capability of performing the on-line calculations is required (Eqs 4.11 for /; - 2. ?

and 5).

The main disadvantage of the SR technique is thai the fine-wire thermocouple can easily be

damaged and collect din. particularly cobwebs. Dew. misi or rain on ihe thermocouple invalidates

measurements. Dew. mist or rain events may also affect BR. ECAT and SLS measurements. Another

disadvantage is thai at present real-time SR sensible heat measurements are not possible but with

improvements in datalogger capabilities, that may change.

4.5.4.6 BR, EC, SR and SLS 20-min sensible heat and latent energy' flux density comparisons

Reliable BR measurements were only collected in the second half of the project, commencing in

January 2004. Previously, in Section 4.5.1. we reported on the suitability of the Yaisala HMP45C and

CS500 air temperature and relative humidity sensors as an alternative to the Deu-10 cooled dew point

mirror hygrometer. The BR measurements reported on here are from mid-Jan to late June 2004.

Routinely, we used a 20-min averaging period although there have been reports on using a time

interval shorter than this. The 2-min EC and SLS measurements were scaled to u 20-min time interval.

The aim of this section is to establish (he credibility of the SLS sensible heat measurements against

the BR measurements although comparisons of BR vs EC and BR r.v SR measurements would be more

appropriate since then point-measurements would be compared.

For easy comparison of the data, temporal plots arc used to allow for visual comparisons for a

range of weather conditions, For convenience, net irradiance and soil heal tlux density as well as the

BR. EC. SLS and SR flux densiiies are displayed. So as to separate out the curves for a particular

graph, different y-axis and second y-a\is scales had to be used. Since the data set i:> large, only four

contrasting days were used for displaying the data tFig. 4.2C> for sensible heat (lux density

comparisons and Fig. 4.30 for latent energy flux density comparisons). Two of the days were near

cloudless (lower two graphs of Figs 4.29 and 4.30) and two of the days had widely varying net

irradiance conditions (upper two graphs of Figs 4.2^ and 4.30).

On day of year 5 (2004). the wind direction was almost perpendicular to the SLS beam for the

enure da\ (Fig. 4.14). There was remarkable agreement among all measures of the 20-min sensible

heat flux density measurements for this day (Fig. 4.2C'. bottom left). The two BR measurement

methods (using the Yaisala HMP45C and Dew-10 scnsoi>l agreed with each other and the SR method.

based on measurements at a height of 0.S m also showed good agreement. If anything, the BR method

appeared lo underestimate the sensible heal in the early morning and overestimate just after 12 noon.

The agreement for day of year 7S (2004). also almost cloudless (boitom right. Fig. 4.24) does not

appear as good buf notice the expanded scale for the leli-hand y-axis. Again, the two BR methods,

track each other very well indeed. The SLS measurements lie between the lowest (EC in the morning

and SR in the afternoon t with the BR measurements being the greatest for mosi of the day.
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4.5.4.7 EC ami SLS 30-min sensible heat flux density comparisons

A comparison of SLS and EC (two EC systems, one of them pun of an open path EC system)

estimates of sensible heat flux density are shown for day of year 54 to 60. 2003 [Fig. 4,? 1 ). Some of

the data shown includes lesi periods of the open EC system. There is reasonable agreement between

the IWO EC systems. Sensible heal flux density comparisons between measurements from a second

independent 3-D sonic system and (he SLS system are good (Fig. 4.31 }. The variation that the 2-min

EC measurements exhibited (Figs 4.22 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 sealed to daily loials. In this section, the emphasis is on

the daily energy density (MJ m2) values (06h00 to IXhOOl for the period day of year 2X to 2*3 (2003)

corresponding to 28 January to 10 October. We report on the sensible heal densiiies. ihe net radiant

densities, Ihe soil heal densities, the available energy densiiies (sum of sensible and latent energy

values) as well as ihe latent energy densiiies calculated from the net radiant and available energy

densities.

The comparison between daily EC measurements using ihe EC system that was part of the open

path system (ECopen system, 150 mm sonic path, half-hourly measurements summed for each G6hOQ

to IShOO measurement period | and an adjacent EC measurement system (ECAT. 100 mm sonic path,

two-minute measurements summed for each 06h00 lo INhOO measurement period) are shown (Fig.

4.32a). The two independent EC systems show reasonable agreement (slope = 0.931, r = 0.853). Also

shown is the comparison between the SLS and ECAT measurements (Fig. 4.32b|. The agreement is

reasonable, considering thai the SLS measurement system is a p;ith-a\eraging system whereas the

ECAT system is a point measurement system, with ihe regression fine accounting for M7.S % of the

variation in the measured y-values (slope = 0.8%. r = 0.S78). The energy equivalem needed lo

evaporate I mm of waler is shown in Figs 4.32a to e us 2.43 MJ m*. The error mean square of 0.204

MJ m'" (Fig. 4.32b) is equivalent to 0.084 mm. Of particular note is Ihe positive SLS sensible heat

density value shown (lop righl of Fig. 4.32b) for a cloudy and cold day (maximum air temperature of

16.8 "C). Also of note is the lower estimate of SLS sensible heat for large magnitude values (bottom

—mo
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Fi«. 4.31 Half-hourly sensible heat flux density measurements for the rwo EC systems and Ihe

SLS system for one week. All points represent 30-min ute averages between 6 am to 6 pm of Ihe

specified day
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Fin. 4.32 Compar i sons between daily
sensible lital density measurements in
MJ m " (taken from the period day of year
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(a) E C A T vs EC open:
(b) ECAT vs SLS;
c) ECAT v.v SLS for daily percentage
count of good data exceeding 85 %:
Id) ECAT w SLS for wind directions bet-
vveen 0 and 90" mainly from residential
areas:

• 6 - 5 - 4 -3 -: -l t
toitj ECAT sensible heX demitj

( ) ,- ) r w | n d d i r t . c l i o n s

between 180 and 270" (largely perpendicu-
tar to beam)
T h t , d o t t e d | i n e i n c a c h c a s e is the 1:1 line
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left of Fig- 4.32b l. These measurements correspond lo largely cloudless clays. If the measurements are

restricted lo days for which the percentage count of good two-minute daia exceeds 85 % (Fig. 4.33c),

the comparisons are improved (slope = 0.942, r3 = 0.886). Missing two-minute data results in an

incomplete record and larger (- closer to zero) sensible heat densities. In many cases, the count of

missing two-minute data was not the same for the SLS and EC AT systems and were associated with

rain or dew events or misalignment of the SLS. The error mean square is 0.1 88 MJ m" (Fig. 4,32c).

equivalent to 0.077 mm.

Separating the SLS sensible heat measurements according to the G lo 90" and 180 to 270" wind

directions (Fig. 4.326, e) indicate reasonable agreement with ECAT sensible heat densities (slope of

0.88] and 0.926 respectively: r = 0.774 and r = 0.014 respectively) with the 180 to 2701 comp-

arisons marginally belter. The sensible heal density comparisons for the SLS and ECAT methods were

more variable for the 0 to 90° wind directions (error mean square is 0.229 compared to 0.171 MJ m"

for the 180 to 270" directions). This is expected since the 0 to 90" wind directions correspond to wind

from residential areas including trees and also have the shortest fetch distance.

4.5.5 Latent energy density comparisons

Latent energy flux density was indirectly calculated, using two-minute data, as a residual from net

irradiance, soil heat and SLS or ECAT sensible heat flux density except for the case of the open path

eddy covariancc system ECopcn for which it was measured directly from the covarianee between the

fluctuations in water vapour density and vertical wind speed. The two-minute data were then

integrated for the 06h()0 to IShOO periods. Data, not shown, indicate thai the sum of the sensible heat

and huent energy 1lu\es measured using the open path eddy covarianee system ECopcn was

significantly iess in magnitude than the available energy flux density. Twine et al. (2000) reported an

underestimation for both sensible heat and latent energy fluxes using the EC method. They

recommended a procedure to correct the EC measurements. The EC sensible heat measurements

compare favourably with BR. SLS and SR measurements and therefore do not need correction. Of

note is that Savage et al. (2000) found no evidence for the undcr-estimation in sensible heat using the

EC methods for a whole range of surfaces: grassland, vineyard, bare soil, forest (pine*.

For the ECopen system, the closure ratio was significantly different from 1 due to the poor

comparison between the SLS-cstimatcd latent heat and the open path eddy covarianee latent heat

density (Fig. 4.33a) with a slope of 1.094 but with an error mean square of 0.632 MJ m ". and r =

0.239. Some of this poor agreement may be due lo a reported manufacturer error and some of it due to

the spatial separation between the sensors causing an underestimate in the covarianee. This

underestimation of lateni energy density has been reported in the literature (Twine el al. 2000. for

example) but the exact cause not clearly identified.

Clearly though, the EC latent energy flux measurements do require correction (Mauder et al.

2004). However, these authors warn that in spite of all the corrections applied, "further investigations

arc necessary because the energy balance still cannot he closed by measurements during the daytime."

The comparison between the ECAT-estimated and SLS-estimated latent heat density, both using

net irradiancc and soil heal flux density in calculating two-minute latent heat flux density summed to a

day, is reasonable (Fig. 4.32b) with a slope of 1.059, r2 - O.%2 with an error mean square of 0.295

M.I m~". equivalent to 0. j 2 I mm.

Chapter 4 Evaporation measurement comparisons: scintillomelry.
ecidv covarianee, surface renewal, Bow en ratio
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Fig. 4.33 Comparisons between latent energy density in MJ m" (taken from the period day of

year 28 to 283, 2003):

(a) measured usinij the open path EC system ECopen and that estimated from SLS sensible

heat density, net radiant and soil heat densit ies:

(h) estimated from SLS sensible heal density, net radiant and soil heal densities and estimated

from E C A T sensible heat density, net radiant and soil heat densities

Ail measurements were 2-minute measurements summed over O6I1OO to 18h()0 apart for the

ECopen system which involved 30-min measurements summed over O6I1OO to 18h(K)

4.6 Conclusions

1. Laboratory and field measurements showed thai for BR measurements, either the Vatsala CS500 or

the HMP45C Capacitive sensor rvuiy be used as a replacement for lhe Dew-10 cooled dew poinl mirror

sensor. Water vapour pressure profile differences of at least 0.01 kPa. as is required for BR

measuremenis, were possible wiih 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 Tor wind directions between 0 and 60" corresponding to winds from

residential areas with a limited fetch. Comparisons between SLS- and EC-measured sensible heat flux

density, lor selected days, did not appear to be affected by differences between wind perpendicular to

the beam and winds parallel to the beam. For the period January to end March 2004. the wind was

perpendicular 10 the beam 35 % of the daytime hours compared to less than 5 % for wind parallel to

the beam.

3. A footprint analysis, for a short grass surface, allowed three key parameicrs to be calculated: the
peak location of the footprint, the footprint fraction itself and the 90 % fetch to measurement height

ratio. For daytime hours, conditions were most often convectivcly unstable which resulted in fetch to

height ratios less than lhe commonly accepted 100:1 ratio and also resulted in peak footprint locations

very close, between 2 and 10 m, 10 lhe point/line of measurement. The SLS-measured sensible heal

Chapter 4 ErVaparafion measurement comparisons: semtillomeiry,
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flux density curves tended to be asymmetrical. This asymmetry is likely due to the greater instability

before noon that in Ihe afternoon.

4. Two-minute measurements of EC. SLS and SR sensible heat flux density were in good agreement
much of the time, particularly for cloudless conditions. There were however periods for which the
magnitude of the SLS-measurcd sensible heat flux density exceeded the measured available heat flux

density. The resuli was thai the calculated latent energy flux density was posithe. apparently

corresponding to condensation. Further examination showed that some of these events corresponded

to counter-gradient events dominated by overriding coherent structures of undetermined origin.

5. Twenty-minute measurements of BR, EC. SLS and SR sensible heal flux density were also in good

agreement much of the time, particularly for cloudless conditions. No measurement method resulted in

measurements thai were consistent I \ greater or larger than the other measurement techniques apart

from the SR method which generally resulted in lower sensible heat magnitudes. The ECopen system

underestimated latent heat magnitude compared to the residual SLS amount estimated from SLS

sensible heal, net irradiance and soil heat.

6. Daily estimates of latent energy density for the SLS and EC melhods were compared for a period of

about 250 days during 2003. The 95 % confidence bands for a single predicted value were within

0.5 mm of the regression line and the error mean square was 0.295 M.( m' or about 0.12 mm.

Statistically, there was no significant difference between the point measurements using the EC residual

method and the line-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 mam aim of this research is to investigate the application of the dual-beam surface layer

scintillometer (SLS) and eddy covariance (EC) methods for estimating evaporation in an open and

mixed grassland community in a summer rainfall area. Evaporative water loss is often the largest

component of the hydrological cycle and is usually calculated as the remainder term of the soil water

mass balance. Quantifying the total evaporative loss is difficult but necessary for an informed,

objective long-term management plan of catchment areas. Determination of total evaporation from a

grassland site in the midlands of KwaZulu-Nutal. South Africa (-24.634S" S. 30.4329" E) with an

altitude of 671.32 m with a very slight slope) was carried out over eighteen months (mid January 2003

to June 2004). The measured sensible heat flux density, net irradiance and soil heat flux density were

used to estimate latent energy flux density every two minutes. The 2-min estimates were then Lota]led

for each day for the 6 am to 6 pm period. The estimates from the SLS and EC methods were averaged

for each day. The daily values were totalled to form a monthly total. The seasonal trend in latent

energy density (evaporation) and the impact of the mowing and fire treatments over the 18-month

period is discussed. After the 2004 mowing, the Bowcn ratio increased significantly. Following the

removal of vegetation, the sensible heat daily total increased and the latent energy daily total

decreased. The levels w:cre maintained for nearly two months, except for rain days.

Priestley-Taylor evaporation was a poor estimate of' evaporation amounts during this period with

below-average expected rainfall, overestimating the measured evaporation. The evaporation total of

673 mm for 2003 and 306 mm for the firsi six months of 2004 exceeded the rainfall totals of 532 and

248 mm respectively. The magnitude of the daily total latent energy density typically varied from a

summer maximum of about 12 MJ m'~ (4 mm) to a winter season minimum of 2 MJ in" (less than

1 mm). The SLS and EC methods were shown to be suitable for long-term monitoring of daily total

evaporation and capable of delecting the effects of management fires and mowing.

5.2 Introduction
One of the most important factors affecting water supply from any catchmcnl is the evaporative loss

from the vegetative communil> and soil surface. Evaporation is an important part of the hydrological

cycle. This component also appears as a lenn in the energy balance in the form of latent energy.

Various techniques are used to measure evaporation and these are discussed in Chapters 3 and 4. The

available energy flux density defines the sum of sensible heat and latent energy flux density. The

seasonal variation in available energy therefore plays a crucial role and in pan contributes to the

seasonal variation in sensible heal and latent energy. However, other factors define the partitioning of

the available energy

The main aim of this chapter is to presenl the results of the seasonal measurements of the

evaporation measurements, a period spanning almost eighteen months. Two treatments imposed by the
Chapter 5 Estimation of seasonal evaporation usin» surface layer
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farmer included lire and mowing. The grass is used as winter iced for animals. One lire treatment and

two mowings were imposed during the eighteen-month period.

5.3 Material and methods
Evaporation measurement techniques included a surface layer scintillorhcter (SLS) method and the

eddy covariancc (EC) technique. The SLS beam path-length was KM 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 thereafter 2.12 m. The detail? of these measurements are discussed in Chapters 4

and 5. Details of operations are listed in Table 4.2. For both SLS and EC methods, the measured

sensible heal together with the measured surface net irrudiance and the soil heal flux density were

used to estimate the latent energy flux density. Initially only two net radiometers were used. During

2n(i4. three net radiometers were used. Between two and five soil heal flux plates were used. The

2-min measurements between 6 am and 6 pm were then totalled for each day. The SLS and EC

measurements were at various limes cross-checked against Bowen ratio and other EC measurements

of sensible heal. Since the SLS and EC estimates of sensible heal from the two methods are highly

correlated (Chapter 5), the two estimates were averaged. The daily latent energy density was then

converted into mm units by dividing by the specific latent heat of vapourisation. Olhcr measurements

included volumetric soil waier content al a deplh of 50 mm and the surface reflection coefficient.

Measurements from an automatic weather station were also available.

Field measurements were conducfed from 14 January 2003 to August 2004 above an open and

mixed grassland community in the Hay Paddock area neighbouring Ashburton and close to

Pictcnnaritzburg. South Africa (-29.617° S, 30.417" E) with an altitude of 706 m. The average slope

of the study site (Fig. 4.1) is T 15' to the SE. To the south of the instrumentation, the sile is exposed

and the slope increases significantly. To the north of the study area, there is a residential area and tall

trees (Fig. 4.1 }.

The long-term annual rainfall for Pictcrmaritzburg (South African Weather Bureau data) is
c>28 mm (58 years of data) and the mean maximum and minimum air temperatures arc 24.8 and

12.3 "C respectively. During winter, there is frequent dcwfall but frost hardly ever occurs.

Management pracitces included mowing (normally in April each year) and burning (in August when

firebreaks are established and in Ociober).

5.4 Results and discussion
The energy balance components for the entire 18-month period, for weekly totals, are shown in

Fig. 6.1. The conversion from the left-hand y-axis units of M.I iti"" to mm of evaporated water is

shown in the top left of Fig. 6.1. The right-hand y-axis shows the cumulative evaporation at seven-day

intervals and the daily rainfall totals. The three management events (iwo mowing and one fire) are

indicated by arrows. Fig. 6.1 serves as a useful reference and also removes some of the large

variations in latent energy and sensible heat when a daily time-step is used. The 18-month period is

divided into three six-month periods with a daily time-step (Figs 6.2 to 6.4). The x- and y-a\es scales

for each graph arc almost the same which enables comparisons to he made across the eighteen-month

period. In each graph, the right-hand y-axis represents the scale for rainfall and the same scale is used

for the cumulative evaporation for the month depicted. The total rainfall for each month is indicated at

the bottom right of each graph. The total recorded rainfall for the period 1 Jan to 31 Dec 2003 was

532 mm. well below (he long-term annual rainfall for Pictcrmaritzburg of c>28 mm. The total

Chapter 5 Estimation of seasonal evaporation usin^ surface layer
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evaporation for 2003 exceeded 673 mm. This total is for ihc period 14 Jan to the end of Dec 2003.

There were also periods for which no evaporation measurements were made due to power problems or

equipment damage due to the fire. Conditions during 2004 were even drier with a total rainfall for the

first six months of 248 mm and a total evaporation of 306 mm.

The maximum daily evaporation amount seldom exceeded 5 mm iequivalent to a latent energy

density magnitude of less than 12.2 MJ m'~). In the summer rainfall months, the cumulative monthly

evaporation amount seldom exceeded 90 mm. corresponding to an average daily evaporation amount

of about ? mm. In winter, the evaporation amounts were extremely low. particularly for the May and

June 2004 months. During this period, monthly evaporation totals seldom exceeded 50 mm and daily

evaporation rales were seldom greater than I mm (Fig. 6.4).

The increases and decreases in sensible heat, latent energy and soil heat magnitudes shown

(Figs 6.2 to 6.4) are mainly due lo the increases and decreases in net irradiance due lo clouds affecting

the solar irradiance and the consequential impact on the available energy density. During drier

periods, these increases and decreases arc less pronounced hut still occur. While the net irradiance is

important in defining the available energy, the parlition of this into sensible heal and latent energy is

dependent on a range of factors including soil water availability, dew deposition, atmospheric

humidity, air lemperaiure. wind speed and surface cover. During the wetlcr periods, the daily Bowen

ratio is usually much less than 1 (Fig. 6.2, Jan lo Apr 2003: Fig. 6.3. Dec 2003; Fig. 6.4. Jan to Mar

2004). Generally, during dry periods, the Bowen ratio approaches 1 (e.g., day of year 140 to 212.

2003 of Figs 6.2 and 6.3) and then exceeds 1 during even drier periods (e.g.. day of year 291 lo 304

and 321 to 329. 2003 of Fig. 6.3). Since 2004 was generally much drier than 2OU3. periods for which

the Bowen ratio exceeded 1 were more evident (e.g.. day of year 124 to 179. 2(104. Fig. 6.4).

The soil heat density magnitudes increased after the fire (day of year 227. 2003, Figs 6.1 and 6.3),

reaching their greatest magnitudes during the summer rain season (exceeding 5 MJ m": during Nov

and Dec 2003). Generally, while the soil heat term has the smallest magnitude of all the energy

balance components, ii is significant in late-spring and summer (Fig. 6.4. Ocl to Dec 2003). During

very dry periods, the soil heat magnilude exceeded the evaporation amount (Fig. 6.4. May and Jun

2004). The results for this grassland system demonstrate that significant errors to Ihe 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 x

[A '{A+y)]-A where A is the slope of the saturation water vapour pressure va temperature relationship

(kPa "C1), y the psyehrometric constant (kPa "C ') and A (expressed in MJ m") the available energy

density, Hence, the Priestley and Taylor (1972) evaporation estimate for the Bowen ratio is given by:

P = [1 - 1 2 6 • A (A 4 y)] / [126 • A i (A + y)}

Since A / y ~ 1. 2 and 3 at 6. IS and 26 °C respectively, the Bowen ratio for Priestley-Taylor

evaporation would typically be 0.59. 0.19 and 0.058 respectively. During the dry periods in the winter

of 2004. clearly. Bowen ratios exceed 1 and hence Priestley-Tayior evaporation cannot appK

(Figs 6.4. May and June 2004). During the wetter periods of summer, the Bowen ratios fluctuate

between 0.33 and 1 (Fig. 6.2. Jan and Feb 2003: Fig. 6.3. Nov and Dec 2003). Certainly then, for the

duration of this work, (he Prieslley-Taylor formulation for estimating evaporation cannot be relied

upon.
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The impact of fire and mowing on the energy balance components was investigated. The iwo

events are shown and indicated by arrows: mowing (Figs 6.1 and 6.2) on day of year 133, 200? and on

day of year 124. 2004 (Figs 6.1 and 6.3) and burning due to an accidental fire (Figs 6.1 and 6.?) on

day of year 227,2003

Figs 6.5 to 6.8 show the soil and latcni energy density, and the volumetric soil water content and

reflection coefficient. The fire resulted in a large reduction in the surface reflection coefficient (from

about 22 % to 6 "«. Fiys 6.5 and 6.6. Aug 200?). Not shown is the consequent increase in net radiant

density following the fire. The magnitude of the soil heat density also increased after the fire - before

the fire, this was less than 1.75 MJ in"" in magnitude but exceeded 3 MJ m~ after the fire. The limited

evaporation data after the tire seemed to indicate increases in the magnitude of the latent energy

density. These comparisons are however difficult to make since rainfall events mask general trends.

There were, for example, rainfall events before and after the fire. Because of the masking of

management (or similar) practices during dry periods by rainfall events, management practices do not

appear to result in large changes in sensible heat and'or latent energy density. However, another

reason is that the increase in net radiant density is offset by (he magnitude increases in soil heat

density follow ing burning or mowing. In other words, while the net radiant density may increase after

the fire, the available energy density is less affected. If the available energy density is less affected.

the sum of latent energy and sensible heat densities would also be less affected by the management

practice.

The two mowing events resulted in slight increases in the surface reflection coefficient (Figs 6.5

and 6.6. May 200?: Figs 6.5 and 6.8, May 2004). The 200? mowing also coincided with two rain

events making it difficult to directly assess its impact in isolation. However, the mowing event in May

2004 was not accompanied by rainfall events and did show a large divergence between sensible heat

and latent energy immediately after the mowing compared to the trends in late April (Figs 6.1 and

6.4). The Bowen ratio increased from around I before mowing to in excess of 4 some three weeks

after mowing. This high value was increased even further to until day of year 160 when a rain event

occurred (Figs 6.1 and 6.4. June 20(14). After this, the very high Bowen ratio values were maintained

until the next rain event on day of year ISO. Clearly, removal of vegetation, in the absence of rain

results in higher Bowen ratio values due to relativel} higher sensible heat values and relatively lower

latent energy \alues.

The volumetric soil water content, measured at a depth of 50 mm. varied between 0.1 14 nv m"

(Figs 6.5 and 6.7. July 200?) and 0.504 m3 nv (Figs 6.5 and 0.8, Mar 2004). The very low water

contents experienced in winter prevented installation of a different type of sensor horizontal^ al

50 mm. The measurements were however confirmed using a probe inserted from the surface.
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5.5 Conclusions

The data demonstrates thai it is possible to estimate evaporation continuously using ihe SLS and EC

measurement methods. Priesiiey-Taylor evaporation, dependent on the net irradiance. soil hem flux

density and air temperature, is not a good indicator of the measured evaporation.

Peak summer evaporation rales were dictated primarily b\ the available energy flux density, often

varying wildly from one day to the next due to the influence of clouds.

The total net radiant densin for the 18-month period was 3197.85 M.I m'~. The soil heat density

total was -463.79 M.I m \ the sensible heat total -1101.64 MJ m" and latent energy total

-1588.85 MJ m"~. Evaporation (latent energy) is therefore a significant fraction oi'both (he energ\ and

water balances. It represented just less than 50 % of the net radiant denshy during 2003 and exceeded

the measured rainfall during 2003 and during the first six months of 2004: the total evaporation was

979 mm and the rainfall was 7K0 mm. It appears that the removal of vegetation by mowing during

periods of low and sustained low rainfall results in very high sensible heat magnitudes and low latent

heal magnitudes that may have further negative influences on the surface cover. The influence of

burning was masked by rainfall events that occurs at the same time. Following a fire, the decreases in

the surface reflection coefficient resulted in increases in the net irradiance. These increases in net

irradiance on the available energy were however somewhat offset by the increases in the magnitude <,*['

the soil heat thai occurred al the same time.
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Chapter 6

Conclusions and recommendations for future research

6.1 Conclusions

The specific objective of this research is the use of the surface layer scimillometer (SLS) method to

estimate areally averaged sensible heat (lux over a mixed-community grassland canopy and

comparison with measurements obtained using an eddy cov;irianee (EC) method. Since the SLS

method measures sensible heat, the methodology relies on the energy balance and in particular the

measurement of the net irradiance and the soil heat flux density to estimate latent heat. The SLS

method also depends on the Monin-Obukhov similarity theory (MOST). Other methods used for

comparison puqxises are the traditional Bowen ratio (BR) and eddy covariance (EC) methods. In

addition the surface renewal <SR) method, also previously untested in South Africa, was used.

The eddy eovarianee (EC) method is the only method that allows for independent estimation of

sensible heal and latent energy flux densities provided sonic lemperaturc. vertical wind speed and

concentrations of water vapour and carbon dioxide arc measured using fast-responding sensors.

Alternatively, the EC method may be used to measure the sensible heat flux density and the laicni

energy flux density estimated as a residual term from the energy balance. The Bowen ratio (BR) and

surface layer scintillometer (SLS) measurements allow sensible heat flux density to be eslimaied from

which latent energy may be estimated as a residual componeni of the energy balance.

The methodology associated with the use of a dual-beam SLS is discussed in detail. The

procedures associated with the crucial step of beam alignmeni are not complicated. These procedures

are presented as are the procedures for the error-checking of the data posi-data collection. Once the

receiver is correctly aligned with the transmitter beam, the system runs virtually unattended. The

automatic alignment system could he programmed to perform an automatic alignment between daily

and hourly time intervals. This allowed the system to run unattended for weeks on end. If the

automatic alignment option was disabled, the system could run unattended for up to a week or so.

There would be a cost savings if the auto-alignment feature were not required hut this feature would

be necessary if the system were mounted on a tower above tall trees. While a horizontal beam and a

horizontal surfaces is assumed by MOST, there was no consistent over- or under-esiimaie in SLS

sensible heat flux density compared to ECAT measurements for a non-horizontal beam angle. A low

effective beam height of 0.5 m resulted in more variable sensible heat flux density measurements, and

variable inner scale of turbulence values thai approached the defined lower value for acceptable data.

Routine she visits usually required thai the beam position be set using a computer and computer

software and an alignment procedure performed. These procedures usually take less than 10 min to

perform. If the beam was no longer aligned, alignment at the receiver would nonnalK be required.

This procedure usually took no longer than half an hour. If alignment from the position of the

transmitter was also required, the procedure could take an hour or more.

The rate of data accumulation using the SLS method is not excessive. In one month, about

35 Mbytes of data, including both the 2-min and 12-s data, are accumulated. When compressed, this

amounted to about 16 Mbyie. Copying the collecied data from the PC does not take long and can be
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done without switching the beam off. If only (he 2-min data are required, which was often the case,

only 3.5 Mbytes of data were accumulated each month.

One of the main problems was that the clock of the computer would drift off by up to 30 s per

week. A computer with a more accurate clock should be used if measurement comparisons with other

measurement systems are undertaken. It is possible lo dispense with the use of a computer on-sitc if

the PC card option is used for data storage. This option requires the use of a PI' or laptop to launch the

system but then the data is stored on a PC card without the necessity of a computer. The second main

problem with the system was the power requirement. Relying on electrical power supplied to a

residence resulted in gaps in the data record. This problem could be avoided by having a bank o\"

batteries as a power supply for the SLS system and a DC to AC convenor 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 conditions of high wind and or rainfall. Rainfall would soften the ground around the stands

used for the transmitter and receiver units and create the misalignment. For a more permanent

installation, a concrete base for each unit would solve this problem. Extensive use of cords lo reduce

wind vibration worked well but the cords required monthly checking and possible replacement. The

fourth main problem was the possibility of accumulated dirt and cobwebs on the transmitter and or

receiver windows inlerfering with the transmitted beam. The check for din on the windows should be

routinely done al each visit. The fifth main problem with the use of SLS and LAS measurement

systems is thai theoretically, the methods do not predict the direction of the sensible heat flux. The

direction was routinely estimated 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 obtained using additional daia logging systems. In the absence of such measurements, it may

be possible to estimate when the sensible heat changes sign from noting how its irace with time

approaches 0 W m~~ around sunset for example and then increases with conditions becoming darker.

The procedures for the onscreen and real-lime checking of the SLS data and system are fairly

simple. Early identification of errors or potential errors can avoid significant data loss. Vegetation

height for even1 10 m of the SLS beam path length needs to be measured every ten to fourteen days or

so during the growing season and probably monthly in the off-season. The frequency of height

measurement would depend on the growth rate of the vegetation. This height can then be used to input

the height of beam above the level corresponding lo a wind speed off) m s' . This procedure would

avoid a recalculation of the data following data collection.

Error-checking of the data post-data collection is also not very complicated. In summary: the

system allowed for the real-time estimation of sensible heat flux density every iwo minutes.

The percentage of error-free 2-min SLS sensible heat ilux density measurements for the daytime

hours showed little seasonal variation, varying between Sd.7 % and 94.X % for the IS-month period.

The nighttime variation in the percentage had a more pronounced seasonal pattern with the lowest

percentage acceptable measurements occurring between January and March of each year due to the

effects of dew and mist.

Values of the inner scale of turbulence / : less than 2 mm results in rejected sensible heat ilux

density data. For most of (he study, the most common (or at least 35 % of the time) /, value is

between 4 and 6 mm. For ihe nighttime, the most common /_ value is less than 2 mm. The

second-most common nighttime value is thai between 6 and X mm in contrast lo the 4 lo 6 mm value
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during the daytime hours. The larger values of 6 to N mm at night is due lo the more stable nighttime

conditions compared to ihc more turbulent daytime conditions creating smaller and smaller eddies.

The data inputs for the SLS method include atmospheric pressure, air temperature, beam path

length and the beam heigh) relative to the level ai which wind speed is 0 m s"1. Cain el al. (2001 | used

a different basis level from the le\el at which wind speed is 0 m s"'. The collected data did riol support

this.

The influence of surface slope on sensible heat flux density measurements was investigated by

altering the height of the receiver relative to the transmitter. Theoretically, u non-horizontal beam

relative to a horizontal surface, or vice versa, invalidates MOST. The receiver to transmitter vertical

height difference used was 1.0 in. For measurements performed over live days, there was no

signiikant consistent differenee between 2-min SLS and EC sensible heal flux density measurements

in spue of the fact that MOST is invalid for a non-horizontal beam.

The influence of beam height was investigated by also altering the height of the transmitter and

receiver units. For most of the study, the beam was about I .(•>>> m above the soil surface with

vegetation height varying between virtually 0.0 m and a maximum o\' 1,13 in. The effective beam

height therefore varied between 0.82 m and 1.68 m. The lowest heam 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 nol significantly influenced by even this low beam height.

The worst-case errors in the SLS data inputs of atmospheric pressure, air temperature, beam path

length and beam height resulted in fractional errors in sensible heat flux density of ±0.013. +0.015.

2:0.03 and ±0.04 respectively. The beam height above d + r, needs to be known accurately as the

error in beam height coniributcs the most to the overall error with errors in beam palh lengih next

most important. The worst-case total fraciional error in sensible heal flux density was ± 0.054 and the

typical fractional error amounted lo ± 0.052. Furthermore, the sensible heal can in any case be

recalculated post-data calculation using the correct values for the data inputs. This procedure is

however time-consuming since the input for atmospheric pressure and air temperature would have to

be input lor each 2-min period. This is easily done by importing the data into a spreadsheet,

combining and then exporting the data for recalculation purposes, This procedure would however

reduce the error in SLS sensible heat from the worst-case total fractional error of ±0.054.

The procedures for the measurement o\ other energy balance components, the net irradianee and

soil heat flu\ density, are reported. The theory associated with a sensitivity analysis of the estimated

latent energy flu\ densil) was used lo determine the relative importance of the St.S data inputs of air

temperature, atmospheric pressure, beam path length and beam height on sensible heat flux estimates.

In addition, it was shown that errors in the measurement of soil heal flux density and nel irradiance

also affected the estimated latenl energy.

The seasonal variation in the error in the evaporation rale is generally less than 0.2 mm day"'

(equivalent to a latent energy density of 0.49 MJ m ) in winter when the daily evaporation rate was

around 1 mm day'1 (2.45 MJ mi") and typically less than 0.4 mm day'1 (0.98 MJ m'~) when the

evaporation rate generally exceeded 4 mm day"1 {9,8 MJ in""). Most-often, the measurement with the

greatest contributing error is the soil heal flux measurement which often expresses the spatial

variability of canopy growth. Care therefore needs lo be exercised lo ensure that soil heat flux

measurement procedures do no! compromise the calculaled latent energy fluxes when using SLS
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sensible heal measurements, particularly for short vegetation where it is expected thai the magnitude

of the soil heal lent! may not he small. This would also apply to BR estimates of blent energy and the

EC method when only sensible heal is measured and latent energy is estimated using the net irradiance

and soil heat energy balance components. While the term "error" implies that the soil heat and net

irradiance measurements arc sensor errors, ihey also reflect the nature of spatial variability in the site

landscape. It is simply noi possible to have an infinite number of soil heat flux plaics and net

radiometers for sites typical of that used here. However, the use o\~ a line-averaging SLS system goes

pan of the way compared to other point measuring deuces.

Laboratory and field BR data collected showed that the Vaisala CS500 or the HMP45C capacitive

sensor ma;1 be used as a replacement for the Dew-tO cooled dew point mirror sensor of the BR

systems used. Water vapour pressure profile differences of at least 0.01 kPa. as is required for BR

measurements, were possible with these Vaisala CS500 and HMP45C thin film polymer capacitive.

The CS500 or HMP45C sensors required no servicing compared to the Dew-10 which required a bias

adjustment and mirror cleaning each week. The water vapour pressure measurement noise for the

HMP45C sensor was greater than thai for the Dew-10 but the average water vapour pressure profile

difference for the two sensors was highly correlated. The CS500 exhibited greater variation in

measured water vapour pressure but its resolution was betier 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-ID.

An examination of wind direction demonstrated that the largest differences between SLS and EC

sensible heal densities occurred for wind directions between 0 and 60" corresponding to winds from

residential areas with limited fetch. Comparisons between SLS- and EC-measured sensible heal flux

density, for selected days, did not appear to be affected by differences between wind perpendicular io

the beam and winds parallel io the beam. For the period January to end March 2004. the wind was

perpendicular to the beam 35 % of the daytime hours compared to less than 5 % for wind parallel to

the beam.

A footprint analysis allowed three key parameters to be calculated: the peak location ol" the

footprint (.v,,,.,,;). the footprint fraction itself and the 90 % fetch to measurement height ratio. For

daytime hours, conditions were most often convectively unstable which resulted in fetch to height

ratios less than the commonly accepted 100:1 and also resulted in peak footprint locations very close

to the point line of measurement. Based on the .v,,,,,/ estimation, one trend was that the general stability

condition for the 9 am to noon hours was not the same as that for the noon to ? pm period. For much

of the time, or at least for 75 % of the 9 am lo ? pm periods, the xpeat values in the morning were less

than that for the afternoon. The 90 % fetch to measurement height ratio difference between morning

and afternoon hours may impact on measurement comparisons between the differeni techniques

particularly when comparing a line-averaged SLS measurement of sensible heat flux density with a

point EC measurement. Also, the diurnal shape of ihe sensible heal flux density curve may be

asymmetrical given that morning hours are generally more unstable than are afternoon hours. The

asymmetrical shape of the diurnal sensible heal fiux density curve for EC measurements, was not as

noticeable due lo the temporal variability of the point EC measurements.

Two-minute measurements of EC. SLS and SR sensible heat fiux density were in good agreement

much of the time, particularly for cloudless conditions. There were however periods for which the

magnitude of the SLS-measured sensible heal fiux density exceeded the measured available heat fiux

density. The result was that the calculated latent heat was positive, apparently corresponding to
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condensation. Further examination showed that some of these events corresponded to counter-gradient

events dominated by overriding coherent structures apparently of undetermined origin. Indications

were that the counter-gradient events occurred whenever high solar rrradianee events were followed

by large reduction due So clouds.

There was no evidence for a consistent underestimation in sensible heat measurements by the F.C

method compared to the SLS measurements. Furthermore, there was no evidence to indicate that the

effective SLS beam height input was incorrect as suggested by Cain et al. (2001). An incorrect beam

height inpul would have caused a consistent ovcrcstimation or underestimation in the SLS sensible

heat measurements compared to EC measurements.

Twenty-minute measurements of BR (using polymer and Dew-10 cooled mirror sensors). EC. SLS

and SR sensible heat f]u\ density were also in good agreement much of the lime, particularly for

cloudless conditions. No measurement technique resulted in measurements that were consistently

greater or larger lhan the oilier measurement techniques apart from the SR method which generally

resulted in slightly lower sensible heat magnitudes. The ECopefi system, which measures the latent

energy flux density directly without resorting to use of the energy balance, consistently

underestimated the latent heat magnitude compared to the residual SLS amount estimated from SLS

sensible heat, net irradiance and soil heat.

Daily estimates of latent energy 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 predicted 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. The

95 % population confidence bands were easily within 0.1 mm .Statistically, there was no significant

difference between the point measurements using the EC residual method and the line-averaged

estimate obtained using the SLS method.

The seasonal data collecied demonstrates that it is possible to estimate evaporation continuously

using She SLS and EC measurement methods. Priestley-Taylor evaporation, dependent on the net

irradianee, soil heal flux density and air temperature, is not a good indicator of the measured

evaporation.

Peak summer evaporation rates were dictated primarily by the available energy flux density, often

varying wildly from one day lo the next due to the influence of clouds.

The total net radiant density for the is-month period was 3197.85 MJ m \ The soil heat density

total was -463.79 MJ m : . the sensible heat total -1101.64 MJ m'~ and latent energy total

-1588.85 MJ m"~. The sum of al! of these values is not exactly zero since occasionally, there was no

evaporation data but there was net irradiance data. Fvaporation (latent energy) is therefore a

significant fraction of both the energy and water balances, li represented just less lhan 50 % of the net

radiant density during 2003 and exceeded the measured rainfall during 2003 and during ihe first six

months of 2004: the total evaporation for the 1 N-month period was 979 mm and the rainfall was

"NO mm. It appears that the removal of vegeiation by mowing during periods of low and sustained low

rainfall results in very high sensible heal magnitudes and low latent heal magnitudes that may have

further negative influences on the surface cover. The influence of burning was masked by rainfall

events that occurred al the same time. Following a fire, the decrease m ihe surface reflection

coefficient resulled m an increase in the net irradumee. The increase in net irradiance on the available
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energy was however somewhat offset by the increase in the magnitude of the soil heat thai occurred al

the same lime.

6.2 Recommendations for future research

6.2.1 General comments

One of the major limitations to real economic growth of South Africa is the limitation imposed by

inadequate water resources to support the given human population and their activities. Evaporation is

a process whereby water is used consumptively. The measurement andor the estimation of

evaporation is key lo quantifying this consumption in relation to the productive or beneficial use of

water. Also, the quantification of water use can assist management in shifting from less io more

productive consumptive water use and therefore research into evaporation measurement or its

estimation is crucial to South Africa.

6.2.2 Large aperture scintillometer and surface layer scintillomcfer comparisons

Our research has concentrated on use of the SLS method for which the measurement range is typically

50 m to 250 in. There was insufficient time to extend the focus to comparisons with a LAS system.

Such a comparison would prove useful and allow evaporation measurements to be scaled to pixel size

\\ ith confidence.

6.2.3 Bowcn ratio methodology

Our research 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

BK research needs to be extended to research on a BR carbon dioxide and water vapour system. This

research would allow such a BR CO? system lo determine water use efficiency in real-time. Open path

EC systems can also be used for determining water use efficiency is real-time, bul there arc reports in

the literature indicating that the EC method underestimates talent energy (also demonstrated in

Chapter 5 for the ECopen system measurements) and carbon dioxide fluxes.

6.2.4 Surface renewal methodology

Preliminary work on this method is reported on in this report (Chapter 5). Given the simpJicit) of the

technique theoretically and practically, the results found and thai ii is inexpensive, the technique

certainly deserves further attention.

6.2.5 Soil heat ilu\ and net irradianee influences

This report has shown the importance of the soil heat and net irradianee measurements. Since ihese

measurements are required for boih SLS and LAS estimations of latent energy, future research would

need lo consider these two energy balance measurements in more detail. In particular, for short

vegetation, the measurement of soil heat flux closer to the surface requires attention and even more so

for more heterogeneous vegetation consisting of grass and shrubs or trees.

6.2.6 Collected data not used in the report

Theoretically, it is possible to use the canopy temperature data (not reported on) collected as part of

this work and remote sensing lechniques for the determination of sensible heat if measures of

aerodynamic resistance are also possible either from measurements of wind speed or from using the

Chapter 6 Conclusions and recommendations for future research
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SLS or LAS methods. In view of the possibi 1 it\ of "areal" measures of sensible heat, it may then be

possible to also calculate surface evaporation from estimates of ne! irradiancc and soil heal flux.

6.2.7 Technology transfer

In a sense, this project has already resulted in technology transfer. The results produced early on were

valuable and resulted in much greater confidence in the use of the EC method for the measurement of

sensible heat. Prior to these results, the correctness of previous BR and EC evaporation measurements

or estimates could not be gauged. Furthermore, the results of 2004 have confirmed the suspicion that

BR measurements would be more reliable b\ the use of a sensor replacement for the cooled dew point

mirror sensor. Also, preliminary investigations invoking the use of the SR method, indicated that this

technique can be implemented at comparative!) low cost.

It is proposed that a varietv of methods be used to transfer some of the technology of the research

in\estimated here: small workshops, conference workshops and e-mail inleresi groups. A cooperative

effort is needed. The WRC has been proactive in ihis regard through a call for solicited research

proposals on evaporation estimation. Technology transfer forums should encourage young scientists

as much as possible. These processes would quickly permit the transfer of the technology described in

this report.

Much of the research described here has already benefited students, researchers and technical staff

al the University of KwaZulu-Natal and the CSIR.

Chapter 6 Conclusions and recommendations for future research
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