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EXECUTIVE SUMMARY

1. MOTIVATION

Expansion of agricultural and forestry
activities 1n catchments west of the Kruger
National Park are placing increasing
demands on their Limited water resources,
One of the rivers that has been most
affected i1s the ecologically important Sabwe
River. Reduced winter base‘flows in the
river have resulted in increased water
stress levels amongst the natural nver
biota. Consequently, there is an urgent
need 1o manage the water resources within
the catchment effectively to ensure the
viability of riverine ccosystems.

This report focuses mainly on one aspect of
nverine hydrology * evapotranspiration. In
many biological systems evapotranspiration
s the most important output fOux
accounting for up to 100% of annual water
losses in wetland systems (Linacre 1976).
However, accurate estimates of
evapotranspiration are notoriously difficult
to obtain, Rivers running through semi-arnd
arcas such as the Kruger Natonal Park
present a particularly difficult challenge for
estimating evapotranspiration, because of
the problems associated with advection
from the surrounding dry (hotter) areas and
the limited fetch within the generally
narrow boundanes of the outer banks of the
nver. In addition, the nvenne systems,
range from open water or iwnundated arcas,
where evapotranspiration is not constrained
by water availabihity, to those where the
water table is frequently below the surface
and waler availability for
evapotranspiration 18  controlled by
vegetation factors. As a consequence the
evapotranspiration results produced are
often inconclusive or conflicting.

In a previous study conducted on the Sabwe
River (Birkhead et a/ 1997) preliminary
estimates of the water use of the reeds and
trees were established. Tree transpiration
rates were found to be conservative ( =
2mm day' in summer). By contrast the
modelled rates for the reeds consistently

averaged more than 15 mm day ' and were
considered unrealistically high. The results
of the study require verification if water
resources within the catchment are to be
managed effectively. The aim of the present
study was to verify the empinically based
transpiration estimates of Birkhead et al
(1997) by using the physically based Bowen
ratio technique to estimate
evapotranspiration from the Sabie river.

2. PROJECT OBJECTIVES

e To venfy preliminary estimates of
water use of the trees and reeds on the
Sabie River in the Kruger National
Park.

e  To directly measure reliable, spatially
averaged (100 to 100 m?)
evapotranspiration rates for the two
major community types (reeds and
forest) using micrometeorological
techniques.

e To compare the magmitude of the
fluxes both between sites and
seasonally, their daily trends and
controls and to assess the magnitude
of the evaporative losses over a 50km
npanan stnp,

e To test smple, phymecally based
evapotranspiration models with simple
data requirements of value for longer
term modelling of the water use of
riparian vegetation along the Sabie
River and other similar sites.

Although the absolute magnmitudes of the
results reported are directly relevant only
to similar climatic and vegetation types, the
processes and controls described may be
representative of other major nver systems
within southern Afnica.

3. BACKGROUND

The work for this project (phase 11) arose as
a direct recommendation from a previous
project funded by the Water Research
Commission (phase 1), which investigated
“Developing an Integrated approach to

Executive Summary
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Predicting the Water Use of Riparian
Vegetation™, by Birkhead Al Olbrich BW,
James CS & KH Rogers in 1997 (WRC
Report No 4741/97). These authors
recommended that further measurements
on the water use of reed beds be carned out
as the ongnal estimates were not
satisfactory. Since reed beds are the
dominant wvegetation type in the Sabie
River, over-estimation of
eévapotranspiration rates would result
unrealistic values when modelling water
use in the Kruger Park. The present project
was therefore initiated to  determine
independent estimates of
evapotranspiration from a reed bed and
forest community.

4. METHODS

The energy balance Bowen ratio technique
was used to estimate evapotranspiration at
the reed site. However, the technique could
not be used in sites where the reed roots
were permanently inundated with water
because of msufficient fetch distance and
difficulties in building towers.

Since the Bowen ratio technique also has
limitations when used over tall tree
canopies, the eddy covanance technique
was used to measure the latent heat fluxes
above the forest canopy.

The data collected from the sites were then
substituted mnto the Penman Monteith
equation to calculate actual total
evapotranspiration (£7).

5. RESULTS

5.1 Reed evapotranspiration

Daily reed evapotranspiration rates (mm
day') measured during the study perod
included three summer seasons (1998, 1999
and 2000), two winter periods (1998 and
1999), and the sprnng of 1999 Strong
seasonal trends were exhibited by these
data, with mean monthly summer values
varying between 4.5 and 7 mm day ' during
1998 and 1999. Mean monthly values in
January 1n 2000 were significantly lower as
a result of the high incidence of rain during
this year. Maximum evapotranspiration

rates of 89 mm day' were often found
between December and February. This
contrasts with the 12 mm day ' in February
reported in the previous study usng the
dynagauge techmique (WRC  report
47T41/97).

Evapotranspiration rates from the reeds
during the winter months of May and June
were noticeably lower, but still averaged
about 1 mm day! in 1999,
Evapotranspiration from the reed beds in
the Kruger National Park therefore ranged
from 4 to 9 mm day' depending on the
season.

As suspected in phase | (Birkhead et al
1997), the modelled reed values of between
10 and 30 mm day' were unrealistic and
not physically possible, since the values far
exceeded the amount of available energy.
The reed models developed in phase |
should therefore not be used for calculating
reed transpiration.

5.2 The use of infra red thermometry
to estimate forest

evapotranspiration

The use of the infrared techmque to
estimate evapotranspiration at the forest
site was not satisfactory. The infrared data
imphed that all of the available energy was
converted into sensible heat, a very unlikely
result in this instance. The Bartholicr
Namken 'Wiegand method overestimated
the equilibrium evaporation rate at all
values above 300 Wm? Because of the
disappointing performance of this technique
and the difficulty of routine measurements
in the Kruger National Park. it was decided
to investigate the techmique at a site closer
to Pietermanitzburg. The events of the
flood, in which all the sensors and data
loggers were lost, have prevented this.

5.3 Tree evapotranspiration using the
eddy covariance technique

Diurnal evapotranspiration measured with
the eddy covariance techmique indicated
that the tree canopy exhibited very low
rates of transpiration during winter
(approximately 0.6 mm day’). One of the
problems with this techmique is that
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approximately 200 W m? of energy are
unaccounted for. This may be due to energy
in tree trunk storage which was not
measured in this study.

5.4 Tree evapotranspiration using the
Bowen ratio technique

The results showed that trees transpire
freely during winter (up to 257 mm day '),
although the maximum rates are limited by
the available energy. A striking feature of
the summer evapotranspiration data was
that the maximum daily rate seldom
exceeded 4 mm day'. Unlike winter, most
of the energy (500-700 Wm *) was utilized
in the early morning to dnve the
evapotranspiration process, At mid-day thus
trend was reversed, when approximately
300600 Wm? was partitioned into heating
the mir. The man differences between the
summer and the winter energy balances
were' (1) the magnitude of the fluxes and (i)
the tume at which the partitioning between
the latent and sensible flux changes from
being predominantly latent heat to
prnincipally sensible heat.

There were no strong seasonal trends in the
troe evapotranspiration data with winter
values being similar to summer values. The
mean daily evapotranspiration for the
winter and summer was 262 and 2.23 mm
respectively. The lower inadence of cloud
cover and rain in winter resulted in the
marginally higher evapotranspiration rate
in winter. The results of this study were
higher than those recorded in phase | (1
mm day "’ in winter),

Both studies have shown that the
evapotranspiration from the tree
community was surprisingly low, especally
conmdering the high atmospheric demand
experienced in the KNP and the freely
available supply of water to the trees A
possible  explanation is that the
transpiration per unit leafl area declines in
mature trees that have extensive flow paths
from the roots through long branches to the
leaves. The corollary, that young trees will
have smignificantly higher water
requirements, now has particular relevance,
due to the removal of most of the mature
forest during the February 2000 floods. The

post flood succession of the npanan forest
now offers a unmique opportunity to
investigate this hypothems

8.6 Comparison of trees and reeds

Compansons of simultaneous
evapotranspiration rates from the reeds and
forest communities in the KNP showed that
the daily water use of the reeds was
consistently higher than in the forest
community. Duning the study period the
forest community used 36% less water that
the reed community (2.5 mm day’ versus
3.9 mm day ' respectively).

6. MODELLING REED AND TREE
EVAPOTRANSPIRATION

The estimates of actual evapotranspiratson
obtained in this study were used to develop
canopy specific models of the Penman-
Monteith equation that could be used for
the reeds and trees. A very close agreement
was found in the reed site between the
measured (Bowen ratio evapotranspiration)
and the mmulated Penman-Monteith
evapotranspiration in summer with totals
of 176.7 mm and 178 mm respectively. Good
relationships were also found between the
autumn and sprning Bowen ration
evapotranspiration data and the Penman-
Monteith estimates. However, a poor
relationship was measured dunng winter,
posaibly due to the underestimation of the
simulated net radiation and soil heat flux
density.

7. LOW FLOW VERIFICATION
STUDIES

The results of the vegetation cover analysis
showed that the forests (38%) and reeds
(22%) were the dominant vegetation types
accounting for 60 % of the area. Open
water, rock and sand accounted for a
further 28%. These data were used to scale
up the evapotranspiration data for a 55 km
section of the Sabie between the Kruger and
Lower Sabie weirs. Compansons of the total
ovaporation losses durning the low flow
period attributed to vegetation (0.32 m?s ")
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and gauging losses (0.35 m? s ) showed good
agreement, and added wvalidity to the
evapotranspiration data

8. CONCLUSIONS

The main objective of the venfication of
previous transpiration measurements from
reeds and trees 1n the Sabie River was
achieved using the Bowen rato energy
balance technique. The results have shown
that the previously high evapotranspiration
rates attnbuted to reeds were unfounded.
These reed evapotranspiration models
should therefore not be used to model
consumptive water use of the vegetation,

Evapotranspiration from the tree site was
consistent with the previous research where
conservative tree Lranspiration rates were
found. However, the absolute daly
evapotranspiration rates were higher in
this study (3.2 mm day') when compared
with the previous study (1.7 mm day ).

Canopy specific models for the reeds and
trees have been developed through an
understanding of the energy balance of each
community and its relanonship to the well-
known Penman-Monteith approach,
providing & more accurate calculation of the
water requirements of sumilar npanan
vegetation in southern Afnca

Verification of the evapotranspiration
estimates of this study was achieved by
comparing the Bowen ratio estimates with
transmussion  losses  estimated through
gauging studies. The gauging data were
consistent with the evapotranspiration data
collected in this project, confirming the
validity of the evapotranspiration data.
9. EXTENT TO WHICH CONTRACT
OBJECTIVES HAVE BEEN MET
o To verify preliminary estimates of water
use of the trees and reeds on the Sabie
River in the Kruger National Park.

Verification of previous transpiration
measurements from reeds and trees in the

Sabie River was successfully achieved using
the Bowen ratio energy balance technique

e To directly measure relinble, spatially
averaged (10° -10° m?)
evapotranspiration rates for the two
major community types (reeds and
forest) using micrometeorological
techniques.

Good seasonal data were obtained from the
reed site. Tree data were obtained only for
the winter and spring penods. High nver
levels and the February 2000 floods
prevented the collection of summer tree
data.

o  Compare the magnitude of the fluxes
both between sites and seasonslly, their
daily trends and controls and to assess
the magnitude of the evaporative losses
over a 50 km niparian stnp.

Low flow venification studies confirmed the
spatially averaged estimates of the
consumptive water use of the rpanan
vegetation along a 56 km stretch of the
Sabie River.

o 7o test simple, physically based
evapotranspiration models with simple
data requirements of value for longer
term modelling of the water use of
riparian vegetation along the Sabre
River and other similar sites.

In terms of modelling the latent heat flux in
the Sabse River and other similar
environments, either the Priestley-Taylor or
Penman-Monteith methods ywld the best
results. The use of canopy and seasonal
specific surface resistances and modelled
available energy from relationships
determined in this study, provides a model
that yields excellent results yet is simple to
use.

10. RECOMMENDATIONS FOR
FURTHER RESEARCH

1. Further research s required on the
physiological and phymical processes that
underlie the conservative water use of the
forests growing along the Sabie River. Thas
research should determine the extent to

Executive Summary

page vi




VERFICATION OF RIPARIAN WATER USE ALONG THE SABE RIVER
CS Everson, C Burger, B Obvich and M Gush

which these conservative rates are
applicable to other indigenous rnipanan
systems 1 South Afrnca, since some
hydrological models, such as ACRU, depend
on a crop factor approach to determine the
water use of different plant communities.
The data from this project are inconsistent
ripanan communities are high water users.
For example, the future development of the
BLINKS nparian vegetation model is to
encourage links with the ACRU model, so
that meaningful hydrological sconarios can
be used to predict the response of the
nipanan vegetation Mackenzie ot al 1999),
This will be dependent on accurate
predictions of the consumptive water use of
the vegetation.

2 Both the phase | and [l projects have
routine measurements of
evapotranspiration from mixed tree
canopies in nvernine situations. There 1s an
urgent need to find a technique that will
overcome these problems if progress is to be
made in the area of evaporative research in
riparian communities. Recent
investigations have demonstrated the
potential use of scintillometry to measure
spatially averaged sensible heat fluxes over
path lengths that range from 50 m o
several  kilometres. A scnullometer
measures the intensity fluctuations of
visible or infrared radiation after
propagation over the plant canopy of
interest. In contrast to local measurements,
scintillometers provide path-averaged
results. The temporal resolution achievable
15 one order of magnitude higher than that
of point measurements. Due to the spatial
averaging, extended expennmental areas can
be representatively characterised with a
single instrument. Future research should
test the feasibility of using this technique in
TIVerine areas.

3. For practical reasons the reed
measurements of this project were carried
out on communities growing on elevated
sand banks. There 15 still a need to
characterise the evapotranspiration of
permanently inundated reeds, which
represent a large proportion of vegetation
growing along the banks of South African
nvers. Scintillometry would provide an

alternative solution to the problems faced
when working with conventional
techniques. The wse of infrared
thermometry should also be investigated as
a cheaper solution.

4. A possible reason suggested for the
low consumptive water use of the trees 1
that the transpiration rate per unit of leaf
area declines as a result of the extensive
pathways water must follow from the roots
through long branches to the leaves. The
corollary, that young actively growing trees
will have significantly higher water
requirements, now has particular relevance,
due to the removal of most of the mature
forest during the February 2000 floods. The
post flood succession of the riparian forest
pow offers a unique opportunity to
investigate this hypothesis.

5. A major threat to the Sabie river
ecosystem is through the replacement of
indigenous vegetation by alien invasmives.
The manner in which these invasives
invade the nver ecosystem following the
floocds needs to be researched. A key
question must be the impact that these fast
growing and hence highly water efficzent
plants, must have on the delicate balance
between the indigenous npanan plants and
the soil and ground water reserves.

6. Water resources development and
management require an understanding of
basic hydrologic processes and simulation
at the catchment scale (thousands to tens of
thousands of square kilometres). Recent
advances in computer hardware and
software and GlS/spatial analysis software
have allowed large area simulation to
become feasible. The information on the
evapotranspiration of the dominant
indigenous vegetation collected in this
study will ultimately provide modellers
with important inputs and data for the
verification of these meodels. It is
recommended that a workshop be held
(outside the scope of this project), on how to
further interpret the rescarch in terms of
the “ecological reserve”, by bringang all the
results on the impact of the water use of
vegetation together, and by developing a
link to the operational management of
rvers.
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11. CAPACITY BUILDING

The research field of micrometeorclogy is
currently in a crisis with very few new
researchers enterning the discipline. Mrs
Jarmain (nee Burger) is the only new young
female researcher to be recruited into this
field in recent yvears. As the use of the open
path eddy covanance represented a new
research approach not used in South Africa
before, it 1s clear that new capacity was
imparted to both the junior and senior
researchers. It must be recognised that

neither previously disadvantaged students,
nor other students are entering this field
Capacity building in the future must focus
on attracting promising young scientists
into hydrology and micrometsorology and
building the skills that are needed for the
research and management of South Africa’s
scarce waler resources.
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w Vertical wind velocity ms'!
w' Vertical wind velocity departure from the mean
z Vertical height interval
o Roughness length
Zob
Za
Zge
Z
Zo

Height of windspeed measurement
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1. INTRODUCTION

Increasing agricultural and forestry activities in catchments west of the Kruger
National Park are placing increasing demands on their limited water resources.
As a result the flow regimes of these eastward flowing rivers have been
negatively affected and a number have changed from perennial to seasonal.

The historically perennial Sabie River has also been affected, and the reduced
winter base-flows are resulting in increased stress levels amongst the natural
river biota. Consequently, there is an urgent need to manage the water resources
within the catchment effectively to ensure the viability of riverine ecosystems.

The Sabie River in the Kruger National Park is the focus of an integrated
research thrust funded under the Kruger National Park Rivers Research
Programme. This river was selected because of its ecological importance, and the
potential impacts that further flow modifications could have on the riparian
vegetation and related ecosystems.

This report focuses mainly on one aspect of riverine hydrology
evapotranspiration. In many biological systems evapotranspiration is the most
important output flux accounting for up to 100% of annual water losses in
wetland systems (Linacre 1976). Accurate estimates of this flux are required for a
variety of climatological, hydrological and ecological problems, yet are notoriously
difficult to obtain. Rivers running through semi-arid areas present a particularly
difficult challenge for estimating evapotranspiration, because of the problems
associated with advection from the surrounding dry (hotter) areas and the
limited fetch within the generally narrow boundaries of the outer banks of the
river. In addition there are numerous possibilities for the structure of riverine
systems, ranging from open water or inundated areas, where evaporation is not
constrained by water availability, to those where the water table is frequently
below the surface and water availability for evapotranspiration is controlled by
vegetation factors. As a consequence the results produced are often inconclusive
or conflicting (Unland ef a2/ 1998).

In a previous study conducted on the Sabie River (Birkhead et s/ 1997)
preliminary estimates of the water use of the reeds and trees were established.
The results of this study require verification as the tree transpiration rates were
found to be conservative (; =2 mm day ! in summer). By contrast the modelled
rates for the reeds consistently averaged more than 15 mm day' and were
considered unrealistically high.

1.1 Project Objectives

The primary objective of this project was to verify preliminary
estimates of water use of the trees and reeds on the Sabie River in
the Kruger National Park.
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Secondary objectives were:

. To directly measure reliable, spatially averaged (10°-10'm?)
evapotranspiration rates for the two major community types (reeds and
forest) using micrometeorological techniques:

. To compare the magnitude of the fluxes both between sites and
seasonally, their daily trends and controls and to assess the magnitude of
the evaporative losses over a 50km riparan strip; and

. To test simple, physically based evapotranspiration models with simple
data requirements of value for longer term modelling of the water use of
riparian vegetation along the Sabie River and other similar sites.

Although the absolute magnitudes of the results reported are directly relevant
only to similar climatic and vegetation types, the processes and controls
described may be representative of other major niver systems within southern

Africa.
1.2 Background

The work for this project (phase Il) arose as a direct recommendation from a
previous project funded by the Water Research Commission, which investigated
“Developing an Integrated approach to Predicting the Water Use of Riparian
Vegetation”, by Birkhead Al, Olbrich BW, James CS & Rogers KH in 1997 (WRC
Report No 474/1/97). A précis of the executive summary of this report is given
below for those not familiar with this report.

Seven major rivers rise west of the Kruger National Park (KNP) in catchment
areas subjected to large-scale afforestation and increasing agricultural activity.
This is causing a reduction 1n streamflow, and a number of rivers have changed
from perennial to seasonal. Concerns for the impacts of these streamflow
reductions on the ecological functioning of the rniverine ecosystems within the
Kruger National Park led to the formation of the multidisciplinary KNP Rivers
Research Programme. The programme was initiated to establish the ecological
water requirements of the rivers flowing through the KNP, so that they may be
given due consideration in the planning and management of future resource
developments (Birkhead et 2/ 1997). Because of the national importance of the
Kruger National Park to biodiversity and tourism, and the international
boundary with Mozambique, adequate water must be supplied to meet the
evaporative demands of the riparian vegetation and for international obligations
to South Africa’s neighbours. With this in mind the specific objective of the initial
project (phase I) was to

Develop the means to predict transpiration by riparian vegetation
under different river flow and meteorological conditions for the
Sabie River in the Kruger National Park.

Three quantitative models were developed and integrated to describe the various
components of the riparian water balance. The supply of water was addressed in
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a river hydraulics model describing surface flow in the river. Subsurface flow in
the alluvial bank zone adjacent to the river and availability of soil water for
transpiration was modelled in a bank storage dynamics model, and a
transpiration model accounted for the consumptive water use by ripanan
vegetation. It is the improvement of the latter which is the focus of the present
study.

The transpiration component of the riparian water balance was modelled
empirically in order to develop a model whose input data requirements were
easily satisfied. Thus, a simple regression modelling approach was used. As a
result, two models were developed, one for rparian trees and the other for the
abundant reed species, Phragmites mauritianus.

1.2.1 Transpirstion by trees (Phase )

The strategy used to model the transpiration by trees in phase | was to first
concentrate data collection at a single site (Nerina) and a single species (Ficus
sycomorus) over a two year period and compare its transpiration rates to other
trees (Berchemia zeyvheri, Diospyros mespiliformis, Trichilia emetica and
Spirostachys africana) at the site during four intensive water use sampling
surveys. Further research was also conducted to determine whether there were
significant differences between the dominant riparian species in a survey of
transpiration rates along the Sabie River. This survey also included the species
Combretum ervthrophyllum, Acacia robusts, Breonadia salicina and Syzigium
guineense.

The species comparison revealed that there were no significant differences in
transpiration between the various riparian tree species, suggesting that in the
riparian habitat, the absolute transpiration rate depended more on tree size than
the species concerned. Transpiration from the trees was found to be low,
averaging only 2.3 mm day ' in summer, and only 1.34 mm day ' in winter. These
conservative rates were attributed to the obstructed hydraulic architecture of the
older trees. The generalised transpiration model developed for the F. sycomorus
trees and P mauritianus reeds is given by:

T =c1LAI + c2 (1°€VPD) 4 CaZips + Clunrrrrenriencrrrsosrsssesssssssasanes (rLn
Where
. 3 is the transpiration rate (litres day")
Cl...C4 are the regression coefficients
LAT is the leaf area index (unit less)
VPD is the mean daytime vapour pressure deficit (kPa)
Zpe is the relative phreatic surface elevation (m)

A good fit against observed tree transpiration data was obtained using this model
(r2=0.78). Although this model requires only one meteorological parameter (VPD),
it does require LAl and phreatic surface level data, which are not easily
obtainable.
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1.22 Transpiration by reeds (Phase I)

Transpiration measurements from the reeds during phase [ were made during
three periods (one in wet summer season and two at the end of the dry scason)
ranging from 9 to 23 days in duration. During each survey 16 reeds were sampled
using heat balance technology (dynagauge) (Birkhead ¢ &/ 1997). The individual
measurements were scaled-up using the leaf area index of the canopy. The
absolute transpiration rates measured were high averaging 12 mm day’' in
summer and 7 mm day’ in winter. Age class (young and mature) and seasonally
(winter and summer) dependent regression coefficients were developed from the
data for Equation 1. The modelled rates for the period January 1994 to June
1994 consistently averaged more than 15 mm day' (maximum of 24 mm day ")
and were considered unrealistically high. A research recommendation arising
from phase | was therefore for further measurements on the water use of reed
beds, as the original estimates using the heat balance technique on individual
reeds were not considered satisfactory. It was also suggested that the reed
models be validated and verified, as reeds are the dominant vegetation type in
the Sabie River. With this background, the present project was initiated, where a
more integrative technique such as the Bowen ratio would be used to derive
independent estimates of evapotranspiration from a reed bed community.

1.3 Definitions

Evaporation in this report is defined as “the physical process by which a liquid is
transferred to the gaseous state.” The evaporation of water into the atmosphere
occurs from water bodies such as oceans, lakes and rivers, from soils, and from
wet vegetation. Most water evaporated at leaf surfaces is water that has passed
through the vascular system of the plant, exiting into the surrounding air,
primarily through stomata. Evaporation of water that has passed through the
plant is called transpiration. Direct evaporation from the soil and from plants
occurs simultaneously in nature, and there is no easy way to distinguish the
water vapour produced through the two processes. Therefore the term
evapotranspiration is used to describe the total process of water transfer into the
atmosphere from vegetated land surfaces. In this report the stem steady state
heat balance and heat pulse velocity techniques only measure water passing
through the plant (transpiration), whereas the Bowen ratio energy balance
technique includes both plant and soil evaporation (i.e. evapotranspiration).
Another concept widely used in the study of evaporation and evapotranspiration is
that of potential evapotranspiration. Potential evapotranspiration is the evaporation
from an extended surface of a short green crop that fully shades the ground, exerts
little or negligible resistance to the flow of water, and is always well supplied with
water. Potential evaporation cannot exceed open water evaporation under the same
weather conditions. The preceding definitions are after Rosenberg et 2/ (1983).
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2. THE STUDY SITES

The Sabie River has been identified as the most natural but imminently
threatened perennial river flowing through the Kruger National Park (KNP)
(Birkhead er al 1997). The Sabie River drains a 7096 km? catchment in the
Mpumalanga Province, South Africa and Mozambique. This river is characterised
by a wide fringe of riparian vegetation colonising the riverbanks, where more
than 130 indigenous species of trees and shrubs occur. This vegetation is
important to the survival of the many animal species, which are dependant on
this habitat for food and refuge. The viability of the riverine system is in turn
dependent on sufficient water supply from the headwater catchments that are
being severely impacted by changing land use. Winter base flows are supplied by
the dolomitic aquifers in the mountainous areas in the west (Broadhurst et al
1997).

21 The reed study site.

Reeds are one of the dominant vegetation types in the Sabie River system. The
reed Phragmites mauritianus plays an important role in the river system by
stabilizing interfluvial sand banks and providing fodder to elephants and buffalo.

The requirements of a suitable reed bed for the application of the Bowen ratio
equipment were the following:

1. The reed community (Phragmites mauritianus) should be as extensive as
possible to allow maximum ‘fetch’ for the equilibrium of water vapour over
the canopy.

2. The reeds should be homogenous in extent and ripanan in nature.

3.  The site should be easily accessible.

During June 1997 an airborne survey of the reed beds was conducted along the
Sabie River within the Kruger National Park. This survey showed that there
were few suitable sites that met the above criteria. The site eventually selected
was near the confluence of the Sand, Sabie and Muthlumuvi Rivers (Figure 2.1).
The Bowen ratio system was sited in the centre of the reed community
(Figure 2.2). The fetch at the site was generally in excess of 100 m metres in all
directions. The site was situated on a sand bar about 1.5 m above the low flow
level of the river. This site represents a mixed anastomosing channel type
according to the classification of Heritage et 2/ 1995.
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GAUGING STATION D3 Forestsite
KRUGER NATIONAL PARK BOUNDARY Sl Seiaie

Figure 2.1: The location of the Reed and Forest study sies n the Kruger Nasonal Park

22 The tree study site

A broad patch of forest about 17 km downstream from Skukuza was selected for
the tree evaporation study (Figure 2.3). The site was selected because of the good
fetch conditions and accessibility from the road. The trees at the site were
approximately 17 m high and the ripanian tree, Breonadia salicia that
establishes in bedrock cracks was common. Other large trees included Nuxia
oppostifolia, Ficus sycomorus, Combretum erythrophyllum, while Ziziphus
mucronata and Dichrostachys cinerea formed a dense shrub cover on channel
banks beneath the open canopy tree layer (Figure 2.4).
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Figure 2.2: The reed study site showing the extensive areas of Phragmies mauritianus
during summer. The Muthiumuwi bridge can be seen in the background.

[T] = Forest Study Site

] = Direction of Flow of Sabie River

Figure 2.3: An aerial view of the typical forest at the Yee sile on the Sabe River in the Kruger

National Park Scale 1 om = anomx 100 m

The Study Sites
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Figure 2.4: A view of the forest canopy from the tree tower
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3. METHODS AND MATERIALS
3.1 Bowen ratio energy balance technique
3.1.1 Background and theory
The energy balance method requires knowledge of the factors contributing to the
thermal balance at the evaporating surface. The energy balance equation may be
written as:

Roe T H ¥ AE ¥ G.eeeeeeeerrrrnnrrsnssssssansssssnsssssssssanss (3.1)
where His the sensible heat flux, £'is the evaporation rate, A is the latent heat of

vaporization (J kg"), K. is the net (all wave) radiation (Wm?), and @ is the soil
heat flux.

To permit the determination of evapotranspiration using Equation (3.1) the
relationship established by Bowen (1926.), the Bowen ratio, i, can be used:

The Bowen ratio may also be expressed in terms of the temperature (7) and
specific humidity (g) gradients where zis the vertical height interval:

orT
C K b
p—l_p"‘az 2 (3.3)
AE ipeK, & YAq .........................
P &

since Ks and K« are assumed equal.

In general, Ki and K. are not known. However, under specific conditions they
can be assumed to be equal and the ratio of //to A E is used to partition available
energy at the surface into sensible and latent heat flux. Equation (3.3) shows that
B values are derived from measuring differences (A) in air temperature and
vapour pressure over the same vertical height interval (A2 and the
thermodynamic value of the psychrometric constant, _ C»”  where G, is the

=
specific heat of air at constant pressure. 4 AE
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From Equations (3.1) and (3.3) § and (& - @) values are used to compute the
latent heat flux from:

(R, - G)
(1+4)
The sensible heat flux is calculated from:

................................................. (3.9

bl =TI B oo 3.5

B can be estimated from Equation (3.3), by measuring the air temperature and
vapour pressure gradients above the canopy.

3.1.2 Bowen ratio instrumentation

A diagrammatic representation of the Bowen ratio instrumentation is shown in
Figure 3.1. A dewpoint hygrometer measured the dewpoint temperature (°C) of
the air drawn into the system through inlet tubes situated at 0.5 m and 1.5 m
above the reed canopy surface. The dewpoint temperature was used to estimate
the vapour pressure (kPa) of the air (eJ).

The air temperature at 0.5 m and 1.5 m, and the air temperature difference
between 0.5 and 1.5 m were measured using two bare type E-thermocouples, each
with a parallel combination of 76 pm diameter thermocouples. This combination
functioned even if one thermocouple was damaged.

Net radiation was measured with a Q*6 REBS net radiometer mounted 1.5m
above the canopy surface. The heat flux into the soil () was measured with
Middleton soil heat flux plates and soil averaging thermocouples.

Measurements of wind speed, wind direction, precipitation, air temperature,
relative humidity and incoming solar radiation were recorded 2 m above the reed
canopy surface.

The weather station instruments, linked to the CR21X, recorded the following
measurements:

v Rain using a Rimco tipping bucket raingauge (0.2 mm tip).

iy Solar radiation measured with a Kipp solarimeter.

i) Wind speed measured at a height of 2.0 m above the canopy with a Met-
One cup anemometer.

iv) Wind direction using a Met-One wind direction sensor.
v) Temperature and relative humidity were measured with a PC207
temperature and humidity probe.




VERIFICATION OF RIPARIAN WATER USE ALONG THE SABIE RIVER
CS Everson, C Burger. B Olbrich and M Gush

All sensors were averaged or totalled at 20-minute intervals. The entire system
at the reed site is shown in Figure 3.2.

-~
| * Air mixing chamber | Fine wire thermocouples
eDewpoint hygrometer ; ///'
e Campbell 21X dauloggcr\ ‘T;_‘_l a /
R oa—— E / // Net radiometer
" / /
Air intakes / -
Solar panel = \ /
\\ J |
-— Pl N
A . y
Battery 1
. §‘
Soil temperature / heat fMlux
I
\w i/ Grounding rod

Figure 3.1: A diagrammabc representabon of the Bowen raso sysiem

Figure 3.2: The Bowen ratio system and automatic weather staton at the reed site n he Kruger Nabonal Park dunng
summer.
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J.1.3 Data processing

The Bowen ratio energy balance data collected were passed through an exacting
set of data rejection criteria to test for their reliability. The primary exclusions
being to ignore data when observations were beyond instrumental accuracy of the
Bowen ratio system as a whole or the individual sensors involved in the system.
Accordingly, observations of the Bowen ratio for which the absolute value of the
vapour pressure and temperature difference between the two measurement levels
de and d7, were less than 0.01 kPa and 0.006 °C respectively, were excluded, as
were observations for which the Bowen ratio was close to -1, specifically for the
range |1+ £ | <0.75.

3.2  Eddy covariance technique
3.2.1 Introduction

The energy balance Bowen ratio technique has traditionally been used over
uniform agricultural crops on homogeneous terrain. However, this method has
limitations when used over tall tree canopies. The increased turbulence
associated with these aerodynamically rough surfaces results in small
temperature and vapour pressure gradients. As the resolution of current Bowen
ratio energy balance systems is not sufficient to resolve these small differences,
the separation distance between the sensors must be increased. This significantly
increases the amount of fetch required.

With recent advances in the development of sonic anemometers, the eddy
covariance technique (ECT) is rapidly becoming the standard for the
measurement of energy and mass fluxes above vegetation. Flux measurements
have been successfully carried out over many different canopy surfaces such as
forests, grasslands, agricultural fields, oceans, and deserts. However, long term
studies using the ECT raise special demands on the measuring system
concerning durability, software reliabiity, data capacity and power
requirements.

3.2.2 Theory

In fully turbulent flow the mean vertical flux Fof an entity s per unit mass of the
fluid is given by

where py 15 the density of air, w the vertical wind velocity, and the over bar
denotes the average value during a time period of suitable length.

In the surface boundary layer all atmospheric entities exhibit short-period
fluctuations about their mean value. Therefore, the instantancous values of w, s,
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and ps can be expressed by:

we=wew, s=54+5, N F —— (3.7

where the prime symbol denotes an instantaneous departure from the mean.
These expressions can be substituted into Equation (3.6) and if we neglect the
very small fluctuations in density, the mean vertical flux Freduces to:

HELAE 5T R B L L m— (3.8

or by writing ps for «

F :paﬁ ¥ P VT cesenssassmiianis (3.9

The first term on the right-hand side of Equation (3.9) represents the flux due to
the mean vertical flow or mass transfer. The second term represents flux due to
eddying motion or eddy flux. The mass transfer term may arise from a
convergence or divergence of air due to sloping surface. For a sufficiently long
period of time over horizontally uniform terrain the total quantity of ascending
air is approximately equal to the quantity descending and the mean value of the
vertical velocity will be negligible. Therefore, Equation (3.9) reduces to

A R F T —— (3.10

Based on the above equation, the sensible heat flux (H) and water vapour flux (E)
can be expressed as:

X R L — 3.1

and

where w ! T and e are the instantaneous departures from the mean horizontal
velocity, air temperature and vapour pressure; and £ is the ratio of molecular
weights of water vapour and air and Pis the atmospheric pressure.

3.2.3 Eddy covariance instrumentation

Figure 3.3 is a schematic representation of the eddy covariance system and shows
the main components of the instrumentation. Analogue signals from the infra-red
gas analyser (IRGA) are passed to the 3-axis sonic anemometer which uses an
analogue-to-digital converter to digitize the signals (at 10 Hz). The u, v and w
components of the wind and the speed of sound (from which the sonic virtual
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temperature is derived) are available at a rate of 10 Hz at the serial output

of the

anemometer. The digitized signals from the IRGA are combined with the wind
speed information and sent to the serial port of the data collection unit (DCU).
Up to five analogue signals can be input into the DCU in this manner and

combined with the turbulence data.

3

Sonic array _ e Wb i tube
C-\ Cu inlet tube

Sonic Electronics box

Dot colloction unit

’ ia'in mv |
‘; - !!!
f Cell Mresmare LH” '
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12 V Baueries e el B BT IRGA
% ”; —— Tor swldt stmting I hose!l goosostor
Mapgnesium Sodium
Perchlorate Hydroxide O wtler
-

P —_—
v I ke

v
i c &
- -
-

 ————
T Filter S00 mVmin PUM:
. I: ', (. I
- Rctcrcm Call___ g )
Sample C llll -
o » ' rPUMP
= @R <) -
! Pressure
Transducer - J
~ - : - =
Sample Inlet Mass fNlow conwoller

Figure 3.3: A diagrammatic representation of the major components of e eddy covanance sysiem
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3231 Sonic anemometer

The speed of sampling for eddy covariance estimates is normally 10 Hz (ie. 10
samples per second). For such rapid measurements conventional anemometers
are unsuitable and the more recently developed sonic anemometers have become
accepted as the standard instrument. In this study wind and temperature were
measured with a 3-axis sonic anemometer (Applied Technologies, Boulder,
Colorado) pointed into the prevailing wind direction. The instrument is
waterproof and can operate in wind speeds up to 10 m 8!, The instrument is
based on the principal that sound travels faster from an emitter to a receiver in
the direction of the wind and conversely more slowly against the wind. With
three sets of emitters and receivers orientated in the x, v, and z directions, it is
possible to determine simultaneously the three orthogonal components of the
wind velocity.

One of the assumptions of the eddy covanance theory is that the wind sensors are
mounted on a perfectly flat experimental site. However, in most practical
situations such conditions do not exist. The influence of sensor tilt or terrain
irregularities can contaminate the computation of the flux covariance by causing
an apparent mean vertical velocity. This problem is overcome with the three
dimensional sonic anemometer, which rotates the co-ordinate system of the three
wind velocity components, making the vertical, and lateral velocity components
equal to zero,

This enables computation of the turbulent fluxes perpendicular to the
streamlines. Generally it is adequate to perform only a two-dimensional rotation.

The virtual temperature is obtained from the transit time of the ultrasonic pulses
(Kaimal and Businger, 1963; Kaimal and Gaynor, 1991) using the relation:

¢, =403 T,(l +0.32 %] EROe——— W, |

where ¢ is the speed of sound in air, 7. is absolute temperature, e is the vapour
pressure of water in air and P is the absolute atmospheric pressure. A sonic
temperature (7) is defined as

Tue] =Tw('+0'32%] ......................................... (3.14)

According to Stull (1988), the sonic temperature is close to the virtual
temperature or potential temperature

o=r~[|+o,3s%) ......................................... (3.15)
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Using the sonic virtual temperature for the calculation of sensible heat flux will
be adequate under most conditions.

3232 Measurements of vapour pressure and COs concentration
3.2.3.2.1 Infra red gas analysis

The concentrations of water vapour and CO: were measured by a LI-6262
infrared gas analyser (LI‘COR, Lincoln Nebraska, USA). This is a differential
analyser that compares the absorption of infrared light by water and CO:z in two
different chambers. Here the analyser was used in absolute mode, i.e. the
reference chamber was purged of both water and COz2. The quoted response time
is 0.1s. This is the time taken for the analyser to respond to 95% of a one
timestep change in gas concentration. However, a more useful indicator of the
analysers response time is the cut-off frequency, i.e. the frequency at which the
indicated amplitude of a sinusoidal oscillation in gas concentration is 0.707 of the
real amplitude. This is 5 Hz for the LI'-COR 6262.

The signals for the vapour pressure and CO: concentration can be output in a
varicty of units (analogue voltage, analogue current, or ASCID by seral
communication. However, for fast response (a requirement of the ECT) the raw
signals for the carbon dioxide and water vapour mixing ratio had to be used. The
mole fractions of water and carbon dioxide therefore had to be calculated in the
developed software.

The following formulae were used to calculate the CO: and H20 mole fractions

(pmol mol 1):
: P, PY PYVr+2m
For H:O C; = a.['ﬁ—’;]+a,(i" ?] +a,(l-‘ —’;) IT«-*273] ................ (3.16)
For COy
2 ] N 5
C, = a,(l':_ﬁ)*a.(y‘ ﬂ’.] +a,| V f‘: +a,(V‘£"-) ’_a’(',‘ &) Tr+273
p) "\ P o 4 P P)\T. +273
(3.17)

where &, a2 etc are the calibration coefficients for the LI-6262, V. the analogue
signal from LI-6262 at 10 Hz for either COz or Hz0, Py standard pressure (101.3
kPa), P vacuum in the sample cell, 75 calibration temperature for the LI-6262,
and 7'is the Celsius temperature of the sample cell.

Flowing a known gas concentration through the analyser performed the
calibration of carbon dioxide. Water vapour calibrations were performed using a
Campbell Scientific 21X data logger and a General Eastern Dew Point
Hygrometer. Zero points were established using magnesium perchlorate and
soda lime to purge water and carbon dioxide respectively. This was done every
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morning prior to starting measurements. Calibrations were performed at the
same flow rates as measurements so that pressure differences were maintained
equal duning both calibration and operation mode.

Figure 3.3 depicts the layout of the system with air being drawn through the
analyser by having a pump at the end of the sampling line. The air was brought
to the analyser through 1 m of copper tubing at the intake followed by a 10 m
length of 6.5 mm OD Bev-a-Line tubing (high density polyethylene). The inner
diameter of the tubing was 4 mm. The intake was placed as close as possible to
the centre of the sonic, without disturbing the sonic signals. The air was sucked
by a double diaphragm pump when run from the 12 V battery system. The flow
rate of 6.0 / min ' was kept constant by a mass flow controller (Tylon General,
Torrance CA). Due to the high flow rate, the vacuum created inside the cell of
the analyser was about 16 kPa below atmospheric pressure and the
concentration was automatically corrected using a pressure transducer at the
inlet of the LI'6262. A second transducer monitored the ambient changes in
atmospheric pressure. Tube configuration affects the flow rate, pressure drop
and the lag time between the sonic and IRGA sensors. The effects of these on the
measurements are discussed in the results section.

3233 The power supply

The 12 V battery system enables experiments to be carried out at remote sites.
Two 110 Ah batteries are charged by a self starting Diesel generator. The system
was designed to automatically start when the battery voltage drops to 119V, A
70 Amp battery charger was able to recharge the batteries within 30 minutes.
The generator automatically shuts off when the batteries are recharged (13 V).
The generator was placed 50 m downwind from the system.

3.2.3.4 The data collection system

The Applied technologies data collection unit (DCU) is a system designed for a
386 SX computer operating at 25 MHZ. Its low power requirements and small
size make it an ideal computer for high performance in a battery operated
environment. Internal to the DCU is the data acquisition software. The raw and
processed data are written to a 150 MB Bernoulli platter. Changes to the
analogue gain and offset constants, running mean sample number, boom
orientation and calibration coefficients for the gas analyser are accomplished by
editing a setup file on the Bernoulli disk.

The software was designed for flux measurements and performed the following
calculations in near real time:

e preset time averages such as 5 minutes, 30 minutes, etc.

means of wind vectors

variances of wind vector combinations

standard deviation of wind direction

vector averaged wind speed and wind direction.
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If all the inputs are available, it can also calculate the following:

mixing ratio

water vapour pressure

air density

specific heat at constant pressure

heat of vaporization

friction velocity (relates to the effectiveness of turbulent exchange over the
surface).

vertical fluxes of sensible and latent heat.

COz flux.

To handle non-horizontal mean wind fields over inclined terrain, a 3-D coordinate
rotation of the covariance matrix into the mean wind vector was applied to wind
data.

For misaligned sensors a trend removal can be used to correct the turbulent
fluxes. In practice, a running mean was removed from the data using a recursive
digital filter with a user selectable time constant.

An example of the raw data for a one second interval and processed output data
for a single half hour interval are shown in Tables 3.1 and 3.2. Both the raw and
processed data are sent to the storage disk as binary outputs. The software then
performs spectral analysis of the data. These binary data files are converted to
ASCII data by running a programme back at the office.

Table 3.1:

One second of raw data output from the eddy covariance system. U, V., W are the three orthogonal wind
components (m s*) and T, the virtual or sonic temperature (*C). The analogue inputs (0-4.095 Voits) are (a)
Raw carbon doxde signal from LI6262, (b) Raw water vapour signal from LI-6262. (c) L6262 sgnal for the
sample cell temperature; (d) Input from absolute pressure sensor and (e) Input from vacuum pressure sensor

| U-00.10 V-39.36 W-00.05 T0564 a0912 b 1041 ¢ 1111 d 0869 e 1490
U-00.08 V-39.39 W-00.10 T 0560 a 0910 b 1042 c 1111 d 0869 ¢ 1482
U-00.11 V-39.34 W-00.09 T 0565 20910 b 1041 ¢ 1109 d 0868 ¢ 1479
1U-00.12 V-39.32 W-00.06 T 0564 a0909 b 1041 ¢ 1111 d 0870 e 1487
U-00.13 V-39.33 W-00.13 T 0552 a 0908 b 1042 ¢ 1111 d 0870 e 1472
U-00.13 V-39.30 W-00.18 T 0555 a 0907 b 1042 ¢ 1111 d 0869 e 1492
U-00.17 V-39.28 W-00.15 T 0548 a 0908 b 1041 ¢ 1110 d 0869 e 1476
U-00.18 V-39.25 W-00.07 T 0555 a 0909 b 1040 ¢ 1110 d 0869 o 1488
U-00.19 V-39.16 W-00.10 T 0556 a 0909 b 1038 c 1111 d 0869 o 1487
U-00.17 V-39.08 W-00.11 T 0557 a 0908 b 1037 ¢ 1110 d 0868 o 1477
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An example of a half hour period of the processed data from the Eddy covariance system

Table 3.2:
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CVAR[ 58] =  3.86484 3.54100
CVAR[ SCO2) =  0.40174 0.63439
CVAR[ SH20) = ~0.4919%6 -0.33472
CVAR[CO2€02) =  1.62953 1.20263
CVAR|[CO2H20] =  -0.00235 -0.16000
CVAR [H20H20) =  0.23862 0.14791

Theta = =-6.44313 deg
Phi - -3.65104 deg

Vector Averaged Wind Speed - 3.28162 m/s

Wind Direction - -6.44313 deg

Standard Deviation of Wind Direction - 25.54987

Mix Ratio - 0.00411

Vapor Press - 0.57567 kPa

Air Density = 1023.61003 g/m3

Specific Heat of Dry Air at Constant Pressure = 1.01360 W*s/(g*X)

Heat of Vaporization
Friction Velocity

Flux of Momentum

Flux of Sensible Heat
Flux of Latent Heat
Flux of Carbon Dioxide
Flux of Water Vapor

2443.89767 Wes/g
0.9%0935 m/s
846.44375 g/ (m*s2)
-211.90110 W/m2
~168. 41686 W/m2
~0.15084 uMol/ (Mcl*m*s)
-0.0685]1 g/ (m2*s)

3.2.3.4.1 Determination of the lag time

The establishment of the lag time is crucial to the integrity of the data. The co
variances (fluxes) cannot be maximized if the lag time is not correct. The effect of
the tube configuration and flow rate on the lag time, were determined by
measuring the raw milli-volt output of the LI-6262 to 5 s step changes in vapour
pressure concentration. The data were logged (CR21X) at 0.1 s intervals. The lag
time calculated was 2.2 5.

3235 Construction and installation of the eddy covariance tower

Approval for the erection of a mast required an environmental management plan
and permission from the Department of Environment Affairs and the Kruger
National Park. Permission for the construction of the 2 m?® concrete base for a
specially designed mast, was granted in September 1998 (Figure 3.4). The trees
at the site are approximately 17 m high and the mast had been designed to raise
the sonic anemometer to 25 m (i.e. about 8 m above the canopy). This is
illustrated in Figure 3.5.
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3.3 The use of canopy temperatures to monitor evapotranspiration

During the study the project team planned to determine the evapotranspiration
from a “wet” site, where the reed roots were permanently inundated with water.
It soon became apparent that the Bowen ratio energy balance approach could not
be used since:

1. At these sites, there was insufficient fetch distance.

2. The changing water levels and deep water made it very difficult to
build
suitable towers.

3. Safe access to the sites would be difficult without building major
structures such as walkways ete.

For these reasons an alternative technique was sought which could be used to
measure evapotranspiration which was independent of fetch and which did not
need to be placed on towers above the canopy. The technique selected was the
remote sensing of canopy temperatures with infrared thermometers, in
combination with surface energy balance models.

Evaporation from a surface is a component of the partitioning of energy received

by that surface. This process can be described by the familiar energy balance
equation with expanded sensible and latent heat terms, as

.................. 3.18

._p . (Ts -Tw)* pCP lf,(’: -ea)]

r, Y r,+r.
where R. is the net radiation (Wm?2), G the soil heat flux (Wm?), G, the
volumetric heat capacity of air (Jkg' °C"), 7: the canopy temperature (°C), r. the
acrodynamic resistance (sm'), y the psychrometric constant, e(7%./ the saturated
vapour pressure at 7 (kPa), e, the actual vapour pressure (kPa), and r- the
canopy resistance. This form of the energy balance equation has often been cited,
but the difficulty of measuring canopy temperature led to other approaches that
decouple Equation (3.18) from a direct surface temperature measurement.

With the development of thermal infrared thermometers that are accurate and
easily used it is now possible to use surface energy balance models to estimate
evaporation. These approaches have ranged from the manipulation of
Equation (3.18) to the use of empirical coefficients for deriving daily evaporation
from midday canopy temperatures. Although these approaches have been
proposed, only limited evaluations have been suggested.
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The energy balance of a surface given in Equation (3.18) (Monteith, 1973), can be
rewritten as

;l.r (T. —r.,)
' 4 T

U:;Rl *G— .............................................. (3.19

where A Eis the latent heat of vaporization (Jkg'). In this method, we calculated
rs from

ENERE = T wre s (3.20)

with z being the height (m) of observation of air temperature, wind speed, and
vapour pressure above the canopy, d the displacement height (m), =a the
roughness length (m), & von Karmans constant (0.4), and « the windspeed (ms!),
Following Monteith's (1973) correction for stability, we corrected the aerodynamic
resistance as

R (l . lr(:—d)g(ﬁ —T,)\'

s mplfe—eta el @.21)
i | Tu’ ),

where g is the acceleration due to gravity and 7 the absolute temperature (K).
Bartholic, Namken and Wiegand (1972), rearranged Equation (3.18) to obtain the
following:
R, .+C
v ol o T —— L
+r
lel(rﬂ) o 01(7: )]

E=

This approximation sets the surface and air at the saturation vapour pressure
that limits the equation to potential evapotranspiration from an infinitely wet
surface.

Canopy temperatures were measured at both the reed and forest site, together
with net radiation, soil heat flux and windspeed. The measurements were made
at 20'minute intervals,
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34 The use of the Penman-Monteith equation in the estimation of actual
evapotranspiration

3.4.1 Denivation of the Penman-Monteith equation

The Penman-Monteith reference evapotranspiration (Campbell, undated) is given
by

ET, = AR - GVAA + y)] + M (&0 - eMRON (4 + 7)) ... 3.23)

with ET, as the potential evaporation rate (mm/s), R, the net irradiance (kW m?),
G the soil heat flux density (kW m ), M. the molecular mass of water (0.018 kg
mol 1), R the gas constant (8.31 x 107 kJ mol ! K1), #the Kelvin temperature (293
K), (e, - e the vapour pressure deficit of the air (kPa), A the latent heat of
vaporization of water (2450 kJ kg?), r the combined resistance for vapour (s m),
A the slope of the saturation water vapour pressure function (Pa °C ') and »* the
apparent psychrometer constant (Pa °C ).

The net irradiance, K, is the sum of the net solar irradiance and the net long-
wave irradiance and is approximated as

Ka = R L T S ST (3.29

where a, is the absorptivity of the crop, K. is the measured solar irradiance
measured by the datalogger and La is the atmospheric radiant emittance minus
the crop emittance at air temperature. Under clear skies, Lo (kW m?) is given by

Lec = DX 7y P ] A ——— (3.25)

with 7. as the air temperature (°C). Under cloudy skies Lo approaches zero.
Cloudiness is estimated from the ratio of measured to potential solar irradiance
during daylight hours (R/RJ). A cloudiness function, /IR/R.) is computed

S(R/R) 1-U(140.034exp(7.9R/R)] - (3.26)

The net isothermal long-wave irradiance (La) is then calculated as
L = SRR oo (3.2T)

The cloudiness function (Eq. 3.26) requires the computation of the potential solar
irradiance on a horizontal surface outside the earth’s atmosphere, K,

R = E S —— (3.28)

where 7.36 (kW m?) is the solar constant, and ¢ the elevation angle of the sun

Methods
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sineg = cos dcosl+sindsinl cos{15@t)].....ueeu........(3.29)

where d is the solar declination angle, /the latitude at the site, ¢ the local time
and & the time of solar noon. Sin dis approximated using the polynomial

sind = 0.37726°0.105645+1.2458R0.76478P+0. 136277 0.00572p .............. 3.30)

where J is the day of the year (DOY) divided by 100 (DOY/100) and d is the
declination. The cosine of d is computed from the trigonometric identity

CO8d = (I1-8in2d]PL.........oeeeeeeerssssssssansssssesnnnnns (3.31)

The time ¢ 1s the datalogger local time less half the time increment from the last
ET, computation. The time of solar noon, £, is given by

o = 125Letoeee.........(3.32)
with L. the longitude correction and & the “equation of time”. The longitude
correction is calculated by determining the difference between the longitude of

the site and the longitude of the standard meridian. The longitude correction is
given as

The “equation of time” i1s an additional correction to the time of solar noon that
depends on the day of year. Two equations are used to calculate ¢ - one for the
first half of the year (for DOY < 180, where j = DOY/100)

te="0.04056-0. 74503 +0.08823F+2.051571.811 1/ +0.42832p (3.34)
and one for the second half of the year (for DOY > 180, where j = (DOY-180)/100)

te="0.05039-0.33954j+0.04084 + 189289 1. 76 19 +0.4224p° - (3.35)
Evapotranspiration occurs mainly during daytime hours when the net irradiance
is the main driving force of the evapotranspiration process. The soil heat flux
density can be estimated as a fraction of the net irradiance. For a complete

canopy cover, (71s assumed to be approximately 10 % of the net irradiance

A BV H—— (3.36)

AR HE I — (3.37)

The slope of the saturation vapour pressure function (Pa °C') depends on air
temperature, yielding
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A = 45.3+42.97T.A0.0649TF+0.00223T4................... (3.38)
with 7. the average air temperature (°C).
The apparent psychrometer constant »"1s calculated as
L ARK IR LT e — (3.39)
where 7 is the thermodynamic psychrometer constant, n the combined

acrodynamic and canopy resistance to water vapour and r. the convective
resistance for heat transfer. The vapour resistance is computed as

where the canopy resistance is 70 s m! for a reference crop.
The aerodynamic resistance (7 is given by

rn = Infzedizalinlze-desl/kius...... e (3.4

with k the Von Karman constant (0.41), z, the height of the anemometer above
the soil surface and z the height of the temperature and humidity sensor above
the soil surface. For clipped grass the zeroplane displacement (d), roughness
length for momentum transfer (z.) and heat and water vapour transfer (zs) are

d S QTR eeereeeenneeerseessrssssssssssssssssssssl B AD)
[N T /¥ 7/ (3.43)
e 3 RlEaccenmmstat i (3.44)

where A 1s the average canopy height.
Ignoring the psychrometer constant’s weak temperature dependence and taking
the pressure dependence into account, the ratio between the atmospheric
pressure and sea level pressure (P/P) is

JOTES AR it (3.45)
where A is the altitude (m).

The Kelvin temperature 15 set as 293 K, yielding a constant value of M. /Ré.

The saturated (&) and actual (e) water vapour pressures are computed from the
air temperature and relative humidity measurements (Campbell, undated:
Monteith and Unsworth, 1990).
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3.4.2 The application of the Penman-Monteith equation to canopy specific conditions in the
calculation of actual evapotranspiration

In general, the Penman-Monteith evapotranspiration equation is applied to
calculate reference evaporation. The Penman-Monteith evapotranspiration
equation can be applied to calculate potential and actual evaporation.

In the evapotranspiration experiment conducted in the Kruger National Park,
the Penman-Monteith equation (Equation (3.23)) has been applied to canopy
specific conditions, where actual total evaporation (E7) was calculated. Canopy
specific reflection coefficients (a) were used in the simulation of the net
irradiance (Rod (Equation (3.24)). The soil heat flux density (G) was calculated
as a fraction of the simulated net irradiance. A combined resistance (r) was
calculated from the aerodynamic resistance to vapour transfer (rJ) and the
canopy resistance (7). The aerodynamic resistance was calculated as a function
of the zeroplane displacement height (&), roughness length for momentum
transfer (z) and roughness length for heat and vapour pressure transfer (z.a).
The aerodynamic resistance 18 a function of the height of the windspeed
measurement (z), the average canopy height (A), the zero plane displacement (d,
the roughness length for momentum (z.) and heat and vapour transfer (zs), Von
Karman's constant (&) and the windspeed at height z. (u.) (Monteith and
Unsworth, 1990; Campbell, undated).

The canopy resistance (r) was back-calculated (utilizing the Penman-Monteith
equation and the actual Bowen ratio total evapotranspiration), providing average
20 minute r- estimates over the different seasons for the different canopies. The
generalised canopy resistances were then used in the canopy-specific Penman-
Monteith total evaporation calculation.
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4. RESULTS
4.1  General meteorological conditions during the study period.

The observations provided by the automatic weather station at the reed site
show clearly that the Kruger Park has a very hot and humid climate. Daily
averages of temperature, incoming solar radiation, vapour pressure and daily
rainfall for 1998 and 1999 are shown in Figures 4.1 and 4.2 respectively. The
daily totals of incoming radiation range from 21 MJ day' during summer
(December, Figure 4.1) to about 10 MJ day ' during winter (June, Figure 4.2),
with the occasional cloudy days having much less than this. These high
radiation levels are reflected in the average daily temperatures, which in
summer average about 26°C, with maximums regularly in the upper 30's and
minima seldom below 20°C. Even during winter, average air temperatures
seldom dropped below 15°C. Vapour pressures were high (2.5:3.0 kPa) in
summer and low (1.0-1.5 kPa) in winter, showing the typical hot humid
summer days and warm dry days in winter. The high rainfall events in
December and January 1998/99 (194 mm) that caused the flooding of the reed
site in January, is clearly evident in the rainfall graphs.

4.2 Reed evapotranspiration
4.2.1 Energy budget
42.1.1 Summer

The energy balance of two typical summer days data collected during
December 1997 are shown in Figure 4.3, The first day (DOY 338, 4 December)
was intermittently cloudy while the second day (DOY 339, 5 December) was
cloudless. On both days the net radiation was high, peaking at approximately
800 Wm ? between 13h00 and 14h00. The diurnal net radiation on the cloudy
day was characterised by a jagged curve due to alternating high and low
values caused by the shading effect of the intermittent cloud cover. The net
radiation on the clear day was characterised by a bell shaped curve, which is
typical of a sunny cloudless day. Most of the radiant energy at this time of the
year was partitioned into the latent heat of evaporation (350-400 Wm ?), with
the balance going almost equally into sensible heat and soi1l heat flux (= 200
Wm? each). It is interesting to note that on the clear sunny day the
evapotranspiration rate peaked early at 10h30 and then declined slowly until
18h00, dropping rapidly at sunset. These data suggest that on these days the
reeds were unable to transpire at potential evaporation rates, in spite of their
access to the ground water. The total evapotranspiration for the cloudy and
sunny day was 2.6 and 5.2 mm day ' respectively.

Figure 4.4 shows a 14-day period of the net radiation and latent heat flux.
These data show that the evapotranspiration seldom exceeds 500 Wm 2 The
effect of cold weather fronts on reducing evapotranspiration is apparent from
DOY 329-3356 where values of the latent heat flux density were seldom above
200 Wm2. This translates into an evapotranspiration rate of < 1.5 mm day'.
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KRUGER NATIONAL PARK
Net radiation, soil, latent and sensible heat Nux deasitics
4 & 5 December 1997
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Figure 4 3: The energy balance above the reeds on a doudy (DOY 338) and a clear day (DOY
339) in December 1997 Legend: Rn=Net radation, G=sod heat, LE=Latent heat & H=Sensible heat
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Figure 4. 4: The daily trend in the lalent heat flux density and net radiaon in the KNP at
the reed sfe for 14 days in summer (Oclober 10 November). Rn=Net radiation, LE=Latent
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4212 Winter

The energy balance for a typical day in winter shows that the amount of
available energy (net radiation minus soil heat flux) for driving
evapotranspiration is much less than in summer. At this time of the year
maximum net radiation vanes between 500 and 600 Wm? and soil heat flux
100 ~ 140 Wm 2, leaving only 400-450 Wm ? for partitioning into sensible and
latent heat (Figure 4.5). In the early and late part of the day most of this
remaining energy goes into the sensible heat flux, while during the period
between 09h00 and 14h00 most of the partitioned energy was used in driving
the latent heat flux. In spite of sunny cloudless days in winter,
evapotranspiration at this time was generally < 3 mm day ' (Figure 4.6).
These low values can be attributed to the lower available energy and dry
conditions experienced during winter. The LE values occasionally exceeded
the net radiation (10h40 to 12h00) suggesting advection from the surrounding
hotter and drier vegetation.

Energy heat Sux density (Wm-2)
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Figure 4 5: The energy balance of the reed community during winter (August 1988). Rn=Net radiabion
G=sod heat, LE=Latent heat & H=Sensible heat

422 The annual cycle of evapotranspiration from the reed community

Daily reed evapotranspiration rates (mm day ') of data collected for the entire
study period are shown in Figure 4.6. This data set includes three summer
seasons (1998, 1999 and 2000), two winter periods (1998 and 1999), and the
spring of 1999. All the months of the year with the exception of April (missing
data) are represented within this data set. The means and standard errors
are shown for each month. Strong seasonal trends are exhibited by these
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data, with mean monthly summer values varying between 4.5 and 7 mm day
during 1998 and 1999. Mean monthly values in January in 2000 were
significantly lower as a result of the high incidence of rain during this year.
Maximum evapotranspiration rates of 8-9 mm day ' were often found between
December and February

Evaporation (mm/day)

2- 10 2% 2 10 18 TJan 27 F 4 15 &0 23 12 3 4Dec M. 4.
" F w3 Sep Dec
.t Feb Fed A Sep Dec o Jan May Jun_ Sep O O ')or.m ®
19 1998 2000

Figure 4.6: Daily estimates of evapotranspiration from the reed community showing the seasonal
cycle of evapotranspiration in the KNP,

Evapotranspiration rates from the reeds during the winter months of May to
August were noticeably lower, but still averaged about 4 mm day'! in 1999,
Besides the lower available energy this time of the yvear, two further factors
contribute to reducing evapotranspiration: namely, lack of access to water
(low water table), and heavy grazing of the reeds by elephants during

August

Evapotranspiration from the reed beds in the Kruger National Park ranged
from 4 to 9 mm day ! depending on the season. This contrasts with the 12 mm
day! in February and 7 mm day'! in September reported in the previous study
(WRC report 474/1/97). These values were not considered high considering the
high evaporative demand and free access to water at the Nerina site. The
data presented here have shown that the dynagauge data were almost double
the Bowen ratio estimates for evapotranspiration for corresponding periods.

A difficult problem faced when using the dynagauge technique is that of
scaling-up from individual plants to whole canopies. In the previous study two
options were considered. The first was scaling up using the daily water use
per reed data. This required population density estimates of the reed beds
and was considered impractical. The second and preferred method was to use

Results
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a linear relationship between leaf area index and transpiration to scale up the
transpiration to the entire canopy. It is likely that this approach may have
led to the high values eventually produced by the reed model as recent studies
have shown that this relationship is curvilinear rather than linear, reaching
an asymptote of transpiration around a LAI of six (Baldocchi and Meyers
1998). As suspected in phase I (Birkhead et 2l 1997), the modelled reed
values of between 10 and 30 mm day' were unrealistic and not physically
possible, since the values far exceeded the amount of available energy. The
reed models developed in phase | should therefore not be used for calculating
reed transpiration.

43 Tree evapotranspiration

4.3.1 Eddy correlation technique

The measurement of tree evapotranspiration using the eddy correlation
technique was hampered by continual technical and logistical problems
preventing the collection of reliable data. These problems included:
e The breakdown of the LI-6262 infrared gas analyzer in November
1999,
¢ The very high river levels of the Sabie River preventing access to the
tower during the summer months.
Power problems to the equipment.
“Spiking” of the signal from the sonic anemometer causing erroneous
wind data due to electronic problems with the signal processing.

Other difficulties associated with working in the riparian forest included:

¢ Limited fetch.

e The high biodiversity and complex structure, which necessitated the
use of techniques which sample within the boundary layer above the
canopy.

The high tree canopy which requires the construction of tall towers.
Difficult access through the water exacerbated by the presence of
dangerous animals such as crocodiles.

The entire study site and R750 000.00 worth of equipment were destroyed by
the February 2000 floods. The loss of all equipment, structures and data
storage modules represented a major set back to the project.

4.31.1 Tree evapotranspiration using the eddy correlation technique

The diurnal course of evapotranspiration measured on two days in July 1999
is presented in Figure 4.7. These data showed that the latent heat of
evapotranspiration was low, reaching maximum values of between 100 and
126 Wm ? at midday. The sensible heat flux was much higher with maximum
values between 200 and 225 Wm? on DOY 203 and 204 respectively. These
data, although limited, do show very low rates of transpiration from the tree
canopy during winter (approximately 0.6 mm day ). Approximately 200 Wm *
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of energy is unaccounted for. A possible reason for this lack of closure could be
the energy attributed to tree trunk storage, which was not measured in this
study.

- :—o-ﬂmr'
iy LE (WITQ)
200
150
100
50

0 e { -
P R o

Day of Year - 1998

Figure 4.7: Latent and sensible heat fux density during DOY 203 and 204 al the forest site,
measured using the EC system

432 Tree evapotranspiration using the Infra-red thermometry technique

A comparison of the Bartholic-Namken-Wiegand method (BNW) (Bartholic,
Namken, Wiegand, 1972), against the net radiation and equilibrium rate for a
representative day in summer are shown in Figure 4.8. The results show that
the BNW model is strongly coupled to the net radiation (Figure 4.8). The
model overestimates the equilibrium rate at all values above 300 Wm®, The
infrared data imply that all of the available energy is converted into sensible
heat, a very unlikely result in thig instance. Because of the disappointing
performance of this technique and the difficulty of routine measurements in
the Kruger National Park, it was decided to investigate the technique at a site
closer to Pietermaritzburg. The events of the flood, in which all the sensors
and data loggers were lost, have prevented this.

4.3.3 The Bowen ratio energy balance technique at the forest site

Because of the practical and technical difficulties experienced with the eddy
correlation equipment at the forest site a Bowen ratio system was installed on
the forest tower in 1999. The rationale was to obtain continuous estimates of
the forest evapotranspiration, which could also be used for direct comparisons
with the reed site. However the eddy correlation data could not be venfied
against the Bowen ratio estimates because of the problems encountered with

page 4°8§




VERIFICATION OF RIPARIAN WATER USE ALONG THE SABIE RIVER
CS Everson, C Burger, B Olbvich and M Gush

the eddy correlation technique.
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Figure 4.8: The diumal course of evapotranspiration on the 24® of November, al the Forest siie using he
BNW method and the equilibrium evapotranspiration rate

4.3.3.1 The energy balance
4.3.3.1.1 Winter (DOY 183)

The diurnal pattern of the energy balance for a typical winter day at the
forest site is shown in Figure 4.9. From approximately mid-morning until
14h00, the latent heat flux followed the net radiation and accounted for most
of the energy (300 Wm?) (Figure 4.9). After 14h00, most of the energy was
partitioned into heating the air (250 - 300 Wm2), Very little energy entered
the soil during the day (<20 Wm?). The total evapotranspiration on this day
was 2.67 mm day!. The results suggest that trees still transpire freely during
winter, although the maximum rates are limited by the available energy.

4.3.3.1.2 Summer (DOY 289)

During summer the energy balance above the tree canopy is clearly different
from that during winter (Figure 4.10). By 08h00 most of the energy (500-700
Wm 2) is already used to drive the evapotranspiration process (the latent heat
flux). At mid-day this trend is reversed, when approximately 300-600 Wm™? is
partitioned into heating the air. The main differences between the summer
and the winter energy balances are: (i) the magnitude of the fluxes and (i1) the
time at which the partitioning between the latent and sensible flux changes
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from being predominantly latent heat to principally sensible heat. On this
day, 3.2 mm was evaporated. As DOY 289 (16 October) is still spring, one
would expect evapotranspiration rates to exceed 3.2 mm day' during mid-
summer, when there is more available energy (longer day lengths and solar
altitudes) and available water (increasing water tables). However, increasing
cloud cover may compensate for these expected increases. It was unfortunate
that we were unable to obtain mid-summer values to test these possibilities.

Fores! Winter Energy heat fux denstes (DOY 183)
—Rn =G ~ LE «H|
1000
8500
g 600
m. ,/”.-_\‘\
g 200 | 1 ‘ M T,
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} |
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Figure 4.9: Energy flux densiSes during winter at the Forest site (DOY 183, 2 July). Note reversing
gradients due 1o the high turbulence above the forest causes large negative LE values.
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Figure 4.10: Energy flux densities at the forest sde during summer (DOY 289, 16 October) Note: reversing
gradients due o the high turbulence above the forest causes large negative LE values
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4.33.2 Daily trends in the tree evapotranspiration

The daily evapotranspiration rates recorded from June to July (DOY 175
203), September to November (DOY 267 to 316) and 6 days in February 2000
illustrated the high variability in the daily evapotranspiration rates brought
about by daily changes in meteorological conditions (Figure 4.11). A striking
feature of these data is that the maximum daily rate seldom exceeded 4 mm
day'. Also noticeable was that there were no strong seasonal trends in the
data, winter values being similar to summer values. The lower incidence of
cloud cover and rain in winter results in the average evapotranspiration rate
being higher in winter than in summer. For example, the total
evapotranspiration for 24 days in winter (June & July: DOY 176 to 200) was
65 mm compared to 56 mm for a similar length summer period (October &
November: DOY 267 to 291). The mean daily evapotranspiration for the
winter and summer was 2.62 and 2.23 mm respectively. The results of this
study are therefore similar to those obtained in phase |, where very low
evapotranspiration rates were recorded. The daily evapotranspiration results
of this study were, however, higher than for corresponding periods of
transpiration measured during phase | (see Figure 4.12). For example, mean
July transpiration measured for all the trees at the Nerina site was
approximately 1 mm day' compared with the 2.62 mm day' in this study.
This is not surprising as the HPV technique only measures transpiration and
includes errors due to vegetation not sampled (i.e. the herbaceous layer and
multi-stemmed plants). The Bowen ratio estimates, if in error, would be lower
than absolute estimates, as the technique does not account for the possibility
of additional energy being advected from the surrounding hotter and drer
areas.

Forest Sae - Dady Evaporation

20n S0 1T 20.5ep 100ct 22.0ct 3Nov 23-Nov SDec 17-Dec 20.Dec 10-Jan 22Jan 3Fed
>~ —_— e — e

1966 2000

Figure 401: Daly evapotranspiration at the forest se measured by the BREB sysiem. Gaps in data
represent periods when no data were collected due 10 high river levels or technical problems
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What both studies have shown is that the evapotranspiration from of the
riparian community i1s surprisingly low, especially considering the high
atmospheric demand experienced in the KNP and the freely available supply
of water to the trees. A possible explanation, as mentioned in the previous
report, is that the transpiration per unit leaf area declines with age as a
consequence of the extensive flow paths water must follow in passing from the
root through long branches to the leaves. The corollary, that young trees will
have significantly higher water requirements, now has particular relevance,
due to the removal of most of the mature forest during the February 2000
floods. The post flood succession of the riparian forest now offers a unique
opportunity to investigate this hypothesis.

44 Comparison of tree and reed evapotranspiration

Comparisons of simultaneous evapotranspiration rates from the reeds and
forest communities in the KNP showed that the daily water use of the reeds
was consistently higher than in the forest community (Figure 4.13). During
this period the forest community used 36% less water that the reed
community (2.5 mm day ' versus 3.9 mm day ' respectively).

d4.4.1 Winter

Average evapotranspiration values for each 20 minute period during winter
(DOY 177-199) and summer (DOY 268-306) were used to plot diurnal
evapotranspiration curves for the reed and forest sites (Figure 4.14). The
results showed significant diurnal differences in evapotranspiration between
SEASONS.
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In winter, the forest and reed evapotranspiration patterns were very similar
from sunrise until 12h00, but after midday, evapotranspiration from the reeds
was at a higher rate than the forest until sunset. This resulted in an average
daily evapotranspiration rate of 3.46 mm day’! for reeds, and 2.99 mm day!
for the forest, equating to a difference of 0.47 mm day! for this winter period.
This compared well with the 3.9 and 2.5 mm day ' calculated earlier on during
the 38 day winter period.

Evapoation (mm day')

Total reed Et = 147 mm
Total Forest Et = 94 mm :

[ Reeds mFores!

LLLI PP LI LIS IO
Day Of Year

Figure 4.13: Daily forest and reed evapotranspiraion as measured over a 38-day peniod in winler (25 June to 3 August) with

two Bowen ratio energy balance sysiems.

442 Summer

The summer curves were very different from the winter curves, with the reed
evapotranspiration exceeding the forest evapotranspiration during the entire
day (Figure 4.15). Daily averages of 4.8 mm day' and 3.1 mm day! were
calculated at the reed and forest sites respectively. This is approximately 1
mm day! higher than during winter for the reeds and 0.6 mm day' higher for
the forest site. Thus the reed evapotranspiration exceeded the forest
evapotranspiration during both summer and winter.
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Reeds and forest - Comparative evaporation - Winter (Average 26 June 1o 18 July 1999)
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Figure 4.14 Reed and forest evapotranspiration dunng winter

Reeds and forest - Comparatve evaporabon- Summer (Aversge: 25 Sept to 2 Nov 1999)
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Figure 4.15: Reed and lorest evapotranspiration during summer
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5. MODELLING REED AND TREE EVAPOTRANSPIRATION
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line), whereas both  Figure 5.1 The relationship between the Bowen ratio, equilibrium
the Priestly-Taylor and Priestiey Taylor evapotranspiration rates.

and Penman-Monteith equations provided a better fit against the measured
evapotranspiration estimates. The best relationship was found using an
alpha of 1.38 instead of 1.26 in the Priestley Taylor equation. The r? was
0.95 with a coefficient of x of 0.97 (n=77).

Since the Penman-Monteith equation is becoming widely accepted as the
best technique for modelling evapotranspiration it was decided to develop
canopy specific models of the Penman-Monteith equation that could be used
for the reeds and trees.

Attempts were made to compare reed and modelled open water
evaporation. However, we could not justify a direct comparison of open
water and reed evaporation, as no direct measurements of the open water
evaporation were made. Accurate calculations for the open water
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evaporation would require detailed information on the available energy,
windspeed and albedo of the water in the niver near the reed study site.
None of these measurements were made and they would therefore have to
be guessed. This should form an area for future research.

5.1 Total evapotranspiration comparison as simulated by canopy specific Penman-
Monteith equations

In order to simulate the total evapotranspiration accurately with the
canopy specific Penman-Monteith equation, the various components of the
equation need to be calculated accurately. The available energy flux
density is the main contributor to the evapotranspiration process as
calculated from the simulated net radiation, (R and the soil heat flux
density (G, calculated as a fraction of the simulated net radiation.

6.1.1 Simulation of the net radiation

The net radiation required in the Penman-Monteith equation, is only
available from research sites, whereas the solar radiation 15 normally
obtainable from automatic weather stations. The net radiation required for
this study was simulated from the solar radiation and a canopy specific
seasonal reflection coefficient (albedo). The reflection coefficient is simply a
parameter, which must be input into the net radiation model. The net
radiation was modelled successively by incrementing the albedo from 1, 5,
10 and 20% to determine the best value of the reflection coefficient to input
into the model. The reflection coefficient that gave a slope (coefficient of x)
closest to unity was judged to be the best value for parametenising the
model.

The net radiation was simulated from the measured radiation (R and a
seasonal, canopy specific reflection coefficient (@) (Section 3.4). The
relationship between the 20 minute measured (R) and simulated net
radiation flux densities (R.), revealed the most suitable reflection
coefficient to be used, and the accuracy of the simulation (Tables 5.1 and
5.2).

Statistically significant relationships were found between the measured
and simulated net radiation during the period studied, with slopes
approaching 1 and coefficients of determination (r?) exceeding 0.99 (Tables
5.1 and 5.2, Figure 5.2). The maximum daytime net radiation values (noon
values) are generally underestimated in the simulation and the minimum
daytime net radiation values (sunset to sunrise), overestimated (Figure
5.3). The linear relationship (¥ = mx + ¢) between the measured and
simulated net radiation indicates an increased slope (m-—»1), with a
decreased reflection coefficient (Tables 5.1 and 5.2).

Modelling Reed and Tree Evaporation
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Table 5.1:
reflection coefficients («) al he reed sitle
MONTH REFLECTION COEFFICIENTS

a=02 a=01 =008 =001
January =02 a=01 =005 =001
(whole y = 07396 + 16 963 y = 0832x + 19076 y=08782x + 20138 |y =09152x + 20987
mooth) rf = 0.990% r* = 0.9905 r = 0.9905 r* = 0.9905
May a=02 w01 o * 005 w001
{(whole ¥ = 0653 + 13250 y=0TM6x + 14923 |y=0T7754x+ 15755 |y=08081x + 16.421
maonth) = 09907 ré = 0 9907 ré = 0 9907 = 09907
June =02 a=01 o =005 w =001
(whole y = 0.6439x + 14601 y=0T7244x+ 16435 |y =07646x+ 17352 |y =07968x + 15,086
month) r=09913 rf= 0913 rf= 09913 rf= 09913
Scptember a*01 =001 @ * 0.005

| y=0772x+ 177 y=08492x + 19475 |y = 08535« + 19574

| rf = 09956 r? = 0 9936 r? = 0 9936
October la,=02 a=01 =005 =001
(whobe ly = 0.6936x + 17,908 y = 0.7803x + 20.254 y = 0.8236x + 2] 352 y = 0. 8583x + 22 285
month) = 099) = 0.993 = 0993 =099
November a=02 =01 . ~ 005 a = 0.01
(DOY 305 -y =06727x + 18,808 y=07568x+ 21165 |y=07988x+ 2213 |y =08325x + 23287
sunny) (= 0997 rf = 0997 r* = 0997 rd = 0997
December a=01 =001
(whole ‘ y » 0.8078x + 17.307 y » 0.8886x + 19041
month) | = 0.9954 v = 09954

Table 5.2:

Statistical information (r? = coeficent of determination,) on the relationship between the measured (x) and simulated
(y) net rackation, using different reflection coeficents (o) at the forest site

YEAR MONTH REFLECTION COEFFICIENTS
a=01 =005 =001
1999 June a=0l o =005 =001
y=07281x + 44765 ¥y = 0.7686x ~ 47 2566 y = 0 8009x + 49 249
rf = 09249 r‘= 09249 = 09249
July a=01 @ =005 =001
' ¥y = 0.7034x + 39.275 y=0.7425x + 41 46 y = 0.7738x + 43 208
| = 09077 = 09077 = 09077
1999 | September =01 a = 0.05 a =001
l y =0.9764x + 29552 y=0819x + 31.197 y =0 854x + 32512
| rt = 0.923 r = 0923 = 0923
October =01 = 0,06 =001
y=0.7408x + 34 476 y=0.7911x + 36 194 y = 0 8244x + 37 929
| =091 r=09129 =091

The reflection coefficients (1%) used in the simulation of net radiation
during the whole period at both the reed and forest sites (Tables 5.1 and
5.2), are low, since the range of shortwave reflectivity for vegetation is
generally between 10-30% of solar radiation (Rosenberg et 2/, 1983 and
Monteith, 1976). For example, sugarcane, which is similar in physiognomic
structure to Phragmites, has reflection coefficients in the order of 22%
(McGlinchey and Inman-Bamber, 1996). Shortwave reflectivity for forests
range between 11°15%, forests acting as a diffuse reflector, thereby
reducing the reflectivity. Low reflection coefficients suggest a well-watered,
dark green canopy with low canopy and aerodynamic resistances. The reed

Modedling Reed and Tree Evaporation
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site had access to water for most of the year suggesting a low canopy
resistance.

October 1969 Simulated ve measured net radiation Abedco 0 01

y = 08583 + 22 285
R =093

Simulated Rn (Wm-2)

-200
Measured Rn (Wm-2)

Figure 5.2: Measured vs. simulated net radiation at the reed site during October 1999 (s = 0.01)

However, the statistically significant relationships (m -1, r? > 0.99)
found between the measured and simulated net radiation have
demonstrated that the net radiation can be modelled accurately
utilizing the measured solar radiation and a reflection coefficient of 1%.

Novernber 1999 (DOY 305) Measured and simulated net radation Abedo 0 01

8 8 8 8

Energy heat flux densty (Wm-2)

o

-200
20 200 340 520 700 B840 1020 1200 1340 1520 1700 1840 2020 2200 2340
Time of day

Figure 5.3: Diurnal change of the net radiation measured with a net radiometer, and simulated from
solar radiation and a reflection coefficient of 0.01.
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5.1.2 Calculation of the soil heat flux density (Gs) from the simulated net radiation
(Rns)

The soil heat flux density (& reduces or increases the energy flux density
available (R - @ for partitioning between the sensible and latent heat flux
densities. The soil heat flux density () was calculated as a fraction of the
simulated net radiation (Ra). The accuracy of the calculated soil heat flux
density was dependent on (i) the accuracy to which the net radiation was
simulated and (i) the degree to which a linear relationship between the soil
heat flux density and the net radiation existed.

Simple linear relationships were found between the soil heat flux density
(@ and the net radiation (R, for the reed site during summer (January,
December). These relationships were derived from typical soil heat flux
density to net radiation ratios (GR.) (%) (Table 5.3, Figure 5.4). During
summer, the soil heat flux density accounted for approximately 8-12 % of
the net radiation at the reed site (Table 5.3). This resulted from high leaf
area indices and subsequent soil shading. The soil heat flux density was
estimated as 10 % of the net radiation. Statistically significant
relationships were found between the measured and simulated soil heat
flux density (m = 0.97, * = 0.85656: m = 0.65, r? = 0.8865). The degree to
which the soil was shaded by the vegetation, determined the soil heat flux
density and the ratio between the soil heat flux density and net radiation,
The soil heat flux density is inversely proportional to the amount of direct
soil shading. At the reed site, higher leaf area indices during summer
resulted in lower soil heat flux densities and subsequently lower G'R,
ratios, compared to winter time, when the reeds were grazed down heavily,
and higher soil heat flux densities and G'R, ratios existed.

During winter, the relationships between the soil heat flux density and net
radiation were more complex at the reed site. A large diurnal vanation in
the soil heat flux density occurred at the reed site (Figure 5.5).

During spring and winter, the soil heat flux density at the reed site
contributed significantly to the energy balance and accounted for between
13 and 22% of the net radiation at the reed site, leaving little energy
available for partitioning between the sensible and latent heat flux
densities (Table 5.3, Figure 56a). Little energy was available for
evapotranspiration at this site during winter and spring and low
evapotranspiration rates were expected (compared to summer). During
winter, the soil heat flux density at the reed site was not as dependent on
the net radiation as one would expect, and did not closely follow the diurnal
curve of net radiation (Figure 5.5). During the period from sunrise until
mid-day, the soil heat flux density followed the net radiation reasonably
well, but after mid-day, there was a lot of variation in the soil heat flux
density. One would therefore expect (i) a non-linear relationship between
soil heat flux density and net radiation, or (il) two relationships — one from
sunrise until mid-day and another from mid-day until sunset, to yield a
better r? than a simple linear relationship. The high variability in the soil
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heat flux density during winter was probably due to the large spatial
varation in the soil heat flux density as a result of differential shading of
the two sensors at the lower winter sun angles. The soil heat flux density
was simulated as 15 % of the simulated net radiation during spring, and 20
% during winter. The 7 to Rs ratios calculated as linear relationships, had

therefore much lower r? values compared to summer (Table 5.3).

The

relationship between the simulated and measured net radiation was not
highly significant (m = 0.54 to 0.84, r? = 0.7174 to 0.8545) (Figure 5.6b).

Table 5.3

Statstcal information on the relationship between G (y) and Rn (x) at the reed site, and the relationship between the
smulated (y) and measured (x) soll heat flux densibes

STATISTICAL G: R SIMULATED (y) vs
YEAR | MONTH RELATIONSHIPS ‘;" MEASURED (x) SOIL COMMENT
BETWEEN G And R, HEAT FLUX DENSITY |
1999 JJanuary ﬁ.' 0.0803x - 16455 B0 |y =09706x+2058 Use GRs as 10 % in
= 0.855 | = 0.841 imulation '
May = 0.2037x - 34.234 PO.C mn'( follow smooth Ra
4 | ¥ = 06534 - ~ a lot of spikes |
Hm =0.2153x - 27548 215 =0.5433x + 23.685 DOY 167 to 168 (20, 25 and
x ¥ = 0.7217 “0.7174(20%) HO%)
' = 0.6791x + 29.606
=0.7174 (26 %)
= 1.0865x + 47.37
=0.7174 (40 %)
y=02162x~-2576 216 = 1.1585x + 46.086 DOY 168 (40, 20 and 30 %)
= 0.7436 =0.7437
=0.5793x + 23.043
=0.7437
= 0.8689x + 34.565
= 0.7437
i September |y =0.1413x - 16.433 [14.1 = 1.0396x + 23 808 Simulation with 15 and 20
; r reossz'l =0.8717 (20%) ratios
| = 0.7797x + 17 856
I =0.8717 (15 %)
r =0.132x - 21.762 [13.2 = 1.0254x + 33.845 [Using different G-Ra ratios -
Y 288 % = 0.8683 «~08626(18%) [18and 15%
) = (.8545x + 28.204 Su two equations -
| =0.8626 (15 %) g, afternoon might be
I tter OR
| ‘linear relationship
1998 mber y=0.1199x - 21.064 1199 y=065691x+17512 Use GRs as 10 % 1n
= 0.8894 = 0.8856 imulation o
inter ]
Bpn 15 '
Bummer 10 . .

During Spring (September, October) at the forest site, the soil heat flux
density followed the increasing trend of the net radiation until midday,
after which the soil heat flux density quality became negative, once the net
radiation started to decrease. This diurnal pattern made a simple G'R,
relationship difficult to obtain (Figure 5.7). This meant that during the
period from sunrise to midday, the soil heat flux density reduced the energy
flux density available for partitioning between H and AE, but after midday,
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increased the available energy flux density. A simple linear relationship
was calculated between the soil heat flux density and the net radiation for
the sunrise-to-midday period (Table 5.4), and applied to the whole day. A
G-Rs ratio of 4 % was used in the simulation of the soil heat flux density.
Statistically significant relationships were subsequently found between the
measured and simulated soil heat flux density (m = 0.8286, r* = 0.934; m =
1.0894, r? = 0.9719) (Table 5.4).

Reeds Summer Relationship betweent the sod heat flux density and net radiasion

100

Soll heat fux density (Wm-2)

Net radiasion (Wm-2)

Figure 5.4: Relationship between the soi heat flux density and net radiation at the reed site during summer

Reeds Winter Sod heat fux densty and net radiation

-.-G - Rn

Eneegy fux density (Wm-2)
§8.888888GE

Figure 5.5: Diumal variation in the net radiation and soil heat flux density during winter at the reed site
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(a) Winter Reeds Relationship between the soil heat flux density and the net radiation
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.i. | R = 06719
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Net radiation (Wm-2)
) Reeds Smutated vs measured soll heat flux densty dunng winter
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Figure 5.6: Relabonship between (a) the sodl heat flux density (y) and the net radiabion (x), and (b) the relaonship
between Me simulaied (y) and measured (x) soil heat fux density dunng winter at the reed site
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Table 5.4:
Statstical information on the relationship between the sod heat Sux density (y) and net radiation (x) at the forest site

. G: Rn| SMULATED (y) vs
YEAR| MONTH G:Rn (%) | (x) SOIL HEAT FLUX DENSITY COMMENT
1999 |September |y= 0.059x - 0.0905 3.9 |y=0.8286x + 1.5154 Sunrise to madday values
(DOY 268) | = 09346 = (.934 Use 4 % in simulation
October y=00313x+34617| 3 |y=10894x - 16746 Sunnse to mdday
(DOY 284) | = 0.9659 rr=09719 Use 4 % in simulation
Summer 4

Diumal trend of soil heat flux density and net radiation at the forest site during summer

@\:‘x'-':‘i\'-‘rv‘-‘-xﬁ‘"

b:s°c88588383
Net radiston (Wn-2)

20 340 700 1020 1340 1700 2020 2340
Time of day

Figure 5.7: Dismal trend of the sol heat flux density and net radiabon during summer at the forest site

Using the above relationships between the soil heat flux density and net
radiation, it was possible to model soil heat flux densities and available
energy values for input into the canopy-specific Penman-Monteith
equations. This approach was congidered more accurate than the generally
accepted procedure of reducing the net radiation by 10% to obtain the
available energy.
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5.1.3 Total canopy specific Penman-Monteith evapotranspiration

The Penman-Monteith equation has been successfully applied to estimate
evapotranspiration from different crops (Slabbers, 1977: McGlinchey and
Inman-Bamber, 1996) and from forests (Calder, 1977 Everson, 1995).
Although the Penman-Monteith equation is complex, it is extremely flexible
and widely applicable, particularly in modelling studies where it is
necessary to predict the water balance of plant communities under different
conditions. The Penman-Monteith equation requires detailed climatic data
(net radiation, air temperature, water vapour pressure and windspeed) and
aerodynamic and canopy resistance data (not easily available), possibly
limiting the use of this equation primarily to research applications. It is
possible to estimate net radiation from data collected from an automatic
weather station. The aerodynamic resistance (rJ) is calculated from
knowledge of average canopy height and windspeed. The canopy resistance
(r is not easily obtained and therefore canopy specific studies are required
to understand how it varies on a seasonal basis. The canopy resistance can
be obtained, by back calculating the canopy resistance in the Penman-
Monteith equation, using the Bowen ratio evapotranspiration estimates.
The canopy resistance can also be obtained by varyving the canopy
resistance in the Penman-Monteith equation, to establish the best linear
relationship between the Bowen ratio and the Penman-Monteith
evapotranspiration estimates. The canopy resistance essentially allows for
the difference between the potential and the actual evapotranspiration
from canopies.

Statistically significant linear relationships were found between the 20
minute measured (Bowen ratio) and simulated (canopy specific Penman-
Monteith) total evapotranspiration estimates at the reed site during
summer, During December and January (summer), a canopy resistance of
50 sm'! resulted in the best linear relationship between the measured and
simulated evapotranspiration (m = 09804, r2 = 0.8698; m = 1.0523, r? =
0.9002) (Table 5.5 and Figures 58 and 5.9). When back calculating the
canopy resistance for summer at the reed site, the daily canopy resistance
varied around 50 sm', which provided the best fit between measured and
simulated evapotranspiration (Figure 5.10).

The evapotranspiration simulated at the reed site during December, was
accumulated over a 29-day period (Figure 5.11). A very close agreement
was found between the measured (Bowen ratio evapotranspiration, BET)
and the simulated (Penman-Monteith evapotranspiration, PMET (R, Gus)),
with totals of 176.7 mm and 178 for BET and PMET (Ro,Gus) respectively.
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Table 5.5:

Statistical information of the refatonship between the measured (Bowen rago) (x) and simulated (canopy
speciiic Penman-Monteith) (y) evapotranspiration.

—_

REEDS FOREST
Uanuary = 1.0523x + 0.0054, * = 0.9002
e = 50 am"!
May = 0.9521x ~0.002, r* =0.9317
= 50 am ' (DOY 139)
4.83 mm/day
=446mm/day N
Hune = 03377+ 0,009, 2 = 09194
e = 50 sm-1 (DOY 158 ~ Highly overestimating ~ back
lating suggest rc = 50 sm ')
=0.4749x + 0.0019, r* = 0.902
= 10sm-1
=0.,5224x + 0.0026, r* = 08874
s = l llll'l
September E;)Hm‘l! +10.0105, ¢* = 0.8556 = 1.0245x + 0.0445, * = 0.7534
e = 50 sm™! e =30 sm"
Y 270) ionable 7?
K)ctober =0.9876x + 0.012]1, * = 0.8831 = 1.0231x - 0.0059, r* = 0.8592
e = 30sm! 100 sm !
Y 282 Y 267 to 304
[December iy = 0.9804x + 0.0023, «* = 0. 8698
e = 50 sm !
Winter e = 60 sm !
Spring ¢ = 30 to 50 sm ! __ x=100sm!
Summer e = 50 sm* =100 sm '
Reeds ro = 50 sm-1
|+ Rn,G-Brad = Rn, G - simulsied ==Linear (Rn, G - Breb) —Linear (Rn, G - simulated)
07

o f=08s * °° 5%
[~]

-

oe o en

Simulated ET (Pmonteith) (mm/20min. )
o N
w -

02
01 y = 0.9588x + 0.0027
o8 r =0.84
0 01 02 03 04 0s 0s 07

Measured ET (BREB) (mm/20min )

Figure 5.8: Bowen ratio (BREB) vs. canopy specific Penman-Monteith evapolranspiration (PMET) at the
read sie
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Figure 5.9: Bowen ratio (BET) vs. canopy specific Penman-Monteith (PMET) evapolranspiration at the reed
site during January (30 days - summer)
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Figure 5.10: Canopy resistance back caiculated from the Bowen ratio evapotranspiraion data and Penman-Monteith equation
dunng summer at the reed site
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| - BET « PMET ——PMET(Rn Gsim)
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Evapotranspication (mm)
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Figure 5.11: Accumulated simulated and measured evapotranspiration over a 29 day period in
December

Toward the end of autumn (May) and during winter (June), the net
radiation was lower and the soil heat flux density and canopy resistance
higher than during summer. A statistically significant relationship was
found between the simulated and measured evapotranspiration during
autumn, using a canopy resistance of 50 sm* (m = 0.95, r* = 0.93) (DOY
139) (Table 5.5). However, a poor relationship (m<<]) was found between
the simulated (canopy specific Penman-Monteith) and measured (Bowen
ratio) evapotranspiration during winter, utilizing a canopy resistance of 50
sm’! (m = 0.34, ¥ = 0.90) (Table 5.5). This relationship shows significant
underestimating of evapotranspiration. The canopy resistance back
calculated varied around 50 sm'. The poor relationship between the
simulated and measured evapotranspiration may be due to the
underestimation in the simulation of the net radiation and soil heat flux
density (Tables 5.1 and 5.3).

During spring (DOY 270 and 282), the canopy resistance back calculated
from the Bowen ratio estimates with the Penman-Monteith equation,
varied between 20 sm! and 90 sm! In the simulation of the
evapotranspiration with the Penman-Monteith equation, a highly
significant relationship was established using a canopy resistance 50 sm-1
(DOY 270) (m = 1.02, r? = 0.86) and on DOY 282 with a canopy resistance of
30 sm-1 (m = 0.99, r* = 0.88).

During spring, the accuracy of the simulation of evapotranspiration was
tested by using the net radiation and simulated soil heat flux density, and
by applying different canopy resistances. A decrease in the canopy
resistance (re = 150 sm' to 100 sm') resulted in a slope between the
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measured and simulated evapotranspiration approaching 1 (0.73 to m =
1.02), whereas the coefficient of determination did not change significantly
(0.8619 to 0.8592) (Figure 5.12, Table 5.5).

The evapotranspiration values simulated at the reed (r. = 50sm’) and
forest (rc = 100 sm") sites were accumulated over a 31-day period (October).
The accumulated evapotranspiration total is a mere 136 mm for the reeds
and 117 mm for the forest, a difference of 19 mm, which equals to a daily
average difference of 0.61 mm (Figure 5.13).

Forest Simutated (3 options) v measured evapOranspraton

« PMET100sém » PMET1508im < PMET150
a2 e ittt (PMET 1008im) = Linear (PMET 150sim) — Linsar (PMET 150)
y* 1.0231x - 0.0059 y = 0.727x - 0.004 y = 0.7366x + 0.0014

r ~0.86 r ~0.86 P =078
015

01

Simuisted ET (mmyv20min )

02 025

Measured ET (mnv20min )

Figure 5.12: Bowen ratio (X) vs. canopy specific Penman-Moniedth (Y) evaporation al the forest site

during summer (DOY 267 to 304)
Reed and fornst evapotranspration simulnted with the Penman-Montedh equaton durng
October
Reeds « Forest
160
Reeds = 136 mm
" Forest = 117 mm
120
100
00
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Figure 5.13: Accumulated Penman-Monteith evapotranspiraion at the reed and forest sites for 31 days
{October)
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6. LOW FLOW VERIFICATION STUDY
6.1  The Sable river riparian water balance

The length of the Sabie River in the Kruger National Park is 105 km and extends .
from Albasini trading station in the west to the Mozambique border in the east.

The principal consumptive water users along this portion of the river include
abstractions for irrigation between Albasini and Kruger Gate, abstractions for

irrigation and domestic supply for communities within the KNP, animal
consumption (negligible), and the focus of this report: evapotranspiration.

In the phase | project it was shown that evapotranspiration contributes
significantly to consumptive water use. The long term (1960 to 1995) average
Symons pan annual evaporation recorded at Skukuza was reported to be 1572
mm (4.3 mm day'). The ripanan zone along the Sabie River is in places 500 m
wide. Assuming a riparian zone of 3114 hectares in extent (data from
Bredenkamp et 2/, 1991) and potential evaporation equal to S-pan evaporation,
Birkhead er a/, 1997, estimated a consumptive water use of 134 000 m? day"
(1.54 m%"), thirteen times the water abstracted for domestic use within the
KNP. Transmission losses from phase | (only 16 months data) ranged from 0.24
m?s ' to 0.43 m?*s! for mean monthly discharges during low flow periods.

The objective of this part of the study was to compare (verify) estimates of the
total water use of the vegetation in the ripanan zone wusing the
evapotranspiration data from the previous section and to compare it with the
actual flow losses between the Skukuza and Lower Sabie weirs.

6.2 Vegetation analysis
6.2.1 Study site

A length of the Sabie River within the boundaries of the Kruger National Park
was identified. This began at the upstream Skukuza weir (X3H021) and extended
approximately 55 km downstream to the Lower Sabie weir (X3H015) below
Lower Sabie camp.

6.2.2 Method

Aerial photographs (scale 1:10 000) for this stretch of the river were obtained
from the National Parks Board. For the purposes of the vegetation analysis only
the central 60% of each photograph was utilised in order to eliminate distortion.
An overhead transparency corresponding to the dimensions of the photograph
was overlaid onto each photograph and only the area of river falling within the
delineated zone was analysed.

A series of belt transects perpendicular to the flow direction and stretching from
bank to bank within the riparian zone were used to analyse the vegetation

Low Flow Verification Study page 6°1




VERIFICATION OF RIPARIAN WATER USE ALONG THE SABIE RIVER
CS Eversan, C Burger, B Oltnch and M Gush

composition along the river. Starting at the upstream weir, transects were
marked off at 1 cm intervals on the photographs which corresponded to every 100
m on the ground. This resulted in a total of 556 transects between the two weirs.
The start and end points of each transect (i.e. the northern and southern
extremes of the ripanan fringe) were estimated by eye and with the aid of a
stereoscope and marked accordingly. The three-dimensional effect of the
stereoscope enabled the banks of the river to be located as well as the differences
between tall lush trees and the drier serub on the flatter areas. The analysis of
the vegetation composition along each transect was carried out by means of an
overhead transparency, carrying a 1 mm x 1 mm grid, overlaid along the length
of the transect beginning at the southern edge of the ripanan zone and extending
to the northern most point (Figure 6.1).

TRANSPARENCY
AERIAL PHOTOGRAPH
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Figure 6.1: Graphical representation of the technique employed 10 analyse transects across the Sabie River
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The predominant vegetation (+ 50%) within each | mm x 1 mm grid cell was
assigned to one of six categories, namely: forest, reeds, sand, water, scrub and
rock. The data for each transect were entered into a spreadsheet using a different
symbol to represent each category of cover, and totals for each category within
each transect were obtained. These totals were subsequently scaled up to
represent the region between transects. This simply involved multiplying the
transect values by 10 to represent the 10 mm grid cells between each transect.
The spatial distribution along the river together with the relative areas under
cach category of land cover is represented in Figure 6.2. Forests (511 ha - 38%)
and reeds (297 ha - 22%) were the dominant vegetation types accounting for 60 %
of the vegetation,

63  River gauging study

After identification of the length of the Sabie River to be utilised in this study
(between the upstream and downstream weirs), eight vears of flow data (1990
1998) for these weirs were analysed together with volumes of water abstracted
for domestic and animal requirements (Gertenbach 1985 in Birkhead et a2/ 1977).
Between the upstream Skukuza weir (X3H021) and the downstream Lower Sabie
weir (X3H015), the Sand River joins the Sabie River as a tributary. The resultant
additional flow into the Sabie River forms a significant component of the total
volume and flow data for this addition were obtained from weir X3H008.

Transmission losses were estimated for the low flow period since this 1s the
entical period in terms of water shortage. Although summer flows are equally
important for determining the ecological reserve, the data were not reliable due
to over-topping of the weirs, which caused regular loss of data.

Average transmission losses between the weirs in the low flow period (May to
September) ranged from 0.26 m? & ! (0.68 million litres) in May to 0.41 m?*s ' (1.06
million litres) in August at the end of the dry period (Figure 6.3). The results
were similar to those reported in the previous study, where mean monthly
transmission losses ranged from 0.26 to 0.49 m?s !,

Using the vegetation areas from Figure 6.2 and the water use of the reeds and
trees as determined in this study, it was possible to calculate the expected losses
due to the riparian vegetation (Figure 6.3). Open water losses were estimated
using the Penman open water equation. In this exercise the tree transpiration
rate was set at 2.5 and 3.1 mm day' for winter and summer respectively (see
previous section). The reed transpiration was fixed according to the monthly
means measured for the reed site. Scrub was not considered a component of the
phreatic zone and both rock and sand were considered non-evaporating surfaces.
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|

Riparian Zone Transects of the Sabie River - Kruger National Park

Water Forest Reeds Scrub Rock

Skukuza weir - X3H021 Lower Sabie weir -X3H015

LAND COVER CATEGORY
Foest Reeds Sand Water  Soub (Rock  Total
Relative Cover (%) 383 2m 1188 1438 | 1164 1.7 100.00

Actual Area(ha) 5119 2887 1584 1918 | 1852 228 13338

Figure 6.2: The distribution of riparian vegetation along a 60 km section of the Sabie River (from Skukuza to Lower Sabie)
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| 0 Transmission losses

Mean monthly ransmission losses (m3sec-1)
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Figure 6.3: Mean monthly transmission losses and estimated riparian vegetation losses for a
55 km section of the Sabse River in the KNP.
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One of the problems in gauging studies is the inherent inaccuracy involved in
measuring stream flow from stage level for low discharges over gauging
structures with wide crests. Nevertheless, in this study estimates of the water
use of the vegetation for the low flow period (0.32 m?s!) were in close agreement
with the values recorded from the gauging study (0.35 m*s) (Figure 6.3).

Deviations between the monthly values were in the order of £20% between June
and September. This accuracy is acceptable since the transmission losses were
estimated from three different weirs (i.e. some of the errors could be additive),
abstractions were based on 1985 data (no recent data were available), and the
gauging data were averages for the eight years prior to this study, compared with
two seasons for the evapotranspiration data. The evapotranspiration losses were,
however, consistent with the gauging data and lend credibility to the riparian
evapotranspiration data collected in this study. Although gauging data are useful
predictors of total transmission losses, they do not allow the individual
components (vegetation, rock ete) to be estimated.

In the high flow period, the annual trend (monthly averages) in discharge from
the Lower Sabie weir, together with the riparian transmission losses showed that
the normal summer flow of 10 to 18 m*s ' was much greater than the maximum
riparian water use of 0.54 m?® 8! (December) (Figure 6.4). This can be contrasted
to the low flow period when the water use of the vegetation represents a much
higher proportional of the streamflow. The months of September and October
appear to be the most critical, when the flow rate is still low (average = 3.4 m*s")
and the transmission losses are at their highest (0.48 m*s'). The flow rate would
therefore be about 15% higher without the influence of the vegetation. These
data support the observations from phase I, where it was concluded that
transpiration during the low flow period declines much less than the river
discharge rate, evapotranspiration from the riparian vegetation constituting a
large proportion of the discharge through the winter months.
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Figure 6.4 Stream discharge and ransmession losses for a 60 kum section of the Sable River Also shown is

the impact on the ransmission losses of converting all the forest to reeds.
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One of the major concerns of managers within the KNP is the possible impact
that increased sedimentation will have on the distribution of vegetation along
rivers within the boundaries of the KNP. One scenario is that the area of reeds
will increase at the expense of the forests. Large floods may also effect changes in
the balance of reeds and trees. There are also large stretches of rivers outside the
KNP, where destruction of riparian forests is resulting in a shift to more reed-
dominated communities. This scenarioc was simulated by estimation of the
riparian transpiration losses assuming that reed communities replaced all the
forests. During the non-critical summer period the evapotranspiration losses due
to this vegetation change increased by up to 50%. For example, in April the
riparian evaporative loss increased from 0.47 to 0.71 m? s'!. By contrast during
the low flow months of August and September the evapotranspiration loss was
less for the reed scenario than for the estimated real losses. This result is due to
the higher tree than reed transpiration at this time of the year. These results
illustrate how an understanding of the water use by different plant communities
during the different seasons can be used for predicting transmission losses due to
vegetation change.

In very dry years the riparian losses are the same order of magnitude as the
streamflow. Thus any upstream landuse changes (ie. increased agricultural
activity) could result in no stream flow in the Sabie River. Such changes would
ultimately impact negatively on the physical condition of the riparian forests
through high levels of water stress. The incorporation of the knowledge obtained
in this study on the seasonal evapotranspiration rates from the two major plant
communities will ultimately give managers a more accurate estimate of required
river flows for maintenance and/or determination of the ecological reserve. Such
knowledge will need to be included into existing hydrological models.

Low Flow Verification Study
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7. DISCUSSION, LINKAGES TO RIVER MANAGEMENT AND
CONCLUSIONS

7.1 Discussion

Bowen ratio evapotranspiration data provided direct, reliable estimates of
evapotranspiration rates for the two dominant riparian communities growing
along the Sabie River in the Kruger National Park. Not surprisingly, the results
showed that regardless of season, the evapotranspiration flux was a significant
term in the energy balance of both sites, accounting for more than 50% of the
available energy. When expressed as a mass/depth of water using the simple
conversion that 1 mm evaporation equals 2.45 MJ m ? day ', it equates to summer
daily averages of 4.8 mm day ! and 3.1 mm day' at the reed and forest sites
respectively. This is approximately 1 mm day ' higher than the winter values for
reeds and 0.6 mm day ' for the forest site. Reed evapotranspiration therefore
exceeded tree evapotranspiration for most of the study period. An important
exception was during August and September (the critical low flow period) when
the tree water use was greater than the reed water use, resulting from the water
table dropping below the reed root zone (or possibly by physiological constraints
imposed by the winter conditions). Reed transpiration at this time was less than
2 mm day'. The evapotranspiration rates of reeds, which are permanently
inundated with water, may therefore be different. This is an area that requires
further research.

In systems dominated by tall vegetation, the aerodynamically rough nature of the
vegetation enhances convective fluxes, resulting in more efficient transport of
latent and sensible heat fluxes away from the canopy (Price, 1994). When plants
are adequately supplied with water, the evapotranspiration rates remain high, as
the increased sensible heat fluxes increase air temperatures and vapour pressure
deficits. This provides a positive feedback on evapotranspiration rates, which are
only marginally offset by the weak canopy resistance. This applies to windy
conditions. Our expenience with working in the reed-bed community on hot days
was that the conditions were often windless. Under such conditions the
acrodynamic resistance would be high (low convective fluxes) and
evapotranspiration reduced.

The dominant control on evapotranspiration rates was available energy, with a
weak surface/vegetative resistance shown by a canopy resistance of < 50 s m'!.
On the elevated sand banks dominated by reeds, the water supply was therefore
not limiting evapotranspiration until the end of the long dry winter period, when
the plants would lose contact with the water table. In the braided stream
channels, dominated by large trees it would appear that water supply was
seldom, if ever limiting evapotranspiration. The conservative water use by the
trees was therefore puzzling, as the trees were subjected to very high evaporative
demands and were freely supplied with water.

There was little evidence in our data to suggest that advection significantly
increased evapotranspiration through the movement of warmer, drier air flowing
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across the site from the dner surrounding areas. Thus the highest
evapotranspiration rates recorded for the reeds (approximately 9.5 mm day!),
were likely to be the maximum evapotranspiration rates for this community,
given that measurements were conducted at times of the year that included
annual maximum solar and net all'wave radiation (December). These
evapotranspiration rates were similar to maximum rates recorded for sugar cane
(8.6 mm day '), Acacia mearnsii (8.2 mm day') and Eucalyptus trees (8.5 mm
day') (Burger, Everson and Savage 1999). The highest rates of
evapotranspiration for the trees (approximately 4.5 mm day ') were recorded in
mid-October and may not represent the highest rates possible, as full summer
radiative conditions were not yet experienced. However, the average
evapotranspiration rates in summer were likely to be reduced by the frequent
occurrence of rainy and cloudy conditions.

During winter and spring the soil heat flux at the reed site served as a heat sink
for approximately 20% of the net all wave radiation. This dropped to 10% in
summer when there was increased shading from the full canopy. The
contribution of the soil heat flux to reducing the available energy was therefore
significant, and must be accounted for in models that use the energy balance
approach.

Evapotranspiration from the reeds was strongly seasonal and varied from year to
year. Therefore, it cannot be assumed that evapotranspiration rates have a
consistent seasonal pattern of increase and decrease from year to year or that the
magnitude of evapotranspiration for any given period is the same each year.

The micrometeorological measurements at the reed and forest sites showed the
feasibility, and at the same time the difficulty in obtaining accurate
measurements of evapotranspiration from these sites on the Sabie River. The
limited area of the individual communities was the biggest constraint to applying
conventional micrometeorological techniques. Fortunately, it was possible to find
patches of the two most common cover classes (reeds and trees) that were
sufficiently large in area to enable the development of accurate estimation of
evapotranspiration. The Bowen ratio energy balance method worked reasonably
well when evapotranspiration fluxes were fairly large, for example during the
day over the reed community. The method had limitations when latent heat
fluxes were low and humidity gradients small, as was often the case above the
tall tree canopy.

The use of the eddy correlation technique was hampered by technical problems,
which were exacerbated by the difficult access through the river channels. This
was the first time that this technique had been attempted for routine monitoring
in South Africa and many lessons were learnt. The loss of this equipment in the
flood prevented the final testing of the equipment. The flood did, however,
present the opportunity to invest in new equipment and new designs: such as the
open path water vapour sensor, which will greatly facilitate the field use of this
technically demanding technique. Further advances in science have led to the
development of laser-based sensors (scintillometry), which have the ability to
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measure evapotranspiration from relatively small patches of vegetation over a set
path, negating the need to be in the centre of the river. Such methodologies are
expensive in terms of capital outlay (hundreds of thousands of Rands), but
because of their efficiency (ease of setup, data analysis and maintenance costs)
should be cheaper to operate than for example the eddy correlation technique,
which would require access to the center of the river and will always be
constrained by fetch limitations. The two techniques used in Phase I (Stem
steady state heat energy balance and Heat Pulse Velocity techniques) are much
cheaper (tens of thousands), but have limitations when applied to complex
natural systems with many species, often with multi-stems, as found in the KNP,
In addition, scaling-up from individual plants to whole canopies is problematic,
leading to large errors. Perhaps more seriously, some of the theoretical
assumptions of the HPV technique are unrealistic (a full description of these
techniques can be found in Savage et a/ 2000). Scintillometry therefore provides
the way forward for quantifying the water use of riparian vegetation.

This study emphasized the complex interactions that underlie the
evapotranspiration process, and highlighted the importance of using models that
arc able to account for these complex physical processes. The reed model
developed in phase I of this project was shown to be an unrealistic predictor of
reed evapotranspiration and should not be used for future predictions. In terms
of modelling the latent heat flux in the Sabie River and other similar
environments, either the Priestley-Taylor or Penman-Monteith methods yield the
best results. The inclusion of seasonal specific canopy resistances and modelled
available energy from relationships determined by this study, provides a model
that yields excellent results yet is simple to use,

The results of the vegetation cover analysis showed that the forests (38%) and
reeds (22%) were the dominant vegetation types accounting for 60 % of the area.
Open water, rock and sand accounted for a further 28%. These data were used to
scale up the evapotranspiration data for a 556 km section of the Sabie between the
Kruger and Lower Sabie weirs. Comparisons of the total evaporation losses
during the low flow period (0.32 m?® s') and gauging losses (0.35 m® s'') showed
good agreement, and added validity to the evapotranspiration data. (3)

7.2  Linkages to river management

A great deal of effort and expense has been spent on obtaining an accurate
estimate of the water use of the riparian vegetation in the Kruger National Park.
The question arises as to how useful these data are and how they may best be put
to good use? Clearly the objective of verification of the transpiration rates from
the reeds has been met and the original reed model was shown to be an
unrealistic description of the evapotranspiration processes within the reed
community. The original conservative rates of transpiration from the trees were
verified by this study, although the physiological reasons and physical processes
remain an enigma.
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In this study a more physically and universally accepted modelling approach was
taken in comparison with the empirical approach of phase . The canopy specific
models for the reeds and trees were developed through an understanding of the
energy balance of each community and its relationship to the well‘known
Penman-Monteith model. This will provide modellers with a more accurate
approach to the calculation of the water requirements of similar riparian
vegetation in southern Africa.

A major strategy of the Kruger National Parks Rivers Research Programme has
been to “develop a consultative management process in which interactions
between stakeholders, managers and researchers is facilitated by a Decision
Support System” (Rogers and Bestbier 1997). A considerable effort has gone into
developing a predictive modelling framework for understanding the consequences
of management actions and system changes in general. It is within this
framework that predictive tools such as hydrological models are required for
linking into such Decision Support Systems. It is true to say that most of the
vegetation dynamics of riparnan forests are in some way linked to the
hydrological cycle. In a system such as the Sabie River in the KNP most of the
streamflow originates outside the Park in the high rainfall areas to the west.
Evapotranspiration in the KNP is by far the most important loss of water from
the soil and ground water reserves. In order to understand the links between
vegetation dynamics and the hydrology of the river a basic understanding of the
evaporative losses from the system is required. The National Water Act
recognizes the need to provide water to ecologically sensitive areas through the
recognition of the “ecological reserve” (White paper 1997). The law states “the
ecological reserve must be determined for all or part of any significant water
resources such as rivers, streams, wetlands, lakes, estuanes and groundwater”.
The Reserve must specify the quantity and quality of the water, which will
maintain the resource in an ecologically healthy condition. This requirement of
the National Water Act demands the accurate determination of the Reserve. This
can only be achieved through an understanding of the hydrological and ecological
links in niparian systems. Therefore rivers running through a broad landscape
must be linked at the catchment scale. Catchment management provides a
framework for integrating knowledge and perspectives of social and natural
sciences into planning, policy and decision-making. Such an interdisciplinary
framework is required to simultancously address the socio'economic and
environmental impacts of natural resource policy and management. While
knowledge about the interactions between the biophysical processes and socio
economic issues in a watershed is essential for the long-term sustainability of
both agricultural and natural systems, the mere generation of such knowledge is
insufficient (Fulcher ef 2/, in press). The knowledge must be delivered to
potential users or stakeholders in a way that maximizes its usefulness in
catchment planning and management.

Long term ecological sustainability through the identification and setting of the
ecological reserve can only be achieved by (1) increasing knowledge regarding the
spatial and temporal interactions of ecological and hydrological processes within
catchments and determining how these interactions are altered by changing land
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use or management practices at the catchment scale and (i) developing decision
support systems which make the knowledge accessible.

While integrated management is widely supported, the spatial information on
socioeconomic and bio'geophysical processes needed for comprehensive
evaluation of integrated resource management plans is not readily accessible to
local decision makers. Thus the challenge for ecologists, hydrologists and
economists is to develop a userfriendly, interactive catchment management
decision support system which identifies the relative contribution of
sub-catchment areas to alternative land use activities and practices on water
quantity, soil erosion, surface water quality and economics at the catchment
scale. Future research in integrated catchment management should focus on the
research and development of spatially explicit models (i.e. GIS based), which are
capable of simulating the ecological and hydrological processes at the catchment
scale for use as decision support systems for catchment planners, managers and
stakeholders.

“Linkages” of this project to other projects/issues can be summarised as follows:

¢ Replacement of the transpiration component of the riparian water balance
model developed by Birkhead et 2/ (1997) with canopy specific Penman-
Monteith formulations.

¢ The extension/improvement of the results to other South African river
systems where evaporation losses are considered important. An example is
the Evaporation Losses from South African rivers study (McKenzie and
Craig, 1999), where insufficient knowledge was available at the time to model
reed evaporation along the Orange River, forcing the authors to assume that
reed evapotranspiration was equal to open water evaporation.

e Determination of the ecological reserve: The KNPRRP was initiated to
established the ecological water requirements of the rivers running through
the KNP, so that they may be given due consideration in the planning and
management of future resource developments. In a situation of competition
between various sectors for a limited water resource, it is important for
environmental requirements to be reliably established if equitable allocations
are to be made. The procedures developed in this study will improve the basis
for determining the consumptive water use of riparian vegetation.

¢ Integrated Catchment Management: Water resources development and
management require an understanding of basic hydrologic processes and
simulation at the catchment scale (thousands to tens of thousands of square
kilometres). Recent advances in computer hardware and software and
GlIS/spatial analysis software have allowed large area simulation to become
feasible. The information on the evapotranspiration of the dominant
indigenous vegetation collected in this study will ultimately provide
modellers with important inputs and data for the verification of these models.

The implementation of the above points falls outside the scope of this project and
should be considered for future research. It is recommended that a workshop be
held (outside the scope of this project), on how to further interpret the research
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results in terms of the “ecological reserve”, by bringing all the results on the
impact of the water use of vegetation together, and by developing a link to the
operational management of rivers.

7.3  Conclusions

Anthropogenic changes upstream of the KNP have resulted in reduced winter
base flows and concomitant increased stress levels amongst the natural river
biota within the KNP. Effective management of these systems has been identified
as an urgent priority in order to ensure the viability of these riverine systems
(Birkhead et al 1997). Birkhead ef a/ used an integrated research approach to
determine the ecological reserve, but uncertainty in the reliability of the
transpiration models for the trees and reeds led to recommendations for the
verification of these models. The main objective of this project, the verification of
previous transpiration measurements from reeds and trees in the Sabie River,
was achieved using the Bowen ratio energy balance technique. The results have
shown that the previously high reed evapotranspiration rates were unfounded.
The canopy specific models developed in this study should rather be used to
model the consumptive water use of the vegetation.

Evapotranspiration from the tree site was consistent with the previous research
(phase I) where conservative tree evapotranspiration rates were found. However,
the absolute daily evapotranspiration rates measured n this study (3.2 mm day’
1) exceeded that of the previous study (1.7 mm day '). Although the phase I model
could be used for estimating transpiration, for consistency of approach and
improved accuracy the site specific Penman-Monteith model should be adopted
in the Riparian Water Balance Model.

Canopy specific models for the reeds and trees have been developed through an
understanding of the energy balance of each community and its relationship to
the well'’known Penman-Monteith approach, providing a more accurate
calculation of the water requirements of similar ripanan vegetation in southern
Africa. These canopy specific models, together with local climatic data and the
area covered by each vegetation type, can be used to estimate the consumptive
water use of similar riparian vegetation for any stretch of river.

Verification of the evapotranspiration estimates of this study was achieved by
comparing the Bowen ratio estimates with transmission losses estimated through
gauging studies. The gauging data were consistent with the evapotranspiration
data collected in this project, confirming the validity of the evapotranspiration
data.
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DATA STORAGE AND AVAILABILITY
1 NATURE OF THE DATA

The following data was captured in the execution of the project to determine the
water use by reeds and trees in riparian environments,

1.1 Bowen ratio energy balance, eddy correlation and infra red thermometry
data

The Bowen ratio energy balance data comprises both a complete set of weather
station data together with the net radiation, temperature and humidity flux data
necessary for the calculation of the latent heat flux of evaporation. This includes
the soil heat flux density.

Bowen ratio evaporation is calculated from sampling conducted at 20 minute
intervals. The raw data collected from the field is passed through several

computational and rejection phases to provide a final spread sheet of 20 minute
evaporation data.

These data records are stored, together with all site header data, in Excel
worksheets as 20 minute, hourly and daily site evaporation.

Raw and processed data collected with the eddy correlation and infra red
thermometry technique, are available for 20 minute periods.

2 STORAGE OF DATA
2.1 Processed data

All processed data has been catalogued and stored at Environmentek, CSIR, c/o
Department of Agrometerorology, UNP, P/Bag X01, Scottsville, 3209.

22 Rawdata

Raw data and data in various stages of compilation, has been stored as:

Bowen ratio, Eddy correlation and Infra-red thermometer data’ Environmentek,
CSIR, dJo Department of Agrometerorology, UNP, P/Bag X01, Scottsville, 3209.
Contact persons: Dr. C.S. Everson, C. Jarmain and M.G. Gush.

These data are held on non-flexible diskette.
3. AVAILABILITY OF DATA

All data can be supplied to researchers and managers on non-flexible diskette.
Data is the property of the Water Research Commission. Copies of the data have

also been sent to the CCWR (Computing Centre for Water Research, %

Data Storage and Availability
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University of Natal, Private Bag X1, Scottsville 3209 RSA) and the Kruger
National Park Meta Database.
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