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Chapter 1 General introduction 

1.1 General framework 

 
Botswana lies in the centre of the Southern African Plateau at a mean 
altitude of 1000 m above sea level (m a.s.l.).  The Botswana Kalahari 
is a tectonic basin filled with unconsolidated sandy deposits of 
Cretaceous to recent age, which extends over 75% of Botswana 
representing nearly 500 000 km2 of total surface area (Scholes et al., 
1997). In the northwest Kalahari, the Okavango River drains inland 
from Angola into an extensive swamp area (Okavango delta; see 
Figure 1.2), but the remaining part is characterized by the absence of 
perennial water at the surface; flooding of dry valleys and 
depressions (pans) only occurs after heavy rainfall. Groundwater is 
mainly found in the Karoo rocks (sandstones, shales and basalts) 
below a mantle of Kalahari sand that ranges in thickness from 20 m 
near the fringe of the Kalahari to more than 100 m towards the 
centre. The groundwater tables more or less follow the top of the 
Karoo sediments and thus also range from depths of 20 m to more 
than 100 m. The main regional groundwater flow is from the water 
divide in the southwest at a surface elevation of 1250 m towards the 
lowest depression called the Makgadikgadi pans, some 600 km in 
north-easterly direction, with a surface elevation of 925 m. Thus, the 
regional hydraulic gradient is very small. No forms of groundwater 
outcrops exist under the current climate. Therefore, the Kalahari as 
such forms an almost closed basin with an internal groundwater 
drainage system at the Makgadikgadi pans. The Kalahari sandy 
deposits under present climatic conditions do not form extensive 
aquifers. Instead, perched water bodies occur locally in areas with 
large pans, which are associated with episodic ponding and rapid 
infiltration through fractured duricrusts. 
 
Despite a moderate rainfall of about 400 mm/yr (on average) and the 
scarcity of surface water, the Kalahari supports extensive savanna 
vegetation that consists of shrubs, grass and trees. This can be 
explained by the combination of a high infiltration capacity and a high 
retention storage in the upper sandy sediments. This means that 
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almost all rainwater is taken up by the vegetation and therefore 
recharge to the deep aquifers is only a small proportion of the total 
precipitation. True desert conditions that are characterised by sparse 
vegetation and unstable moving sands are prevalent in the south-
western part of Botswana where rainfall is in the order of 250 mm/yr. 
The annual potential evapotranspiration1 amounts to 1350-1450 mm 
(Choudhury, 1997) whereas the actual evapotranspiration2 has never 
been directly assessed, but could, of course, be not much less than 
the rainfall on an annual basis. A comprehensive account of the 
Kalahari environment is given by Thomas and Shaw (1991). 
 
The Botswana National Water Master Plan Review estimates that 65% 
of Botswana’s water supply depends on groundwater resources 
(BNWMPR, 2006: vol. 2). Most of the investigations on groundwater 
resources evaluation in Botswana have largely concentrated in the 
eastern part, where the majority of the people live (e.g. Farr et al., 
1981; the Swedish Geological Company (SGC), 1988; the Bureau de 
Recherches Geologiques et Minieres (BRGM), 1991; BRGM, 1993 and 
Wellfield Consulting services (WCS), 1998). More recently, the 
Kalahari has come under increased pressure from land use change 
driven by technology, government policies and human and livestock 
population growth (Arntzen et al., 1996). Borehole drilling and 
pastoral policies have opened up the Kalahari to livestock farming 
outside wildlife management areas. Therefore, it is without doubt, 
that water is vital to the development of Botswana, most of which 
must be derived from groundwater, since surface water resources are 
scarce (Gaabake, 1997). In light of this, it is therefore imperative to 
undertake groundwater resources studies that do not only emphasize 
on exploration and assessment of available resources, but should also 
pay attention to the evaluation of the dynamics of groundwater 
recharge and groundwater discharge, as well as on the water use by 
the vegetation.  
 

                                          
1 Potential evapotranspiration refers to the maximum evaporative loss under 
existing atmospheric conditions when water supply is not limited. 
2 Actual evapotranspiration refers to the rate of evapotranspiration that 
depends on the prevailing moisture regimes in the soil, vegetation 
development and atmospheric conditions.  
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Groundwater recharge as used in this study is defined as water that 
passes through the unsaturated zone and reaches the groundwater 
table. The groundwater discharge as used in this study is the regional 
outflow to the drainage base. This groundwater discharge thus equals 
net groundwater recharge and represents the maximum amount of 
water that can be used in a sustainable way. Net groundwater 
recharge is the groundwater recharge minus any groundwater 
extraction by deep rooting vegetation and/or upward liquid/vapour 
flow of water from the aquifer (i.e. losses that occur subsequent to 
infiltration to the groundwater). The definitions are illustrated in 
Figure 1.1. 
 

 
 

Figure 1.1: A schematic diagram illustrating groundwater recharge 
and groundwater discharge as defined in this study  

 
Groundwater recharge and discharge in arid and semi-arid regions 
are usually very low and therefore difficult to assess. A simple 
estimation of groundwater recharge as the difference between rainfall 
and evapotranspiration in semi-arid regions is normally not suitable 
since the amount of groundwater recharge is much smaller than the 
collective errors in rainfall and evapotranspiration determinations. 
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The occurrence of groundwater recharge from rainwater by infiltration 
through the Kalahari sediments has been a controversial issue for 
more than hundred years (Selaolo, 1998). Some investigators 
concluded that virtually no rain recharge was occurring in the 
Kalahari, because of “seasonal moisture retention in the sands and 
complete loss by subsequent evapotranspiration” (Van Straten, 1955; 
Foster et al., 1982; De Vries and Von Hoyer, 1988). De Vries (1984) 
further substantiated this view through a numerical study of declining 
regional groundwater levels since the last pluvial period (12 000 yr. 
ago) and concluded that present day discharge was at most 1 mm/yr 
and could (partly) be explained as residual from an earlier pluvial 
period. According to this viewpoint, the present day recharge is either 
in equilibrium with current discharge of about 1 mm, or is less so that 
groundwater could be subjected to continuous depletion under 
present day climatic conditions. However, increasing evidence of the 
occurrence of substantial rain recharge through the Kalahari sands 
emerged from a variety of tracer studies such as Jennings (1974), 
Mazor et al. (1974), Verhagen et al. (1974), Mazor et al. (1977), 
Mazor et al. (1982), Verhagen (1990), Selaolo (1998), De Vries et al. 
(2000), Obakeng (2000) and more recently by Magombedze et al. 
(2004). However, there seems to be a discrepancy between this 
substantial recharge and the discharge, due to the absence of visible 
discharge areas in the Kalahari and the low regional discharge flow 
(outflow) to Makgadikgadi drainage base (De Vries, 1984). The 
paramount question thus is: What happens to the substantial 
recharge, since the regional discharge flow is low and there are no 
visible discharge areas in the Kalahari? Could (as hypothesised by De 
Vries et al., 2000) groundwater be removed from the saturated zone 
through extraction by deep rooting trees?  

1.2 Scope of the study 

 
The study area (also referred to hereafter as Serowe area) is located 
in the Central District (S 22o16.992', E 26o39.283') region of 
Botswana, at the eastern fringe of the Kalahari basin. It covers a total 
area of about 2693 km2 and receives an average annual rainfall in the 
order of 440 mm. The main reason for the choice of Serowe as a pilot 
area is the accessibility of the area, and the availability of existing 
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information on meteorology, geology and hydrogeology as 
background to the data acquisition for the present study. 
 
To solve the question of the fate of the water that percolates through 
the unsaturated zone and the groundwater recharge, the present 
study focuses on: (1) the investigation of rooting depths and water 
extraction by common Kalahari trees and (2) the seasonal behaviour 
of the different components of the water balance.  
 

1.2.1 Research objectives 
 

The main objective of this study is to explore if soil water and 
groundwater can possibly be extracted by deep rooting trees, from 
below the main root zone. This main root zone stretches to a depth of 
4 m and forms a zone with extensive exchange of infiltrating 
rainwater and evapotranspiration. The question thus is whether 
percolating water that has escaped from evapotranspiration in this 
zone, might be subsequently subjected to water extraction through 
deep rooting trees, so that the flux to the groundwater table 
(groundwater recharge) could be higher than the resulting regional 
groundwater discharge. 
 
To resolve this problem, the following steps were undertaken: 
 

1. An investigation to establish if the roots of Kalahari tree 
species can reach great depths; tracers (lithium chloride) were 
injected at various depths, up till 73 m and subsequently (in 
consecutive days) small tree branches (twigs) and leaves were 
analysed to verify if the trees extracted water labelled with 
lithium chloride from the deep horizons. 

2. Sap flow measurements were carried out in various deep 
rooting tree species (including some tree species that were 
investigated in step one), to determine transpiration. 

3. The distribution of stable water isotope concentrations in sap 
(xylem water), in the unsaturated zone water and 
groundwater were analysed; in an attempt to detect the zones 
from which the deep rooting trees extract their water 
throughout the season.  
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Closely related to the main objective, actual evapotranspiration (AET), 
potential evapotranspiration (PET), rainfall, soil moisture regime and 
groundwater level fluctuations were monitored and analysed to obtain 
information on regional and seasonal behaviour and variability of the 
different components of the water balance. 
 

1.2.2 Methods and instruments 
 
In order to achieve the study objectives the following methods and 
instrumentation were used in the Serowe area. 
 
1. The rooting depth investigation using the artificial tracer was 

undertaken at 18 experimental (drill-holes) sites in which 19 
Kalahari trees belonging to seven tree species were sampled and 
analysed to ascertain if the water and tracer has been taken up at 
various depths.  

2. Sap velocity was monitored continuously in 41 trees from 
November 2001 to January 2004 using sap flow sensors at seven 
sites. At these seven sites data acquisition was maintained and 
stored by data loggers. The monitored 41 trees represented nine 
species.  The obtained sap velocity measurements were up-scaled 
into eight randomly selected 30 by 30 m plots to give an 
estimation of areal transpiration by trees. 

3. Sampling for isotopes of xylem water and groundwater was 
undertaken at four experimental sites within the framework of the 
present study. In total there were six tree species sampled for 
xylem water extraction. Additionally, soil samples were collected 
to various depths ranging from 3.1- 10.1 m at the four 
experimental sites. 

4. To obtain information and data for various components of the 
water balance a hydrological monitoring network was established 
between 2001 and 2003 in the study area. Ten monitoring sites 
consisting of various instruments such as rain gauges, 
anemometers, relative humidity and temperature sensors were 
established. Out of the ten sites only three sites were equipped 
with radiometers. Additionally, soil heat flux and soil temperature 
were also monitored at four of the ten monitoring sites. Soil 
moisture was continually being monitored at various depths using 
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soil moisture sensors at seven of the ten monitoring sites. 
Additionally, soil matric pressure was continually monitored at 
eight locations using gypsum blocks and in one location using 
watermark sensors. In all cases the data acquisition was 
controlled and stored by data loggers. Groundwater level 
monitoring was carried out at 17 boreholes equipped with 
automated groundwater table recorders between September 2001 
and March 2005.  

1.3 Outline of chapters 

 
Chapter 1:  gives a general introduction of the thesis work and 

study area. 
Chapter 2:  focuses on the spatial and temporal distribution of 

rainfall within the study area. 
Chapter 3:  describes the spatial and temporal variability of 

evapotranspiration in the study area. 
Chapter 4:  assesses the long term spatial and temporal variability 

of tree transpiration in eight selected plots across the 
study area. 

Chapter 5:  discusses rooting depth investigation of savanna 
vegetation (mainly trees) using lithium as a chemical 
tracer.  

Chapter 6:  focuses on the determination of the origin of water 
used by savanna vegetation using the stable 
environmental isotopes 2H and 18O. 

Chapter 7:  presents the dynamics of soil moisture and 
groundwater levels, and presents a tentative approach 
of groundwater recharge in the study area on the basis 
of the observations of evapotranspiration and 
groundwater levels.  

Chapter 8: gives a summary and conclusions of the study. 
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1.4 Description of the study area 

 

1.4.1 Geomorphology, topography, climate and 
vegetation   
 

The selected Serowe study area consists of two contrasting parts: the 
Kalahari sandveld, to the west, and the hardveld, to the east. (Figure 
1.2). The two parts are divided by a prominent, geomorphic, 
escarpment feature that represents the eastern limit of the Kalahari 
sand (Smith, 1984). The sandveld part slopes gently to the west, and 
is fairly flat and featureless without prominent drainage lines. In 
contrast, the hardveld slopes steeper to the east and there is a 
drainage system indicating courses of ephemeral streams, 
discharging water mainly after heavy showers. The present study 
mainly refers to the western sandveld; the Kalahari proper. 
 
Rocks of the Karoo formations (sandstone, shale and basalt) at the 
western sandveld area are overlain by 60-100 m of Kalahari sand 
cover, whereas the eastern hardveld area is covered by only 0-5 m of 
superficial deposits. Rock outcrops are found mainly at the 
escarpment and along river valleys below the escarpment. Elsewhere 
Kalahari sands and superficial deposits overlie rocks.  
 
The mean annual temperature is 20 oC. The summer temperatures 
can be in excess of 30 oC during the day, whilst winter temperatures 
can drop to below 0 oC at night. The long-term daily rainfall record 
since 1925 from Serowe meteorological station indicates high annual 
rainfall variation, ranging from 119-970 mm/yr, with a mean annual 
figure of 437 mm (see Chapter 2).The rainy season is between 
October and April, when ambient temperatures are at their highest 
values and rainfall occurs in the form of isolated, high intensity 
storms which produce a substantial proportion of the annual rainfall. 
These infrequent storms often constitute the principal source of 
groundwater replenishment in the study area. The dry winter season 
begins in May and ends in August.  
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Figure 1.2. Location of the study area; (rainfall distribution after Bhalotra, 
1987) 
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The hardveld is dominated by acacia savanna type of vegetation, 
which can vary from dense shrubland to tree savanna. The Kalahari 
sandveld is represented by open savanna vegetation type, 
characterized by continuous grass and a discontinuous sparse tree 
and bush cover. It is noticeable that in the eastern area, vegetation 
remains green even at the peak of the dry season in contrast to the 
western part, which is generally dry except for sparse evergreen 
trees. This perhaps stems from shallow groundwater tables (<20 m) 
found along the drainage lines and the possible existence of deeply 
rooted trees (Jennings, 1974). 
 

The sandveld area is quite flat and is dominated by free draining 
coarse to loamy fine Kalahari sands with high permeability, high 
infiltration rate and high retention storage capacity because of the 
thick sand layer. Therefore surface runoff is negligible. In the 
hardveld part, the surface runoff is more pronounced due to the 
relief, rock outcrops and less permeable soils enriched in clay 
materials that originated from weathering of basalt and dolerite 
outcrops. Surface runoff only occurs after heavy rainfall events or 
relatively long-term periods of precipitation. 
 
Within the Serowe study area, Ecosurv Botswana (1998) and 
Hernandez (2002) identified 4-10 vegetation communities. The 
western part of the study area (sandveld) is quite homogeneous with 
regard to species composition. Species such as Acacia fleckii, Boscia 
albitrunca, Burkea africana, Ochna pulchra, Securidaca 
longipedunculata and Terminalia sericea are strongly represented 
there. In the eastern part of the study area (hardveld) the vegetation 
is generally taller particularly along and in the vicinity of river courses 
and depressions. Species such as Acacia karoo, Acacia tortilis, Acacia 
mellifera and Ziziphus mucronata are widespread in the hardveld. At 
the escarpment edge where vegetation is taller, denser and more 
diverse than in the rest of the study area, species like Combretum 
apiculatum, Croton gratissimus and Ricinodendron rautanenii are 
strongly represented. Species such as Acacia erioloba, Combretum 
apiculatum, Dichrostachys cinerea, Grewia retinervis, Lonchocarpus 
nelsii and Terminalia sericea are found everywhere across the study 
area.  
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The description of the tree species is given by Coates-Palgrave 
(2002). 
 

1.4.2 Geology  
 
The geology of Botswana, including that of the Serowe area, is 
described in detail by Carney et al. (1994), of which most of it, is 
based on geophysical interpretations and cores from exploration 
works. This is mainly due to the absence of surface outcrops created 
by an extensive Kalahari sediment cover. The geological succession 
for the study area is summarized in Table 1.1.  
 
Pre-Karoo strata 
 
Archean Basement rocks of the study area consist of an assemblage 
of gneisses, migmatites and other plutonic rocks with varying degrees 
of foliation. Outcrops of the Palapye Group rocks belonging to the 
Proterozoic Shoshong Formation strata are found east of Serowe 
village, where they are represented by quartzites, siltstones, shales 
and sandstones with various shades of grey and pink colours. Pre-
Karoo and post Palapye Group intrusions occur as coarse grained 
dolerite dykes which intruded into the Palapye Group or Basement 
rocks. 
 
Karoo strata 
 
The Dwyka Group is a basal unit of the Karoo Supergroup in southern 
Africa (Carney et al., 1994), which was deposited during a Permo-
Carboniferous glacial episode. It consists of tillites and fine laminated 
mudstones that were deposited on a pre-Karoo topography. It is 
represented by the Dukwi Formation in the study area. As a result of 
the great depths of burial and the lack of borehole evidence, little is 
known about the hydrogeological characteristics of this lowermost 
unit of the Karoo. 
 
The Ecca Group is mainly composed of sandstone, mudstones and 
carbonaceous shales that were deposited in lakes and deltas after the 
retreat of Dwyka glaciers. During Ecca deposition, plants colonised 
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inland sea shores in which coal seams developed (Carney et al., 
1994). 
 
Table 1.1. Lithostratigraphy of the study area (adapted from WCS, 
1998) 
 

Age Supergroup Group Formation Lithological descriptions 

Cainozoic  Kalahari Kalahari beds Sand, silt, clay and 
duricrust 

Mesozoic Stormberg 
Lava  Crystalline, massive, 

amygdaloidal basalts 

 
 

Ntane 

Aeolian sandstone, 
medium to fine grained 
with minor mudstone 
intercalations, white, pink, 
red, brown, grey, green, 
yellow, partially fluviatile 
towards base 

Lebung 

Mosolotsane 
Fluvial red beds, 
siltstones, fine grained 
sandstone, red mudstones 

 
Beaufort 

 
Thabala 

Non-carbonaceous 
mudstones and siltstones 
with minor sandstones 

Serowe 

Carbonaceous mudstones, 
coals,siltstones, coally 
carbonaceous mudstones, 
fine sandstone 

 
Morupule 

Coal seams, black 
carbonaceous mudstone, 
subordinate non-
carbonaceous mudstones 

 
Kamotaka 

White, massive, coarse to 
medium grained 
sandstone, subordinate 
siltstones, micaceous 

Ecca 

 
Makoro 

Post glacial lacustrine 
mudstones and siltstones 
marking the base of Ecca 
Group 

U
pp

er
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K
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Dwyka  
Dukwi 

Base of Karoo sequence, 
tillites and shales, varved 
siltstones and mudstones  

Proterozoic  Palapye Shoshong Dolerite, siltstones,Shales 
and quartzite 

Archean  Basement Granite, gniess and 
amphibolite 

 

Within the study area, the Ecca is represented by four formations, 
listed from old to young, they are: Makoro, Kamotaka, Morupule and 
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Serowe formations. Makoro Formation largely consists of non-
carbonaceous, silty mudstones with micas becoming more abundant 
at the base of the formation whereas its upper part is comprised of 
interbedded fine-grained sandstone and mudstone. The Kamotaka 
Formation is characterized by massive feldspathic sandstone with 
minor micas, and mudstone clasts and conglomeratic bands that 
occurs locally at its base. In addition, sedimentary structures such as 
cross bedding and graded beds are also common in the formation. 
The Morupule Formation is largely made up of coal seams and 
carbonaceous mudstones. The Serowe Formation is the uppermost 
unit of the Ecca in the study area. It is for most part siltstones, fine-
grained sandstones, carbonaceous mudstones with thin dull and 
bright coal lenses that follows conformably from the Morupule 
Formation. Few boreholes intersect the Ecca within the study area, 
and as such their hydrogeological significance will not be treated in 
the current study.  
 
The Beaufort Group is represented by the Thabala Formation in the 
investigation area. It consists mainly of massive non-carbonaceous 
silty mudstones with minor coal streaks, calcareous mudstones and 
bands of concretion nodules. 
 
The sediments of the Lebung Group represent the end phase of the 
Karoo sedimentation and suggest a progression from a lacustrine 
deposition to alluvial fan (Thomas and Shaw, 1991). The Lebung is 
made up of the Mosolotsane and Ntane formations. The Mosolotsane 
Formation consists of red (or grey) fine grained sandstone, siltstone 
and mudstone often with a conglomerate at its base. The Ntane 
Formation consists of fine to medium grained light brown to light 
orange sandstone. The Ntane is usually friable and poorly cemented 
except where it has been subjected to contact metamorphism. 
Therefore, it is sometimes difficult to differentiate it from Kalahari 
sand. Its thickness is highly variable in the study area, with an 
average total thickness of about 70-100 m (Swedish Geological 
Company (SGC), 1988). 
 
A division in the Ntane Formation is usually made between the upper 
more arenaceous Massive Member and the lower more argillaceous 
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Transition Member. Outcrops of the Ntane sandstone occur where 
gully erosion has removed most of the overburden in the eastern part 
of the study area.   
 
Above the Ntane are tholeiitic basalt lavas, which belong to the 
Stormberg Group. The thickness of the basalt is highly variable as a 
result of uneven Ntane topography on which it was extruded; 
thickness ranges from about 10 to greater than 40 m in the study 
area. Fresh surface exposures are mainly confined to river courses in 
the eastern part of the escarpment. West of the escarpment basalt 
occurrence beneath the Kalahari sediments was revealed by the 
aeromagnetic method (which is regarded as a suitable geophysical 
method for revealing basalt by virtue of its magnetic susceptibility).  
 

Post Karoo strata 
 
The Karoo rocks are mostly overlain by Kalahari Group sediments in 
most parts of Botswana (Farr et al., 1981) that comprise a sequence 
of predominantly terrestrial sediments of Cretaceous to recent age. 
The Kalahari deposits are of aeolian to fluvio-deltaic and lacustrine 
nature. Lithologies of the Kalahari beds consist of conglomerates, 
gravels, sandstones, mudstones, siltstones and duricrusts (calcretes, 
ferricretes and silcretes). The overall thickness of the Kalahari is 
extremely variable, ranging from about 60-100 m in the Serowe area.  
 
Additionally, post Karoo dolerite dykes are known to occur within the 
study area, most of which have been emplaced along WNW-ESE 
trending faults (refer to Figure 1.3). 
 

1.4.3 Hydrogeology 
 
Groundwater occurrence and aquifer description 
 
The hydrogeology of the study area has been extensively investigated 
by SGC (1988) and Wellfield Consulting Services (WCS), 1998. Their 
reports indicate that majority of boreholes in the study area penetrate 
the Kalahari succession and terminate in the upper Karoo rocks 
(Basalt, Ntane and Mosolotsane) e.g. boreholes 4743, 5309, 5310, 
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5336 etc. (refer to Figure 1.3).  Duricrust horizons buried within the 
Kalahari sands can also promote lateral moisture fluxes as opposed to 
vertical fluxes, and as such may initiate surface runoff, and when 
situated at relatively shallow depths may create, good chances for 
moisture escape by evapotranspiration, thereby resulting in reduced 
replenishment to the underlying aquifers. On the other hand, 
fractured and dissolved calcrete facilitate fast infiltration and 
concentrated recharge. In combination with pans, this can result in 
perched aquifers (Dekker et al., 1997). 
 
At the sandveld area the groundwater table is deep, ~60-100 m 
below ground surface (m b. g. s.); at the hardveld area depths are 
much shallower being ~8-40 m b. g. s. At the eastern side of the 
escarpment line as well as along the drainage lines at the eastern 
hardveld, the groundwater table is shallowest (<20 m). The majority 
of the villages in the study area are concentrated along this eastern 
edge of the escarpment (see Figure 1.2) where until some decades 
ago, springs were supplying water to the habitants. 
 

 

Figure 1.3. Geology, piezometric map and location of groundwater 
level monitoring points in the study area 

 

The Ntane Formation (mainly sandstone) is regarded as a principal 
aquiferous unit, favoured by its primary porosity and a system of 
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fractures that enhances its porosity. Because of a high proportion of 
mudstones and siltstones, and typically low borehole yields obtained 
in the Mosolotsane Formation, this formation is considered as an 
aquiclude that forms the base of a more promising Ntane aquifer 
(WCS, 1998). This Ntane sandstone is overlain in some places by 
fractured Stormberg Basalts and Kalahari sediments having variable 
thickness.  The basalt has low primary porosity, and therefore their 
hydrogeological characteristics depend on the presence of shear and 
vertical fractures. 
 
Structurally the area is characterized by a dominant WNW-ESE 
trending fault system (Figure 1.3), often intruded by dolerite dykes, 
which break up the Karoo formations into a series of compartments. A 
structurally controlled groundwater system flows west and east from 
the groundwater divide which is located more or less in the centre 
part of the study area (Figures 1.3 and 1.4). The westerly directed 
flow regime has a gentle gradient, whereas the one to the east has a 
steeper gradient. 
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Figure 1.4. West-East hydrogeological cross section of the study area 
(redrawn from SGC, 1988); WL/PZ is water or piezometric level 

 
Within the Serowe study area three types of hydrodynamic conditions 
of the Ntane aquifer can be identified as illustrated by Figure 1.5: (A) 
Kalahari beds or superficial deposits overlying the Ntane sandstone 
representing unconfined flow conditions; (B) Ntane aquifer covered by 
Stormberg basalt, with a hydraulic head above the top of the 
sandstone (confined conditions) and (C) Ntane sandstone covered by 
Stormberg basalt, but with a hydraulic head below the top of the 
sandstone (free water table conditions in a confined aquifer). 
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Figure 1.5. Hydrodynamic conditions of the Serowe study area; (DK is 
superficial deposit or Kalahari beds, NS is Ntane sandstone and SB is 
Stormberg basalt) 
 

Hydraulic properties of the Ntane aquifer 
 
Within the study area Farr et al. (1981), SGC (1988) and WCS (1998) 
conducted several pumping tests to describe the hydraulic behaviour 
of the Ntane aquifer. Table 1.2 contains a summary of ranges of 
hydraulic parameters obtained by these studies. 
 
Table 1.2. Hydraulic parameters of the Ntane sandstone aquifer 
 

Hydraulic parameter Units Ranges 
Hydraulic conductivity m/day 0.03-28 
Transmissivity m2/day 1.5-199 
Storage coefficient (dimensionless) 1.3x10-5 -0.07 
Borehole yields m3/day 127-1385 

 
It is clear from Table 1.2 that hydraulic parameters of the Ntane 
aquifer vary remarkably. The broad variations in transmissivity 
(and/or hydraulic conductivity) values are partly explained by 
variations in fracture density and Ntane thickness, which have been 
indicated to vary across the study area. Variation in storage 
coefficient values can be partly explained by variations in primary 
porosity within the sandstone aquifer, and partly by the rate of 
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confinement. For example, where the sandstone is partly 
metamorphosed extremely low storage values can be expected as 
opposed to those found in unaffected parts of the aquifer, since 
metamorphism destroys primary structures in sedimentary rocks 
including primary porosity. Variations in borehole yields depend to a 
large extent (but not exclusively) on secondary permeability and 
possible leakage from overlying sediments such as Kalahari and 
basalt. 
 

1.4.4 Vadose zone water balance 
 
The vadose zone water balance of the Kalahari is mainly formed by 
rainfall and evapotranspiration since there is barely any surface runoff 
because of the high infiltration capacity of the sand cover. Figure 1.6 
illustrates the water balance components of the Kalahari vadose zone 
system. To clarify the situation a preface of the order of magnitude of 
the water balance components of the study area is presented here. 
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Figure 1.6. Schematic diagram illustrating the average conditions of 
the Kalahari vadose zone water balance components; P represent 
rainfall, I is interception, Es is soil or surface evaporation, Tsh is transpiration 
due to shrubs, Tg is transpiration due to grass, qd is groundwater discharge 
which is equal to the net groundwater recharge, Tp is tree transpiration 
consisting of Tsat and Tu transpiration components, in which Tsat and Tu 
represents transpiration water derived from the saturated and vadose zone 
respectively.  
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The schematisation of Figure 1.6 assumes that the water fluxes are 
vertical within the vadose zone and allows for horizontal flow in the 
saturated zone as illustrated in Figure 1.1. The vadose zone water 
balance of the Kalahari can be expressed as 
 
qd =P-AET±ΔW        (1.1) 
 
where AET is actual evapotranspiration which is equal to the sum of 
the interception (I), surface or soil evaporation (Es) and transpiration 
(Tsh + Tg +Tp), ΔW is change in vadose zone storage. Because the 
annual rainfall on average is in the order of 440 mm in the study area 
(Chapter 2) and qd  is in the order of 4 mm/yr (Chapter 7) and since 
ΔW=0 on an annual time scale, the annual AET should be about 436 
mm/yr. Because Tp is in the order of 12 mm/yr on average (Chapter 
4, Table 4.5; excluding GS04), then about 424 mm/yr of the AET 
component is due to a combination of interception, soil or surface 
evaporation, grass transpiration and shrub transpiration components. 
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Chapter 2 Rainfall analysis 
 

In this chapter rainfall data from long-term records and short-term 
records within the Serowe study area are presented in addition to the 
correlation of daily rainfall between rain gauges. This information is 
important for the estimation of areal rainfall. 

2.1 Introduction 

 
Rainfall is a primary component of the water balance in the semi-arid 
Kalahari. The variability in space and time of rainfall is fundamental to 
the rate of accumulation of water above and below ground levels and 
to the rate of evapotranspiration in an area. The entire circulation of 
water in an area is thus governed by the spatial and temporal 
distribution of rainfall. Rainfall in the semi-arid tropics is characterised 
by low annual averages but with high intensity showers. The long-
term average annual rainfall is generally between 300 mm and 800 
mm (Zhou et al., 2005).  
 
The coefficient of variation of annual rainfall in Botswana increases 
from 30% in the northeast to more than 55% in the southwest in a 
similar pattern as annual rainfall decreases from about 600 mm to 
250 mm (Bhalotra, 1987). According to Bhalotra (1987) for most 
parts of Botswana rainfall is predominantly convective but also 
influenced by a shift of the Inter-Tropical Convergence Zone (ITCZ) to 
the south. Average rainfall in the study area is 437 mm (1925-2004). 
See Table 2.1.  

2.2 Instrumentation  

 
 The study area was instrumented with 10 Wallingford ARG100 
tipping bucket rain gauges at selected sites of GS00-08 and GS10 
(Figure 2.1), each having an orifice diameter of 25.4 cm and rainfall 
measurement resolution of 0.2 mm per tip. The rainfall monitoring 
started between 1999 and 2003 until March 2005. The rainfall data at 
GS01-08 were controlled and stored by Skye Datahog2 loggers while 
the rainfall data at GS00 and GS10 were controlled and stored by 
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Delta-2e loggers. All rain gauges were installed at a height of 1.2 m 
above ground surface (m a. g. s.). The data were retrieved from the 
loggers every two weeks at GS01-08 gauge sites and every three 
months at GS00 and GS10 sites by a laptop computer.  Additionally, 
there was already an existing collector type of rain gauge with an 
orifice diameter of 12.7 cm, installed at a height of 1.14 m a. g. s. by 
the Department of Meteorological Services (DMS). This rain gauge is 
referred to as MS in Figure 2.1. However, in the case of the MS rain 
gauge, rainfall was measured (in mm) every day at 0800 hours by 
DMS using a graduated measuring glass. All gauges were not 
equipped with heating devices and therefore were only capable of 
measuring precipitation in a liquid state. 
 
Daily rainfall data were available from September 1999 to March 
2005 for GS08 site, and from April 2000 to March 2005 for GS00 site. 
All rainfall data obtained before September 2001 at these two sites 
were acquired from the ITC rainfall monitoring network that existed 
prior to the current project. Except for GS08 and GS00 sites other 
sites of GS01-07 and GS10 recorded data after September 2001. The 
MS site provided monthly rainfall data from January 1925 to 
December 2004.  
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Figure 2.1. Topographic map and spatial distribution of rain gauges in 
the study area 
 

During field visits rain gauges were inspected and cleaned to 
minimize failures that can be caused by a malfunctioning of the 
tipping bucket reed-switches and partial clogging of the rain gauge 
funnel by debris. Additionally, the integrity of rainfall records was 
checked with neighbouring gauges to ensure good quality of rainfall 
data. 

2.3 Annual and monthly rainfall series 

 
Figure 2.2 shows yearly rainfall recorded at the MS site for a period 
spanning from 1925-2004. Clearly there are years with exceptionally 
high (>800 mm/yr) rainfall such as 1940, 1955, 1988, 1995 and 
2000. The corresponding statistics of the long-term data are 
presented in Table 2.1. Figure 2.3 shows the monthly rainfall for 
Serowe study area for three years (2002-2004) with pronounced 
seasonality, in which 90-100% of rainfall occurs during summer 
months (October-April). In Figure 2.4 the short-term record clearly 
highlights the wetter period of 2004 as compared to the years 2002 
and 2003.  
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Table 2.1. Rainfall statistics based on long-term MS rainfall record 
(1925-2004); ±174 mm/yr is the standard deviation 
 

Average annual rainfall (1925-2004) 437±174 mm/yr 
Minimum annual rainfall (1927) 119 mm/yr 
Maximum annual rainfall (2000) 970 mm/yr 
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Figure 2.2. Yearly rainfall from 1925-2004 recorded at the MS site 
 

 

Years with 
incomplete 
data have 
been omitted 
e.g. 1999-
2001 and 2005 
 

 

 

 

Figure 2.3. 
Monthly 
rainfall for 
2002-2004 
recorded at 
various rain 
gauge sites 
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Years with 
incomplete 
data have 
been omitted 
e.g. 1999-
2001 and 2005 

 

 
Figure 2.4. Yearly rainfall from 2002-2004 recorded at various rain 
gauge sites 
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2.4 Rain-days and daily rainfall correlations 

 
Tables 2.2-2.3 show the number of rain-days with at least 10 mm of 
rainfall and the number of rain-days with less than 10 mm of rainfall 
respectively. The tables show that the majority of rain-days is 
associated with rainfall less than 10 mm. It can also be observed 
from these tables that most of the annual rainfall is provided by rain-
days with at least 10 mm, the majority of which is usually associated 
with high intensity showers of the order of 20-50 mm.  
 

Table 2.2. Rain-days with at least 10 mm of rainfall;  
 

 Year  Statistics GS01 GS02 GS03 GS04 GS05 GS06 GS07 GS08 
Average 15 30 19 22 18 20 24 24 
Maximum 20 74 41 53 28 43 43 43 
Minimum 11 15 10 11 10 10 13 13 
Standard 
deviation 3 23 9 16 8 12 12 12 

2002 

no. of rain 
days 8 6 11 6 4 7 7 7 
Average 22 30 22 22 19 18 25 25 
Maximum 39 63 31 30 33 36 53 53 
Minimum 10 11 10 12 11 11 10 10 
Standard 
deviation 8 18 7 7 8 8 13 13 

2003 

no. of rain 
days 12 8 11 7 7 10 9 9 
Average 25 24 26 24 25 22 21 21 
Maximum 65 48 60 55 53 41 64 64 
Minimum 11 11 10 10 10 10 11 11 
Standard 
deviation 16 12 15 13 11 10 14 14 

2004 

no. of rain 
days 21 16 16 17 18 14 14 14 
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Table 2.3. Rain-days with less than 10 mm of rainfall 
 

 Year  Statistics GS01 GS02 GS03 GS04 GS05 GS06 GS07 GS08 
Average 2 2 2 1 2 2 2 2 
Maximum 8 9 10 8 9 9 9 9 
Minimum 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Standard 
deviation 2 3 2 2 3 3 3 3 

2002 

no. of rain 
days 52 53 42 52 54 59 34 34 
Average 2 2 2 2 2 2 2 2 
Maximum 10 10 8 9 9 10 8 8 
Minimum 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Standard 
deviation 2 2 2 3 3 2 2 2 

2003 

no. of rain 
days 59 63 49 49 51 54 45 46 
Average 1 2 2 1 1 1 1 1 
Maximum 10 10 10 9 9 10 10 10 
Minimum 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Standard 
deviation 2 2 2 2 2 2 2 2 

2004 

no. of rain 
days 72 77 92 81 64 89 87 87 

 
A correlation analysis is normally performed to reveal the direction 
and strength of the relationship between two variables. Figure 2.5 
depicts the correlation coefficients (r) between daily rainfall recorded 
at specific rain gauges and daily rainfall recorded by other rain 
gauges within the study area. The following observation can be 
made: 
• With a few exceptions such as Figure 2.5(a), 2.5(g) and 2.5(h) 

rainfall from rain gauges which are in the immediate 
neighbourhood is usually highly correlated. 

• Correlation coefficients range from 0.4-1, with the lowest 
correlation coefficient being found between rainfall data of GS10 
and GS00 rain gauges with an inter-gauge distance of 29 km, 
while the highest rainfall data correlation coefficient is found 
between rain gauge pairs GS07/GS08 and GS02/GS10. The inter-
gauge distance between the paired gauges is 3 km and 30 m for 
GS07/GS08 and GS02/GS10 respectively.  
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In general terms, spatial trends of rainfall correlations between the 
gauges decreases with increasing distance from the gauge. The 
decline in correlations with increasing distance from measurement 
point may be attributed to both the local nature of convective rainfall 
and, may be to some extent, to the effects of site conditions at the 
gauge. 

   

   

  

  

 

Figure 2.5. Correlation coefficients between daily rainfall at individual 
rain gauges as a function of inter gauge distance 



Rainfall analysis 

 32 

2.5 Conclusions  

 
1. The average long-term annual rainfall for the period 1925- 2004 is 

437 mm with a minimum of 119 mm (in 1927) and a maximum of 
970 mm (in 2000). 

 
2. Rainfall is mainly of convective nature occurring mainly during the 

hot season, producing showers in the order of 20-50 mm. 
 
3. A spatial correlation study of daily rainfall at individual rain gauges 

reveals that in general, spatial trends of rainfall correlations 
between gauges decreases with increasing separation distance 
between the gauges. 
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Chapter 3 Monitoring of 
evapotranspiration  

3.1 Introduction 

 
Evapotranspiration (ET) is a major component of the water cycle, 
particularly in arid and semi-arid areas like the Kalahari where, the 
annual potential evapotranspiration is much greater than the annual 
rainfall. Evapotranspiration plays an important role not only in the 
general water cycle but also in groundwater balances as was shown 
by Lubczynski (2000) for the Serowe study area. It has either direct 
or indirect impact on groundwater resources. The direct impact 
relates to groundwater evapotranspiration attributed to groundwater 
water extraction (close to the capillary fringe) by deep root systems 
of savanna vegetation called groundwater transpiration and/or by 
evaporation from the groundwater table. The indirect impact relates 
to the evapotranspiration of water from the surface and from the 
unsaturated zone (i.e. the water that has not reached the water 
table). The latter one is related to moisture uptake by plant root 
systems in the unsaturated zone and by evaporation from 
unsaturated zone.  It has been proved that under dry climatic 
conditions, groundwater uptake by roots may take place even from 
more than 50 m depth (Phillips, 1963) whereas evaporation from the 
groundwater table by vapour and capillary transport may take place 
from more than 20 m depth (Walvoord et al., 2002a,b). Both fluxes 
can be significant in the overall groundwater balance. 
 
The separate measurements (for partitioning purpose) of the 
unsaturated and groundwater components of the actual 
evapotranspiration still remain a problem. The most successful in that 
field is a combination of methods such as micrometeorology (for 
actual evapotranspiration), sap flow measurements (for transpiration) 
and tracer methods (for either transpiration or evaporation estimates) 
although these methods do not allow for complete experimental 
separation of each component of evapotranspiration. Such separation 
is theoretically possible only by modelling of fluxes and subsequent 
validation.  
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Before considering the various components, this chapter presents the 
results of an attempt to determine the actual evapotranspiration by 
using surface energy balance methods. 
 
Average annual actual evapotranspiration in the Kalahari is obviously 
not much less than the average annual rainfall. The direct 
determination of this component of the water balance, and its 
seasonal variations has not yet been carried out. This problem has 
been taken up as a challenge within the framework of the present 
study, in which an automated monitoring network was established in 
the Serowe area. The installation of the automated 
micrometeorological monitoring network had the following objectives 
that also match the objective of the present research: (1) to improve 
the understanding of the hydrological regime of fluxes specific for the 
Kalahari sandveld and hardveld regions; (2) to provide input for 
modelling subsurface fluxes; (3) to define the most suitable and cost 
effective micrometeorological evapotranspiration monitoring scheme 
for future groundwater assessment in the Kalahari. 
 
It should be emphasized that the idea of the described 
micrometeorological monitoring was not to present the most 
accurate, complex and expensive evapotranspiration solution such as 
e.g. eddy covariance technique but to define an optimal and cost 
effective evapotranspiration monitoring solution for groundwater 
assessment. Such a solution was expected to be less hardware 
demanding than the complex solutions used in surface hydrology and 
therefore, with a given cost of instrumentation of reasonable 
accuracy, was also expected to provide the maximum spatio-temporal 
output coverage. It is also expected that such an approach at least 
gives information on the fluctuations of evapotranspiration 
throughout the year and inter-annually since evapotranspiration on 
an annual basis is well known. 

3.2 Literature overview and selection of methods 
for the present study 

 
Depending on the focus of the study and the instrumentation 
available, the evapotranspiration can be either assessed as potential 
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evapotranspiration (PET) or as actual evapotranspiration (AET). There 
are numerous methods for estimating PET e.g. Penman (1948), 
Thornthwaite (1948), Blaney-Criddle (1950), Makkink (1957), Jensen 
and Haise (1963), Penman-Monteith (Monteith, 1965), Priestley and 
Taylor (1972), Thom and Oliver (1977), Hamon (1961), Hargreaves 
and Samani (1985) and Abtew (1996). Many good overviews of these 
methods are found in the hydrological literature (Brutsaert, 1982; 
Jensen et al., 1990; Dingman, 1994; Morton, 1994; Allen et al., 
1998; Xu and Singh, 2002; Gieske, 2003).  
 
The PET assessment methods vary in data demands, from very simple 
(more empirically based), requiring only information on monthly 
average temperatures, to complex (more physically based), requiring 
data on maximum and minimum temperature, solar radiation, 
humidity, wind speed, as well as characteristics of the vegetation. 
Several studies such as for example by Jensen et al. (1990) and 
Vörösmarty et al. (1998), have dealt with the search of the best 
formulae to compute PET. Jensen et al. (1990) recommended the 
Penman-Monteith method as presented by Allen et al. (1998) as the 
preferred method. However, Vörösmarty et al. (1998) compared PET 
estimates given by 11 different methods and found that the 
temperature based Hamon method gave the best performance 
followed by several variations of Penman-Monteith approaches. The 
combination method of Penman (1948) is usually considered as the 
most physically based (Shuttleworth, 1993). Although many authors 
have compared several PET methods there is no commonly accepted 
choice. However, many agree on the validity of the Penman-Monteith 
method which will be used here. 
 
AET is perhaps the most difficult hydrological flux to measure. The 
evaporative component can be measured directly by evaporation pans 
although such measurements do not represent vegetative controls on 
moisture loss. Such controls in direct (in situ) measurement of AET 
can be provided by lysimeters (e.g. Conway and Van Bavel, 1967; 
Black et al., 1969; Kocke et al., 1985). Direct lysimetric 
measurements of AET are however time consuming and expensive 
and therefore they are rather seldomly applied, except for the 
calibration of empirical and analytical AET models. Estimating actual 
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evapotranspiration using analytical and empirical equations, typically 
based on the auxiliary field measurements, is by far more common. 
Most of such equations were developed by correlating measured 
evapotranspiration with measured microclimatic weather parameters 
that directly or indirectly affect evapotranspiration.  
 
Since there are many factors affecting evapotranspiration, it was and 
still is difficult to formulate an equation that can produce reliable 
estimates of ET under different (sets of) conditions. The most known 
in this regard are the Bowen-ratio (Bowen, 1926; Tillman, 1972), the 
eddy correlation (Wallace et al., 1993) and the scintillometry 
approaches (McAneney et al., 1995 and De Bruin et al., 1995). Other 
approaches that are also used to derive actual evapotranspiration 
estimates are the Temperature Fluctuation Energy Balance Method 
(Lloyd et al., 1991) and its modification, the Temperature Variation 
Energy Balance Method (Vugts et al., 1993). Some of these methods 
have found applications in a wide variety of studies under different 
environments (Gash and Stewart, 1975; Hatton and Vertessy, 1990; 
Thiermann and Grassl, 1992; De Bruin et al., 1995; Gehrels, 1999). 
Recently it was also proved that the energy balance algorithms for 
assessment of AET can be applied not only from data of microclimatic 
stations but also spatially, using satellite, multi-spectral  (remote 
sensing) data (e.g. Peters, 1995; Bastiaanssen et al., 1998a,b; 
Kustas and Norman, 1999; French et al., 2000 and Su, 2002).  
 
Actual evapotranspiration (considered as a component of the water 
balance) can also be determined using other principles. For example, 
approaches based on diurnal fluctuation of the groundwater table 
(Freeze and Cherry, 1979) or from the isotopic composition of water 
(Walker and Brunel, 1990) can provide useful estimates of AET. 
Additionally, other commonly used approaches are those that are 
based on soil moisture modelling. This type of approach typically uses 
the relation of AET with the measured PET as expressed by the 
coefficient of evapotranspiration (AET/PET) which is controlled by 
temporal soil moisture availability. A good example could be the one 
dimensional (1-D) lumped parameter model called EARTH  (Van der 
Lee and Gehrels, 1990) or more sophisticated 1-D models based on 
the Richard’s equation such as SWAP (Van Dam et al., 1997) or 
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HYDRUS (Šimůnek et al., 1998). The Richard’s algorithm was also 
built into distributed unsaturated zone water balance models such as 
SWAT (Arnold et al., 1998) and HELP3 (Schroeder et al., 1994) for 
example. The advantage of this approach is that AET is derived in 
combination with other water balance components. The main problem 
for the present study is the difficulty in proper parameterization of the 
root water uptake zone which for Kalahari savanna vegetation 
extends down to more than 60 m depth (see Chapter 5). Additionally 
the mechanism of water exchange between plants and soil is 
complicated by the less known phenomenon of hydraulic lift3 
(Dawson, 1993; 1996 and Burgess et al., 1998).  
 
For the present study the Bowen ratio, temperature fluctuation 
(profile) and Penman- Monteith methods were selected and used for 
evapotranspiration assessment.  

3.3 Monitoring network 

 
The microclimatic evapotranspiration-monitoring network was 
established in 2001. It consisted of 11 automated data acquisition 
system (ADAS) towers of various sensor configurations and mast 
heights. There were two primary/reference, 18 m high, galaxy ADAS 
towers, one called GS00 in the eastern hardveld part and the other 
called GS10 in the western sandveld part (Figure 3.1), eight 
secondary 2 m high ADAS towers called GS01-GS08 and one GS09 10 
m high ADAS mobile retractable tower. 

                                          
3 Hydraulic lift is the vertical transfer of water from wet deep layers to 
relatively dry shallow layers resulting from root water transport and efflux to 
the soil. 



Monitoring of evapotranspiration  

 38 

400000 410000 420000 430000 440000 450000 460000 470000 480000 490000

7510000

7520000

7530000

7540000

GS00

GS01

GS02

GS03

GS04

GS05

GS06

GS07
GS08

GS09

GS10

Kalahari sand
Ntane Sandstone
Stormberg basalt

Groundwater table contour
ADAS location

11
501100

1100
10

50

1050

11
50

1100

 
 
Figure 3.1. Serowe study area and microclimatic monitoring network 
 

The two primary towers were meant to provide a reference temporal 
variability of AET and PET. The GS00 was installed in September 2001 
whereas the GS10 was installed in November 2003. Both primary 
towers were equipped with one Kipp&Zonen CNR1 net radiometer 
installed at the top of the tower construction, three Vector A100L2 
anemometers and three Eijkelkamp capacitive relative humidity & 
PT100 temperature (RH/T) sensors at 2 m, 13 m, and 18 m heights 
at GS00 and at 2 m, 10 m and 18 m heights at GS10. In addition, at 
each primary tower there were also: one TNO soil heat flux plate 
buried at the depth of 2 cm, two Eijkelkamp soil temperature Fenwall 
thermistor sensors (Th2-f) buried at depths of 2 cm and 15 cm, and 
the Wallingford type of tipping bucket rain gauge with resolution 0.2 
mm/tip, placed at a height of 1.2 m a. g. s. as presented in Chapter 
2.  
 
The data acquisition and the data storage were controlled by the 
multi-channel Delta-2e loggers. Both loggers were programmed for 
variable, sensor dependent sampling time but uniform data storage of 
0.5 hour (hr). The eight 2 m high secondary towers were meant for 
the assessment of PET only. Out of these eight towers, seven GS01-
GS07 (Figure 3.1) were equipped with one Skye SKH 2011 RH/T unit 
attached to a mast at the height of 2 m a. g. s. and one Wallingford 
type of tipping bucket rain gauge placed at a height of 1.2 m above 
the ground.  
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The GS08 ADAS tower was installed to provide PET input data and to 
act as a backup of the GS00 tower in case of its failure. It consisted 
of the Vector A100R anemometer, the Skye RH/T unit and the 
Kipp&Zonen CM3 pyranometer for measuring incoming short-wave 
radiation all mounted at the height of 2 m a. g. s. Other instruments 
at GS08 included the two Skye soil temperature thermistor sensors 
buried at depths of 2 cm and 15 cm below the ground surface and the 
Wallingford type of tipping bucket rain gauge. All eight secondary 
ADAS towers, i.e. GS01-08 were controlled by Skye DataHog2 
loggers, sampling data at various, sensor-dependent sampling times 
and storing data with a uniform interval of half an hour. 
 
Apart from the permanent towers there was also one mobile tower, 
GS09, constructed on a retractable 10 m high mast. This tower was 
equipped with two Vector A100R anemometers and two Skye RH/T 
sensors, normally installed at 2 m and 10 m heights, a pair of Skye 
soil temperature sensors normally buried at depths of 2 cm and 15 
cm in the soil. The GS09 mobile tower was equipped with Skye 
DataHog2 logger sampling data at various sensor-dependent 
sampling times and storing data with a uniform interval of half an 
hour. During field campaigns, GS09 was moved between stations 
GS01-GS08 every ten-days, otherwise it was fixed at its semi-
permanent location marked as GS09 (Figure 3.1).  

3.4 Micrometeorological variables 

 

3.4.1 Net radiation 
 
The net radiation (Rn) variable is required for PET and AET calculation. 
Rn can be computed from Equation 3.1, provided all the components 
of incoming and outgoing radiation on the earth surface are known as 
this was the case for GS00 and GS10 reference towers. 

↑−↓+↑−↓= LLSSRn   [W m-2]   (3.1) 
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where S↓ and S↑ are down-welling and up-welling shortwave 
radiations respectively, and L↓ and L↑ are down-welling and up-
welling longwave radiations respectively.  
 
All the other towers in the study area (GS01-GS09) were not 
sufficiently instrumented to measure Rn directly. Therefore for those 
tower locations, Rn was estimated on the basis of the nearest location 
- assuming spatially invariable shortwave incoming radiation (S↓) and 
using the Allen et al. (1998) procedure, defined as 
 

[ ] nln RSR −↓−= )1( α        (3.2) 

 
where α [-] is the albedo and Rnl [MJ m-2 day-1] is the net longwave 
outgoing radiation given by 
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⎤
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⎡ += 35.035.114.034.0
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s
anl R

ReTTR σ    (3.3) 

Here, σ is the Stefan-Boltzmann constant (4.903x10-9 MJ K-4M-2 day-

1), Tmax [oK] and Tmin [oK] are maximum and minimum daily 
temperatures respectively, ea [kPa] is the actual vapour pressure 
derived from the relative humidity (RH) as 0.005[eo(Tmin)RHmax+ 
eo(Tmax)RHmin], where RHmax [%] and RHmin [%] represent daily 
maximum and minimum relative humidity respectively,…eo(Tmin) [kPa] 
is given by 0.6108exp{(17.27Tmin/(Tmin+237.3)})/(Tmin+237.3)..and.. 
eo(Tmax)..[kPa]..is..given..by..0.6108exp{(17.27Tmax/(Tmax+237.3)})/(Tm

ax+237.3) ), in which Tmin and Tmax are expressed in oC and Rs [MJ m-2 

day-1] and Rso [MJ m-2 day-1] are measured solar radiation and 
calculated clear-sky radiation respectively.  
 
The definition of Rso was based on the calculation of extraterrestrial 
radiation (Allen et al., 1998) and on an estimate of the tower site 
altitude. Then Equation 3.3 was used for the determination of Rnl to 
facilitate Equation 3.2 and calculate Rn for all the monitoring sites of 
GS01-GS09 that did not have net radiometers.  
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Figure 3.2 illustrates a typical example of the diurnal course of the 
clear-sky radiation components and the post-processed net radiation 
for 1 April 2002 at the GS00 site. It can be observed that S↓ and Rn 
reached their maxima slightly after 12 pm (local time) whilst S↑ and 
L↑ reached their minima at approximately the same time. The L↓ was 
more or less stable throughout the day. 

 

 
Figure 3.2. An example of diurnal, clear-sky radiation for GS00 
monitoring site on 1 April 2002 
 

3.4.2 Temperature and relative humidity 
 
The calculation of PET according to Equation 3.4, requires air 
temperature and relative humidity (RH) measurements above the 
canopy (Dingman, 1994). Such measurements were carried out at 
GS00 and GS10 monitoring sites. However, in eight other monitoring 
sites of GS01-GS08, RH and air temperature were measured only at a 
2 m height. In order to extrapolate 2 m measurements to above-
canopy measurements, at each of the eight monitoring sites, periodic 
measurements with the mobile 10 m tower (originally located at 
GS09) equipped with RH/T sensors at 2 and 10 m heights were made. 
These measurements were carried out between September 2002 and 
September 2003 in four series with ten day intervals, so each location 
was visited four times a year, every time in different hydrological 
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conditions. Table 3.1 presents the regression models that were 
developed as a result of that experiment. The quality of fit (R2≥0.9) 
of these regression models was good, so they were finally used to 
provide the above-canopy RH/T data demanded for PET assessment. 
 
Table 3.1. Regression models for estimation of air temperature and 
relative humidity at 10 m height using site specific temperature and 
relative humidity measurements at 2 m. T2 and T10 represent air 
temperature at 2 m and 10 m respectively. RH10 and RH2 represent relative 
humidity at 10 m and 2 m respectively and n represent number of 
observations 
 

Site 
Temperature 
Regression model 

R2 n 
Relative humidity 
Regression model 

R2 n 

GS01 T10=0.93 T2+1.17 0.98 405 RH10=1.00 RH2-0.25 0.98 405 
GS02 T10=0.80 T2+4.42 0.95 865 RH10=0.90 RH2+2.43 0.95 865 
GS03 T10=0.85 T2+3.60 0.96 736 RH10=0.90 RH2+2.49 0.97 736 
GS04 T10=0.82 T2+4.07 0.95 1267 RH10=0.86 RH2+3.59 0.94 1267 
GS05 T10=0.90 T2+2.13 0.98 1258 RH10=0.95 RH2+1.45 0.98 1258 
GS06 T10=0.85 T2+3.04 0.97 843 RH10=0.91 RH2+2.66 0.97 843 
GS07 T10=0.77 T2+5.21 0.91 847 RH10=1.89 RH2^0.84 0.90 847 
GS08 T10=0.75 T2+5.92 0.92 1138 RH10=0.82 RH2+0.06 0.92 420 
 
In order to demonstrate typical diurnal courses of RH and air 
temperature in the Serowe study area during the end of summer and 
winter time, two clear-sky daily records of 1 April 2002 and 19 June 
2002 at a 2 m height at GS00 site were selected and presented 
respectively in Figure 3.3. In both daily records the RH has a 
parabolic shape characterized by large RH values in the nights and a 
decline starting ≈07:00 am until a minimum at ≈15:00 pm. The air 
temperature depicts an opposite trend, being characterized by a rise 
(at ≈07:00 am) to a maximum (also at ≈15:00 pm), followed by a 
decrease again. The main differences between the measurements in 
the selected two (example) days is the longer time of low relative 
humidity in the day and lower temperatures in June than in April. 
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Figure 3.3. Examples of diurnal relative humidity (RH in %) and air 
temperature (Ta in oC) on the 1 April 2002 and on the 19 June 2002 at 
GS00 site 

 

3.4.3 Wind speed 
 
As mentioned, the wind speed (WS) monitoring in the study area was 
only available in the three ADAS stations, at GS00 (at 2 m, 13 m and 
18 m height), GS08 (at 2 m height) since 2001 and at GS10 (at 2 m, 
10 m and 18 m heights) since 2003. In order to provide wind speed 
characteristics for evapotranspiration calculations at the sites of 
GS01-07, which were not equipped with wind speed meters, at each 
of these sites, periodic, serial measurements were made with the 
mobile (10 m) tower (originally located at GS09) equipped with two 
wind speed meters, one at 2 m and the second at 10 m height. The 
first field campaign was carried out between September 2002 and 
September 2003 in four series with ten days intervals, so each 
location was accessed four times, every time in different hydrological 
conditions. The main purpose of that experiment was to correlate the 
wind speed at the sites which are permanently monitored (GS00 and 
GS08) with wind speed recorded at the mobile tower which was 
moved between the locations of GS01-07 for PET assessment. The 
second field campaign was carried out between January 2004 and 
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February 2004 when each location was accessed once for a period of 
three days. The objective of that experiment was to correlate the 
wind speed of the mobile tower when moved between the locations of 
GS01-08 with the wind speed at the recently installed permanent 
station of GS10. The results of these experiments are summarized in 
Figure 3.4 and Table 3.2.  
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Figure 3.4. A bar diagram depicting correlation coefficients between 
mobile mast wind speed (WS) measurements at GS01-08 locations 
and permanent wind speed measurements at GS00, GS08 and GS10 
sites;  M10 and M2 represent WS at heights of 10 m and 2 m respectively. 
GS08-2 represents WS at 2 m height at GS08 site. GS10-2, GS10-10 and 
GS10-18 represent WS at 2 m, 10 m and 18 m heights at GS10 site 



Monitoring of evapotranspiration  

 46 

respectively and GS00-2, GS00-13 and GS00-18 represent WS at 2 m, 13 m 
and 18 m, heights at GS00 site respectively 

 
Figure 3.4 depicts variation of correlation of the mobile tower half-
hourly wind speed measurements at the sites of GS01-08 with the 
continuous wind speed measurements at GS00, GS08 and GS10 
tower sites. The correlations for GS08 and GS10 were substantially 
better than for GS00. This was because GS00 in contrast to all 
Kalahari sandveld towers, is located on the hardveld side (Figure 3.1) 
characterized by different wind speed characteristics due to the taller 
and differing vegetation and shielding effect of the adjacent 
escarpment. As a result the GS00 data was not used for wind speed 
extrapolation. While analyzing mobile tower wind speed 
measurements, comparatively better correlations were obtained for 2 
m and 10 m heights at the same location than between different 
locations but at the same heights of measurements. GS02 site 
indicated the highest correlation coefficient (0.97) and GS05 lowest 
correlation coefficient of 0.87.  
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Table 3.2. Regression models for estimation of wind speed at 2 and 
10 m heights at various locations across study area; WS2 represent 
wind speed at 2 m, GS08_WS2 represent 2 m height GS08 wind speed, WS10 

represent wind speed at 10 m and GS10_WS10 represent 10 m height GS10 
wind speed and n represent number of observations 
 

S
it
e 

GS08 
Regression 
model no.1 
(WS2_WS2 
at different 

sites) 

R2 n 

GS10 
Regression 
model no.2 
(WS10_WS1
0 at different 

sites) 

R2 n 

Regression 
model no.3 
(WS2_WS1
0 at same 

site) 

R2 n 

G
S
0
1
 WS2=0.89 

GS08_WS2
+0.39 

0.72 1222 
WS10=0.79 
GS10_WS10

+0.25 
0.74 187 

WS10=1.71
WS2+1.51 

0.77 1647 

G
S
0
2
 WS2=1.19 

GS08_WS2
+0.17 

0.82 865 
WS10=0.95 
GS10_WS10

+0.05 
0.88 190 

WS10=1.51 
WS2+1.19 

0.92 441 

G
S
0
3
 WS2=1.11 

GS08_WS2
+0.46 

0.76 736 
WS10=0.86 
GS10_WS10

+0.22 
0.88 178 

WS10=1.54 
WS2+1.00 

0.90 736 

G
S
0
4
 WS2=0.93 

GS08_WS2
+0.26 

0.73 1267 
WS10=0.80 
GS10_WS10

+0.07 
0.77 188 

WS10=1.41 
WS2+1.48 

0.86 1267 

G
S
0
5
 WS2=0.91 

GS08_WS2
+0.67 

0.70 1200 
WS10=0.96 
GS10_WS10

+0.29 
0.71 188 

WS10=1.56 
WS2+1.25 

0.85 1258 

G
S
0
6
 WS2=1.08 

GS08_WS2
+0.45 

0.76 843 
WS10=0.77 
GS10_WS10

+0.70 
0.46 331 

WS10=1.52 
WS2+1.17 

0.93 843 

G
S
0
7
 WS2=0.69 

GS08_WS2
+1.30 

0.79 847 
WS10=0.86 
GS10_WS10 

0.83 96 
WS10=1.99 
WS2+1.28 

0.76 847 

G
S
0
8
 

- - - 
WS10=0.85 
GS10_WS10

+0.32 
0.78 1218 

WS10=1.57 
WS2+1.76 

0.89 1137 

 
The three types of regression models as specified in Table 3.2 were 
developed to provide the missing, above-canopy, wind speed data of 
10 m heights at GS01-08 sites for PET calculation. The quality of fit of 
these models is described by R2. The type 1 wind speed regression 
models were established between the permanent 2 m high wind 
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speed measurements at GS08 and the simultaneous 2 m height wind 
speed measurements at the GS01-07 mobile tower locations. The R2 
of these models varies between 0.70 at GS05 and 0.82 at GS02. The 
type 2 wind speed regression models were established between the 
permanent 10 m high wind speed measurements at GS10 and the 
simultaneous 10 m height wind speed measurements at the GS01-08 
mobile tower locations. All the R2 are above 0.70 except for GS06 
location where R2 = 0.46 which is difficult to explain. The type 3 wind 
speed regression models (Table 3.2) were established at GS01-08 
locations using simultaneous 2 m and 10 m height mobile mast wind 
speed measurements. The R2 of these models is generally ≥ 0.85 
except for GS01 and GS07 where R2 were 0.77 and 0.76 respectively. 
Those lower R2 values can be explained by clustering of tall trees at 
these locations, which is not observed at the other sites. 
 
The calculation of PET requires wind speed measurements above the 
canopy. Before 2003, when the fully equipped (wind profile available) 
GS10 was setup in the Kalahari sandveld, the only permanent 
sandveld wind speed measurement was available at GS08 and only at 
a height of 2 m. These GS08 measurements were extrapolated to 10 
m wind speed measurements at each GS01-08 sites where PET was to 
be defined, first by using the type 1 regression model and finally by 
using the type 3 regression model (Table 3.2). After installation of 
GS10 the type 2 regression model was used. 
 
The extrapolated half-hourly estimates of wind speed at 10 m were 
finally averaged to daily values for use in PET calculation according to 
Equation 3.4. 
 

3.5 Theoretical background of evapotranspiration 
determination 

 
This section provides a background for evapotranspiration methods 
used in the present study and the simplifications that were made due 
to data deficiency problems and also the specific groundwater related 
focus of this study. 
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3.5.1 Potential evapotranspiration 
 

PET represents water demand (stress) of the atmospheric system 
being also the upper limit of evapotranspiration. In the study area, 
the potential evapotranspiration (PET) was determined with the 
Penman-Monteith (P-M) formula (Monteith, 1965) by assuming a 
surface resistance (rs) of zero (wet conditions) which leads to the 
following P-M PET formulation 

γ

ρ
λ

+Δ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −+−Δ
=

T

a

as
paonT

p

r
eeCGR

E
)(

  (3.4) 

where λEp [MJ m-2 day-1] is the total latent heat (for potential 
evapotranspiration), Rn [MJ m-2 day-1] is net radiation, Go [MJ m-2 day-

1] is soil heat flux, γ [kPa oC-1] is the psychrometric constant, Cp [kJ 
Kg-1 oC-1] is the specific heat capacity of air taken as 1013 kJ Kg-1 oC-

1, ρa [Kg m3] is mean air density at constant pressure, ΔT [kPa oC-1] is 
the rate of change of the saturation vapour pressure with 
temperature..expressed..as..4098(0.6108exp{(17.27Ta/(Ta+237.3)})/
(Ta+237.3), where Ta [oC]  is air temperature, es [kPa] is the 
saturation..vapour..pressure..approximated..by..0.5[eo(Tmin)+eo(Tmax)],
where..eo(Tmin)..is..given..by..0.6108exp{(17.27Tmin/(Tmin+237.3)})/(Tm

in+237.3)..and..eo(Tmax)..is..given..by..0.6108exp{(17.27Tmax/(Tmax+23
7.3)})/(Tmax+237.3), in which Tmin [oC] and Tmax [oC] represent 
minimum and maximum daily air temperature respectively, ea [kPa] is 
the actual vapour pressure derived from relative humidity (RH) as 
0.005[eo(Tmin)RHmax+ eo(Tmax)RHmin], where RHmax [%] and RHmin [%] 
represent daily maximum and minimum relative humidity 
respectively, and ra [s m-1] is the aerodynamic resistance. 
Subsequently, the PET in mm/day is expressed as PET=0.408 λEp, in 
which 0.408 is a conversion factor and  λEp is express by Equation 3.4. 
 
Most of the parameters necessary to calculate PET according to 
Equation 3.4 were either monitored in the study area or could be 
defined by regression analysis. The most difficult to define in Equation 
3.4 was ra.  
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where do [m] is the zero plane displacement height, uz [m s-1] is wind 
speed at the measurement height z [m] above the canopy, zoh [m] is 
the roughness length for heat transfer and water vapour, zom [m] is 
the roughness length for momentum transfer, k is von Karman’s 
constant (0.41), ψm and ψh are stability correction functions for 
momentum and heat transfer respectively.  
 
ra is a spatio-temporal variable, which regulates the transfer of heat, 
momentum and water vapour from an evaporating surface into the 
air above the vegetation canopy. ra is inversely proportional to wind 
speed and changes with height above the ground.  
 
In calculating ra, three simplifying assumptions were made: 1) 
Brutsaert’s (1982) aerodynamic roughness parameterization in which 
zom≈0.13hv and do≈2hv/3; 2) the thermal roughness parameterization 
in which zoh≈0.1zom where hv is vegetation height and 3) prevalence of 
neutral atmospheric conditions i.e. ψm=ψh=0. These assumptions 
finally allowed the assessment of PET at GS01-GS08 ADAS locations. 
For GS00 and GS10 with wind speed profile measurements, ra was 
calculated in a more sophisticated way, without simplifying 
assumptions 2 and 3. 
 

3.5.2 Actual evapotranspiration 
 

In this study, three methods of actual evapotranspiration assessment 
where attempted: 1) Bowen ratio-surface energy balance approach 
(BSEB); 2) temperature profiles-surface energy balance (TSEB) 
approach and; (3) Penman-Monteith (P-M) approach.  
 
Bowen ratio-surface energy balance approach 
 
The surface energy balance over land can be expressed as 
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EHGR on λ++=   [W m-2]    (3.6) 

 

where Rn, Go, H and λE  are net radiation, soil heat flux, sensible heat 
flux and latent heat flux respectively. λ [J Kg-1] is the latent heat of 
vaporization of water and E [Kg m-2 s-1] is the vapour flux density. 
The energy stored and used by vegetation is often negligible and is 
normally ignored in Equation 3.6. Partitioning the available energy 
(Rn-Go) into latent heat (λE) and sensible heat (H) exchanges is of 
paramount importance in the energy balance equation, if the 
objective is to determine evaporation. If the fraction of influx energy 
(Rn-Go) used to evaporate water can be separated from that used in 
heating the atmosphere, then λE can be easily calculated from the 
available energy.  This energy partitioning can be achieved through 
the so-called Bowen ratio (β), which by definition (Bowen, 1926), is a 
ratio of sensible heat flux (H) to latent heat flux (λE) expressed as 

a

a

e
T

E
H

∂
∂== γβ

λ
 (3.7) 

where ∂Ta and ∂ea are vertical air temperature and actual vapour 
pressure gradients respectively, with Ta [oC] representing air 
temperature and ea [kPa] representing actual vapour pressure. γ [kPa-

1 oC-1] is the psychrometric constant given by: γ=CpPαλ-1ε-1 where Cp [J 
Kg-1 oC-1] is specific heat at constant pressure for moist air usually 
taken as 1.013x10-3 MJ Kg-1 oC-1, λ [MJ Kg-1] is latent heat of 
vaporization, which is a function of the temperature (T in oC) of an 
evaporating surface given by 2.501-2.36x10-3T and ε [-] is the ratio of 
molecular weight of water vapour to that of dry air (0.622). Pα [kPa] 
is the atmospheric pressure given by Pα=Po[(To-αd(Z-Zo))/To]5.25 where 
values for To [K] and Po [kPa] and Zo [m] are commonly taken as 293 
K, 101.3 kPa and 0 m respectively. Z [m] is the elevation of the 
location in meters above the mean sea level, αd [k m-1] is the 
adiabatic lapse rate, normally taken as 0.0065 k m-1 for saturated air 
and 0.01 k m-1 for unsaturated air. Once β is known then λE can be 
calculated from measured Rn and Go according to  

1+
−

=
β

λ on GR
E  (3.8) 
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Rn can be computed from Equation 3.1, provided that all components 
of incoming and outgoing radiation on the earth surface are known. 
Go can be determined by monitoring soil temperature changes of a soil 
profile through time as described by 

dz
t

T
CG

sZ
s

so ∫ ∂
∂

=
0

 (3.9) 

 

where Cs is the heat capacity per unit volume of soil, t is time, zs  is 
the soil depth which responds to temperature change and Ts is surface 
temperature.  
 
According to Brutsaert (1982), the Bowen ratio surface energy 
balance (BSEB) method is more accurate when β is small. However, 
the BSEB method has a problem of numerical instabilities when β 
approaches –1. Angus and Watts (1984) through extensive 
experiments showed the error potential when β drops below –0.2. In 
an attempt to circumvent this problem, the values of β between –1.1 
and –0.2 were fixed, in this study, but the calculation of actual 
evapotranspiration on some particular days still remained suspicious. 
 
If not directly measured, soil heat flux (Go), which is a component of 
the surface energy balance can be estimated from Rn with no 
dependence on soil properties according to De Bruin and Holtslag 
(1982) and Stull (1988) as follows, for daytime conditions: Go=0.1Rn 
and for night time conditions: Go=0.5Rn. 
 
Temperature profiles-surface energy balance approach 
 

The temperature profiles-surface energy balance (TSEB) approach is 
based on deriving AET as latent heat flux (λE) from the surface energy 
balance (Equation 3.6) under the assumptions that Go and Rn are 
considered as known (usually measured at least partially) and that 
the sensible heat flux (H) is derived from the temperature profile (TP) 
method. The theoretical basis of TP is given below. 
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In the atmospheric surface layer, the similarity relationships for the 
profiles of the mean wind speed uz and the mean temperature 
difference θo-θa are usually expressed as 
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where  height z [m] is measured above the surface, u* is the friction 
velocity, Cp  is the specific heat capacity of air taken as 1.013 kJ Kg-1 
oC-1, ρ [kg m-3] is air density, k is von Karman’s constant (0.41), do is 
the zero plane displacement height, zom is the roughness height for 
momentum transfer, zoh is the scalar roughness length for heat 
transfer, θo is the potential temperature at the surface, θa is the 
potential temperature at height z, L [m] is the Monin-Obukhov length, 
ψm and ψh are stability correction functions for momentum and heat 
transfer respectively. It is best if ψm and ψh are derived through field 
experiments. In this study however we adopted the Businger-Dyer 
integrated stability functions, because no field experiments were 
carried out in this regard. 
 
For unstable conditions (L<0), ψh and ψm can be estimated from 
Equation 3.12 and 3.13 respectively 
 

( )
⎥
⎦

⎤
⎢
⎣

⎡ +=
2

1ln2
2x

hψ  (3.12) 

( ) ( ) ( )
2

arctan2
2

1ln
2

1ln2
2 πψ +−⎥
⎦

⎤
⎢
⎣

⎡ ++⎥⎦
⎤

⎢⎣
⎡ += xxx

m
 (3.13) 

 
where x  is given by 
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For stable atmospheric conditions (L>0), ψm and ψh are given by 
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The effect of the modification of forced convection by temperature 
gradients on momentum and heat (and water vapour) transfer can be 
corrected by dimensionless parameters. One of the widely used 
stability parameter is known as the Monin-Obukhov correction factor. 
The Monin-Obukhov length L [m] is given by 
 

kgH
TuC

L vp *ρ
−=  (3.16) 

 

where, g [m s-2] is acceleration due to gravity and Tv [oC] is mean air 

temperature near the surface.  When L is greater than 0 stable 
atmospheric conditions exist and when L is less than 0 unstable 
atmospheric conditions prevail otherwise the conditions are neutral. 
The derivation of H is obtained by solving a system of non-linear 
Equations 3.10-3.16 iteratively, until the value of H do not change 
significantly (< 5%). Essentially, the derivation of H only requires, 
wind speed and temperature at the reference height (e.g. 18 m for 
GS00 and GS10) as well as surface temperature and is independent 
of other surface energy terms. This scheme is referred hereafter as 
the temperature profile (TP) method.  
 
In the above derivations, the aerodynamic and thermal roughness 
parameters need to be known. In a region of the earth close to the 
surface when wind speed and vegetation parameters (height and LAI) 
are available, the within canopy turbulent model of Massman (1997) 
can be used to estimate aerodynamic parameters (zom and do).  Su et 
al. (2001) have applied the Massman (1997) model to three different 
environments (cotton, shrubs and grass), and obtained fairly 
reasonable aerodynamic parameters for all those environments. 
Reasonable estimates of zom and do for vegetation have also been 
obtained by using empirical relationships over fairly flat and uniform 
surfaces as for example with Brutsaert’s (1982) relationships of 
zom≈0.13hv and do≈2hv/3 where hv is vegetation height. However, both 
zom and do for vegetation are known to be a function of wind speed 
(Kustas et al., 1989) and as such are spatially and temporally 



Chapter 3 

 55 

variable.  A further complication arises, when the surface is partially 
covered by vegetation. Then vegetation density becomes important 
as well as the shape (Raupach, 1994). If a detailed land cover 
classification exists, then the tabulated values of Wieringa (1986; 
1993) can be used. When all other information is unavailable then the 
aerodynamic parameters can be deduced from vegetation indices 
obtained from satellite data. However, since the aerodynamic 
parameters depend on wind speed and wind direction as well as on 
surface characteristics any simplification scheme should be used only 
if data is lacking (Su, 2002) and the uncertainty of such an 
assessment should be emphasized. As mentioned, the simplified 
Brutsaert assumptions can be used for a rough estimate of the 
aerodynamic roughness parameters (zom and do) when data availability 
is limited. However, in the case of more extensive monitoring 
schemes, the more reliable concept of effective height of roughness 
elements (heff) can be applied.  
 
For a homogeneous region of the earth close to the earth surface (but 
at some distance above the roughness elements), under steady state 
conditions, the wind profile is generally accepted to be logarithmic 
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where, u is wind speed  at height z, u*=(τo/ρ)0.5 is the friction velocity, 
τo is the surface shear stress and ρ is the air density. 
 
Due to data deficiency, in this study it was assumed that the 
logarithmic wind profile was already satisfied i.e. Equation 3.17 is 
valid. With this assumption in mind, and by using simple expressions 
of Brutsaert (1982) and with wind speed measurements at two 
heights above the canopy, a system of simultaneous equations was 
developed to determine the effective height of roughness elements 
(vegetation, huts, hills etc.) at near-neutral conditions according to 
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where u1 and u2 are wind speed measurements at heights z1 and z2 
respectively and heff is the effective height of roughness elements 
which can be understood as equivalent height that will produce an 
observed roughness. However, before such an approach can be 
applied, data under near-neutral conditions must be selected from the 
entire dataset.  
 
With gradients of wind speed and temperature relatively close to the 
surface, stability can be estimated from the Richardson number Ri, 
which indicates that near–neutral conditions prevail when, Ri tends to 
zero. 
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where g  is acceleration due to gravity and Ta is air temperature. To 

obtain profiles with reliable wind speeds at near-neutral conditions, Ri 
should meet the criterion lRil≤0.015. Due to the lack of wind direction 
measurements in our monitoring sites, heff values were averaged for 
each month. The underlying assumption was that the average 
effective height of roughness elements was consistent over the whole 
fetch area on a monthly basis. In essence, by calculation of effective 
roughness height, an attempt was made to lump the influence of 
those parameters that are unavailable or are impossible to obtain 
reliably and accurately e.g. one-sided leaf area index (LAI) and 
vegetation height of the whole fetch area. In situations where, heff 
could not be determined because of absence of near-neutral 
conditions, zom and do were obtained directly from the mean vegetation 
height, according to Brutsaert (1982). However, this approach does 
not account for the influence of tree leaves. The influence of damage 
to tree leaves due to herbivory has been reported by Warrington et 
al. (1989), Vanderklein et al. (2004) and Katjiua and Ward (2006). 
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Table 3.3 presents the average effective height of roughness 
elements obtained at the high tower locations of GS00 and GS10. For 
some months the standard deviations are high, suggesting high 
variance in aerodynamic roughness parameters during these periods, 
and also low standard deviations are apparent, thus suggesting low 
variances in roughness parameters for those specific months. This 
may be explained partly by changes in wind direction with regard to 
roughness elements and changes in vegetation condition. The high 
effective heights of roughness elements observed at GS00 as 
compared to GS10 may be partly explained by the fact that in general 
the vegetation in the hardveld area is taller and more diverse in 
terms of shape and size as compared to the sandveld area where 
GS10 is located. A further explanation stems from the fact that the 
hardveld is characterized by a rugged topography as compared to the 
largely flat sandveld area where GS10 is situated. The large standard 
deviations in effective heights of roughness elements, observed at 
GS00 as compared to GS10, largely reflect this distinct difference 
between the hardveld and sandveld landscape characteristics. Table 
3.4 presents the average effective heights of roughness elements 
(largely vegetation) at various monitoring sites of GS01-GS08, the 
results are in the same order of magnitude as GS10 heff averages, 
suggesting a similar evolution of aerodynamic roughness parameters. 
 
The derivation of λE using temperature profiles and the surface 
energy balance also requires knowledge of the scalar roughness 
height of heat transfer (zoh), mainly for the calculation of H. A widely 
used parameter for comparing zom and zoh, is expressed by Owen and 
Thompson (1963) as kB-1=ln(zom/zoh)  where B-1 is a dimensionless 
inverse Stanton number. Various semi empirical parameterizations for 
computation of kB-1 for a savanna, vineyard and bare soil are 
compared by Verhoef et al. (1997). But none of these 
parameterizations was able to compute the correct kB-1 values for 
savanna (partially vegetated surfaces). More recently, Su et al. 
(2001) evaluated two kB-1 models, a model of Blümel (1999) and the 
extended model of Massman (1999) on three surfaces cotton, shrubs 
and grass. 
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Table 3.4. Average values of effective height of roughness elements 
derived at near-neutral conditions based on mobile tower wind speed 
measurements at 2 m and 10 m heights at sites GS01-08; The number 
in parenthesis is the standard deviation and ** indicates no information 
 
Station GS01 GS01 GS02 GS02 GS03 GS03 GS04

Month/year 2002 2003 2002 2003 2002 2003 2003

January ** ** ** ** ** 1.78(0.51) **

February ** ** ** ** ** ** 2.22(-)

March ** ** ** ** ** ** **

April ** ** ** 0.54(-) ** ** **

May ** ** ** ** ** ** 2.30(-)

June ** 1.81(0.52) ** 1.97(0.59) ** ** **

July ** ** ** 1.04(0.44) ** 1.91(-) 1.16(0.17)

August ** ** ** ** ** ** **

September ** ** ** ** ** ** **

October 2.55(0.17) ** ** ** ** ** **

November 2.61(0.15) ** ** ** 2.42(0.19) ** **

December ** ** 2.05(0.39) ** ** ** **

** ** ** ** ** ** ** **

Station GS05 GS06 GS06 GS07 GS07 GS08 GS08

Month/year 2003 2002 2003 2002 2003 2002 2003

January ** ** ** ** ** ** 1.97(0.55)

February 1.48(0.18) ** ** ** ** ** **

March ** ** ** ** 1.74(0.36) ** 1.68(0.26)

April ** ** 1.51(0.42) ** ** ** **

May 2.08(0.06) ** ** ** ** ** **

June ** ** ** ** 2.63(0.07) ** 2.22(0.25)

July ** ** ** ** ** ** **

August 2.13(-) ** ** ** ** ** **

September ** ** ** ** ** ** **

October ** 2.39(0.37) ** ** ** 2.60(0.10) **

November ** ** ** 2.59(0.22) ** ** **

December ** ** ** ** ** 1.89(0.70) **  
 

They found out that the model of Massman (1999) was superior in 
estimation of kB-1 values for a shrub surface over the Blümel (1999) 
model. Since the shrub environment represents a partially vegetated 
surface that closely resembles the study area, the Massman (1999) 
model has been adopted. In the current study, kB-1 values were 
computed according to 
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where, nec is the within canopy wind speed profile extinction 
coefficient formulated as; nec=CdLAIc/(2u*

2/ u(hws)2), Cd is the drag 
coefficient of the foliage elements assumed to take a value of 0.2, 
LAIc is the one sided leaf area index defined for the total area, u(hws) is 
the horizontal wind speed at the top of the canopy, cf  is the fractional 

canopy coverage and sf  is its complement. Ct is the heat transfer 

coefficient of the leaf, and kBs
-1 is calculated according to; kBs

-

1=2.46(Re*)0.25-ln(7.4) where Re* is the roughness Reynolds number 
expressed as; Re*=hsu*/va with hs the roughness height of the soil, and 
it is assumed to take a value of 0.009 m. The kinematic viscosity of 
the air va is given by va =1.327x10-5(Po/Pa)(Ta/To)1.81, with Pa and Ta the 
ambient pressure and temperature and Po=101.3kPa and To 
=273.15K.  Once zom and kB-1 values are known then zoh can be derived 
from 
 
 ( )1exp −= kBzz omoh  (3.22) 

 
The input requirements and parameters of Equation 3.21 used for the 
high tower monitoring sites are presented in Table 3.5. 
 
Table 3.5. Input requirements for the kB-1 model and the parameters 
used for the high tower monitoring sites of GS00 and GS10 
 
Symbols 
(unit) 

Variables and 
parameters  

GS00 data  
(hardveld) 

GS10 data  
(sandveld) 

u (ms-1) 
Wind speed at reference 
height 

Actual 
measurements 

Actual 
measurements 

Ta (
oC) 

Air temperature at 
reference height 

Actual 
measurements 

Actual 
measurements 

Pa (kPa) Surface air pressure 90.2 87.7 

wsh  (m) Maximum measurement  
height 

18 18 

LAIc (-) 
Leaf area index per total 
area 

0.0075 0.0084 

cf  Fractional foliage cover 0.27 0.27 

Ct 
Heat transfer coefficient 
of the leaf 

0.01 0.01 

 
The TP method will not work when no temperature differences (no 
gradient) are observed between two measurement heights, a 
situation that was occasionally encountered in the present research 
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work. Once H is known then AET can be calculated from the surface 
energy balance equation by applying as input, also Go and Rn. Rn was 
post processed (using Equation 3.1) from separately measured 
radiation balance components at GS00 and GS10 locations, and Go 
estimates were obtained as 0.5 and 0.1 of Rn, for nighttimes and 
daytimes respectively. 
 
Penman-Monteith approach 
 
A physically realistic way to determine the partitioning of H and λE, is 
the Penman-Monteith approach. A problem with this approach is that 
it is complicated, and several input parameters are needed which are 
difficult to obtain. According to this model actual evapotranspiration is 
calculated as 
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where λE [MJ m-2 day-1] is latent heat flux (for actual 
evapotranspiration), Rn (MJ m-2 day-1) is net radiation,  Go [MJ m-2 
day-1] is soil heat flux, γ [kPa oC-1] is the psychrometric constant, Cp 
[kJ Kg-1 oC-1] is the specific heat capacity of air taken as 1013 kJ Kg-1 
oC-1,  ΔT [kPa oC-1] is the rate of change of the saturation vapour 
pressure with temperature, es [kPa] is the saturation vapour pressure, 
ρa is mean air density at constant pressure, ea [kPa] is the actual 
vapour pressure, rs [s m-1] and ra [s m-1] are surface and aerodynamic 
resistances respectively. Subsequently, the AET in mm/day is 
expressed as AET=0.408 λE, in which 0.408 is a conversion factor and   

λE is express by Equation 3.23. 
 
A similar assessment of AET as per Equation 3.23 is by far more 
challenging because of the difficulty in obtaining resistance 
parameters. The difficulty in using Equation 3.23 refers mainly to the 
definition of spatio-temporal variables such as ra and rs. The 
difficulties related to the derivation of ra from Equation 3.5 were 
already emphasized. Besides ra, the P-M model involves one more 
difficulty in the definition of such a variable as rs. Several attempts 
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were made in the literature to evaluate rs by means of empirical rules 
(e.g. O’Toole and Real, 1986). One such an attempt is the so-called 
Jarvis type models (Jarvis, 1976: Stewart, 1988: De Rooy and 
Holtslag, 1999), in which stomatal (canopy) resistance is expressed 
as a minimum rs multiplied by a series of independent stress functions 
combined in a multiplicative way, through which each function is 
representing the influence of each factor. The main weakness of 
Jarvis type models is the assumption that environmental factors 
operate independently (Monteith, 1995). Another way in which rs can 
be estimated, is through the inversion of the Penman-Monteith 
equation (Equation 3.24), in which the actual evapotranspiration is 
considered as a known input parameter (Gash and Stewart, 1975), 
obtained by other methods (e.g. the TSEB and BSEB approaches). 

( )( )
E

EEGRreeC
r TonTaaspa

s γλ
γλλρ −Δ−−Δ+−

=
)(  (3.24) 

Here, the notations are as described earlier. Obviously, this approach 
cannot be used for determination of AET. The surface resistance can 
also be estimated by substitution of stand transpiration (Tp: 
expressed as vapour flux density) derived from sap flow 
measurements in place of E in the inverted Penman-Monteith 
equation (Equation 3.24). However, this procedure is practically valid 
only for dry season estimates of Tp when the assumption E=Tp can be 
made. 

3.6 Results and discussion 
 

Evapotranspiration is a major component of the water balance, and 
as such is used as input in groundwater recharge models which are 
used in groundwater resources evaluation and management.  
 
All the radiation balance components were monitored only at GS00 
and GS10. Additionally, S↓ was monitored in GS08. The diurnal course 
of net radiation on a clear-sky is typically bell-shaped during daytime, 
with maxima around midday and minimum values at nighttime 
(Figure 3.2). However, when there is overcast, the bell-shaped 
temporal pattern will be interrupted, and can take various forms 
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depending on the persistence of the overcast. Additionally, data 
analysis revealed that the net radiation is basically high during the 
summer and low during the winter season, with high daily variability 
in summer as compared to the winter season. Therefore, monitoring 
of radiation components especially shortwave incoming radiation is 
vitally necessary for reliable estimates of Rn for evapotranspiration 
assessment in the Kalahari. This study showed that the Rn derived 
according to Equation 3.2 is a reasonable and cost effective (net 
radiometer is typically several times more expensive than the 
shortwave radiometer) approximation, since the PET obtained by 
using such Rn, explains 80% of the variance of PET obtained by using 
Rn determined directly from measured, site specific net radiation 
components at GS00 and GS10 sites. The maintenance of the 
instruments is important for the radiation data quality assurance. All 
the radiometer domes of this study were occasionally cleaned to 
remove dust and bird droppings to minimize erroneous readings. 
Besides, the relative accuracy of radiometer devices was continuously 
monitored by comparing the measured (less spatially variable) 
incoming shortwave radiations at GS00, GS08 and GS10 to keep good 
quality data.  
 
Relative humidity (RH) and air temperature are important inputs in 
the assessment of AET and PET. RH and air temperature within the 
study area are less spatially variable, but highly temporally variable. 
The large diurnal variations which are associated with both variables 
(Figure 3.3) in the Kalahari, emphasize the significance for their 
proper monitoring so that reliable evapotranspiration estimates can 
be achieved. The less spatial variability is mainly manifested by the 
high coefficients of determination (R2) presented in Table 3.1. 
However, RH is more vulnerable to error than air temperature 
because of sensor calibration drift, accumulation of dust and moisture 
on the sensor including occupation by insects. Therefore, it needs to 
be calibrated at least once a year, and regularly cleaned to remove 
any undesirable artefacts. In the current study the integrity of RH and 
air temperature was controlled during mobile tower campaigns by 
comparing readings of the permanent RH/T monitoring sites with the 
RH/T readings of the mobile tower. Any significant deviations in such 
comparison would then reflect abnormalities with one or more 
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sensors. This procedure for assessing the integrity of RH and air 
temperature is “strongly recommended” by Allen (1996). 
 
Wind speed measurements are critical for the evapotranspiration 
assessment. In the current study the reliability of wind speed 
measurements was monitored by employing additional anemometers 
at permanent wind speed monitoring sites during mobile tower 
campaigns, in this case significant deviations in anemometer readings 
should reflect some abnormalities with one or both sensors. Both, PET 
and AET require wind speed measurements above the roughness 
elements i.e. above the top canopy level in case of PET at least one 
and in case of AET at least two of such measurements. In the study 
area these conditions were fulfilled only at the two reference towers 
of GS00 and GS10 where PET and AET could have been defined 
directly. In the other sites such as GS01-08, only PET was defined 
indirectly using the mobile tower and the good wind speed 
correlations between 2 m wind speed measurements at different 
distant locations and between 2 m and 10 m at the same location.  
 
The correlation coefficients of the regression models turned out to be 
surprisingly high as for the usually weakly correlated wind speed 
measurement. This was likely due to the homogeneous wind 
characteristics in the Kalahari sandveld resulting from short and quite 
sparse vegetation having aerodynamically uniform wind 
characteristics. The lack of two wind speed and two RH/T 
measurements above the canopy level did not permit the calculation 
of AET at GS01-08 sites. This however was not critical because PET is 
typically sufficient as input for groundwater models. Moreover once 
the wind profiles for GS01-08 are established, for example by using 
multilevel wind speed mobile tower, then AET can be estimated even 
by backward data extrapolation. 
 
The experience of the current research showed that single point 
measurement of soil heat flux cannot represent the entire footprint 
area because of surface and subsurface inhomogeneity. The surface 
inhomogeneity was caused by variations in fractional vegetation cover 
(related to sparse vegetation) and in leaf area index (related to 
vegetation species diversity) resulting in canopy shadows and canopy 
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light interception, which can obscure radiative heating of bare soil 
surfaces; there is, at all times, no unique soil surface temperature 
that could be defined for the entire footprint area. The subsurface 
inhomogeneity was caused by variability of thermal conductivity of 
soils which are largely dependent on soil moisture condition. For the 
above mentioned reasons, the soil heat flux measurements obtained 
by soil heat flux plates and soil temperature sensors at GS00 and 
GS10 sites were not used for estimation of Go according to Equation 
3.9. Instead, common empirical relationships that define Go as 0.5Rn 
for nighttimes and 0.1Rn for daytimes without dependence on soil 
properties were used, since both surface temperature and thermal 
gradient of the soil reacts to Rn.  
 
The potential evapotranspiration was estimated for all ADAS locations 
(Figure 3.1) in the study area using a combination of measured and 
regressed data input. Figure 3.5 illustrates the spatial and temporal 
variability of PET for five days of November 2003. The PET in all the 
monitoring sites is in the same order of magnitude for each specific 
day. This indicates that in the study area, PET does not vary much 
spatially, instead is remarkably temporally variable. 

 
Figure 3.5. Daily PET in all monitoring sites (GS00-GS10) for five 
subsequent days, 9-13 November 2003  
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Table 3.6 analyzes further the spatial variability of PET. This 
variability is due to the variability in the input parameters used for 
PET calculation. As mentioned, in the study area the relative humidity 
and air temperature are monitored at all ADAS locations. The short-
wave incoming radiation that is available in GS00, GS08 and GS10 
locations is spatially invariable so it does not influence spatial 
variability of PET. The most critical wind speed input, was only 
permanently available at GS00, GS08 and GS10 due to budgetary 
constraints. At GS01-07 the wind speed input was available only 
temporarily from the ‘mobile tower’ which made it possible to 
establish the regression models with GS08 and later with GS10 that 
turned out to be surprisingly good in the Kalahari but would not 
necessarily be that good elsewhere. 
 
Table 3.6. Minimum (Min.) and maximum (Max.) PET rates for GS01-
GS10 
 

 2002 daily PET 
(mm/day) 

2003 daily PET 
(mm/day) 

2004 daily PET 
(mm/day) 

Monitoring 
tower 

Min. 
rate 

Max. 
rate 

Min. 
rate 

Max. 
rate  

Min. 
rate 

Max. 
rate 

GS00 0.1 5.8 0.2 5.8 0.2 6.1 
GS01 1.0 6.0 0.7 5.9 1.0 5.9 
GS02 1.1 6.0 0.8 5.8 1.0 5.7 
GS03 1.1 6.0 0.8 5.9 1.1 5.9 
GS04 1.0 6.0 0.8 5.4 1.1 5.8 
GS05 1.1 6.1 0.8 5.9 1.0 6.0 
GS06 1.1 6.0 0.8 5.9 1.0 5.9 
GS07 1.1 5.6 0.8 5.8 1.0 5.8 
GS08 1.1 6.3 0.8 6.1 0.9 6.1 
GS09 0.1 6.0 ** ** ** ** 
GS10 ** ** ** ** 0.3 5.0 
 

Figures 3.6 and 3.7 illustrate daily variability of evapotranspiration in 
one year (2004) for GS00 and GS10. The temporal variations in daily 
AET with the BSEB and TSEB methods are evident in Figures 3.6 and 
3.7. These variations are in the same order of magnitude for GS00 
and GS10 and range from 0.1 to 3.5 mm/day. The results are in the 
same order of magnitude as those obtained through a remote sensing 
based energy balance solution by Timmermans and Meijerink (1999) 
that ranged from 1.5 to 3 mm/day. The seasonal trends in actual 
evapotranspiration of both sites are characterized by higher actual 
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evapotranspiration rates in the hot and humid summer and lower in 
the cold and dry winter periods. The higher evapotranspiration rates 
in summer are obviously related to increased availability of water for 
evapotranspiration, higher ambient temperatures and higher solar 
radiation. 
 
Apart from a few data loss discontinuities in Figures 3.6 and 3.7, the 
majority of discontinuities in the time series analysis of TSEB AET are 
where the temperature differences between two measurement 
heights were zero. In such a situation the TP-profile method (and 
hence the TSEB approach) runs into problems, which is a more 
prevalent case in dry periods. Moreover, the results of the TSEB 
approach (Figure 3.7) at GS10 site, for some winter days give 
evapotranspiration estimates that exceed the potential rates obtained 
with Equation 3.4. This indicates the uncertainty of the sensible heat 
flux derivation by using temperature profiles over the dry Kalahari 
sandveld. A further observation is that the unrealistic TSEB estimates 
are more prevalent in the dry winter season rather than in the 
relatively wet summer season and in GS10 rather than in GS00. 
Perhaps the TSEB approach is more sensitive to reduced moisture 
conditions as in GS10 winter peak rather than in GS00 where there is 
more access to moisture because of direct groundwater 
evapotranspiration.  
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Figure 3.6. Evapotranspiration estimates at GS00 site for year 2004; 
rainfall is also shown 
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Figure 3.7. Evapotranspiration estimates at GS10 site for year 2004; 
rainfall is also shown 
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During data analysis, it was observed that, the TP method 
underestimated the sensible heat flux, and therefore resulted in high 
residual latent heat flux (evapotranspiration) obtained as a solution of 
the surface energy balance equation. Furthermore, both aerodynamic 
and thermal parameters need to be determined more accurately if the 
intention is to improve the accuracy and reliability of TSEB approach 
estimation of actual evapotranspiration. For example, data on wind 
direction must be obtained to reliably estimate aerodynamic 
parameters. In addition, suitable atmospheric stability correction 
functions must be defined experimentally for the study area.  
 
In the present study, the difficulty in estimation of roughness 
parameters must have compounded the problem of uncertainty in the 
estimation of the sensible heat flux. The lack of independent 
measurements of the sensible heat flux (e.g. from scintillometers or 
eddy correlation) makes it impossible to investigate the reliability of 
the parameters that cannot be measured directly in the present 
investigation. The reliability of the temperature profile method for 
sensible heat flux estimation needs to be investigated with 
independent measurements of sensible heat flux, so that the difficult-
to-get parameters can be evaluated through comprehensive 
assessment.  
 
The experiment with the use of a constant rs in the P-M approach for 
estimation of AET revealed that the best quality of fit (indicated by the 
coefficient of determination, R2), that could be obtained in testing a 
wide range of rs values (ranging from 110-600 s m-1), as input to 
resemble BSEB AET (assuming that BSEB is reliable) could not exceed 
50% of explained variance. The BSEB approach results were used in 
the experiment because they are lower and therefore, more likely 
actual evapotranspiration estimates than estimates derived from 
TSEB approach. Figure 3.8 illustrated the resulting bias (P-M 
estimated AET minus BSEB AET) of an undertaking when a constant rs 
of 270 s m-1 was assumed. The resulting large bias of the experiment 
which ranges from -1.2 to 1.8 put in question the forward applicability 
of the P-M formula for AET calculations applying common rs by “lump, 
most likely” estimate of this value. 
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Figure 3.8. GS00 time series of BSEB AET and P-M estimated AET and 
bias between the two 
 

Table 3.7 presents the annual rainfall, PET and AET obtained with 
BSEB and TSEB methods at GS00 (for the years 2002-2004) and at 
GS10 (for year 2004). The comparison of rainfall with AET (Table 3.7) 
shows that AET substantially exceeds the rainfall. The large AET at 
GS00 could be explained by substantial groundwater 
evapotranspiration (i.e. groundwater root extraction and upward 
advective-diffusion (Lubczynski, 2000) at the relatively shallow 
groundwater table (often <10 m)), but the substantially larger AET 
than rainfall at GS10 in the Kalahari sandveld is difficult to explain. 
The GS10 location is where the groundwater table is at approximately 
76 m depth, so the high rates of groundwater evapotranspiration 
under such thick unsaturated zone are unlikely even knowing about 
the existence of tree species in the Kalahari, which are able to extend 
their roots to great depth in search for permanent water bodies. This 
is because the scale of such process is restricted to the limited deep 
rooted species such as B. albitrunca and A. erioloba, and because 
extensive advective-diffusive upward water movement from depth of 
more than 70 m is not experimentally confirmed, and is not likely. 
The most likely explanation is that both BSEB and TSEB methods 
overestimated the AET either because of the algorithmic problem in 
the circumstances of dry Kalahari conditions or because the applied 
AET assessment approaches account for additional water e.g. from 
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dew or from hydraulic lift, that does not originate directly from rain. 
This problem requires further investigation. 
 

Table 3.7. Annual rainfall and annual evapotranspiration for GS00 and 
GS10; BSEB and TSEB AET are presented in two columns, the first column 
representing a sum of the available daily AET estimates (without daily values 
corresponding to periods when AET could not be resolved as explained above) 
and the second column representing a sum of the calculated AET (as in the 
first column) and of the extrapolated AET values for the periods with data 
gaps using AET correlation with PET for which 70% of the variance in PET was 
explained by AET (for either BSEB or TSEB). The latter adjusted column can 
be considered as a likely representation of the annual AET provided that the 
correlation with PET was appropriate. 
 

Site Year 
Annual 
rainfall 
(mm) 

TSEB 
AET  

(mm)

TSEB 
AET + 
Est.  

(mm)

BSEB 
AET 

(mm)

BSEB 
AET 
+ 

Est. 
(mm)

PET  
(mm) 

2002 215 509 609 481 558 1068 
2003 312 573 623 526 569 1073 GS00 
2004 408 504 624 389 492 1077 

GS10 2004 462 655 661 480 486 922 

3.7 Conclusions 
 

1. PET is highly temporally but less spatially variable in the Kalahari 
study area; it ranges from 0.1-6.3 mm/day. The surprisingly good 
correlations between half-hourly wind speed measurements in the 
Kalahari sandveld facilitated the use of a mobile tower for 
calculation of Penman-Monteith PET, not only in the reference 
towers with complete input data but also in other eight (GS01-08) 
ADAS locations where such data was not available. 

 
2. AET obtained in the study area by microclimatic methods such as 

BSEB and TSEB, ranges from 0.1 to 3.5 mm/day. This result in 
annual totals that exceeds the total rainfall sum, so the most 
likely conclusion is that TSEB and BSEB overestimated the AET, 
TSEB because of underestimation of sensible heat flux and BSEB 
because the temperature and relative humidity gradients are very 
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small particularly in dry conditions at large measurement heights, 
and therefore difficult to measure reliably (Gieske, 2003).  

 
3. The physically based Penman-Monteith AET approach, 

unfortunately, still suffers an unsolved problem of determination 
of the temporally variable surface resistance, thus limiting its 
direct-use in AET calculations. More accurate AET monitoring 
schemes such as eddy correlation and scintillometry will often be 
too expensive to be justified in regional groundwater projects. 

 
4. There is not available as yet, a direct estimation method of 

groundwater evapotranspiration, which represents fraction of total 
evapotranspiration. The only way is through modelling of fluxes, 
which if not supported by extensive soil moisture monitoring of 
the entire depth of unsaturated zone, may result in uncertain 
results. 

 
5. While using saturated-unsaturated models in groundwater 

management, the scientific benefit of using actual 
evapotranspiration as model input to characterise the fluctuations 
with time instead of PET, is minimal unless a much more advanced 
methodology is used. In general, focusing on monitoring of PET in 
combination with soil moisture transport modelling seems 
preferable.  

 
6. The recommended setup for PET monitoring in groundwater 

related projects, involves one anemometer and one relative 
humidity/temperature sensor per monitoring location and at least 
one pyranometer per entire monitoring network, for spatially 
invariant shortwave incoming radiation. Besides, in groundwater 
monitoring projects, PET monitoring should be facilitated by 
groundwater table and rainfall measurements and optionally by 
unsaturated zone profile measurements (soil moisture and soil 
matric pressure) and by sap flow measurements of most abundant 
trees. 
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Chapter 4 Kalahari tree transpiration 
estimated by sap flow technique  

4.1 Introduction 
 

The main components of the water balance of the Kalahari are formed 
by rainfall and evapotranspiration. Almost all the rainfall infiltrates 
into the sandy subsurface and returns subsequently to the 
atmosphere by evaporation. The outcome of the previous 
investigations in the Kalahari under comparable conditions suggested 
that only about 5 mm escapes this process in the upper soil layers 
and percolates downward to deeper layers and possibly to the 
saturated zone (De Vries et al., 2000). However, there are indications 
that deep rooting trees are able to extract water from deeper parts of 
the unsaturated zone and possibly from the capillary fringe above the 
water table at depths of more than 70 m (Chapter 5). This implies 
that eventually the calculated deep percolation of about 5 mm/yr may 
be taken up by these trees, which means that the actual net 
groundwater recharge of the aquifer is less than the estimated 5 mm. 
This is in accordance with the estimated regional groundwater 
discharge of the order of 1 mm or less (De Vries, 1984; De Vries et 
al., 2000)  
 
Kalahari trees are well adapted to dry water stress conditions. Some 
of them have extremely deep roots (Canadell et al., 1996; Le Maitre 
et al., 2000) that allow them to reach groundwater and remain green 
throughout the dry seasons. The significance of the transpiration 
process and the continuously increasing demand for groundwater 
supply in water limited ecosystems such as the Kalahari poses a 
problem of groundwater competition; therefore it deserves great 
attention particularly in the context of sustainability of groundwater 
resources.  
 
Various thermal-based techniques are now available for estimating 
transpiration by measuring tree sap flow (Swanson, 1994; Granier et 
al., 1996a; Smith and Allen, 1996; Köstner et al., 1998; Wullschleger 
et al., 1998). The spatio-temporal measure of transpiration called 
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stand transpiration can be derived through scaling methods (Hatton 
et al., 1995; Hatton and Wu, 1995; Oren et al., 1998a). The scaling 
methodology requires in situ evaluation of sap velocities and sapwood 
areas for the different sizes of trees of the same species. Such an 
approach has been used to estimate stand transpiration in plantations 
(Hatton and Vertessy, 1990) and in native forests where one, or two 
dominant species were measured (Granier et al., 1990; Köstner et 
al., 1992; Cermák et al., 1995; Martin et al., 1997; Granier et al., 
2000), typically for a period of few weeks or months only.  
 
The long-term monitoring of transpiration can contribute to an 
improved understanding of the behaviour of the savanna ecosystem 
and in providing input data for the hydrological water balance. It can 
also be an important input for the establishment of the overall water 
balance since the surface energy balance based algorithms for actual 
evapotranspiration do not provide sufficient accuracy in water limited 
ecosystems as indicated in Chapter 3. Despite its importance, the 
long-term monitoring of water uptake by vegetation in water limited 
ecosystems such as the Kalahari has been carried out by only a 
limited number of studies and typically on one species only. The most 
notable is a two-year sap velocity monitoring of the Quercus 
rotundifolia tree in southern Portugal by David et al. (2004). The 
present study in contrast to other studies, presents long-term (>2 
years) sap flow monitoring over nine natural, savanna tree species, 
not only in the form of individual temporal sap flow variability per tree 
but also as temporal variability of transpiration in eight randomly 
selected plots in the Kalahari.   
 
This chapter investigates (i) the seasonal variability of transpiration 
for various Kalahari trees; (ii) the relationship between Kalahari trees 
species transpiration and meteorological conditions and (iii) the 
spatio-temporal variability of transpiration in selected plots.  

4.2 Material and methods 

 
Stand (plot) transpiration can be estimated on the basis of sap flow 
measurements of individual trees (Hatton and Vertessy, 1990). In 
this study the sap flow measurements were carried out with the 
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thermal dissipation probe (TDP) method (Granier, 1987) because of 
its simplicity, high degree of accuracy, reliability and relatively low 
cost (Lu et al., 2004).  
 

4.2.1 Sap flow measurement principles and assumptions 
 

Sap flow (Qs) is a product of sap velocity (v) often referred also as 
sap flux density and sap wood area (Ax) or more precisely, the 
conductive (hydro-active) xylem area. Unfortunately, no field method 
exists as yet to measure Qs directly therefore Qs is typically defined 
through separate measurements of v and Ax as  
 
Qs=vAx (4.1) 
 
where Qs is typically expressed in L/day.  
 
The applied TDP method has been widely used for measuring sap 
velocity in a number of environments (Granier et al., 1990; Diawara 
et al., 1991; Granier and Loustau, 1994; Loustau et al., 1996; 
Loustau et al., 1998; Köstner, 2001; Lundblad and Lindroth, 2002; 
Sellami and Sifaoui, 2003). According to Granier (1987), v is typically 
expressed in cm/hr, and can be estimated from the continuously 
measured temperature difference (ΔT) between two sensor probes, 
the downstream (upper) heated with constant power of 0.2 W and 
upstream (lower) non-heated probes, both inserted to a depth of ~2 
cm into the sapwood structure and at a distance of 10-15 cm from 
each other. The ΔT measurements are referenced to ΔTmax which is 
the maximum temperature difference between two probes in a given 
period, assuming that no sap flow occurs.  
 
v=0.0119[(ΔTmax - ΔT )/ ΔT ]1.231 (4.2) 
 
For most tree species, ΔT is typically higher in the night and lower 
during the day due to the cooling effect of convective heat dissipation 
by sap flow.  
 
The normalised sap flow Qn of individual trees, typically expressed in 
L/d/m2 and seldom in mm/d, can be estimated by 
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Qn=Qs/Ac  (4.3) 
 
where Ac in [m2] is the projected ground area of a tree crown. The Qn, 
particularly when expressed in mm/d, can give a misleading 
impression that Qn is a hydrological flux representing areal 
transpiration, which is not the case because Qn represents Qs per its 
corresponding canopy area. Qn is useful in comparing water 
withdrawal efficiency per unit area of the canopy. 
 
Individual Qs measurements of trees can be scaled up to plot level 
tree transpiration (Tp) using the following equation (e.g. Pataki and 
Oren, 2003) 
 
Tp=ΣQs/Ap (4.4) 
 
where Tp [LT-1] is mean stand (plot) level transpiration and Ap is the 
area of the plot. Tp represents a hydrological flux, which if taken over 
a sufficiently large and representative area (Ap), can be directly 
compared with other fluxes such as rain, evapotranspiration etc. 
 
The difference between Qn and Tp is that Qn takes into account only 
the spaces within the canopy, whereas Tp also takes into account the 
spaces between canopies in sap flow scaling. 
 
While undertaking the long-term sap flow monitoring of largely 
diverse savanna trees, several assumptions had to be invoked, of 
which the following are critical: (i) sap velocities of sample trees 
represent different size classes of trees in the Kalahari; (ii) the 
variations of sap velocity in space are implicitly captured in the 
variability of sap velocity of the measured sample trees; (iii) the 
water flux at the sensor location reflects water transpired by leaves 
i.e. stem capacitance, radial, circumferential and axial sap velocity 
variations are neglected. 
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4.2.2 Tree assessment  
 
The assessment of sap flow (Qs) of individual trees refers to 
monitoring of temporal variability of sap velocity (v) on various tree 
species and to the assessment of conductive sap wood area (Ax). 
 
Monitoring of sap velocity  

 
The long-term Kalahari monitoring of tree sap velocities was carried 
out with TDP type of sensors manufactured by Umweltanalytische 
Produkte (UP) in Germany. The UP monitoring system consists of 
three sensor pairs (probes) connected in series. Each system is 
powered through a 12V current regulator using 0.125 A (3 x 0.2W for 
probes and 0.9W for regulator).  At each monitoring sites, two of 
such systems were installed. The considerable current demand of 
0.125 A was continuously supplied through high quality, Sonnenshein 
130Ah sealed lead-acid, rechargeable batteries placed in a special 
container, which was buried in the ground to avoid vandalism. At all 
the monitoring locations, the batteries were exchanged with charged 
ones every two weeks. All the measurements were sampled every 30 
seconds and averaged values stored every 30 minutes by Skye 
DataHog2 loggers. 
 
The sap velocity monitoring was carried out between November 2001 
and January 2004, in seven monitoring sites of GS01-07 (Figure 3.1) 
and on nine tree species present in the surrounding of the sites: A. 
erioloba, A. fleckii, B. albitrunca, B. africana, D. cinerea, L. nelsii, O. 
pulchra, S. longipedunculata and T. sericea. Refer to Appendix A for 
example photographs of species. Every TDP sensor pair was inserted 
in different trees, except at GS03 where two probes were installed 
into one tree. The trees were selected to provide coverage of various 
tree species but also because of different biometric characteristics. 
The tree selection was also constrained by the length of the TDP cable 
that limited the measuring distance of the trees from the recording 
logger because of the minimum voltage (at the sensor side) threshold 
constrained by manufacturer at ~11.6 V. In the selection of the trees, 
non-healthy individuals with irregular stems were excluded.  
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Table 4.1. Biometric characteristics of the trees selected for sap 
velocity monitoring in plots 01-07; the first four characters of the tree 
code (GS0*CH*) represent the plot and monitoring site number; the last 
three characters represent the logger channel number. 
 

Plot 
name 

Selected 
tree 

Tree code Stem 
diameter 

(cm) 

Crown 
diameter (m)

Tree height 
(m) 

A. fleckii GS01CH6 15.2 4.95 4.8 

B. africana GS01CH8 20.1 5.1 5.8 

A. fleckii GS01CH5 14.6 5.8 4.7 

A. fleckii GS01CH7 10.8 4.8 5.0 

O. pulchra GS01CH4 3.2 1.1 2.0 

GS01 

O. pulchra GS01CH9 6.7 2.3 2.7 

S. longipedunculata GS02CH6 22.6 6.6 7.2 

O. pulchra GS02CH4 7.0 1.6 2.5 

S. longipedunculata GS02CH9 15.3 5.3 4.4 

S. longipedunculata GS02CH7 20.1 5.2 5.5 

S. longipedunculata GS02CH5 26.4 6.4 8.8 

GS02 

S. longipedunculata GS02CH8 19.9 3.8 5.3 

B. albitrunca GS03CH4 12.4 2.5 5.0 

B. albitrunca GS03CH5 12.4 3.1 4.0 

B. albitrunca GS03CH6 11.8 2.7 5.4 

A. erioloba GS03CH7 35.7 10.1 8.8 

GS03 

A. erioloba GS03CH9 29.3 6.7 7.8 

L. nelsii GS04CH7 25.1 4.9 6.4 

O. pulchra GS04CH5 15.6 3.3 3.3 

L. nelsii GS04CH9 26.1 5.6 7.5 

L. nelsii GS04CH6 20.4 6.2 4.9 

L. nelsii GS04CH8 24.2 6.0 7.3 

GS04 

L. nelsii GS04CH4 26.3 6.6 7.0 

A. erioloba GS05CH9 10.8 3.3 3.2 

T. sericea GS05CH4 8.9 3.3 3.3 

T. sericea GS05CH5 5.7 2.8 2.2 

T. sericea GS05CH6 8.6 3.7 2.4 

D. cinerea GS05CH8 10.5 3.9 3.0 

GS05 

B. albitrunca GS05CH7 27.7 5.8 5.3 

T. sericea GS06CH9 8.9 8.4 2.6 

T. sericea GS06CH5 10.5 4.8 3.1 

D. cinerea GS06CH6 6.4 3.7 2.9 

B. albitrunca GS06CH4 9.5 1.7 2.4 

B. albitrunca GS06CH7 15.0 2.6 4.3 

GS06 

B. albitrunca GS06CH8 29.3 5.3 5.4 

A. fleckii GS07CH5 15.1 5.6 4.3 

A. fleckii GS07CH4 9.5 3.3 4.0 

A. fleckii GS07CH7 7.0 4.0 2.2 

T. sericea GS07CH6 10.5 4.1 4.1 

T. sericea GS07CH9 3.5 2.2 3.1 

GS07 

A. fleckii GS07CH8 14.3 6.2 5.0 
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In total 41 trees were selected and Table 4.1 present the biometric 
characteristics of those trees. Stem diameters were measured at 0.5 
m above the ground level, which in the Kalahari environment 
guaranteed the absence of branches between the sensor location and 
the ground level. The stem diameters and canopy diameters were 
defined as averages from the two perpendicular stem and canopy 
diameters measured by a calliper and a calibrated tape respectively 
(always in North-South and East-West directions).  
 
In each tree that was selected for sap velocity measurement, TDP 
sensors were always installed on the southern side of the stem, to 
minimize thermal effects of sunshine. All the sensors were installed at 
a height of 0.5 m above the ground level, i.e. the same height as the 
stem diameter measurement height. At each selected tree, small 
branches, sprouting leaves and the first loose bark were removed 
from the stems below the sensors’ installation height. After which, 
two 2.1 cm deep holes (10 cm apart), were drilled into sapwood and 
two 2.1 cm long aluminium tubes provided by the supplier were 
inserted into the created holes with a special insertion tool for a depth 
of 2 cm into the sapwood (xylem) structure. Finally, the two TDP 
probes covered with a thin layer of silicon grease (to enhance thermal 
contact and prevent moisture from entering the space between 
sensors and aluminium tubes) were inserted into the aluminium tubes 
already inserted in the tree stems (Figure 4.1). The TDP method is 
generally sensitive to the influence of external atmospheric 
conditions, therefore thermo-isolating Terrostat paste was applied 
around needles and radiation protection shields were wrapped over 
TDP probes to insulate the measuring probes from the impact of 
external conditions. 
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Unheated 
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Conductive 
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Figure 4.1. Installation of TDP (in Acacia  fleckii) 
 

At each monitoring site, all the TDP sensor measurements were 
recorded by 15-bit resolution DataHog2 Skye logger allowing for 
accurate voltage measurements with gain ranging from 0 to 2 mV. 
Such accuracy is particularly important for TDP measurements of ΔT 
because, the change of 1 oC refers to the thermocouple voltage 
change of only 40µV. In addition to the TDP monitoring, the same 
DataHog2 loggers also recorded microclimatic variables such as air 
temperature, relative humidity and wind speed, all at 2 m height 
above the ground surface. These observations were made for 
potential evapotranspiration assessment as described in Chapter 3. At 
GS08, GS00 and GS10 (Figure 3.1) where measurements for 
potential evapotranspiration were carried out (see Chapter 3), no sap 
velocity measurements were done but additional incoming shortwave 
radiation was monitored to complement other, PET-related 
microclimatic measurements. Besides, at all the monitoring sites, 
rainfall was measured using Wallingford type tipping bucket rain 
gauges. In all this monitoring, data was stored at 0.5 hr frequency. 
 
The performance of the TDP sensors was checked every two weeks 
while changing batteries and in case of sensor failures, new sensors 
were installed to replace those that deteriorated with time. There was 
no marked difference between the sap velocity measurements of 
replacement TDP sensors in all cases. 
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Determination of conductive sapwood area 
 
The sapwood area (Ax) used in this study to calculate sap flow (Qs) 
according to Equation 4.1, was estimated on the basis of biometric 
upscaling functions (BUF) defined through more than 200 whole-tree-
cutting and dye-tracing experiments described in Lubczynski et al. 
(2006, in prep.). Through those experiments, BUF were established 
by regression functions between Ax and stem areas (As) and between 
Ax and canopy areas (Ac). The selection of the whole tree-cutting and 
dye tracing method by the current study was made for the following 
reasons: (1) Kalahari trees turned out to be too hard to use hand 
increment borers; (2) a number of species in contrast to what is 
presented in Figure 4.1, had hardly distinguishable contrast between 
sapwood and heartwood; (3) whole tree-cutting and dye tracing 
method is still considered the most reliable in Ax (Lu et al., 2004); (4) 
determination of BUF on the basis of cut tree experiments is a one-
time procedure that once done for given species, allows later to 
estimate Ax in non-invasive way. 
 
For the assessment of Ax in this study, BUF of nine species was 
needed: A. erioloba, A. fleckii, B. albitrunca, B. africana, D. cinerea, 
L. nelsii, O. pulchra, S. longipedunculata and T. sericea. Except of S. 
longipedunculata for which the BUF was defined in this study, all 
other BUF were obtained from Lubczynski et al. (2006, in prep.) as 
specified in Table 4.2.  
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Table 4.2.  Biometric upscaling functions (BUF) for estimation of 
conductive xylem area; xA  and sA (stem area) are in cm2, cA  (canopy 

area) is in m2; the first eight equations are from Lubczynski et al. (2006, in 
prep.), and the last one is from the current study. 
 

Tree species Tree 
Species 
symbol 

No. of 
observations. 
(n) 

Regression equation R2 

A. erioloba Ae 23 45 10)0002.0104( ×+×= −
sx AA  0.93 

A. fleckii Af 11 45 10)0009.0106( ×+×= −
sx AA  0.94 

B. albitrunca Ba 11 45 10)0002.0108( ×−×= −
sx AA  0.99 

B. africana Bua 33 45 10)0003.0105( ×+×= −
sx AA  0.90 

D. cinerea Dc 23 45 10)00002.0103( ×+×= −
sx AA  0.95 

L. nelsii Ln 11 45 10)0004.0107( ×−×= −
sx AA  0.99 

O. pulchra Op 17 45 10)0037.010170( ×−×= −
cx AA  0.92 

T. sericea Ts 32 45 10)0004.0104( ×−×= −
sx AA  0.86 

S. 
longipedunculata 

Sl 30 
45 10)108( ××= −

sx AA   0.98 

 

4.2.3 Plot assessment 

 
In order to analyze spatio-temporal variability of Tp in the Kalahari, 
eight quadratic plots of 30x30 m were demarcated, at the monitored 
locations of GS01-07 and at the additional location of GS08 site not 
equipped with TDP sensors (Figure 3.1) but with tree species for 
which both v and Ax was derived from other locations. In each plot all 
tree species were classified and their biometric properties were 
measured. i.e. stem diameter and crown diameter in the same way as 
for sap velocity monitored trees. In total, 720 trees were identified 
and measured in eight plots of GS01-08. Table 4.3 presents the plot 
biometric characteristics such as plot-total stem areas (As

p), plot-total 
crown areas (Ac

p) and total number of trees, all classified per species 
and per plot (no

p).  
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Table 4.3.  Number of trees per species (no
p [-]), their stem (As

p [cm2]) 
and crown (Ac

p [m2]) areas for each plot; (see Table  4.2 for species 
symbols) 
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4.3 Results and discussion 

 

4.3.1 Sap velocity  
 
Main monitoring constraints and uncertainties 
 
Although TDP sap velocity (v) measurement method is assumed to be 
of high degree of accuracy and reliability (Lu et al., 2004), there are 
many potential sources of uncertainty in using this method.  
 
All thermal methods of sap velocity measurements refer to a selected 
part of the sapwood area; in case of heat pulse method it is a “point” 
measurement (Hatton et al., 1995), in case of TDP method it is a 
“section” measurement and in the case of Cermák et al. (1973) 
method it is a “sector” measurement. In all cases, the acquired 
measurement results are integrated (extrapolated) over the entire 
sapwood area, which when considering spatial (radial, circumferential 
and axial) heterogeneity of the velocity field are also dependent on 
the species type, and as such creates an integration error 
(Wullschleger and King, 2000; Lu et al., 2004). The radial variability 
of the sap velocity field in tree stems has been demonstrated in a 
number of studies such as Phillips et al. (1996), Jimenez et al. 
(2000), Lu et al. (2000), Nadezhdina et al. (2002) and Ford et al. 
(2004).  
 
In this study most of the sap velocity measurements were carried out 
with only one sap velocity sensor (TDP) per tree. This was mainly 
because of the following reasons: 1) having more sensors per tree 
was not critical for the main objectives of this study (plot 
transpiration assessment) because: (a) the temporal variability of the 
sap velocity did not require multi-sensor installation in the measured 
tree because the eventual error related to heterogeneity of the flux 
density field was assumed to be time invariant; (b) the error in 
measuring only one, representative sap velocity measurements per 
tree (instead of many of them), is anyhow lower than the errors in 
the evaluation of Ax and the scaling up of individual sap flows; 2) 
other sap velocity measurements in the same study area (Lubczynski 
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et al., 2006; in prep.) indicated relatively low variability of sap 
velocity per species regardless of the biometric characteristic of trees; 
3) considering limited funds, it was worthwhile to measure more trees 
rather than using many TDP installations on  individual trees. 
 
Sap velocity measurements can also be affected by natural thermal 
gradient (NTG) as presented by Do and Rocheteau (2002 a,b). The 
NTG can either result in underestimation or overestimation of the sap 
velocity and also has relatively small effect on the calculated sap 
velocity when considering its use for plot level tree transpiration 
upscaling which is affected by additionally, more critical errors (e.g. 
errors made in the estimation of conductive sapwood area and in 
upscaling of individual sap flows to plot transpiration and even to the 
errors related to the heterogeneity of the flux density field when 
having limited amount or even one sap velocity sensor per tree).  
Therefore, a combination of budgetary constraints and the above 
aspects meant that the NTG assessment was not critical for the 
current study. Other uncertainties related to sap velocity 
measurements and data processing using TDP method are described 
in Clearwater et al. (1999) and in Lu et al. (2004).  
 
Seasonal trends of sap velocities  
 
The long-term, seasonal evolution of daily average sap velocity for all 
the 41 monitored trees are presented in Figure 4.2 from 11 
November 2001 to 14 January 2004. The seasonal trend of increasing 
daily average sap velocity in the wet summer and decreasing daily 
average sap velocity in dry winter is “driven” mainly by: (i) seasonal 
changes of solar radiation and air temperature (daily average sap 
velocity pattern follows the seasonal trend of solar radiation and air 
temperature); (ii) Increased driving force of transpiration due to 
abundance of leaves; (iii) soil moisture availability. The effect of soil 
moisture on stomatal conductance is well documented (Oren et al., 
1998b; Harris et al., 2004); the reduction in soil moisture affects the 
dynamics of the water flux in stems, and increases the contribution of 
water stored in the stem with regard to canopy transpiration. 
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Seasonal variability of daily average sap velocity between trees of 
different species is noticeable in Figure 4.2. Particularly distinct is the 
difference between species such as S. longipedunculata and L. nelsii 
that drastically decreases daily average sap velocity to minimum 
during the dry season in contrast to species such as B. africana, D. 
cinerea, T. sericea, B. albitrunca and A. fleckii that maintain water 
uptake through out the year only reducing its quantity. Figure 4.2 
also shows that the nine tree species differ not only in daily average 
sap velocity pattern but also in daily average sap velocity rate. For 
example, wet season maximum daily average sap velocity ranges 
from ~4 cm/hr for S. longipedunculata to <0.1 cm/hr for some A. 
erioloba. This order of magnitude in daily average velocity are 
consistent with separate measurements made by Lubczynski et al., 
(2006; in prep.) within the study area and were also confirmed 
experimentally in the field by D. Chavarro and J. Roy (unpublished 
data) using a pump and a digital recorder.  
 
However, the order of magnitude in the daily average sap velocity is 
much lower than those reported in the literature from climatically 
moderate ecosystems (e.g. by Phillips et al., 1996; Lambs and Muller, 
2002; Nadezhdina et al., 2002; Larcher 2004; Bovard et al., 2005). 
They are also much lower than those reported by Donaldson (1969: 
cited..in..web..page:http://www.met.gov.na/programmes/napcod/bu
sh%20encr/ch3.pdf) for the Molopo area in Namibia with conditions 
similar to those of the present study. Variations in sap velocity within 
one tree were also observed in tree species of Miomo woodland in 
Tanzania where sap velocity was highest at a depth of 0.5 cm below 
the cambium and lowest at 2.5 cm depth (Nyadzi et al., 2003). The 
latter depth is nearly that of this study. It is possible that in the 
present study with uncertainities related to the use of a single TDP 
per tree, the sap velocity is underestimated, because high velocity 
xylem vessels might not have been intercepted. The fact that this 
actually happens is proved by the breakthrough time in the tracer 
experiments of Chapter 5. On the other hand, the occurrence of low 
velocity vessels can also be expected.  The presence of high velocity 
xylem vessels were also observed in nuclear magnetic resonance 
images of stems by D. Chavarro and J. Roy (unpublished data) within 
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the framework of the Kalahari Research Project (KRP). Other sources 
of uncertainty have been discussed earlier.  
 
In general, different trees of the same species, regardless of their 
growing stage, show similar daily average sap velocity pattern as 
indicated in Figures 4.2(c), 4.2(e), 4.2(f), 4.2(g) and 4.2(i). 
Notwithstanding the above, however, some differences in daily 
average sap velocity rate and pattern can also be discerned in Figure 
4.2. For example, in Figure 4.2(b) the average sap velocity of 
GS05CH9 A. erioloba tree in GS05 was substantially higher than in 
the A. erioloba trees in GS03. Also the temporal daily average sap 
velocity pattern of GS05CH9 was quite different from the other two 
GS03 trees. As already mentioned, the difference between A. erioloba 
trees at different locations can probably be attributed to the 
difference in root water accessibility. Other differences, particularly 
between the individuals of the same species at the same plot location 
can be caused by: (i) different conditions in ‘capturing’ water from 
the subsurface resulting from local inhomogeneities of the Kalahari 
sand; (ii) different canopy exposures to the sun; (iii) the complexity 
of eco-physiological responses of trees (e.g. interception) due to the 
complex interactions of physical and physiological phenomena, and to 
the numerous surfaces, mostly leaves, that exchange matter and 
energy with the atmosphere (Köstner et al., 1998); (iv) local 
heterogeneity of the flux density field (position of the probe with 
respect to the flux density field, tree xylem health etc.); (v) influence 
of NTG; (vi) errors in sap velocity data processing e.g. ΔTmax drift.  
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Figure 4.2. Seasonal trends of daily average (ave.) sap velocity (from 
(b) until (j)) in cm/hr in relation to (a) incoming shortwave radiation 
(S↓) and (b) air temperature (Ta); see also Appendix B 
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4.3.2 Conductive sapwood area 
 
Estimation of the conductive sapwood area (Ax) is critical because it is 
used in the calculation of Qs (Equation 4.1) and hence in the 
calculation of Tp (Equation 4.4). As mentioned the conductive xylem 
area was defined using cut-and-dye tracing of the whole tree method 
which is still considered as the most reliable and direct assessment of 
the conductive sapwood area (Lu et al., 2004). The Ax necessary for 
upscaling of individual tree sap flows of various tree species into the 
GS01-GS08 plots (Figure 3.1) was not estimated on the trees in the 
selected eight plots, but predicted by statistical regression equations 
(BUF) between stem sizes and sapwood areas, as defined by 
Lubczynski et al. (2006, in prep.), except for the S. longipedunculata 
for which the BUF was defined in this study (Table 4.2). This was 
permitted because over 90% of the variance in Ax of the tree species 
could be well explained by the BUF.  In the case of O. pulchra, sap 
velocity with canopy area was used instead of stem size, because the 
latter relation had a much lower R2 (0.66).  
 
The use of BUF for calculation of individual Qs in the monitored plots 
is advantageous because trees in the plot can be reserved for future 
assessments when the technology of Qs assessment will have 
improved.  
 

4.3.3 Sap flow and normalized sap flow 
 

The following range of sap flow values (in L/day) were obtained in the 
monitored trees: 
 
0-18.75  for five L. nelsii trees 
0.01-0.60  for seven T. sericea trees 
0.01-0.78 for three A. erioloba trees 
0.02-0.12  for two D. cinerea trees 
0.02-0.75  for four O. pulchra trees  
0.04-33.16  for five S. longipedunculata trees  
0.05-12.68 for seven B. albitrunca trees 
0.06-0.99  for seven A. fleckii trees 
0.73-1.42  for one B. africana tree 
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In estimating Qs the eventual errors in v and Ax have to be taken into 
account. In this study, as in most of sap flow assessment studies, one 
of the most critical issues in estimating Qs was the problem of radial 
heterogeneity of the sap flow field. In all 41 monitored trees, the 
sensors were installed in the external part of the conductive sapwood 
(right behind the bark) while Ax was estimated as total conductive 
sapwood area. Whenever xylem annulus was thicker than the length 
of the TDP probe (2.1 cm), the calculated Qs was estimated by 
multiplying sap velocity (integrated over the length of the TDP probe) 
by the total area of the xylem annulus. In such cases the eventual 
error is dependent on the difference (heterogeneous) between the 
flow field that is not penetrated by the sensor from that which has 
been penetrated. Nevertheless, due to the averaging of sap velocity 
along the sensor length, the TDP method has a greater advantage 
over “point” measurements (e.g. heat pulse method) because it has 
relatively low sensitivity to spatial variations in sap flux density 
caused by micro-variation in xylem structure (Lu et al., 2004). 
 
The monitored sap velocity seems to differ significantly within the 
tree species, but Ax clearly depends on the biometry of trees, 
therefore Qs directly depends on the growing stage of the trees within 
certain species. Regardless of the tree species type, Qs is typically 
larger for more grown (larger) trees than for less grown (smaller) 
trees. Therefore, Qs cannot be used for direct comparison of 
transpiration ability among different species. A better indicator in this 
respect is the normalized sap flow (Qn). According to Equation 4.3, Qn 
represents the individual tree transpiration (per canopy area), i.e. the 
amount of sap flow Qs=vAx per projected (on the ground surface) 
canopy area (Ac). The highest Qn values are therefore found in trees 
which are characterized by high Qs with relatively low Ac, which 
indicates high transpiration efficiency per unit area of the canopy.   
 
In this study Qn was calculated for all 41 monitored trees according to 
Equation 4.3. For each tree, Ax (estimated by regression equations in 
Table 4.2) was multiplied by the monitored velocity (in Figure 4.2) 
and divided by corresponding crown area (Ac), computed from crown 
diameters in Table 4.1. This resulted in the daily average, temporally 
variable Qn presented in Figure 4.3, which largely resembles the 
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temporally variable pattern of daily average sap velocity (Figure 4.2). 
This is because Qn is obtained by multiplication of sap velocity (v) by 
the temporally invariant factor Ax/Ac (assumed constant within the 
time period of the current study).  
 
The Qn differences between individual trees of the same species are 
larger than similar differences in the daily average sap velocity. They 
are likely attributed to: (i) transpiration edge effect due to high 
positive heat advection from a cleared (or bare) area towards the 
forest edge (as demonstrated by Giambelluca et al., 2003), (ii) 
differences in crown positions with respect to other crowns (trees 
exposed or sheltered, and (iii) leaf area index (LAI). Granier et al. 
(1996b) working in a natural rainforest in the Amazon basin and 
Giambelluca et al. (2003) working in a small tropical forest patch of 
northern Vietnam concluded that well exposed trees transpired more 
than poorly exposed trees, and transpiration rates decreased with 
distance from the forest’s edge. Barradas et al. (2005) also made a 
similar observation in young apricot trees in Spain. 
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Figure 4.3. Normalised sap flow (Qn), potential evapotranspiration 
(PET) and rainfall; see also Appendix C 
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4.3.4 Plot level tree transpiration 
 
The plot level tree transpiration (Tp) was calculated in this study 
according to Equation 4.4 taking into account trees only (transpiration 
of under-story was not considered). The Tp was defined by upscaling 
of sap flow measurements in eight plots marked as GS01-08. Each 
plot provided temporal variability of transpiration whereas the 
differences between the plots illustrated spatial variability of 
transpiration. 
 
Upscaling of sap flow measurements into plot level 
 
Upscaling of sap flow measurements into plot level tree transpiration 
(Tp) was carried out based on long-term averages of sap velocity 
measurements (except for B. africana since only one tree was 
measured) calculated for each measured species. The obtained 
species-specific long-term average sap velocities were multiplied by 
species-specific estimates of conductive xylem areas derived from 
BUF regression equations (Table 4.2) based on their total stem areas 
(or total crown areas in case of O. pulchra) within the plot. According 
to Equation 4.4, the sap flows of all individual trees of the plots were 
then summed and divided by the plot area (900 m2), to give 
estimates of the transpiration per plot in the form of fluxes [L/T]. An 
example of the entire calculation procedure is illustrated in Table 4.4 
for a (randomly selected) day of 1 April 2002.  
 
As mentioned Tp assessment was carried out in eight plots, seven of 
them (GS01-07) equipped with automated sap velocity monitoring 
sensors and the last one GS08 without such monitoring. The case of 
the GS08 plot shows that the upscaling does not necessarily need to 
take place exactly where the sap velocity measurements are done but 
can be done in any selected plots of similar soil and climatic condition 
(preferably not very far from the location where measurements are 
done) provided sap velocity measurements and BUF are available for 
all the tree species at the assessed plot (without measurements).  
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Table 4.4. An example of plot tree transpiration calculation for one 
day of 1 April 2002; where sv - the daily average sap velocity of all the trees 

per analyzed species in cm/hr; Ax - conductive xylem area [cm2]; Qs - total 
plot sap flow for tree species analyzed [l/day]; Tsp species plot transpiration 
[mm/day] so that Tp=ΣTsp; Ae – A. erioloba; Af – A. fleckii; Ba – B. albitrunca; 
Bua – B. africana; Dc – D.  cinerea; Ln – L. nelsii; Op – O. pulchra; Sl – S. 
longipedunculata; Ts – T. sericea 
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The main errors associated with the calculation of plot tree 
transpiration (Tp) are of multi-source nature. Some errors are 
inherent from sap velocity measurements, data processing and from 
the velocity averaging process, while others originate from the field 
estimation of conductive sapwood areas and from the upscaling 
process according to biometric upscaling functions (BUF). 
Additionally, some other errors are related to plot size restriction e.g. 
some trees especially those situated close to plot boundaries may 
extend their roots to draw water from beyond the boundaries of the 
plot. 
  
Spatio-temporal variability of plot tree transpiration 
 
The seasonal course of plot tree transpiration (Tp) for the selected 
eight plots of GS01-08 is shown in Figure 4.4. The Tp pattern is 
generally similar to the daily average sap velocity pattern in Figure 
4.2, but more smoothed than the daily average sap velocity pattern 
(as a result of averaging effect). Tp reflects the seasonal trend of 
potential evapotranspiration (PET) and temperature (Figure 4.4). The 
temporal variability of Tp is seasonally cyclic, very similar from one 
year to the other within the monitoring period. Unfortunately in the 
presented monitoring period there was no climatically-extreme year 
(e.g. a severe drought) that could clarify to which degree climatic 
factors could influence Tp.  
 
The differences in plot tree transpiration between different plots at 
any given time can be explained by: (i) differences in amount of trees 
per plot; (ii) differences in tree species-composition that influences 
the variations in sap velocity and conductive xylem area; (iii) 
differences in growing stage of the trees which influences sapwood 
area; (iv) differences in climatic factors, mainly differences in rainfall 
amounts, leading to differences in soil moisture availability to active 
roots; (v) differences in soil type and its degree of heterogeneity that 
influences the root access to soil moisture and eventually 
groundwater; (vi) by errors in estimating Tp.  
 
Spatial variability of tree transpiration can be analyzed by comparing 
different records of Tp in the eight (GS01-08) plots as in Figure 4.4. 
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Most of the plots indicate Tp <0.05 mm/d with exception of GS04 
where Tp goes up to 0.4 mm/d in the hot wet summers and GS02 
where Tp goes up to 0.18 mm/d. In GS04 this is likely due to a large 
quantity of sizeable L. nelsii trees, which are characterized by high 
sap velocity rates in summer (≈1 cm/hr) season (Figure 4.2) and 
large conductive sapwood areas as presented in Table 4.4. In GS02 
high Tp is likely due to a relatively high contribution of S. 
longipedunculata characterized by the highest summer sap velocity 
rates reaching up to 4 cm/hr. The dominant tree species of GS04 and 
GS02 such as L. nelsii and S. longipedunculata are characterized by 
high summer sap velocity and extremely low sap velocity in the 
winter season (high amplitude). The lowest Tp are observed in GS03, 
GS05 and GS08 plots; they vary in range from less than 0.01 mm/d 
in winter to ~0.02 mm/d in summer. This low Tp is mainly due to the 
low contribution of the individual trees inside these plots. 
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Figure 4.4. Plot tree transpiration in relation to PET and rainfall 
 

The quickest and probably the most convenient way of presenting 
spatio-temporal variability of Tp is demonstrated in Figure 4.5. This 
graph presents Tp for six selected clear-sky days covering some of the 
variability within one full hydrological year in all eight plots. Figure 
4.5 emphasizes the large differences in Tp among the plots. It also 
shows that the high transpiration rate was associated with a high 
variability of Tp. 
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Figure 4.5. Daily plot level tree transpiration for the six selected 
clear-sky days 
 

Annual transpiration versus PET and rainfall 
 
Table 4.5 presents the annual plot level tree transpiration (Tp) and 
the corresponding rainfall and potential evapotranspiration (PET) for 
three hydrological years. The PET was calculated according to the 
Penman-Monteith equation as discussed in Chapter 3. The missing 
fragments of Tp from 1 September 2001 to 10 November 2001 and 
from 15 January 2004 to 31 August 2004, necessary to compare 
fluxes of full hydrological years (Table 4.5), were estimated by linear 
regression models (for each plot) using daily air temperature records. 
The quality of fit (R2) of those regression models ranged from 70-
79%. Similar regression models using daily incoming shortwave 
radiation yielded R2<30% and were therefore not used. The rainfall 
monitoring in GS01-07 plots had started only at the end of 2001, so 
for the sake of completeness of the annual rainfall of the hydrological 
year 2001/2, the missing records since 1 September 2001 were 
obtained from GS08 since it has daily rainfall records that dates back 
to 1999. 
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The annual Tp [mm/yr] largely varies between plots from 3 mm/yr in 
GS08 to 71 mm/yr in GS04, both in the 2002/3 hydrological year. For 
most of the plots Tp represents less than 10% of the rainfall except 
for GS04 for which it ranges from 13 to 15% of rainfall, in wetter 
years of 2001/2 and 2003/4 and up to 32% of rainfall in the relatively 
dry year of 2002/3. Why is the Tp contribution higher in a year with 
less rainfall (less water available) than in years with more rainfall? 
Comparison of Tp with rainfall for all the plots and all the three years 
(Table 4.5) shows that lower rainfall in 2002/3 did not result in lower 
Tp than in the other two wetter years; in the cases already mentioned 
(such as GS04) and  also GS07, it was even higher. This proves that 
Kalahari trees are drought resistant and able to extract water from 
deeper layers, in which the soil moisture content is not directly 
dependent on seasonal rainfall like in the upper soil layers.  
 
Table 4.5.  Annual plot tree transpiration, rainfall and PET for three 
hydrological years*; hydrological year is a period starting from first 
September and ending with the thirty-first of August 
 

 2001/2 
(mm/yr) 

2002/3 
(mm/yr) 

2003/4 
(mm/yr) 

Plot no. Tp Rainfall PET Tp Rainfall PET Tp Rainfall PET 
GS01 17 428 1192 19 318 1213 18 653 1170 
GS02 34 477 1201 36 325 1224 39 511 1172 
GS03 5 494 1207 5 260 1233 5 529 1191 
GS04 64 477 1209 71 223 1218 62 418 1087 
GS05 4 465 1198 5 158 1219 5 468 1181 
GS06 10 514 1201 11 195 1221 11 479 1187 
GS07 7 497 1211 8 372 1228 7 434 1180 
GS08 3 497 1236 3 372 1274 3 431 1205 

 

Table 4.5 shows that rainfall is by far higher than transpiration by 
trees and much lower than PET. The Kalahari study area is flat and 
sandy so there is nearly no surface runoff while infiltration is 
substantial. The average recharge however proved to be very low. 
Estimates by De Vries et al. (2000) gives groundwater recharge 
values for the Kalahari of less than 5 mm/yr. The isotope study 
presented in Chapter 6, indicated stable isotopic enrichment of soil 
moisture extending down to ≈ 4 m depth. This in combination with 
large infiltration and low recharge suggests that a major part of the 
infiltrated rainfall water is directly evaporated and transpired by 
shallow rooted vegetation (grasses, bushes and some tree species) 
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from the upper ≈4 m layer and only a small part is transpired by 
trees. An even smaller amount escapes evapotranspiration and is 
converted to recharge.  
 
The Kalahari with its thick sandy cover, high infiltration rate, and high 
evapotranspiration and groundwater tables in excess of 40 m deep 
represents a special environment with regard to tree growth and 
transpiration. Even simple field reconnaissance shows that within the 
gray winter landscape of leafless trees, there are some trees e.g. B. 
albitrunca and A. erioloba that remain freshly green throughout the 
dry season. Other species e.g. T. sericea and L. nelsii start flowering 
in the end of the dry season. Where do they get water from? Traces 
of extremely deep Kalahari tree rooting systems of B. albitrunca and 
A. erioloba has already been proved by Jennings (1974) and is 
extensively confirmed by the present study (Chapter 5). The quantity 
of sap flow water measured in the tree stems, depending on the tree 
species, can partly originate from groundwater and partly from the 
unsaturated zone. This means that the calculated Tp values (Table 
4.5) can be partly attributed to the direct root water uptake from the 
aquifer. This is of particular concern since transpiration rates are in 
the same order of magnitude or higher than the groundwater 
recharge of Kalahari as defined by De Vries et al. (2000). This 
explains the very low groundwater discharge, estimated in the order 
of 1 mm/yr (De Vries 1984; De Vries et al., 2000). It is evident that 
safe yield or sustainable production of groundwater is very low. 
Almost all available water from rainfall is being used by the natural 
vegetation. 

4.4 Summary and conclusions 

 
The TDP sap flow evaluation method, applied under Kalahari 
conditions, proved to be a good and robust tool in assessing temporal 
variability of tree transpiration. The seasonal courses of sap velocity 
and other transpiration-related variables (sap flow and normalised 
sap flow) follow the seasonal trend of air temperature and potential 
evapotranspiration, i.e. high in wet summer and low in dry winter. 
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There is variability in sap velocity between trees of different species; 
this variability refers not only to large differences in average velocity 
rates but also to the seasonal distribution that varies both in 
amplitude and in pattern. 

 
Trees of the same species also show variability of sap velocity. This 
was particularly distinct when comparing individuals from different 
plots and less distinct for individuals of the same plot. Such variations 
are mainly attributed to differences in soil moisture availability and 
microclimatic influences associated with plot exposure. 
 
There is a large variability in tree composition between the eight 
selected plots responsible for plot tree transpiration differences 
ranging from 3 mm/yr (GS08) to 71 mm/yr (GS04). These 
differences demonstrate the spatial variability of transpiration in the 
Kalahari. 
 
The plot tree species composition determines not only the spatial but 
also the temporal variability of plot tree transpiration (Tp) that differs 
substantially in rates among the eight plots. For example, in the 
GS04, Tp varies from nearly 0 mm/d in the dry winter season to 0.4 
mm/d in the wet summer season, while in GS03, GS05 and GS08, Tp 
does not even exceed 0.02 mm/d.  
 
It is remarkable that there seems to be no relation between tree 
transpiration and rainfall in the Kalahari; with nearly 100% more 
rainfall in 2003/4 than in 2002/3, the transpiration remained in the 
same order of magnitude. This probably means that trees mainly 
extract water from deeper layers (>≈4 m) of which the moisture 
content is hardly subjected to inter-annual variations of rainfall (see 
also Chapters 5 and 6). In an average plot, tree transpiration 
accounts for less than 10% of the total rainfall in a hydrological year, 
except for the GS04 plot where Tp ranges from 13 to 32% of the total 
rainfall depending on the wetness of the hydrological year.  
 
The relatively large Tp in plots as compared to the calculated 
transport of moisture below the main root zone, which is in the order 
of a few mm/yr, and the extremely deep rooting systems of certain 
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tree species with the potential to extract groundwater from the 
saturated zone, suggest that the net groundwater recharge that 
determines sustainability of groundwater resources in most Kalahari 
regions can be zero in periods of low rainfall. 
 
Despite the fact that all the transpiration related components such as 
sap velocity, sap flow, normalised sap flow and Tp were affected by 
various types of TDP assessment errors, they provided a consistent 
and valuable insight in the temporal variability of sap velocity and 
transpiration mainly because the majority of these errors have a 
systematic nature.  For monitoring of the temporal variability of 
transpiration, one properly working TDP installed per tree seems to 
be sufficient, although more of them would be certainly useful in 
contributing to the reduction of the heterogeneity effect. This method, 
however, as any other thermal sap flow method, requires intensive 
maintenance. 
 
The accuracy of estimating the sapwood area (Ax) has obviously no 
impact on temporal variability of Tp. It is critical, however, in 
estimating individual sap flows and in upscaling process. 
Unfortunately, there is not as yet an efficient and accurate method to 
evaluate the conductive sapwood area. The most reliable method of 
tree-cutting and dye-tracing was used in this study (not shown) 
although for environmental reasons it is not recommended in general. 
The best perspectives in this respect are in the application of non-
invasive methods, which however are still at an experimental stage. 
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Chapter 5 Rooting depth 
investigation 

5.1 Introduction 
 

Rooting patterns and rooting depths of vegetation are commonly 
unknown, so that the vegetation‘s ability to reach deep water tables 
is generally poorly understood. The different rooting systems that 
exist in nature are the results of both genetically and environmentally 
determined characteristics. As a consequence, root systems may 
show a wide variation both between and among species, depending 
on site conditions, the presence of neighbouring plants, 
developmental stage and genotype. Studies on root distributions are 
usually concerned with root length as a function of depth because of 
its role in the absorption of nutrients and water. Therefore, root 
length distributions are often used in groundwater flow models to 
define the sink term in the water balance. The importance of the 
description of rooting depth and rooting pattern for modelling root 
water uptake in hydrological models has been emphasized by Feddes 
et al. (2001). In the case of groundwater recharge studies in areas 
where the groundwater table is far below the main root zone, it is 
essential to know at which depth infiltrating water is beyond the 
reach of the roots. 
 
There is increasing evidence that some plant species are able to send 
their roots deep into the unsaturated zone in search for water and 
nutrients. This pattern is observed in plants that maintain their 
growth for years with little or no rainfall. Canadell et al. (1996) 
summarised the information about the maximum rooting depths of 
vegetation types on a global scale. By grouping all species across 
biomes, with exclusion of croplands, they computed mean maximum 
rooting depths of 7.0±1.2 m (n=82) for trees, 5.1±0.8 m (n=69) for 
shrubs, and 2.6±0.1 m (n=85) for herbaceous plants. Furthermore, 
they also observed that plants from the drier environments or in 
environments with long dry periods showed the deepest rooting 
system. This observation was further emphasised by Schenk and 
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Jackson (2005), when mapping the global distribution of deep roots in 
relation to climate and soil variables. 
 
Phillips (1963) reported maximum rooting depths of 50 m for Prosopis 
sp. in Arizona, whereas Le Houérou (1972) in Morocco mentioned 
depths of 60 m for Ziziphus lotus (L). Jennings (1974) reported 
having found living roots at a depth of 68 m in a borehole in Central 
Kalahari (at Phuduhudu) in which the water level was at 141 m. 
Haase et al. (1996) injected a chemical tracer above the phreatic 
surface at depths of 16 and 28 m in alluvial fan deposits in the semi-
arid part of Spain, and found that the tracer was taken up by Retama 
sphaerocarpa after at most one day, implying that the rooting system 
of this shrub species was equal or deeper than the tracer placement 
depths. 
 
Since Jennings (1974) findings in the Botswana Kalahari, no work has 
been undertaken to confirm the deep rooting depths of vegetation in 
the semi-arid Botswana Kalahari until the present study. This study 
was, among others, initiated because groundwater recharge and 
water balance analyses in the Kalahari by De Vries et al. (2000) had 
given indirect evidence of groundwater extraction from depths of 
more than 50 m. The aim of the present investigation was to 
ascertain by direct measurements from what depths in the 
unsaturated zone and/or from the capillary fringe above the water 
table the roots take up water. Therefore, (following Haase et al., 
1996), lithium chloride (LiCl) was injected as tracer at the bottom of 
boreholes, drilled especially for that purpose to various depths above 
the local water table, in the area with deep Kalahari sand and in the 
area with shallow hard rock (hardveld). Only at one location of the 
hardveld area was the tracer applied below the phreatic water table. 
Subsequently, the tracer content in young (immature) tree leaves 
was analyzed for 14 consecutive days following the subsurface 
injection, to detect the depths from which water was extracted by the 
trees in the vicinity of the boreholes. Lithium was used because of the 
following reasons: 1) it occurs only in small quantities in the natural 
environment, 2) it is soluble in water such that it can be transported 
in solution and 3) it can be taken up by plants without adverse effects 
on their growth, if present at low concentrations. Lithium ion was 
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found to be toxic to experimental plants by Kent (1941) and Wallace 
et al. (1977), but such observation was not made by Sayre and 
Morris (1940) and Martin et al. (1982). More examples of lithium ion 
toxicity in plants can be found in Bradford (1966). Unfortunately, no 
information of lithium toxicity is available for Kalahari trees, although 
being glycophytes they are expected to be affected at high 
concentrations.  

5.2 Field tracing experiment 

 
In September 2003 eighteen holes were drilled by down-the hole-
hammering (percussion drilling) in the Serowe study area. Of these 
18 drill-holes, four holes were located in the hardveld (east of the 
escarpment) and the rest in the Kalahari sandveld (Figure 5.1).  
 

 
 
Figure 5.1. Spatial distribution of drill holes (numbers represent drill 
hole identification) 

 
Of the four drill-holes located in the hardveld, one terminated in a 
phreatic sandstone aquifer (Drill-hole no. 01) and the remaining three 
holes ended in superficial deposits and weathered material above the 
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Stormberg basalts. All other 14 drill-holes, situated in the Kalahari 
sandveld, ended in the Kalahari sediments (predominantly sand).  
 
The drill-holes were lined with Polyvinyl Chloride (PVC) pipes with an 
internal diameter of 100 mm which contained perforations at known 
depths, to allow water to leak out to surrounding sediments. The 
perforated section of the PVC pipes (screen) was 3 m long in all drill-
holes, and formed the lower part of the pipes, placed at the bottom of 
each drill-hole. These perforations explain the little refilling with sand 
that was observed in some of the pipes in April 2004 as presented in 
Table 5.1. 
 
On the 7th and 8th of April 2004, water was poured down the drill-
holes to produce a wet area in the surrounding sediments. The 
amount of added water in each drill-hole was equal to the volume of 
the perforated part of the pipe that was not refilled by sediments. The 
primary objective was to increase water flow in the adjacent 
sediments, so as to facilitate tracer movement after insertion in each 
individual hole. This was done a day before tracer application to the 
hole, to allow sufficient time for water to seep into the surrounding 
sediments. 
 
During clear-sky sunny days of 8th and 9th April 2004, at the end of 
the wet season (when there is enough crown volume for repeated 
foliage sampling), the volumes of LiCl solution as presented in Table 
5.1 were added to the drill-holes. This was achieved by lowering small 
containers filled with LiCl, attached to a plastic cord into the pipe.  
The added LiCl was slowly diluted with water, with a volume 
approximately equal to the volume of the sediment ‘unfilled’ screen, 
i.e. the section of the PVC pipe with ‘free’ perforations. In this way, 
leakages were only possible at perforations and not at any other 
location above the perforations. The average concentrations of Li+, (if 
uniformly diluted within the sediments) are also given in Table 5.1. 
 
Each tracer test site was at a distance that varied from 1.3 - 8.1 m 
from the tree to be sampled as shown in Table 5.2. The biometric 
parameters (crown area, stem area and height) of the selected tree 
are also presented in Table 5.2. In total 19 trees were measured, 
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representing seven tree species of A. erioloba, A. fleckii, B. 
albitrunca, D. cinerea, S. longipedunculata, T. sericea, and Z. 
mucronata.  Refer to Appendix A for example photographs of the 
species. 
 
Table 5.1. Depths of drill-holes, groundwater tables and amounts of 
added lithium chloride; * represent actual water level measurements. For 
the remaining (dry) holes the groundwater (Gw) level was estimated by 
interpolation from nearby boreholes 
 
Drill 
hole 
 no.  

 Sept. 
2003 
terminal 
depth  
(m) 

April 
2004 
hole 
depth 
 (m) 

Depth 
refilled 
with 
sediments 
(m) 

Gw level 
(m. b. 
g. l.) 

Total 
sediment 
free 
screen 
volume  
(l) 

Mass of 
lithium 
chloride  
applied 
(g) 

Vol. of 
water 
added 
for 
dilution 
(l) 

Average 
Li+ 
concen-
tration 
(mg/l) 

01 11 11 0 *8 23.6 4950 85.7 - 

02 31 31 0 36 23.6 4950 85.7 9456 

03 23 23 0 36 23.6 4950 85.7 9456 

04 18 17 1 36 15.7 3300 57.1 9462 

07 23 23 0 78 23.6 4950 85.7 9456 

08 18 17.6 0.4 78 20.4 3300 71.3 7577 

09 18 16 2 78 7.9 1650 28.6 9445 

10 38 38 0 78 23.6 4950 85.7 9456 

11 58 57.5 0.5 79 19.6 3300 68.9 7841 

12 43 43 0 79 23.6 4950 85.7 9456 

13 43 43 0 79 23.6 4950 85.7 9456 

14 73 73 0 80 23.6 4950 85.7 9456 

15 73 73 0 80 23.6 4950 85.7 9456 

16 50 50 0 80 23.6 4950 85.7 9456 

17 63 63 0 76 23.6 4950 85.7 9456 

18 43 42.2 0.8 76 17.3 3300 61.8 8742 

19 33 31.7 1.3 77 13.4 1650 45.1 5990 

20 23 21.1 1.9 76 8.6 1650 30.9 8742 

 
Samples of twigs were taken from each of the selected trees before 
application of LiCl to be used as controls. Sampling was repeated 
each day for two weeks, after LiCl application. Foliage samples of 
young leaves were collected randomly (no sampling height 
measurements were undertaken) at twig tops that were facing the 
drill hole in the outer part of the canopy. The samples were dried at 
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80oC in an oven, after which they were ground, weighed, and ashed 
in a furnace at 430oC, digested in 1 ml of 10% HNO3. The 
concentration of Li+ in the extract was measured by an ICP-OES 
(Perkin Elmer Optima 3000XL Inductively Coupled Plasma-Optical 
Emission Spectrometry). The analytical precision of Li+ was 0.1 µg Li+ 
g-1 dry mass (1 standard deviation) based on 35 blind duplicate pairs. 
 
Table 5.2.  Biometric properties of monitored trees and drill hole 
related details; the selected trees were neither flowering nor fruiting 
 

Species Tree 
code 

Drill 
hole  
no. 

Depth 
to top 
of 
filter 
(m) 

Distance 
from 
drill hole 
(m) 

Tree 
height 
(m) 

Stem 
diameter 
at 50 cm 
height 
(m) 

Average 
canopy 
diameter 
(m) 

Z. mucronata   T1 01 8 5 13 0.92 17.4 

A. fleckii T2 02 28 5.2 4 0.18 6.3 

D. cinerea T3 03 20 4 3.2 0.64 7.7 

T. sericea T4 04 15 3.9 3 0.19 3.4 

B. albitrunca T5 07 20 8.1 6 0.45 7.6 

A. fleckii T6 08 15 2.4 4 0.23 8.7 

A. fleckii T7 09 15 4.1 4.5 0.2 10.1 

A. erioloba T8 10 35 3.6 5 0.38 8.1 

B. albitrunca T9 10 35 2.1 4.8 0.37 4.7 

A. erioloba T10 11 55 3.2 9 0.47 10.9 

A. erioloba T11 12 40 4.6 7.5 0.13 2.5 

B. albitrunca T12 13 40 2.2 6 0.33 6.3 

A. erioloba T13 14 70 1.3 5 0.19 3.7 

B. albitrunca T14 15 70 3.1 7 0.43 5.9 

A. erioloba T15 16 47 3 6 0.21 2.7 

S. longipedunculata T16 17 60 7 3.4 0.5 5.0 

S. longipedunculata T17 18 40 1.9 6.5 0.28 5.7 

S. longipedunculata T18 19 30 3.3 8 0.19 5.2 

A. erioloba T19 20 20 4.1 4 0.28 7.1 

 

In the study area four micrometeorological stations of GS00 and 
GS02-04 were installed to obtain rainfall and potential 
evapotranspiration (PET) data as discussed in Chapter 3. The rainfall 
and PET data were acquired from GS00 monitoring site in case of DH 
01 drill hole, GS02 for the case of DH 17-20 drill holes, GS03 for the 
case of DH 11-16 drill holes and GS04 for the case of drill holes DH 
07-10. During the field tracing experiment significant rainfall was 
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recorded at the hardveld site near drill-hole DH 01 (Figure 5.2) whilst 
the Kalahari sandveld sites (DH 07-20) had minimal rainfall. The 
potential evapotranspiration was higher at the Kalahari sites than at 
the hardveld DH 01 site during the field experiment. 
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Figure 5.2. Rainfall and PET for 7-24 April 2004 at drill hole (DH) 
sites 

5.3 Results  

 
A general trend of increasing concentrations of Li+ in the foliage with 
time, is taken as evidence of the existence of roots at the tracer 
placement depth in the nearby drill hole. Figures 5.3-5.5 presents the 
temporal evolution of Li+ concentrations in monitored trees for a 
period of 15 days after tracer application; the results are shown by 
grouping species. The depth of tracer insertion is indicated near the 
tree code for clarity and the Li+ concentration at day-0 was taken as 
the background value because this foliage sample was taken before 
tracer injection on the same day. 
 
All trees in the vicinity of the injected drill holes show a clear and 
surprisingly fast response, which proves the transport of the tracers 
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from depths of at least the bottom of the respective drill holes. In the 
cases of T13 and T14 this means depths of more than 70 m. 
Exceptional high concentrations were observed in T6, T11 and T19 
with injection depths of 15, 40 and 20 m respectively. Large 
variations occur in Li+ concentrations in leaves within an individual 
tree and among trees of the same species, and also the time of peak 
concentration varies. 
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Figure 5.3. Temporal pattern of Li+ concentration in Z. mucronata 
(T1), A. fleckii (T2, T6 and T7), T. sericea (T4) and D. cinerea (T3). 
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Figure 5.4. Temporal pattern of Li+ concentration in B. albitrunca (T5, 
T9, T12 and T14) and S. longipedunculata (T16-T18). 
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Figure 5.5. Temporal pattern of Li+ concentration in A. erioloba. 
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5.4 Discussion and conclusion  

 
As mentioned, all 19 experiments showed an increase in tracer 
contents of samples taken from the canopy, suggesting uptake of 
water by deep roots. However, another process also could explain the 
observed phenomena. In principle, soil water can also have moved 
upwards from injection depths to more shallow root systems by the 
high suction gradients that were induced by the wetting of the soil. 
The second option, however, is considered very unlikely because of 
the very low hydraulic conductivity values of the moisture contents 
(3-5 mass %, Selaolo, 1998) in the undisturbed sandy material 
around the wetted locations. Evaporation-induced fluxes calculated by 
Coudrain-Ribstein et al. (1998) under similar conditions (as for the 
tracer placement depths of the present investigations), ranged from 
0.1-3 mm/yr, which would result in an upward tracer movement with 
ascending water of less than 1 mm for a period of 15 days. An 
upward transport of less than 1 mm is also consistent with a water 
flux of 3 mm/yr as provided by Enfield et al., 1973 (cited by Scanlon, 
1994) for a similar environment in the Hanford area. Moreover, the 
presence of deep roots in the study area was also confirmed in seven 
10 m deep shaft excavations that were made during installation of 
soil moisture sensors within the framework of the present study. 
 
The observed response of the trees after inserting the tracer was 
more irregular than expected. Expected was an increase of the tracer 
in the canopy after one or a few days, followed by a steady level. The 
observed pattern was often different and indicates complex moisture 
movement in the root zone due to irregular distribution, dispersion 
and diffusion of moisture and solution, because of soil heterogeneity, 
in combination with variation in root activity and distance of the 
various root components to the tracer solution.  
 
It may also reflect the destructive nature of sampling by cutting 
twigs, despite a strict sampling protocol. These cuttings might have 
caused variation in transpiration rates and accumulation of the tracer 
in the different branches, including minor decreases in concentrations 
between day-1 and day-3 in a few cases (e.g. in T13). Another 
possible explanation is that the toxicity of Li+ was so high that the 
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leaves were dead and thrown off or the Li+ was leached from the 
canopy by rainfall (in some cases) as demonstrated by Tamm (1951). 
The leaching of mineral nutrients from trees by rain has also been 
reported in a number of studies such as Muoghalu and Johnson 
(2000). However, no symptoms of toxicity or massive leaf shedding 
were observed during the current experiments. Additionally, the 
observed variations may also be related to the sampling procedure 
since the leaves were not sampled at the same location (i.e. one 
point) and at the same height in the outer canopy.  
 
There are more factors that can influence the observed variation in 
responses. By-pass flow through fractures or dead root tunnels would 
rapidly reduce the amount of water available for diffuse expansion of 
moisture around the well and could explain a strong initial peak. 
Selaolo (1998) concluded in his groundwater study (in a similar 
environment) that by-pass flow equalled diffuse flow in the recharge 
process. As presented in Chapter 4, sap flow measurements were 
made in the same area and in the same tree species as used in the 
tracer studies, but for much longer periods of time. The results also 
show much temporal variations, which are not understood as yet. 
They may be related to physiological properties (e.g. changes in 
metabolism, transport within the plant etc.) that could overshadow 
the above possible explanations; e.g. Jacobson et al. (1960) reported 
that in barley plants Ca2+ inhibits the absorption of Li+ over the entire 
pH range.  
 
Fluctuations in meteorological conditions will also play an important 
role. During data analysis, weak correlations were found between 
foliage Li+ concentrations and meteorological variables (air 
temperature, relative humidity, solar radiation and rainfall). The weak 
correlation possibly indicates that the temporal variations in foliage 
Li+ concentrations are unrelated to variations in meteorological 
variables. However, peaks of Li+ concentrations in some trees (T6 on 
day 11 in Figure 5.3; T8 and T11 on day 11 in Figure 5.5; T12 on day 
11 and T14 on day 11 in Figure 5.4) coincided with rainfall (Figure 
5.2), which could be an indication of rapid percolation, followed by a 
redistribution of the Li+ plume around the insertion well, and thus 
facilitating uptake by roots further away from the insertion well or it 
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simply reflect increase in (stem) conductivity within the tree as a 
result of increased water availability. 
 
Similar appreciable variations in foliar concentrations of potassium 
were observed by Ernst (1975) in trees in the Miombo woodland in 
south Central Africa and by Tolsma et al. (1987) in trees in a semi-
arid savanna ecosystem (in the hardveld) in Botswana. 
 
Furthermore, although sap velocity measurements were made in the 
same tree species in Chapter 4, they cannot explain the observed fast 
Li+ transfer from root to shoot. They represent average sap velocities 
which are much lower than the velocity in some high velocity xylem 
vessels which could be responsible for the fast ascend of Li+ to the 
leaves (at twig tops). The existence of high velocity xylem vessels 
were confirmed by D. Chavarro and J. Roy (unpublished data) in 
nuclear magnetic resonance images within the framework of the 
Kalahari Research Project (KRP). In their experiment it was also 
observed that within a few hours the dye circulated from a container 
to the tip of leaves much more rapidly than can be explained by the 
Granier relationship (i.e. Equation 4.2). The velocities which can 
explain the fast Li+ ascend from tracer placement depths to the 
canopy tops is estimated to be in the order of 0.1-3 m/hr. This order 
of magnitude of velocity is consistent with maximum sap velocities 
reported by Larcher (2004). 
 
By extending roots to deep horizons, trees are able to explore a 
significant depth of soil for water and nutrients. This aspect is 
important for the survival of vegetation in the semi-arid Kalahari 
environment, particularly during rainless periods. In the event of 
hydraulic lift, particularly in the height of the dry season, it is possible 
that vegetation with shallow root systems could be thriving primarily 
on water released at shallow subsurface by trees with deep root 
systems, which are evidently able to extract water from deep 
horizons. Hydraulic lift has now been demonstrated in nearly 50 plant 
species, most of the new examples with this ability are for 
Mediterranean climate species, but they also come from arid and cool 
temperate regions, and from seasonally dry tropical and subtropical 
habitats (Jackson et al., 2000).  
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A recent example of hydraulic lift is reported by Kurz-Besson et al. 
(2006) in Quercus suber in a savanna type Mediterranean ecosystem. 
Another example by Ludwig et al. (2003) was reported in A. tortilis in 
northern Tanzania in a savanna type ecosystem that is associated 
with a semi-arid climatic zone. Furthermore, deep roots can explain 
the occurrence of trees that show positive signs of continuous 
transpiration by green leaves, even during the height of the dry 
season, a condition that is observed in most Kalahari trees. Future 
work must explore the occurrence of hydraulic lift among Kalahari 
tree species, and if the process is active, its influence on soil water 
dynamics and vegetation should also be explored. 
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Chapter 6 Determination of the 
origin of water used by savanna 
vegetation  

6.1 Introduction 
 

The natural abundances of stable isotopes of water vary within soil, 
plant and atmosphere continuum. These variations have been 
explored in a number of water transport and water use studies, e.g. 
Dawson and Ehleringer (1991),Walker and Richardson (1991), Brunel 
et al. (1991), Ehleringer and Dawson (1992), Thorburn et al. (1992), 
Mensforth et al. (1994), Midgley et al. (1994), Synder and Williams 
(2000) and Lamontagne et al. (2005). Additionally, the stable 
isotopes of water have been used to estimate transpiration (Calder et 
al., 1992) and evapotranspiration (Brunel et al., 1997). Furthermore, 
isotope techniques have been developed to estimate long-term bare 
soil evaporation (Barnes and Allison, 1988). 
 
The occurrence of deep rooting savanna vegetation has been 
mentioned in several studies e.g. Canadell et al. (1996) and Scott 
and Le Maitre (1998), Schenk and Jackson (2005), and by the current 
study where roots have been traced up to depths of 70 m as 
presented in Chapter 5. Therefore, it is expected that with scarcity of 
water near the surface, the commonly observed dry season 
transpiration of savanna vegetation relies not only on uptake of water 
from unsaturated zone layers but also from the groundwater table 
(i.e. close to the capillary fringe). Depth of water uptake may be 
assessed from the oxygen or hydrogen isotopic composition of sap-
flow, rainwater, soil and groundwater. The seasonal variability of δ18O 
or δ2H of rains, combined with the enrichment of superficial drying 
layers in 18O or 2H can lead to isotope gradients between superficial 
and deep soil water reservoirs. Therefore groundwater often shows a 
different isotopic composition than soil water in the overlying 
superficial layers. Because water extraction by roots does not 
discriminate between water with different isotopes, the isotopic 
composition of xylem water is expected to reflect the water source, or 
the mixing of several sources. There is strong evidence from 
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literature that trees are able to shift from one source to another 
depending on the developmental stage or on seasonal factors. For 
instance, Midgley et al. (1994) in South Africa showed that plantation 
trees that normally depend on surface and unsaturated zone water 
shifted to groundwater during the drought. In Arizona, in contrast, 
Synder and Williams (2000) showed that Salix gooddingii used 
groundwater in favour of water in the upper soil layers during the 
summer rainy period. 
 
Sap flow measurements and sampling for isotopes (during rainless 
days) in the trees were undertaken between December 2002 and 
August 2003. The investigated species include A. erioloba, A. fleckii, 
A. karoo, B. albitrunca, S. longipedunculata and Z. mucronata. Refer 
to Appendix A for example photographs of the species.  Z. mucronata 
and A. karoo were monitored in the hardveld area where groundwater 
tables are shallow (<20 m) and the rest were monitored in the 
Kalahari sandveld where the groundwater table lies at great depth 
(>50 m). The monitoring period began in the wet season (when the 
main extraction is expected from shallow layers) and continued 
through the dry season with an expected shift to water extraction 
from greater depth. The key objective was to investigate the origin of 
water used by vegetation in general, and particularly with respect to 
the possible uptake of water from the deep groundwater basins 
during the dry season by deep root systems. 

6.2 Site description 

 
In the Serowe study area 11 microclimatic monitoring sites were 
installed in the framework of the present study (GS00-10), but the 
current investigations of isotopic compositions of soil and xylem water 
were carried out at four microclimatic monitoring sites of GS00-GS03 
(Figures. 2.1 and 3.1). Table 6.1 presents the site specific details of 
these investigated areas. Three sites (GS01-03) are located in the 
Kalahari sandveld and one (GS00) is situated in the hardveld. The 
geomorphologic settings of the GS00 site are different from those of 
the GS01-03 sites, which is also reflected by soil texture. The annual 
rainfall for a period spanning from 1 January 2002-31 December 2003 
at all sites was similar, but with lower PET at GS00 as compared to 
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the other sites. The average groundwater depth was less in the GS00 
area than in the GS01-03 area. 
 
Table 6.1. Site specific details of study areas; rainfall, PET and 
groundwater depth information were derived from an existing monitoring 
network discussed in Chapters 2 ,3 and 7. 
 
 GS00 GS01 GS02 GS03 
Number of 
sampled trees 

2 1 1 2 

Sampled trees A. karoo 
and Z. 
mucronata 

A. fleckii S. 
longipedunculata

B. albitrunca 
and A. 
erioloba 

Tree density 
(trees ha-1) 

1500 1300 1000 200 

Soil texture Loamy 
sand 

sand sand sand 

Geomorphologic 
setting 

Flood plain 
Sand 

plateau 
Sand plateau 

Sand 
plateau 

Average 
groundwater 
depth (m) 

11 57 76 80 

Annual rainfall 
2002/2003 
(mm/yr) 

215/315 211/371 291/355 273/331 

Annual PET 
2002/2003 
(mm/yr) 

1068/1071 1199/1219 1210/1227 1216/1241 

6.3 Materials and methods 

 

6.3.1 Theory 
 

The use of stable isotopes of water for the determination of the origin 
of water transpired by vegetation depends on the principle that the 
isotopic composition of water in the plant is the same as that of the 
source from which the water is extracted. In case of more possible 
sources, the isotopic composition of water in the plant can be 
expected to be a mixture. The present study concentrates on the 
identification of the depths from which water is extracted in the 
different seasons by trying to match the isotope composition of the 
xylem water in the tree with the isotope composition of water at 
different depths in the subsurface. The soil moisture content below 
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which no extraction by trees can take place (the permanent wilting 
point) must be defined a priori to exclude the influence of soil water 
from such dry horizons. However, the study might also give evidence 
of the occurrence of vegetation that can extract soil moisture below 
the ‘normal’ permanent wilting point, defined at a suction of 1.47 
MPa.  
 
The basic assumptions underlying this approach can be summarized 
in five conditions (Brunel et al., 1994):   
(1) No isotopic fractionation occurs during water extraction by the 
roots. The absence of fractionation in water uptake by roots has been 
demonstrated by Walker and Richardson (1991) and Thorburn et al. 
(1992) under laboratory and green house conditions, and under field 
conditions by Brunel et al. (1994). This assumption has been 
validated for a number of vegetation species in various parts of the 
world (Thorburn et al., 1992). The only exception demonstrated so 
far is for a coastal mangrove (Lin and Sternberg, 1993).  
(2) Xylem water isotopic composition within the plant does not 
change significantly except near the leaf. According to Brunel et al. 
(1997) mixing of xylem water within branches and leaves has not 
been observed in studies involving trees. 
(3) No major errors are associated with the sampling of isotopes or in 
the extraction and analysis of water from plants and soil.  
(4) The isotopic composition of the soil is laterally homogeneous 
within the rooting area (Brunel et al., 1997). 
(5) Time delays associated with transport of isotopes through the 
plant are considered to be negligible and the xylem does not store 
water from a previous period. 
 

6.3.2 Methods 
 

The concentration of stable isotopes of water in both soil and plants 
were measured, along with analysis of soil moisture content. Samples 
of soil, xylem and groundwater were taken in summer (December 
2002 - April 2003) and winter (June 2003 - August 2003) to 
encompass different soil moisture regimes.  
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Vegetation, groundwater and soil sampling 
 
Xylem water was sampled at mid-day by collecting twig samples of 
10-30 mm diameter from the canopy using pruning shears. The twigs 
were stripped of bark, cut into 50 mm lengths, placed into glass vials 
and then sealed with parafilm. Groundwater samples were collected in 
5 ml water-tight glass bottles from adjacent boreholes using a 
submersible pump, powered by a small generator. Well bore storage 
was removed prior to collection of groundwater samples. Soil samples 
were collected by hand-augering to depths ranging from 3.1-10.1 m 
(depending on the limit of a hand-auger and/or ability to penetrate 
hard horizons), with samples taken every 1 m, every time augering a 
new hole at the same location near the sampled trees. The collected 
soil samples were placed in 500 ml glass jars, and then sealed with a 
paraffin wax, to exclude evaporation. The soil samples were later 
used for soil water extraction, grain size analysis and gravimetric 
moisture content determinations.  
 
The lack of deep sampling into the unsaturated zone is assumed to be 
less problematic for the current study since Selaolo (1998) showed 
that 18O and 2H isotopic composition of soil moisture remains fairly 
stable below 3-4 m in the Kalahari, and usually approaches that of 
the groundwater zone below. The upper 4 m represents the main root 
zone where the main exchange of water between the atmosphere and 
the soil takes place. 
 
Water extraction and isotopic analysis 
 
Water was extracted from plant and soil samples using vacuum 
distillation (Obakeng et al., 1997). The extracted xylem and soil water 
samples were analysed by the isotope laboratory of the Quaternary 
Dating Research Unit (QUADRU) at the Council for Scientific and 
Industrial Research (CSIR) in Pretoria. At the CSIR, 18O was analyzed 
as carbon dioxide using the H2O-CO2 equilibration technique and 
Deuterium as hydrogen gas after reduction of the water with zinc 
(Coleman et al., 1982). The mass spectrometer used for the analysis 
of 18O and 2H was the VG SIRA 24EM. The results of the isotopic 
analysis are reported as per mil (parts per thousand) relative to the 
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Vienna Standard Mean Ocean Water (V-SMOW). The analytical 
precision of 18O and 2H analysis was 0.1 and 1‰ respectively. The 
relative abundance δ [‰] values were calculated according to the 
following standard expression 
 
δ=1000[(Rl/Rstd)-1] (6.1) 
 
where, Rl is the ratio of the heavy isotope to the light isotope in a 
sample and Rstd is the same ratio in the standard (V-SMOW).  
 
Permanent wilting point water content estimation 
 
Under natural conditions, water is removed from the soil principally 
by direct evaporation or by transpiration. However, transpiration 
ceases and plants wilt at certain soil water suction as they are no 
longer able to draw water from the soil, termed the permanent wilting 
point (PWP). It has been widely accepted that the permanent wilting 
point for most plants is reached at a suction of 1.47 MPa, but more 
recently much higher suctions have been reported in the literature. 
For example, Scott and Le Maitre (1998) reported that in the Kalahari 
some desert deciduous shrubs occasionally shed their leaves at 10 
MPa.  
 
In the present study, the soil moisture at permanent wilting point at 
the four study sites was estimated, so that based on soil moisture 
profiles the influence of such horizons on the xylem isotope 
composition could be taken into consideration. In order to estimate 
soil moisture contents at the permanent wilting point suction of 1.47 
MPa, a soil moisture characteristic curve was developed for Kalahari 
sediments. This curve was based on in situ (at the GS02 site) soil 
moisture and matric pressure measurements at 1 m depth by ECHO-
20 and EQ2 equitensiometer sensors, respectively. The results are 
expressed by the empirical formula: 
 
θs=0.0326Ψs -0.029 (6.2) 
 
where, Ψs [kPa] is the soil matric pressure and θs [m3m-3] is the 
volumetric soil moisture content. By using Equation 6.2, the following 
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assumptions are implicitly made: (i) a nonhysteretic soil redistribution 
process is assumed for Kalahari sand, (ii) the equation is valid in all 
Kalahari soil profiles, by assuming the Kalahari soil to have high 
homogeneity as confirmed by extensive soil testing (D. Rossiter, 
unpublished data) and as reported by Porporato et al. (2003). 
 
For the hardveld soil profiles no suction data were available for 
developing a soil moisture characteristic curve, instead soil texture 
was used to estimate the moisture content at wilting point, based on 
the classification of water retention properties presented by Rawls 
and Brakensiek, 1983 (cited by Lubczynski and Roy, 2005).   
 
Using Equation 6.2 and a suction of 1.47 MPa as input, the 
gravimetric soil moisture content at permanent wilting point for 
Kalahari sediments was estimated to be 1.6 %. For the more 
heterogeneous and more loamy hardveld area, a value of 0.055 cm3 

cm-3 was estimated for the permanent wilting point as defined at 1.47 
MPa , which resulted in a gravimetric moisture content of 3.5%. This 
value was obtained by making use of site-specific soil texture 
information of site GS00 as presented in Table 6.1, and the Rawls and 
Brakensiek (1983) water retention properties classification. Following 
Selaolo (1998) an average bulk density of 1.55 g cm-3 was used in all 
cases for converting volumetric moisture contents to gravimetric 
moisture contents (in %) for similar Kalahari soils. 
 
Tree water use 
 
In order to obtain information about the water use of each sampled 
tree, sap velocity monitoring was carried out using the Granier’s 
Thermal Dissipation Probe method (Granier, 1987). The data was 
acquired using Umweltanalytische Produkte (UP) sensors and stored 
by Skye DataHog2 loggers at GS01-03 sites (as described in Chapter 
4) and the Delta-2e logger at GS00 site, sampling data every 30 
seconds and storing 30 minutes averages of the samples.  Refer to 
Figure 3.1 for location of the sites. 
 
Sap velocity was calculated according to Granier (1987), considering 
the thermal difference between probes occurring at times of positive 
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(ΔT) and zero flow (ΔTmax). In order to calculate sap flow the sap 
velocity of individual trees were multiplied by the estimated 
conductive xylem areas, derived from species specific biometric 
functions obtained from Table 4.2 (Chapter 4). The water use of each 
tree (normalized sap flow) was calculated according to Equation 4.3. 

6.4 Results and discussion 

 

6.4.1 Rainfall and tree transpiration 
 

Figure 6.1 presents daily rainfall of the study sites and the water use 
for each sampled tree for the period December 2002 –August 2003. It 
is evident that the water use (i.e. consumption) of the monitored 
trees was high during summer and decreased during winter months, 
which is a typical seasonal trend for Kalahari trees as indicated in 
Chapter 4. The rainfall events between sampling days for isotopic 
analyses may be expected to have influenced the soil moisture 
isotopic composition and hence the isotopic compositions of water 
transpired by vegetation. Due to equipment failure the sap flow data 
for two trees (A. karoo and Z. mucronata) monitored at the GS00 site 
is unavailable, but a similar water use trend can also be expected for 
these trees. 
 

6.4.2 Overview of groundwater, soil and tree xylem 
water isotope data 
 

The isotopic composition of xylem water for the various trees under 
investigation is presented in Figure 6.2. Only the 18O isotopic data are 
given because the analytical precision of 18O is better than that of 2H. 
The following conclusions can be obtained from the diagrams: 
 
The isotopic composition of xylem water in the Kalahari trees is 
temporally slightly variable for each tree and between different tree 
species at the same location. The isotope composition in the xylem at 
sites GS02 and GS03 closely reflects the more or less constant 
isotope composition of soil moisture below a depth of about 3 m, 
which is below the upper zone where the soil moisture content is 
mainly below wilting point and where the 18O content is enriched by 
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soil evaporation. Water extraction is obviously predominantly from 
the deeper soil moisture zone and/or from groundwater. Xylem water 
in S. longipedunculata at GS02 in December 2002 shows an 
inexplicable low 18O content; this might be an analysis error. 
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Figure 6.1. Daily rainfall at GS00-03 sites and water use (sap flow 
normalised by crown area) of A. erioloba, A. fleckii, B. albitrunca and 
S. longipedunculata 
  

Xylem water at site GS01, in contrast, shows clearly an 18O content 
above that of soil moisture and groundwater below a depth of 3 m. 
This suggests a considerable extraction of water from the upper, 
isotopically enriched, soil layers by A. fleckii. This might indicate that 
this tree is able to exert a higher suction than the defined wilting 
point at 1.47 MPa. 
 
Site GS00 at the hardveld shows a slightly different situation. The 
upper 4 m of the soil was permanently above wilting point during the 
measuring period, and the xylem water of A. karoo and Z. mucronata 
clearly reflects the isotopic concentration of that upper soil layer. This 
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relatively high soil moisture content of the upper soil, in spite of a 
lower rainfall in comparison with the Kalahari sites, is due to the 
loamy nature of the soil at the hardveld area.  
 
Very little information is currently available to determine the water 
source strategy for most tree species found in the Kalahari. As 
observed elsewhere some trees may only revert to groundwater use 
when all other sources are not available (Zencich et al., 2002). While 
groundwater may constitute a small proportion of water use by some 
Kalahari trees, it is probably still important for their long-term 
survival because in this region annual PET is much larger than rainfall. 
Therefore, it would be desirable to compare water sourcing strategies 
of trees between wet and dry years. 
 
The 18O content of groundwater in the Kalahari is more depleted in 
18O than soil moisture (Figure 6.2). The explanation is that 
groundwater is most probably replenished both by diffuse percolation 
of soil moisture and by more direct percolation through by-pass flow 
after high intensity rainfall showers, which normally show a more 
depleted character than moderate rainfall. Soil water below 4 m will 
be slightly enriched (compared to rainwater) through infiltration from 
the upper soil horizon where direct evaporation and isotope 
enrichment takes place.  
 
The isotopic composition of groundwater from the Ntane sandstone 
aquifer in the Kalahari area as well as in the hardveld area was fairly 
uniform at each specific location through out the monitoring period as 
depicted in Figure 6.3. The isotopic composition of the groundwater at 
all sites lies on the Global Meteoric Water Line (G-MWL), but the 
groundwater at GS00 site is more depleted isotopically than the 
groundwater at other sites. The figures suggest a trend in isotopic 
enrichment of groundwater from east to west, from GS00 to GS02/ 
GS03. This trend most likely reflects differences in residence times of 
water in the aquifer since isolation from the atmosphere. The most 
depleted water correspond with the part of the aquifer that is 
relatively shallow with rapid infiltration through weathered hard rock 
and fractures at short distance from the groundwater divide (GS00 
and GS01), while the least depleted groundwater of GS02-03 is 
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further away from the groundwater divide and corresponds to a thick 
unsaturated zone with lower infiltration fluxes of a more diffuse 
nature from unsaturated zone moisture that has been subjected to 
isotopic enrichment through evaporation. 
 
The isotope figures of Kalahari groundwaters as depicted in Figure 6.3 
are comparable with earlier studies in the Letlhakeng-Botlhapatlou 
and Central Kalahari area, some 300 km to the south (Selaolo, 1998; 
De Vries et al., 2000). The deviation of the slope of the Central 
Kalahari Meteoric Water Line (CK-MWL) from the Global Meteoric 
Water Line is most probably due to the fact that the CK-MWL was 
based on a limited number of monthly averaged rainwater samples. 
This procedure resulted in monthly averaged 18O figures of rainwater 
between -6 ‰ and 0. High intensity rainfall events, which are 
responsible for most of groundwater recharge normally shows a more 
depleted signature, and thus explains the depleted character of the 
Kalahari as well as the hardveld groundwaters. 
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Figure 6.2.  18O content of soil water (Sm), groundwater (Gw-shown 
as light blue bars), and xylem water of A. karoo (Ak), Z. mucronata 
(Zm), A. fleckii (Af), S. longipedunculata (Sl), A. erioloba (Ae) and B. 
albitrunca (Ba) (also shown as black and light brown bars). Soil 
moisture at permanent wilting point (PWP Sm) is also shown as a 
dotted dark blue line. 

-8
-4

0
4

8
   

   
   

   
   

   
   

   
   

S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

00
δ1

8 O
 A

k
δ1

8 O
 Z

m
P

W
P

 S
m

(f)
 

14
 A

ug
. 0

3

-8
-4

0
4

8
δ18

O
 (l

) 

12840 Depth (m)

GS
00 δ1
8 O

 A
k

PW
P 

Sm

-8
-4

0
4

8
   

   
   

   
   

   
   

   
   

S
m

 (%
)

(a
) 

11
 D

ec
 0

2

-8
-4

0
4

8
   

   
   

   
   

   
   

   
   

S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

G
S

00
δ1

8 O
 A

k
δ1

8 O
 Z

m
P

W
P

 S
m

(e
) 

16
 J

ul
y 

03

-8
-4

0
4

8
   

   
   

   
   

   
   

   
   

S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

G
S

00
δ1

8 O
 A

k
δ1

8 O
 Z

m
P

W
P

 S
m

(d
) 

14
 J

un
e 

03

-8
-4

0
4

8
   

   
   

   
   

   
   

  S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

G
S

00
δ1

8 O
 A

k
δ1

8 O
 Z

m
P

W
P

 S
m

(c
) 

16
 A

pr
. 0

3

-8
-4

0
4

8
   

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

12840

G
S

00
δ1

8 O
 A

k
δ1

8 O
 Z

m
P

W
P

 S
m

(b
) 

08
 F

eb
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m(l)
 

12
 A

ug
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(r
) 

12
 A

ug
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(x
) 

14
 A

ug
. 0

3 

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m

(k
) 

16
 J

ul
y 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

 S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(q
) 

15
 J

ul
y 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(w
) 

14
 J

ul
y 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
 S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m

(j)
 

12
 J

un
e 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
 S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(p
) 

13
 J

un
e 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
 S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(v
) 

15
 J

un
e 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
) 

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m

(i)
 

14
 A

pr
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

  S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(o
) 

15
 A

pr
il 

03

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
   

S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(u
) 

16
 A

pr
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

  S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m

(h
) 

03
 F

eb
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

  S
m

 (%
)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(n
) 

04
 F

eb
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
  S

m
 (%

)

12840
-8

-4
0

4
8

δ18
O

 (l
)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(t)
 

05
 F

eb
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
   

   
S

m
 (%

)

12840 Depth (m)

-8
-4

0
4

8
δ18

O
 (l

)

G
S

03
δ1

8 O
 A

e
δ1

8 O
 B

a
P

W
P

 S
m

(s
) 

26
 J

an
. 0

3

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
 S

m
 (%

)

12840 Depth (m)

-8
-4

0
4

8
δ18

O
 (l

)

G
S

01
δ1

8 O
 A

f
P

W
P

 S
m

(g
) 

09
 D

ec
. 0

2

-2
-1

0
1

2
3

   
   

   
   

   
   

   
   

   
  S

m
 (%

)

12840 Depth (m)

-8
-4

0
4

8
δ18

O
 (l

)

G
S

02
δ1

8 O
 S

l
P

W
P

 S
m

(m
) 

10
 D

ec
. 0

2



Chapter 6 

 129 

-9 -8 -7 -6 -5 -4
δ18O (‰)

-48

-44

-40

-36

-32

δ2 H
 (‰

)

CK-MWL
G-MWL
GS00 Gw
GS01 Gw
GS02 Gw
GS03 Gw

 
 

Figure 6.3. Isotopic composition of groundwater (Gw) at GS00-03 
sites. CK-MWL refers to Central Kalahari Meteoric Water Line derived from 
Selaolo (1998) and G-MWL refers to the global meteoric water line (Craig, 
1961). 

6.5 Conclusions 

 
1. Water extraction by A. karoo and Z. mucronata at GS00 was 

mainly from the upper 4 m.   
 
2. Except for 9 December 2002, water extraction by A. fleckii was 

mainly from the upper 4 m at GS01, indicating that A. fleckii can 
exert a higher suction than 1.47 MPa or it has more roots in the 
shallow subsurface. 

 
3. Water extraction by S. longipedunculata at GS02 was mainly from 

the horizons much deeper than 4 m, most probably caused by the 
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fact that the soil moisture above 4 m was generally below the 
wilting point.  

 
4. Water extraction by A. erioloba and B. albitrunca at the GS03 site 

was mainly from below 4 m depth, also at this site most probably 
because the soil moisture above 4 m was generally below wilting 
point.  

 
Future studies in the Kalahari should establish the possible role of 
hydraulic lift in water use strategies of Kalahari trees. This effort must 
be accompanied by the use of applied tracers for identifying the origin 
of water used by trees since stable isotopes of water result in a non-
uniqueness solution when many possible sources of water are 
present. Moreover, the isotopic composition of rainwater from the 
present study should be investigated. 
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Chapter 7 Soil moisture regimes, 
groundwater level fluctuations and 
groundwater recharge 

7.1 Introduction 

 
Quantification of the rate at which water is replenished in an aquifer 
(groundwater recharge) is a critical matter for many desert regions, 
particularly in case of large settlements such as the Serowe area, 
where water demand is increasing, due to growing human and 
livestock populations. Therefore evaluating the net replenishment of 
the aquifer is vital to sustainability and optimal management of the 
groundwater resources. Net replenishment or net groundwater 
recharge is defined as the water flux that passes through the 
unsaturated zone and reaches the aquifer minus the amount that is 
extracted from the aquifer by deep rooting vegetation and/or upward 
vapour-liquid transport. Net groundwater recharge equals net 
groundwater discharge plus or minus change in storage. A number of 
factors affect recharge of groundwater: Hydraulic conductivity, soil 
porosity and soil texture, geomorphic conditions, type of vegetation, 
rainfall intensity and its seasonal distribution are some examples of 
such factors. 
 
Groundwater recharge is difficult to measure directly, but can be 
estimated by tracers. Other methods are based on numerical models 
of the physical process of infiltration. Such models are calibrated on 
experimental data and measurements, such as groundwater table 
fluctuations, soil moisture fluctuations and hydraulic properties of the 
subsurface. Recent studies are, for instance, by Fazal et al. (2005) 
who applied a conceptual model, calibrated by genetic algorithm to 
estimate recharge using groundwater level measurements in four 
catchments of Miyakojima Island of Japan, and by Ladekarl et al. 
(2005) who applied a numerical simulation model to estimate 
groundwater recharge for two natural ecosystems covered with oak 
and heather using soil moisture measurements. Determination of 
recharge from lumped water balance studies as the difference 
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between rainfall, evapotranspiration and surface runoff is normally 
not suitable for (semi) arid areas because the recharge component is 
normally very small and in the same order of magnitude, or even 
smaller than the errors in rainfall and evapotranspiration 
determinations. 
 
Groundwater recharge can be subdivided into direct or diffuse 
recharge, and indirect recharge from concentrated surface water in 
depressions or (ephemeral) streams. Overviews of groundwater 
recharge studies are found in Lerner et al. (1990), Simmers (1997) 
and in a special issue of the Hydrogeology Journal, vol. 10, no. 1 of 
2002. 
 
Studies on groundwater recharge from Botswana and South Africa 
are, among others, given by Bredenkamp (1988a,b), Van Tonder and 
Kirchner (1990), Bredenkamp et al. (1995), Gieske (1992), Selaolo 
(1998) and De Vries et al. (2000). 

7.2 Problem statements 

 

The study of soil moisture transport and groundwater recharge in a 
semi-arid area with variable savanna vegetation and variable depths 
to groundwater table is complex (e.g. Scanlon et al., 1997) because 
by-pass flow and water vapour transport complicate the process, 
whereas low moisture contents make it difficult to measure accurately 
the variations that determine the transport processes. Therefore, in 
order to obtain more information on the above aspects, within the 
present study of water extraction by trees, the test sites were well 
instrumented with sensors to monitor soil moisture and groundwater 
level fluctuations. 
 
In this part of the thesis the result of in situ soil water monitoring at 
eight ‘undisturbed’ sites are presented; it includes an evaluation of 
soil moisture transport and the recharge process through a thick 
unsaturated zone. The results are considered preliminary and merely 
indicative because the monitoring period is too short to predict long-
term recharge and there are gaps in the dataset. 
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7.3 Materials and methods 

 

7.3.1 Field monitoring, sampling and laboratory analyses 
 
Monitoring of vadose zone moisture and matric pressure 
 

In the study area seven matric pressure-moisture profiles at seven 
monitoring locations of GS01-GS07 (Figure 3.1) were installed. Each 
profile consisted of four dielectric ECHO 20 soil moisture sensors and 
four gypsum block matric pressure sensors installed ≈ 2 m apart from 
each other at 2 m, 4 m, 6 m and 8 m below ground surface (m 
b.g.s.). The data acquisition and data storage were controlled by 
Skye DataHog2 loggers, sampling data at various sensor-dependent 
sampling times and storing it at a uniform interval of half an hour. 
 
In order to investigate if recharge occurs at large depth through 
Kalahari sand, an additional deep matric pressure profile was also 
installed at the GS10 location (Figure 3.1) characterized by absence 
of basalt and unconfined aquifer conditions (Table 7.4). The deep 
profile consists of 15 gypsum block matric pressure sensors 
distributed logarithmically with increasing depth interval starting at 
0.25 m and ending at 76 m b. g. s., just at the groundwater table 
level. Additionally, and 2 m away from the deep soil matric pressure 
profile, a shallow soil matric pressure profile consisting of 6 ceramic 
blocks called Watermarks was installed down-hole, at corresponding 
shallow depths of 0.25, 0.5, 1, 2, 4 and 7 m. The GS10 data 
acquisition and data storage was controlled by the multi-channel 
Delta-2e logger, also sampling data at various sensor-dependent 
sampling times and storing it at a uniform interval of half an hour.  
 
At all sites where unsaturated zone moisture and matric pressure 
were monitored, a tipping-bucket rain gauge (calibrated to record 0.2 
mm/tip) was used for monitoring the amount of incident rainfall. 
Additionally, rainfall was also monitored at GS00 and GS08 sites at an 
interval of half an hour. The various rainfall and soil moisture/matric 
pressure measuring devices used within the current study are 
presented in Table 7.1. 
 



Soil moisture regimes, groundwater level fluctuations and groundwater recharge 

 134 

Table 7.1. Soil moisture and rainfall sensor types and their locations 
in the study area 

Monitored 
variable Sensor type 

Measuring range 
or sensitivity Location 

Rainfall 
Raingauge 
ARG100 

0.2 mm/tip GS00-08,GS10 

Soil moisture ECHO-20 
0.0004-0.4 m3m-

3 
GS01-07 

Matric 
pressure 

Watermark 200SS 0-200 cBar GS10 

Matric 
pressure 

Gypsum GPSY1 50-1500 cBar GS01-07,GS10 

 

All profiles, except GS05, showed uniformity in grain sizes in samples 
from different depths. They consist of ≈90% sand (63-2000μm), 
≈6% silt (2-63μm) and ≈4% clay (<2μm). At GS05, however, the silt 
composition was rather high: ≈ 13% silt, ≈85% sand and ≈2% clay 
fractions at all depths. In all profiles soil samples were collected up to 
a depth of 10 m.   
 

Calibration of sensors 
 
The monitoring of all soil moisture and matric pressure sensors was 
carried out by recording voltage drops related to the electrical 
resistance of the materials surrounding the installed sensors. 
Therefore, calibration equations were used to derive the equivalent 
entity (soil moisture or matric pressure).  Tables 7.2 and 7.3 present 
calibration equations that were used in the present investigation. The 
calibration equations used for ECHO-20 probes were developed in the 
laboratory by adding incrementally known amounts of water on field 
soil samples and recording the corresponding voltages. After which 
the data was fitted by a linear model to give the associated equations 
as presented in Table 7.2. The calibration equations (Table 7.3) for 
Gypsum GSPY1 and Watermark 200SS sensors were obtained from 
data provided by the instrument dealer (Skye instruments). 
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Table 7.2. Calibration equation for ECHO-20 sensors at four soil depth 
intervals; x is voltage in millivolts, θs is soil moisture in m3 m-3 and n is 
number of observations 
 

Sensor 

Soil 
depth 
interval 
(m) 

Calibration 
equation for 
GS01-04 and 
GS06-07 soil 
profiles  

R2 n 
Calibration 
equation for 

GS05 soil profile 
R2 n 

Echo-20 1-2 
θs=0.0006x-

0.214 
0.98 18 

θs= 0.0004x - 
0.1497 

0.92 18 

Echo-20 3-4 
θs=0.0006x-

0.218 
0.97 18 

θs= 0.0001x - 
0.0544 

0.98 14 

Echo-20 5-6 
θs=0.0006x-

0.210 
0.97 19 

θs= 0.0002x - 
0.0864 

0.94 19 

Echo-20 7-8 
θs=0.0006x-

0.214 
0.98 20 

θs= 0.0003x - 
0.0995 

0.96 16 

 
Table 7.3. Calibration equations for watermark 200SS and Gypsum 
GPSY1 sensors; x is voltage in millivolts, Ψs is matric pressure in bars and n 
is number of observations 
 

Sensor Calibration equation R2 n 

Gypsum GPSY1 Ψs= 3E-07x2 + 0.0008x + 0.103 0.99 51 

Watermark 200SS Ψs= 4E-07x2 + 0.0002x + 0.052 0.99 41 

 
Monitoring of groundwater 
 
Groundwater monitoring in the study area consists of 17 well 
measurement points equipped with automated groundwater table 
recorders (AGTR). The AGTR records the pressure above the sensor 
suspended in groundwater. Of the 17 AGTRs, one was a differential 
(automatically compensating for barometric pressure) AGTR installed 
by the Department of Water Affairs, and 16 were absolute 
(compensated by the external barometric pressure measurement) 
AGTRs installed at shallow level within the framework of the current 
study. Additionally, two loggers installed in boreholes 5336 and 8403 
were available for measuring barometric pressure, for removal of 
barometric influence. All AGTRs were programmed to acquire data at 
one-hour interval. This data was then periodically retrieved with a 
normal laptop computer.  
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The stratigraphy of the boreholes and the types of AGTRs in these 
boreholes are presented in Table 7.4. Out of the 17 monitored  
 
boreholes, five boreholes have no basalt intermediate layer between 
the upper Kalahari beds and the underlying Ntane sandstone aquifer. 
The rest are associated with variable thickness of Stormberg basalt as 
depicted in Table 7.4. The role of basalt in water flow is essentially 
two fold: it may act as an impeding layer when fresh and un-
fractured or facilitate vertical infiltration flow when weathered or 
fractured.  Lithological descriptions by WCS (1998) and SGC (1988), 
suggest that the basalt is generally weathered in the top few (≈<5 
m) meters, and becomes fresh at greater depths.  
 
Extensive information concerning hydraulic properties of the Ntane 
sandstone aquifer and the Stormberg basalt is provided in reports by 
SGC (1988) and WCS (1998). The storage coefficients for boreholes 
were derived from the WCS (1998) groundwater model for the study 
area. Therefore, the storage coefficients in Table 7.4 are average 
values from a modelling calibration that was initially based on 
distributed storage coefficients from pumping test results of SGC 
(1988) and WCS (1998).  
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Table 7.4. Stratigraphy, storage coefficients (S) and installed AGTR 
types of monitored boreholes; DI250 is ‘Barodiver’, DI240 and DI241 are 
‘mini-Divers’ and TP-2A is ‘Tirtalog logger’ 
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7.3.2 Recharge estimation methods 
 
There are many sophisticated models and indirect methods for 
estimating groundwater recharge. However, due to lack of sufficient 
and coherent field data and model parameter values in most cases, it 
is difficult to apply physically based models (based on Richard’s 
equation) such as HYDRUS (Šimůnek et al., 1998) and SWAP (Van 
Dam et al., 1997) for calculation of groundwater recharge. As 
mentioned earlier (Chapter 3) the main problem is to find adequate  
 
parameters for the effects of roots (in the sink term) and how to 
capture or represent the by-pass flow component. Among different 
indirect techniques, the lumped water balance is widely used for 
assessing recharge. However, application of the water balance under 
semi-arid condition is not straightforward because the recharge 
component is very small in comparison to the other components, and 
therefore very susceptible to small inaccuracies in the determination 
of the basic components.   
 
Another type of approach is the use of tracers to determine mass 
transport or to trace the movement of soil water. This methodology 
was applied by the GRES phase II project to assess groundwater 
recharge in the Letlhakeng-Botlhapatlou area, some 300 km, south of 
the present study area (Selaolo, 1998; De Vries et al., 2000).  
 
Due to the difficulty in the parameterisation of the thick unsaturated 
zone the estimation of recharge in this study is based on three simple 
approaches: (i) a linear reservoir (LINRES) approach of De Vries et al. 
(2000), (ii) the classical water table fluctuation (WTF) approach and 
(iii) a one-dimensional lumped parameter hydrological model (EARTH) 
of Van der Lee and Gehrels (1990).  
 
The practical advantage of the three methods is their simplicity and 
insensitivity to the mechanisms of recharge, and hence they are 
suitable for situations where spatio-temporal scales are much longer 
than they could feasibly be studied with process based models such 
as SWAP and HYDRUS. Additionally, because of their insensitivity to 
the actual recharge mechanisms they are not restrained by 
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preferential flow (Healy and Cook, 2002). Furthermore, their recharge 
values can represent integrated values over large areas; this is a 
great advantage as compared to methods that depend on 
unsaturated zone measurements (Healy and Cook, 2002).  
 
Linear reservoir approach (De Vries et al., 2000) 
 

The extent to which prevailing climatic conditions influence the 
groundwater regime is to a large extent governed by basic hydraulic 
properties of the groundwater flow system. The basic hydraulic 
properties are a combination of the hydraulic properties of the 
unsaturated zone and the geometric properties of the groundwater 
flow system. Generally, the specific groundwater drainage resistance 
and the storage factor can characterize these basic hydraulic 
properties. According to De Vries (1974), on the regional scale of a 
drainage basin groundwater level change is controlled by 
groundwater recharge and groundwater discharge (qd) to surface 
drainage networks. Therefore, when an external stress qr (recharge 
rate) is considered on the aquifer system the following linear-
reservoir approach can be applied (De Vries et al., 2000) 
 

d
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t
ot

r dac

dac

e
ehhq

γα

α

)1( −

−

−
−=  (7.1) 

 
Where αc=1.5(γdSy)-1 is the reaction factor or reservoir outflow recession 
constant [T-1] obtained from the recession curve according to 
Equation 7.2, γd is the specific groundwater drainage resistance [T], Sy 
is the specific yield, ht presents, the head above the drainage base at 
the beginning of a recession at time (t) equals t and ho is the height 
above the drainage base at the end of a recession (t=0) as illustrated 
in Figure 7.1. tda is time [T] interval between t=0 and t=t, i.e. duration 
of water level rise (Figure 7.1). 
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Figure 7.1. Schematized hydrograph (rising part) 

 
The αc in Equation 7.1 above is calculated from the recession part of a 
hydrograph according to 
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where ho is present head above the drainage base at the beginning of 
a recession at time t=0 and ht is the height above the drainage base 
at the end of a recession (t=t) as illustrated in Figure 7.2. tdr is time 
[T] interval between t=0 and t=t, i.e. duration of the recession 
(Figure 7.2). 
 

 
Figure 7.2. Schematized hydrograph (recession part) 
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Under steady state conditions qr equals the groundwater discharge 
(qd) to the drainage base on a regional scale, such that as tda tends to 
positive infinity then Equation 7.1 reduces to 
 

d
d

hq
γ

=  (7.3) 

 
where h  is the average head above the discharge base at the divide 

and γd is the specific drainage resistance expressed as 

ss

L
d T

D
2
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=γ  (7.4) 

 
where DL is distance between the divide and the drainage base and Tss 
is the average regional transmissivity. 
 

Water table fluctuation method 
 
The WTF method is based on the assumption that water level rises 
are caused by rainfall recharging the aquifer. If the water table rise is 
known then recharge can be inferred according to 
 

t
hSq yr Δ

Δ=   (7.5) 

 
Where, qr is recharge, Δh is the recharge related change in water table 
height occurring in the time interval Δt and Sy is the specific yield. The 
determination of reliable estimates of Sy is a critical matter, since Sy is 
essentially time dependent. E.g. Healy and Cook (2002) points out 
that the field and laboratory determinations of Sy are largely 
dependent on the duration of such tests, with long duration tests 
yielding greater Sy values. Additionally, the storage coefficient for a 
falling water table is more or less constant but for a rising water table 
the storage coefficient depends on the initial soil moisture content.  
 
Estimating Δh can however, be problematic because rainfall is not the 
only factor that can cause the water table to rise. While evaluating 
recharge from groundwater fluctuations, all other causes of the water 
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table rise need to be filtered out, e.g. the so-called Lisse effect 
(Week, 2002) due to compressed air (Healy and Cook, 2002). Other 
causes of water level changes that are not related to recharge and 
discharge include periodic impacts such as: Ocean tides, earth tides 
or atmospheric tides and extraction by pumping. Additionally, the 
WTF approach encounters problems by predicting no recharge under 
situations of high attenuation of the moisture transport, where the 
rate of water movement away from the water table is equal to the 
steady recharge rate, and thus no water level rise would be observed.  
 
In fact the WTF approach is focused on short periods during which 
recharge exceeds discharge. 
 

One dimensional lumped parameter model (EARTH) 
 
For application of a model based on the physical process of 
infiltration, the present study focuses on a practical approach that 
uses a series of linearly coupled modules that represent some 
element of physical reality. This type of modelling has been applied in 
groundwater hydrology by e.g. Thiery (1988), Finch (1998), Disse 
(1999) and Fazal et al., (2005).  
 
In the present study, the Extended model for Aquifer Recharge and 
soil moisture Transport through the unsaturated Hard rock (EARTH) 
of Van der Lee and Gehrels (1990) is used for one dimensional 
simulation of recharge and groundwater level fluctuations because 
most of the model parameters could be estimated directly or 
indirectly from a combination of available field data and data from the 
literature, as in Table 7.5. However, the model does not account for 
lateral groundwater flow and direct groundwater extraction. 
 
A detailed description of the model is provided by Van der Lee and 
Gehrels (1990). Only an overview is presented here for clarity. The 
EARTH model consists of four reservoirs, which perform the following 
specific functions: (i) Maximum Interception Loss module that 
calculates the amount of precipitation retained by vegetation, 
depression storage and loss to evaporation, which together 
determines the effective rainfall or precipitation excess that 
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infiltrates; (ii) Soil Moisture Storage module that distributes 
infiltration water into actual evapotranspiration, percolation and soil 
moisture storage; (iii) Linear Reservoir Routing module that controls 
the time that percolating water takes to reach the water table at 
variable depths; (iv) Saturated flow module that calculates 
groundwater level rise using the recharge or in its absence, it 
calculates the groundwater recession. 
 
Input data 
 
The standard EARTH model uses continuous daily rainfall and 
potential evapotranspiration (PET) data, 11 soil and groundwater 
related parameters (Table 7.5) as input, soil moisture measurements 
and observed groundwater level fluctuations for its calibration. As 
output the EARTH model calculates continuous daily groundwater 
levels, actual evapotranspiration, aquifer recharge, percolation, 
ponding, surface runoff and soil moisture.  
 
Table 7.5. Soil and groundwater related parameters of EARTH model 
and their derivations in the present study 
 

Parameter Symbol Derivation of parameter 
Maximum soil moisture 
content (mm) 

Sm 
Soil texture, bulk density as input in 
Rosetta program 

Residual soil moisture 
content (mm) 

Sr 
Soil texture, bulk density as input in 
Rosetta program 

Initial soil moisture content 
(mm) 

Si 
Calibration 

Soil moisture at field 
capacity (mm) 

Sfc 
Calibration 

Maximum surface storage 
(mm) 

SUSTmax 
Field observations 

Maximum interception loss 
(mm) Ic 

Maximum interception recommended 
for most land cover types by Pitman 
(1973) 

Saturated conductivity 
(mm/day) 

Ks 
Soil texture, bulk density as input in 
Rosetta program 

Unsaturated recession 
constant (day) 

UnRc 
Calibration 

Number of linear reservoirs 
(-) 

nr 
Calibration 

Storage coefficient (-) 
S 

Pumping tests of WCS (1998) and 
SGC(1988) 

Saturated recession 
constant (day) 

Rc 
Groundwater level observations 
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The maximum soil moisture content (Sm), residual soil moisture 
content (Sr) and saturated hydraulic conductivity (Ks) were estimated 
from soil texture and bulk density information using the Rosetta 
program (Schaap et al., 1999; 2001). Rosetta is a computer program 
for estimating soil hydraulic parameters with hierarchical pedotransfer 
functions (PF). It is able to estimate van Genuchten (1980) water 
retention parameters and saturated hydraulic conductivity.  
 
Pedotransfer functions normally show appreciable scatter as shown by 
Wagner et al. (2001). However, Zarkesh (2005) demonstrated that 
the van Genuchten (1980) water retention model gave realistic 
results when applied to a recharge scheme, and as such was adopted 
by the current study.  
 
Based on Rosetta estimates Sm, Sr and Ks were fixed at 417 mm, 150 
mm and 6804 mm/day respectively. The absolute value of Sr is not 
significant with regard to recharge; only the magnitude of the soil 
retention capacity (Soil moisture at field capacity (Sfc) minus Sr) is 
significant (Van der Lee and Gehrels, 1990). The Maximum surface 
storage was fixed at 0 mm for all observation locations. The 
Maximum interception loss was fixed at 1.5 mm based on Pitman 
(1973)’s recommendation for maximum interception of most land 
cover types. The storage coefficients were obtained from Table 7.4. 
The remaining parameters were obtained by calibration.   
 
For each observation location calibration was performed in two 
stages: unsaturated zone calibration and saturated zone calibration. 
The purpose of the unsaturated zone calibration was to constrain the 
estimated actual evapotranspiration (AET) between dry season plot 
tree transpiration (Tp) and potential evapotranspiration (PET). The 
calibration was undertaken such that the Sfc and initial soil moisture 
content (Si) were adjusted manually so that the EARTH model 
calculated actual evapotranspiration estimates for the dry season, 
closely approached the dry season plot tree transpiration estimates 
(presented in Chapter 4). In other words the actual 
evapotranspiration estimates obtained by the simulation model were 
constrained between the dry season plot-tree transpiration and the 
corresponding PET calculated according to Equation 3.4 (Chapter 3). 
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The soil moisture was not used in the unsaturated zone calibration 
because of the large spatial and temporal variations in the 
measurements.  
 
The one-dimensional simulation modelling was undertaken with the 
information of 13 observation locations situated in the Kalahari 
sandveld. This simulation (exercise) was not carried out for the 
hardveld sites because the constraining plot tree transpiration data 
was not available and moreover, plot tree transpiration of the eight 
selected Kalahari plots (see Chapter 4) could not be simply 
extrapolated to the hardveld observation points (boreholes). 
 
The EARTH model as standard allows for calibration of groundwater 
levels and soil moisture, but in this study the model is constrained by 
a combination of groundwater levels and dry season transpiration. 
This is the first study in Botswana to constrain a hydrological model 
using measured tree transpiration data. The underlying assumption of 
this approach is that dry season actual evapotranspiration closely 
resembles dry season plot tree transpiration in the height of the dry 
season, since most grasses and shrubs are dormant, and therefore 
have negligible contribution to evapotranspiration loss, and soil 
evaporation is also expected to be insignificant.  The present 
approach circumvents the need for detailed soil storage parameters 
which would be nearly impossible when dealing with a thick 
unsaturated zone (i.e. large scale processes). Once the unsaturated 
zone calibration has been achieved, calibration of the saturated zone 
was done manually by adjusting the unsaturated recession constant, 
the saturated recession constant and the number of reservoirs (nr) 
until a close match of observed and simulated groundwater levels was 
reached, after which the fit was improved by optimization of the two 
recession constants.  
 

Model efficiency 
 

There is no direct observation of recharge, say from a lysimeter 
study. Therefore, the coefficient of determination (R2) and the mean 
square errors (MSE) of observed and estimated heads for an 
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observation location were used in this study to evaluate the goodness 
of the calibration fit. The MSE is defined as  
 

( )∑
=

− −=
n

i
ii hhnMSE

1

21 ˆ  (7.6) 

 

where, n  is the total of observation days, ih  and 
∧

ih  are the observed 

and estimated heads respectively for the ith day. The MSE helps to 
determine the degree of scatter of the estimated data with regard to 
the initial mean of the variance or standard deviation. 

7.4 Analysis of field data 

 
This section describes the dynamics of soil moisture, matric pressure 
and groundwater level (piezometric) fluctuations. 
 
7.4.1 Soil moisture content 
 

Soil moisture content was measured with ECHO-20 sensors at seven 
profiles (GS01-07) to study temporal and spatial behaviour. Figure 
7.3 illustrates the temporal variability of the soil moisture content for 
GS01-07 profiles. The following observations can be made from 
Figure 7.3: 
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Figure 7.3. Temporal variability of soil moisture monitored in situ at 
various depths at GS01-07 sites; Daily rainfall, incoming shortwave 
radiation and air temperature are also shown 
 
• Rainwater can propagate up to a depth of 8 m in response to 

seasonal rainfall, and infiltration occurs primarily in response to 
summer rainfall.  
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• The low winter rainfall often results in soil moisture increase for 
several months because of low evapotranspiration, caused by 
reduced ambient temperatures (Figure 7.3(h)) and low solar 
radiation (Figure 7.3(h)) in winter.  

• The summer soil moisture increases are short-lived (< one 
month) due to increased evapotranspiration.  

• The temporal variability in soil moisture decreases with depth at 
GS01, GS05 and GS06 profiles (Figure 7.3(a), 7.3(e) and (7.3f)), 
i.e. large soil moisture variability is observed at shallow depths as 
compared to deeper horizons. However, this feature is not 
apparent at GS02-04 and GS07 site profiles (Figure 7.3(b-d) and 
7.3(g)). 

• Situations exist, whereby soil moisture increase occurs at greater 
depths, prior to increases at shallow depths (e.g. GS01-03 and 
GS05 profiles), thus suggesting that the water by-passed the soil 
store of the upper horizons to reach the deeper soil store.  

• Notwithstanding the above observations, in some cases, data from 
GS01 and GS05 profiles indicate progressive increases in soil 
moisture with depth after major rainfall events thus suggesting 
diffuse flow in these cases. Furthermore, the decrease in soil 
moisture was generally much slower at 2 m at GS05 than GS01 
site profile, suggesting differences in hydraulic properties. 

• GS04 soil moisture content at 4 m, 6 m and 8 m depth remained 
fairly constant for a greater part of the monitoring period 
suggesting that rain derived soil moisture by-passes the location 
of the ECHO-20 sensors or that soil moisture is lost by 
evapotranspiration before reaching the sensors.   

 
7.4.2 Temporal and vertical variations of soil matric 
pressure (mp) at GS10 site 
 
At the GS10 site, one profile is based on the Watermark 200SS 
sensors, placed at intervals up to 7 m depth (see Figure 7.4(a)). 
Another profile is based on GPSY1 gypsum blocks, at the same 
intervals, up to 7 m depth (see Figure 7.4(b)), and this profile was 
extended with larger intervals at depths from 11 m up to the average 
groundwater level of 76 m (see Figure 7.4(c)); the ‘deep’ profile. The 
distance between the Watermarks 200SS and GPSY1 profiles was 2 
m. 
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Other seven gypsum block soil matric pressure (mp) profiles at GS01-
07 sites were installed experimentally on Datahog2 loggers by 
applying an external Direct Current-Alternating Current (DC-AC) 
interface. Their results were spurious most likely due to polarization 
problem (Strangeways, 1983) as a result of long current excitation (≈ 
1s) and unchangeable power of the Datahog2 logger, and as such 
were considered unreliable and were removed from the analysis. The 
two matric pressure profiles at GS10 that operated on Delta-2e logger 
are discussed below. Figure 7.4(a) starts from November 2003 
primarily to facilitate comparison of the dynamics of soil matric 
pressure (as a manifestation of soil moisture variation) at the shallow 
profile with those of the deep profile presented by Figure 7.4(b-c).  
The following observations can be made from Figure 7.4;  
• Infiltrating rainwater propagated down to 7 m in the shallow 

profile (Figure 7.4(a)) and reached a depth of 22 m in the deep 
profile (Figure 7.4(b-c)).  

• Infiltration in the upper 22 m occurs primarily in response to 
summer precipitation.  

• At depths of 29, 37 and 46 m (Figure 7.4(c)), there is steady 
decrease in soil matric pressure, indicating drying conditions.  

• In general, soil moisture at 56 and 66 m is fairly stable 
throughout the monitoring period. 

• The soil matric pressure at 76 m with values slightly lower than 
zero reflects most likely close contact with groundwater; the 
groundwater table in the neighbouring 4743 borehole was at 76 m 
below the ground surface. It has to be mentioned however that 
gypsum blocks are reported as accurate only between -0.5 and -
15 bars i.e. -50 and -1500 kPa (Hayes and Tight, 1995) and 
therefore the three deepest sensors’ results are uncertain. 

• Watermarks and Gypsum blocks appear to be more sensitive to 
temporal variability of soil moisture than the ECHO-20 soil 
moisture sensors. 

• Matric pressure values from Watermarks and Gypsum blocks are 
in the same order of magnitude, but the temporal record at the 
two profiles is not identical for the upper layers.  

• It seems that a matric pressure of -1.5 bar (-150 kPa) is normal 
for average conditions of the area between the active zone of 
downward and upward flow and the zone of capillary water above 
the water table. 
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Figure 7.4. Temporal variability of soil matric pressure (mp) 
monitored in situ at various depths at shallow (0.25-7 m) GS10 
profile and deep (0.25-76 m) GS10 profile; Daily precipitation is also 
shown 
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Figure 7.5 displays the soil matric pressure (mp) as a function of 
depth for the GS10 site. Figure 7.5(a) represents a typical profile 
during the wet season and ending up in the dry season, whereas 
Figure 7.5(b) represents a typical dry season profile, which ends up in 
the wet season.  The first remarkable feature of the graphs is the low 
levels of soil matric pressure displayed between 0.5 m and 22 m 
depth, even for the wet conditions following rainfall events. The 
penetration of earlier surface infiltration from previous rainfall events 
(shown in Figure 7.4) to depths exceeding 2 m after 24 March 2004 is 
quite apparent (in Figure 7.5). 
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Figure 7.5. GS10 soil matric pressure profile for selected days, a) wet 
to dry season and b) dry to wet season 
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Between 29 m and 46 m in Figure 7.5(a), it shows that the profile is 
drying, that is soil matric pressures were generally on the decrease 
from 24 March 2004 to 03 June 2004, and while below about 52 m 
soil matric pressures appeared to be more or less stable. A similar 
feature is also observed in Figure 7.5(b), where soil matric pressures 
were generally on the decrease between 29 m and 46 m from 03 
June 2004 to 13 October 2004, while below about 52 m soil matric 
pressures appeared to be more or less stable. 
 
Another remarkable feature of Figure 7.5 is the sharp increase in 
matric pressure between ≈22 m and ≈29 m, indicating a shift from 
dry to moist conditions. Additionally, the important feature of Figure 
7.5 is that the moisture conditions between 29 m and 52 m, are 
migrating towards low matric pressures, an indication that the profile 
is drying at this location. The presence of small drying and wetting 
fluctuations below 52 m is difficult to explain in terms of recent 
rainfall events, perhaps is an artefact of measuring equipment or 
influence of deep rooting systems.  
 

7.4.3 Observed groundwater level fluctuations  
 
Annual groundwater level fluctuations in the sandveld during the 
observation period range from ≈0.02 to ≈0.6 m, but can be 
significantly higher in the hardveld area (≈ 3 m). 
 
The increase in gas pressure as a result of high intensity rainfall 
events, which could lead to Lisse effects, was considered irrelevant 
for the case of the present study because groundwater tables are 
basically deep (>8 m), and well out of the limits of the Lisse effect 
(<1.3 m; Week, 2002). The effects of pumping and lateral flow were 
minimized or avoided by the careful selection of the field sites. All 
sites are far away from pumping infrastructure and are situated in 
areas of low hydraulic gradient. Barometric pressure influence was 
removed from groundwater level signals using data from the 
barometric AGTR installed primarily to measure barometric pressure. 
The groundwater level observations in the study area do not reveal 
earth or atmospheric tides. Ocean tides are obviously not to be 
expected. 
The combined effects of evaporation from the water table, which may 
be caused by thermal vapour transport (Walvoord et al., 2002a) or 
upward liquid flow, and/or transpiration by deep rooting trees, 
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regional pumping and lateral outflow to the aquifer boundaries, 
implies that the water table is falling between recharge events. 
 
The effect of the presence of a basalt confining layer on water level 
changes is examined by comparing groundwater levels of boreholes 
where basalt is present with those where it is absent. Based on this 
approach, boreholes were divided into four groups as follows; (A) 
boreholes in which Kalahari beds are present and basalt is absent 
(Figure 7.6), (B) boreholes in which Kalahari is absent and basalt is 
present (Figure 7.7), (C) boreholes in which both Kalahari beds and 
basalt are absent (Figure 7.8), (D) boreholes in which both Kalahari 
beds and basalt are present (Figure 7.9). For location see Table 7.4 
and Figure 3.1. 

 

Figure 7.6. Groundwater level fluctuations in boreholes (Bh) in which 
Kalahari beds are present and the basalt is absent (Type A); Rainfall 
and EARTH model simulated heads are also shown 
 
Figure 7.6 illustrates hydrometric data for boreholes 4743, 5309 and 
5310. Groundwater levels were only monitored up to 11 May 2003 
and 25 March 2004 at 4743 and 5309 respectively, because the 
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pressure transducer failed after that time. The following observations 
can be made from Figure 7.6: 
• Water levels at 4743 and 5310 depict a rising trend during the 

monitoring period. 
• All hydrographs show no immediate response to wet season 

rainfall; at 4743 there is a clear association between rainfall 
clusters and groundwater level rises with a lag of about 6 months. 

• The pattern of groundwater level responses is different for each 
borehole, despite similar geological conditions. 

 
• Generally groundwater level responses to seasonal rainfall are 

very low in all boreholes; amplitudes are in order of 20 cm. 
 

 
 

 
Figure 7.7.  Groundwater fluctuations in boreholes (Bh) in which 
Kalahari cover is absent and basalt is present (Type B); Rainfall is also 
shown 
 
Figure 7.7 presents the piezometric level fluctuations for 4147 and 
4139. The pattern of responses is much faster and more attenuated 
as compared to responses for boreholes depicted by Figure 7.6. 
Despite the short duration of the monitoring period, the pattern of 
responses is evidently different between the two boreholes, for 4147 
the piezometric head shows an increasing trend between 10 
September 2004 and 10 March 2005, while that of 4139 is fairly 
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stable within the same time interval. This merely reflects the 
heterogeneity in hydraulic properties of the basalt. The observations 
in these two boreholes indicate a fast infiltration through fractures of 
the basalt. This process will be more important for 4139 than 4147 
where the basalt thickness is in the order of 24 m (i.e. relatively 
thin), while that of 4147 is 70 m thick.  
 

 
 

 
Figure 7.8. Groundwater fluctuations in boreholes (Bh) in which both 
Kalahari cover and basalt are absent (Type C); Rainfall is also shown 
 
Figure 7.8 illustrates hydrometric data for boreholes 5306 and 8403 
where the Ntane sandstone aquifer is covered by a thin veneer of 
superficial deposits. Groundwater levels were only monitored up to 13 
September 2003 at 8403, because the pressure transducer failed 
after that time. This makes comparison of responses between the two 
boreholes much more difficult. Despite this shortcoming the following 
observations can be made from this figure: 
• Water level shows a slower response in 5306 than in 8403.  
• Larger water level changes are observed in 8403 than in 5306. 
• The hydrographs show variable response to wet season rainfall. 
 
The temporal evolution of piezometric level fluctuations at locations 
where both Kalahari beds and Stormberg basalt are present is shown 
in Figure 7.9. The following boreholes represent these locations: 
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8472, 4742, 8493, 5326, 5312, 5314, 5343, 5336, 5337 and 8449. 
Boreholes 4742, 5312, 5326 and 8472 were monitored for a short 
duration. In the case of 4742 and 5326 the water level declined below 
the bottom of the borehole, making it impossible to continue with 
monitoring at this location. For borehole 8472, the Department of 
Water Affairs did not make more data available. As for 5312 the 
monitoring was started late, as an additional effort to expand the 
existing monitoring network. Some of the observed piezometric levels 
are declining with spatially variable decline rates, e.g. 4742, 5326, 
8449 and 8493; in other boreholes the piezometric levels appear to  
 
be fairly stable. This perhaps is a general manifestation of regional 
pumping in the area because boreholes that are fairly stable are 
much further away from the pumping infrastructure as compared to 
those that show continuous decline in levels. All hydrographs show 
delayed response to wet season rainfall, with different delay periods. 
 
A combination of a pronounced seasonal response and short-term 
records makes it difficult to detect any long-term trend in the 
groundwater hydrographs. Some manually collected long-term water 
level data were available from 1988-2001 for twelve boreholes. 
Though there is uncertainty about the quality of this data, it appears 
that the 1988-2001 groundwater levels were higher for seven 
boreholes than those recorded between 2001 and 2005 by the current 
study. In the remaining five boreholes the levels remained 
approximately constant. Since 2001 most boreholes (where basalt is 
absent, therefore representing unconfined conditions) have shown an 
inter-annual water level rise in the range of 2 cm/yr to 300 cm/yr, 
although there is considerable variation from year to year. 
 
The large-scale seasonal fluctuation characteristics of the 
groundwater hydrographs, simply reflects the delay in attenuation of 
moisture in the overlying sediments, which appears to be not much 
dependent on the thickness of the unsaturated zone (Figure 7.10(a)) 
and geological conditions, since no obvious relationship could be 
found between the magnitude of water (piezometric) level response 
and unsaturated zone thickness on the one hand and similar 
geological conditions (Figures 7.6-7.9) on the other. However, the 
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geomorphological setting of a borehole may play a significant role in 
terms of the magnitude of water level response as illustrated in 
Figure 7.8 by boreholes 8403 and 5306. Borehole 8403 is mainly 
positioned at or close to the dissected edge of the escarpment and 
lies in the vicinity of numerous ephemeral streams. Concentration of 
rainwater and rapid indirect infiltration through stream beds resulted 
in a very pronounced seasonal response in this borehole. On the 
contrary, borehole 5306 is located in a relatively flat area with no 
streams in its vicinity or some form of depression through which it 
could have received focused recharge. Additionally, there is no 
obvious relation between inter-annual water level change and annual 
rainfall (Figure 7.10(b)). This suggests that the long-term water level 
trend is influenced by a combination of both local and regional 
components of recharge.  
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Figure 7.9. Groundwater fluctuations in boreholes (Bh) in which both 
Kalahari and basalt are present (Type D). Rainfall and EARTH model 
simulated heads are also shown 
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Figure 7.10. Relationship between annual groundwater water level 
change (data from boreholes presented in Table 7.6) for years 2002-
2004 and (a) unsaturated zone thickness, (b) annual precipitation 

7.5 Estimates of groundwater recharge  

 
In this section three recharge estimation approaches are applied: (1) 
The linear reservoir approach (LINRES), (ii) the water table 
fluctuation approach (WTF) and (iii) the infiltration transport model 
(EARTH). 
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7.5.1 LINRES and WTF approaches 
 

The selection of boreholes for applying the LINRES and WTF methods 
was based on (i) the availability of a well formed hydrograph which is 
suitable for the fitting of a recession curve and (ii) the existence of 
unconfined flow conditions that permitted the use of the specific yield 
storage parameter that is required as input by both methods. 
 
In applying the LINRES approach, a drainage base of 925 m a. s. l. 
was assumed for all boreholes. For the westerly directed flow regimes 
the Makgadikgadi pans (situated some 150 km north of Serowe; 
Figure 1.2) were taken as drainage base, since the groundwater table 
slopes from the divide (near the escarpment) to near surface at the 
Makgadikgadi pans. For the easterly directed flow regimes the 
discharge base was taken as topographic elevation at the eastern 
limit of the Ntane sandstone aquifer where it wedges out and reaches 
near surface. The underlying assumption for the LINRES method is 
that rainfall is uniform over the whole basin, which is probably not 
really the case. 
 
Table 7.6 presents the annual average groundwater recharge 
estimates obtained by the linear reservoir approach (LINRES) and 
water table fluctuation (WTF) approaches for four boreholes. The 
table indicates that recharge ranged from 2-150 mm/yr at the 
observation locations. However, no recharge was calculated at 5309 
because the hydrograph was not well formed and therefore difficult 
for the recession curves to be fitted despite the fact that flow 
conditions were unconfined at this location. The high recharge 
estimates at 8403 are a result of focused recharge in a streambed. 
The recharge estimates of the WTF are in the same order of 
magnitude as estimates of the LINRES approach.  
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Table 7.6. Annual recharge (qr) estimates of WTF and LINRES; - 

indicates no information 
 

2000/01 
qr (mm/yr) 

2001/02 
qr (mm/yr) 

2002/03 
qr (mm/yr) 

2003/04 
qr (mm/yr) Observation 

location WTF LINRES WTF LINRES WTF LINRES WTF LINRES 
8403 150 150 40 43 43 44   
5306 - - - - 4 4 16 16 
4743 - - 8 8 2 2 - - 
5310 - - - - 9 9 5 5 
 

7.5.2 One-dimensional modelling with EARTH 
 

The EARTH model is considered to be a good choice for three 
reasons: i) in this model absolute values of soil parameters are not as 
important as their relative magnitudes. This aspect of the model 
provided a unique opportunity to estimate some soil parameters of 
the model based on a combination of field data and literature as 
described in Table 7.5; (ii) the possibility to constrain the model 
between dry season plot tree transpiration (representing the lower 
limit of actual evapotranspiration) and PET (representing an upper 
limit of actual evapotranspiration); and (iii) model calibration using 
groundwater (piezometric) levels also provided an additional 
advantage.  
 

Model calibration 
 

Figures 7.6 and 7.9 show plots of observed and simulated heads for 
the 13 observation locations that were simulated with EARTH. In 
Figures 7.6 and 7.9 all data that was available between 10 September 
2001 and 10 March 2005 was included in the model calibration effort.  
Calibrated model parameters for different observation locations of the 
study area are shown in Table 7.7. This table shows that in the study 
area the soil retention capacity (SRC=Sfc-Sr) varied between 130 mm 
and 219 mm. Table 7.7 also shows that the coefficient of 
determination (R2) and mean square error (MSE) are variable, 
indicating different matching between simulated and observed heads. 
Because R2 depends on the data scatter, it may be possible to have 
lower R2 value with good prediction, e.g. Bh5343 has R2=44%, but a  
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better MSE (0.04 m2/day) than BH4742 with R2=82% but with a 
rather high MSE of 0.4 m2/day. The generally low MSE values (close to 
zero) obtained indicate that the present models have a good potential 
for estimating recharge distribution.  
 
Model verification was not undertaken because the data was 
considered too short for such verification to make sense. Additionally, 
the commonly used split-sample test technique provides only a 
limited verification of lumped parameter models, and point 
measurements of state variables cannot be used because of small 
scale heterogeneity, which cannot be simply extended to large scale 
processes.  
 
Table 7.7. Calibrated model parameter and model efficiency for 
different observation locations; notation is given in Table 7.5, Ic, Sm, Sr, 
SUSTmax and Ks were fixed at 1.5 mm, 417 mm, 150 mm, 0 mm and 6804 
mm/day respectively. Storage coefficients were obtained from Table 7.4. 
 

Model parameters Model efficiency Observation 
location Si 

(mm) 
Sfc 
(mm) 

UnRc 
(day)

nr 
(-)

Rc 
(day)

R2 
(%) 

MSE 
(m2/day) 

4742 150.00 280.00 10 7 55 82 0.4 
4743 184.00 300.00 125 3 50 89 0.001 
5309 151.75 295.00 100 3 60 60 0.002 
5310 299.00 300.00 465 2 288 92 0.01 
5312 275.00 300.00 1055 1 36 77 0.0002 
5314 299.00 300.00 3250 1 280 80 0.008 
5326 150.00 369.00 67 4 682 96 0.004 
5336 299.00 300.00 1275 3 1555 71 0.0009 
5337 150.00 298.00 435 1 400 70 0.04 
5343 295.00 299.00 600 3 86 44 0.04 
8449 190.00 300.00 5000 2 5700 97 0.07 
8472 154.00 299.10 650 3 720 50 0.0003 
8493 153.00 299.05 4220 1 1515 94 0.07 

 

Estimated recharge 
 

Table 7.8 presents a summary of estimated actual evapotranspiration 
(AET) and simulated recharge for three hydrological years ranging 
from 1 September 2001 to 31 August 2004. Annual recharge 
estimates range from 0-37 mm/yr, and represent <20% of the 
annual rainfall. In some observation locations the estimated recharge 
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is more than the annual plot level tree transpiration while for other 
locations recharge estimates are smaller than the annual plot level 
tree transpiration.  
 
Recharge seems to be highly spatially and temporally variable in the 
study area as suggested by Figure 7.11. Furthermore, when 
comparing recharge estimates derived by the one dimensional EARTH 
simulation modelling and other recharge estimation methods (WTF 
and LINRES) presented in Table 7.6 (with exception of 8403 that 
receive focused recharge), the annual estimates are in the same 
order of magnitude, although generally higher in the former. The 
average annual groundwater recharge seems to be in the order of 10-
20 mm (Table 7.8). 
 

 
 

Figure 7.11. Spatial variability of recharge (EARTH) for three 
hydrological years  
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Table 7.8. Potential evapotranspiration (PET) from Chapter 3, plot-
tree transpiration (Tp) from Chapter 4, rainfall (P), actual 
evapotranspiration (AET) from EARTH modelling and groundwater 
recharge (qr) from EARTH modelling for three hydrological years; Obs. 

stands for observation location, - means not calculated 
 

Obs. PET Tp P AET qr PET Tp P AET qr PET Tp P AET qr

4742 1211 7 497 375 0 1228 8 372 256 17 1180 7 434 260 27

4743 1201 34 477 346 15 1224 36 325 222 22 1172 39 511 283 26

5309 1209 5 494 315 18 1218 5 260 193 18 1087 5 529 286 22

5310 1209 64 477 381 15 1218 71 223 154 29 1087 62 418 253 26

5312 1198 4 465 333 29 1219 5 158 96 26 1181 5 468 273 29

5314 1201 10 514 390 11 1221 11 195 128 15 1187 11 479 301 15

5326 1211 7 497 343 16 1228 8 372 277 12 1180 7 434 289 0

5336 1201 10 514 390 0 1221 11 195 128 2 1187 11 479 301 4

5337 1198 4 465 255 37 1219 5 158 95 22 1181 5 468 270 33

5343 1198 4 465 345 2 1219 5 158 96 11 1181 5 468 271 18

8449 1192 17 428 265 0 1213 19 318 216 0 1170 18 653 330 1

8472 1236 3 497 269 1 1274 3 372 274 7 1205 3 431 284 15

8493 1236 3 497 268 7 1274 3 372 274 7 1205 3 431 284 7

Averages - 13 - - 12 - 15 - - 15 - 14 - - 17

2003/04

(mm/yr)

2001/02

(mm/yr)

2002/03

(mm/yr)

 
 
From Table 7.8 it is noticeable that the sum of the estimated actual 
evapotranspiration and the groundwater recharge do not equal the 
rainfall amount at all observation locations; this difference mainly 
emphasizes the difficulty in the estimation of actual 
evapotranspiration and hence the calculation of the groundwater 
recharge as the difference between rainfall and actual 
evapotranspiration.  

7.6 Estimation of net groundwater recharge 
 

Under steady state conditions the net groundwater recharge is equal 
to the outflow (discharge). If the groundwater divide is taken at 1170 
m a. s. l. at the eastern fringe of the Kalahari (near Serowe), at a 
distance of ≈150 km to the discharge base at Makgadikgadi pans 
(925 m a. s. l.), and assuming a regional average transmissivity of 
500 m2/day, a regional net groundwater recharge of 4 mm/yr is 
obtained by applying Equations 7.3-7.4. Since the recharge seems to 
be in the order of 15 mm/yr on average (Table 7.8), it can be 
concluded that about 11 mm/yr of this substantial recharge is 
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extracted by deep rooting vegetation which has been demonstrated to 
reach depths in excess of 70 m (Chapter 5). This agrees rather well 
with the calculated plot tree transpiration. 

7.7 Discussion and conclusion 

 

Soil moisture transport depicts a complicated pattern, which is 
characterised by a combination of diffuse and by-pass flow 
components. The deepest soil profile (76 m) at GS10 suggests that 
soil moisture (in the form of liquid flow) during the period of 
observation only reached up to 22 m (see Figure 7.4(b-c)). This 
might reflect removal of percolate through soil water extraction by 
deep roots. It is also possible that soil moisture response at greater 
depth is masked by attenuation processes in combination with a lack 
of sufficient resolution of the instrument’s signal. Loss of water by 
isothermal vapour flux as demonstrated by Walvoord et al. (2002a, 
b), or upward liquid flow as indicated by Scanlon (2000) and Scanlon 
et al. (2003) is not likely because the environments studied by 
Scanlon (2000), Walvoord et al. (2002a, b) and Scanlon et al. (2003) 
were much drier than the Kalahari. Another remarkable feature of the 
GS10 deep profile (Figure 7.5) is the sharp increase in matric 
pressure between ≈22 m and ≈29 m, indicating a shift from dry to 
moist conditions. The explanation might be a high clay content below 
29 m, and a continuous capillary connection (as proposed by 
Coudrain-Ribstein et al., 1998) of this zone with the water table or  
residual moisture from previous major rainfall events (such as the 
exceptionally high 2000 rainfall events, see Chapter 2) which is 
currently in the process of drying up. The first explanation of a high 
capillary rise is not likely because of the very low capillary flux 
(≈2x10-11 cm/day) in dry coarse sand, which would result in an 
extremely low flow velocity. 
 
This observation also brings into focus the question of how 
widespread is recharge in the Kalahari. Perhaps it is confined to 
locations where preferential flow is important. For instance, the rises 
in groundwater level that were observed some 5 m away from the 
deep GS10 profile in the neighbouring borehole 4743, supports the 
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argument of preferential flow close to the hole or some distance away 
from it. This is consistent with the findings made by Selaolo (1998) in  
 
a similar environment. Through tracer studies he concluded that the 
diffuse and by-pass flow components were equally represented in 
most soil profiles. 
 
Another aspect is concentrated recharge in years with above average 
rainfall. Long-term rainfall data (1986-2004) of Serowe (provided by 
the Department of Meteorological Services) reveals that there were 
11 years of below average annual rainfall (≈440 mm), and eight 
years of above average rainfall. Exceptionally, high rainfall events 
were observed in 1988, 1995 and in 2000 in the most recent years, 
possibly leading to increased recharge. A case example is the 2000 
cyclonic depression (Cyclone Eline) that led to wide spread floods 
across Southern Africa and increased groundwater levels in the 
Kalahari (Water Surveys Botswana, 2001; Sibanda, 2006). In 
general, from 2001, the region experienced a succession of years 
with below average rainfall.  
 
Hydrograph records from monitored boreholes show very different 
behaviour, with some boreholes showing little change during the 
monitoring period while others appear to be markedly affected by 
periods of high or low rainfall. This basically reflects both recharge 
heterogeneity and lateral variations in flow or differences in 
attenuation through the thick unsaturated zone, so that small water 
level fluctuations might be an indication for steady infiltration 
throughout the year. 
 
Despite the different groundwater level fluctuation patterns caused by 
the differences in attenuation or rock heterogeneity, spatial rainfall 
distribution (Chapter 2) and because of effects of regional pumping, 
most groundwater (piezometric) level fluctuations show temporal 
close correlation with inter-annual rainfall variations. Such a close 
correlation was also observed in the western Kalahari by Chilume 
(2001) and Rahube (2003) in the same aquifer with even much 
thicker unsaturated zones (>80 m) of Kalahari sediments. Therefore, 
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the observed water level rise is taken as manifestation of the arrival 
of rainwater from the recent rainfall events to the aquifer. 
 
The calculations of groundwater recharge were based on groundwater 
level data and specific yield in the case of WTF and LINRES 
approaches. Additional recharge estimates were obtained by one 
dimensional simulation modelling with EARTH using more data such 
as PET (Chapter 3), tree transpiration (Chapter 4) and a number of 
model parameters in addition to groundwater level data and storage 
coefficients. Although, there were soil moisture measurements they 
were not used in EARTH model calibration because they were 
uncertain, representing small scale processes. Field data consistently 
show that vadose zone properties measured at vertical scales of 0.01-
0.1 m vary significantly at scales of 0.1-1 m (Zhang, 2002 and Rubin, 
2003).   
 
A high correlation (r=0.84) was observed between annual rainfall and 
annual actual evapotranspiration, but much weaker correlation 
(r<0.5) with other fluxes such as tree transpiration and direct 
groundwater recharge estimates. This is to be expected since rainfall 
and evapotranspiration are the main components in the water balance 
and hence the high correlation. The lack of strong correlation between 
other fluxes mainly emphasise the complexity of the dynamics of 
fluxes in the semi-arid Kalahari environment.  
 
Apart from local and focused recharge in depressions and fractures, 
the average annual groundwater recharge according to the present 
study is in the order of 5-20 mm (Based on estimates from Kalahari 
sandveld in Table 7.6 and Table 7.8). The EARTH model recharge 
results obtained for this Kalahari sandveld are higher than the 
recharge estimates of the Ntane sandstone aquifer obtained by 
chloride mass balance calculations in the area around Letlhakeng-
Botlhapatlou (LB), at the Kalahari fringe, 300 km to the south, under 
comparable environmental conditions. In that area groundwater 
recharge estimates range from 4-12 mm/yr (Selaolo, 1998; De Vries 
et al., 2000). Also in the southern area, but further to the east, under 
conditions comparable to the present study area, to the area east of 
the escarpment, recharge values in the range of 10-25 mm/yr were 
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determined (Gieske, 1992; Beekman et al., 1996). The difference 
between the present study and the other mentioned studies is that 
this study is focused on local conditions, which results in high  
 
variability in recharge values, whereas the other studies are more of 
a regional character and represents averages for a longer time span. 
It should be emphasized that these figures are only of an indicative 
nature. 
 
The calculated annual plot-tree transpiration by deep rooting trees is 
in the order of 10-20 mm on average. Subtraction of this component 
from the calculated groundwater recharge of 5-20 mm, result in a net 
groundwater recharge of the order of 0-10 mm, which is of the same 
order of magnitude as the calculated regional annual groundwater 
discharge of about 4 mm. 
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Chapter 8 Summary and conclusions 

8.1 Introduction and problem statement 

 
The Botswana Kalahari can be characterized as a flat steppe and 
savanna with rather dense vegetation on a mantle of thick sand 
cover. Rainfall is concentrated in the hot summer season and is of the 
order of 400 mm/yr. Infiltration rate is high and almost all rainwater 
infiltrates and is subsequently removed by evapotranspiration. 
Surface runoff only occurs very locally in dry valleys in periods of 
extremely high rainfall. 
 
The question if groundwater is replenished under present day 
conditions has been a matter of debate for a long time. Research in 
the eastern fringe of the Kalahari in the 1990s resulted in an average 
annual recharge figure in the order of 5-10 mm under an average 
rainfall of 450 mm in an area with a groundwater table between 20 
and 100 m (Selaolo, 1998; De Vries et al., 2000). However, there is 
evidence that the total regional groundwater discharge is less than 
the total amount of percolate that reaches the groundwater zone, and 
the question was raised if deep rooting trees could be able to reach 
the groundwater table and extract groundwater that previously had 
escaped evapotranspiration from the main root zone in the upper 4 
m. 
 
Therefore the present study was initiated with the aims: 
(1) To investigate the rooting depth of large trees, to find the 
horizons from which the trees extract their water and to determine 
the seasonal water fluxes through their xylem. These problems were 
approached by the use of applied tracers, environmental tracers and 
sap flow measurements, at several locations and within different tree 
species. 
(2) To determine rainfall, potential and actual evapotranspiration 
from micrometeorological observations at different sites, and to 
analyze the temporal and spatial variability of these important 
components of the water balance. 
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(3) To monitor seasonal variations and propagation of soil moisture 
and to estimate groundwater recharge from a combination of 
groundwater level fluctuations, rainfall and evapotranspiration data.  

8.2 Study area 
 

The investigations were conducted in Serowe area (Chapter 1), which 
is located at the fringe of the Kalahari, in the Central District of 
Botswana. The study area of about 2690 km2 straddles two different, 
but typical Botswana environments that are separated by an 
escarpment: the sandveld with deep Kalahari sand, to the west, and 
the hardveld with hard rock at shallow depth, to the east. The climate 
is semi-arid, with annual potential evapotranspiration (1350-1450 
mm/yr) far exceeding annual rainfall (400-500 mm/yr). Groundwater 
table depths are less than 40 m in the hardveld, and more than 20 m 
at the sandveld. The study concentrated on the sandveld area.  
 
As a result of the lack of permanent surface water bodies, residents 
of Serowe village (at the eastern flank of the escarpment) are largely 
dependent on groundwater resources that are mainly replenished by 
the scant and erratic rainfall, of which only a small quantity escapes 
water consumption by the rather dense savanna vegetation.  

8.3 Rainfall series 

 
Annual average rainfall in the study area was 437 mm for the 
observation period 1925-2004, with a minimum of 119 mm and a 
maximum of 970 mm. Precipitation is largely restricted to the 
summer period from October to April. Precipitation is mainly of a 
convective nature and most rainwater comes down during storm 
events in typical quantities of the order of 20-50 mm.  
 
Chapter 2 focused on rainfall variability within the study area. Based 
on data from 11 rain gauges (10 installed for the current study and 
one from the Department of Meteorological Services), it has been 
shown that within the study area, rainfall is spatially highly variable 
but that rainfall at un-gauged locations can be reasonably estimated 
by the observations from the most near gauged location. 
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8.4 Evapotranspiration assessment 
 

In Chapter 3, potential evapotranspiration (PET) was analysed with 
the Penman-Monteith equation. Actual evapotranspiration (AET) was 
estimated with the Bowen ratio surface energy balance (BSEB) and 
the temperature profile surface energy balance (TSEB) approaches. 
The calculations were based on microclimatic monitoring data 
obtained from 11 automated monitoring sites (GS00-10).  
 
The Penman-Monteith PET in the Kalahari indicated large temporal 
variability, ranging from 0.1 to 6.1 mm/d. The AET obtained with 
BSEB and TSEB approaches ranged from 0.1 to 3.5 mm/d. On 
average annual time scale, the calculated actual evapotranspiration 
exceeds the annual rainfall, and thus the present methods 
overestimate the evapotranspiration. The overestimation is likely 
attributed to algorithm problems of the surface energy balance. In 
addition, direct root extraction from the aquifer at greater depths is 
likely to be restricted to the deep rooters (such as B. albitrunca, A. 
erioloba and S. longipedunculata) and also extensive advective-
diffusive upward water movement from depths in excess of 70 m is 
unlikely (Chapter 4). However, it is taken that the obtained PET data 
are useful as input for water transport modelling and for further 
analysis of spatial and temporal variability.  
  
In order to analyze PET spatially and to provide input for hydrological 
models, an attempt was made to derive PET not only at monitoring 
locations where the complete PET data input was available (e.g. GS00 
and GS10), but also at those monitoring sites where wind speed was 
not recorded. For that purpose, a 10 m high mobile tower was shifted 
between those locations not equipped with anemometers (GS01-07) 
and the obtained data was correlated with the wind speed data of 
permanent stations. The obtained correlations were surprisingly good, 
due to the homogeneous wind speed characteristic in the Kalahari. 
These interrelations finally made the estimation of PET distribution 
possible, which for the same reason as wind speed, turned out to be 
also spatially homogeneous.  
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More accurate AET determination methods of practical nature are 
required because eddy correlation and scintillometry are often too 
expensive to be justified in regional groundwater projects.  

8.5 Tree transpiration assessment 
 

Tree transpiration was monitored in the study area, for a period of 
more than two years, using TDP tree sap velocity measurements at 
seven sites (GS01-07), on 5-6 trees at each site. In total 41 
measurements were carried out on the selected nine tree species. 
The individual tree sap flows were temporally variable, with higher 
flows in wet summer seasons than in dry winter seasons. In order to 
estimate tree transpirations on plot level scale, the sap flow 
measurements were upscaled to seven 30x30m plots, surrounding 
the GS01-07 monitoring sites. Tree plot transpiration was additionally 
calculated by extrapolation for site GS08, where no sap flow 
monitoring equipment was installed, using the biometric upscaling 
functions obtained for each tree species and the average (except for 
B. africana in which a single tree was measured) sap velocity 
measurements for each species. 
 
The daily plot tree transpiration, varied from nearly zero in the dry 
season to 0.4 mm/d in the wet season. The annual plot tree 
transpiration calculated for the eight plots, pointed at low variability 
of inter-annual tree transpiration, but high spatial variability among 
the plots, ranging from 3 to 71 mm/yr per plot. Since annual rainfall 
is of the order of 440 mm, this means that more than 350 mm/yr is 
lost by transpiration of grass and shrubs as well as from direct 
evaporation from the upper shallow subsurface layers and from 
interception. The annual plot level tree transpiration did not show a 
direct dependency on the yearly rainfall, suggesting that trees mainly 
use water from much deeper layers instead of soil water from the 
upper shallow layers. This hypothesis was confirmed by analysis of 
the depth from which soil water was extracted by the trees, with the 
help of environmental isotopes (2H and 18O) (Chapter 6). 
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8.6 Rooting depth investigation  

 

In Chapter 5, the rooting depths of 19 trees in the Kalahari sandveld 
and hardveld were investigated in native savanna habitat; 
groundwater table depths in these areas range from 8 m to more 
than 70 m. The rooting depths were explored by putting lithium 
chloride as a tracer in deep boreholes; subsequently, young 
(immature) leaves of nearby trees were analysed during consecutive 
days to detect and monitor the uptake of the tracer. 
 
Represented in this experiment were seven variously-aged tree 
species (A. erioloba, A. fleckii, B. albitrunca, D. cinerea, S. 
longipedunculata, T. sericea and Z. mucronata). The trees were able 
to absorb the tracer within a few days from varied placement depths, 
ranging from 8-70 m. This means that the mentioned tree species can 
develop roots to depths of more than 8-70 m in order to reach deep 
sources of moisture in water-scarce ecosystems such as the Kalahari 
desert.  

8.7 Determination of water sources used by 
vegetation  

 

The stable isotopic signature of xylem water for six trees and the 
associated isotopic composition in soil and groundwater at four sites 
were investigated in Chapter 6. The objective of the investigation was 
to identify the depths from which water was extracted by trees, 
particularly during the dry season. The results show a range of 
isotopic signatures, indicating that most of the Kalahari trees such as 
A. erioloba, B. albitrunca and S. longipedunculata made 
predominantly use of soil water that was extracted from depths of 
more than 3 m (that is below the main root zone of shrubs and 
grasses). There is, however, evidence that A. fleckii, A. karoo and Z. 
mucronata also made use of more shallow water, which in the case of 
A. fleckii meant extraction under suctions that exceeded the 
permanent wilting point of 1.47 MPa.  
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8.8 Soil moisture regimes, groundwater level 
fluctuations and groundwater recharge  

 

Natural groundwater recharge characteristics for the study area have 
been evaluated in Chapter 7 using rainfall, evapotranspiration, soil 
moisture and groundwater level observations, acquired by various 
methods. The sensors used for soil moisture observations were 
connected to data loggers that also controlled and stored data for 
evapotranspiration (Chapter 3) and sap flow analysis (Chapter 4).  
 
Soil moisture and matric pressure profiles showed the occurrence of 
diffuse as well as preferential flow components in rainwater 
infiltration. The deepest soil profile (76 m) at GS10 indicated that 
downward soil moisture transport during the period of observation 
only reached up to 22 m. This might reflect removal of percolate by 
soil water extraction by deep roots up to 22 m b.g.s. This observation 
brings into focus the question of how widespread recharge in the 
Kalahari is. Perhaps it is confined to a few locations where preferential 
flow is important, such as depressions where rainwater accumulates, 
and/or areas with high permeability, for instance where fractures in 
hard rock or duricrust at or near the surface facilitates fast 
infiltration. The lack of significant variation in soil moisture signals at 
greater depths can also be explained as residual moisture from earlier 
major rainfall events, otherwise it could be an artefact of measuring 
equipment or influence of deep rooting systems.  
 
Groundwater level response to rainfall vary from site to site; the 
differences in reaction depend mainly on site-specific differences in 
topographic features, vegetation characteristics, soil physical 
properties and local aquifer hydraulic characteristics. Groundwater 
level fluctuations in boreholes in this study were used to assess 
groundwater recharge. Three recharge estimation approaches were 
applied: linear reservoir (LINRES), water table fluctuation (WTF) and 
EARTH lumped parameter model.  LINRES and WTF make use of the 
estimated change in aquifer storage, whereas EARTH is based on a 
combination of modelling of rainfall, evapotranspiration, moisture 
transport and groundwater level fluctuations. The EARTH model in 
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this study was calibrated by estimated model parameters in 
combination with dry season tree transpiration data, acquired through 
sap flow measurements, and by groundwater level observations. Soil 
moisture measurements were not directly used in this modelling 
exercise because they represent small scale processes that cannot be 
easily extended to large scale processes.  
 
It is evident that groundwater level fluctuation will be reduced by high 
attenuation of the seasonal water flux, because the flux will then 
approach a steady state. Accordingly, the aforementioned methods 
will under such conditions underestimate the groundwater flux to the 
water table. On the other hand, a strong reaction of the groundwater 
table can be the result of local conditions of focused recharge by 
accumulation of water at the surface and/or preferential flow. Thus 
regionalized recharge figures based on boreholes which produce a 
clear reaction on rainfall might be too high.  
 
LINRES and WTF recharge estimates gave comparable results, but 
EARTH resulted in higher values. The outcome of the recharge 
calculation ranges between 0 and 150 mm/yr; the latter extreme 
value is from a location with focused infiltration in an ephemeral 
stream valley on the hardveld. An overall groundwater recharge 
average seems to be in the order of 15 mm/yr. Since the overall 
regional groundwater discharge out of the considered region is 
estimated at 4 mm/yr, this means that groundwater extraction by 
deep rooting trees is of the order of 10 mm/yr. 
 
Although the applied methods suffer from a lack of adequate data as 
well as from conceptual uncertainties, the results are in the order of 
magnitude which is not much different from previous investigations 
with chloride mass balances and isotopic tracers, under comparable 
conditions in the Kalahari, 300 km to the south. In that area 
groundwater recharge values in the range from 4-12 mm/yr were 
obtained (Selaolo, 1998; De Vries et al., 2000). It should be noticed 
that tracer studies normally give, in contrast to the methods used in 
this study, recharge values that represent average conditions on a 
longer time scale; in the Kalahari generally tens of years.    
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8.9 Conclusions  
 

The main conclusion is that this study has proved that several tree 
species in the Kalahari desert are able to extend their roots to great 
depths, of more than 70 m locally, and to extract soil water and/or 
groundwater from such depths. This means that water which has 
escaped evapotranspiration in the main root zone (the upper 4 m), 
and has percolated to greater depths or even has reached the 
groundwater table, can still be subjected to evapotranspiration. These 
findings are to be taken into consideration in groundwater recharge 
studies and evaluation of sustainable resources in (semi-)arid areas. 
Additionally, this shows that a better understanding of moisture 
dynamics and water consumption in connection with climatic data in 
general, is essential for a sustainable use of the Kalahari environment 
and its resources.   

8.10 Further research 

 

Future research in the Kalahari should, apart from continuous general 
recharge investigations and monitoring, focus on water consumption 
by the various types of vegetation and on the partitioning of 
transpired water between water that is extracted from different 
depths of the unsaturated zone and that which originates from the 
saturated zone. This approach will likely provide important 
information on groundwater transpiration in areas with a deep 
groundwater table. Additionally, there is a need to investigate the 
existence of hydraulic redistribution (hydraulic lift and hydraulic 
descent4) and vapour transport processes, since the role of these 
features has not yet been taken into consideration in the Botswana 
Kalahari. The existence and importance of these processes have been 
indicated by several studies e.g. Burgess et al. (1998), Schulze et al. 
(1998), Walvoord et al. (2002a, b), Ludwig et al. (2003), Hultine et 
al. (2004) and Kurz-Besson et al. (2006).  
 
 

                                          
4 Hydraulic descent is the vertical transfer of water from wet shallow layers to 
relatively dry deep layers resulting from root water transport and efflux to the 
soil. 
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Samenvatting (Summary in Dutch) 
 
Bodemvocht regime en evapotranspiratie aan de rand van de 
Botswaanse Kalahari, in het bijzonder met betrekking tot diep 
wortelende vegetatie 
 
Het grootste deel van de Botswaanse Kalahari kan gekarakteriseerd 
worden als een tamelijk vlakke savanne met een dichte gras- en 
struikvegetatie en wisselende concentraties aan bomen. De 
ondergrond bestaat vrijwel geheel uit een pakket matig fijne eolische 
en fluviatiele zanden van Tertiaire tot recente ouderdom, waarvan de 
dikte toeneemt van ca. 10 meter aan de randen tot meer dan 100 m 
in het centrum van het gebied. Het Kalahari zand ligt op de Karoo 
afzettingen, die voornamelijk bestaan uit zandsteen, basalt en 
schalies van Paleozoïsche tot Mesozoïsche ouderdom. De Karoo 
gesteenten vormen de voornaamste watervoerende laag; de Kalahari 
zanden bevatten nagenoeg geen verzadigd grondwater, afgezien van 
lokale grondwatervoorkomens rond grote pannen (depressies). 
Oppervlakte afstroming uit de Kalahari ontbreekt, en het grondwater 
in dit afgesloten grondwaterbekken draineert naar het topografisch 
laagste gebied, de Makgadikgadi zoutpannen. 
 
De jaarlijkse neerslag varieert van gemiddeld 450 mm aan de 
oostelijke begrenzing van de Kalahari tot 350 mm in het centrum. 
Lagere hoeveelheden van ca. 250 mm worden gevonden in het 
uiterste zuidwesten, dat een woestijn-karakter heeft, terwijl naar het 
uiterste noordoosten de regenval toeneemt tot 650 mm /jaar. De 
neerslag valt gedurende de hete zomerperiode en is geconcentreerd 
in kort durende perioden met convectieve buien van enkele tientallen 
millimeters. Vrijwel alle neerslag die niet direct verdampt, infiltreert in 
de goed doorlatende zanden en wordt tijdelijk opgeslagen in de 
bovenste 4 m van het profiel, dat min of meer samenvalt met de 
dichte wortelzone van de grassen en lage struiken. Van daaruit wordt 
het meeste water vervolgens door evapotranspiratie via de vegetatie 
weer aan de atmosfeer afgegeven, terwijl een klein deel infiltreert 
naar de diepere ondergrond.  
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Tot aan het einde van de 20e eeuw is er discussie geweest over de 
vraag of het grondwater onder de Kalahari, dat zich tussen de 20 en 
100 m diepte bevindt, al dan niet onder de huidige klimatologische 
omstandigheden wordt aangevuld, en zo ja, in welke mate (De Vries 
and Von Hoyer, 1988). In de jaren negentig van de vorige eeuw is 
daarom door de Botswaanse Geologische Dienst en de Amsterdamse 
Vrije Universiteit een uitgebreid onderzoek gedaan in het oostelijk 
deel van de Kalahari naar de grootte van de aanvulling van het 
grondwater. De conclusie hiervan was dat de grondwatervoeding in 
orde van grootte varieert van ca. 10 mm/jaar aan de rand van de 
Kalahari tot 1 mm/jaar in het centrum (De Vries et al., 2000). De 
vraag rees echter, wat gebeurt er verder met dit water dat zich op 
grote diepte ( > 20 m) bevindt, aangezien de gemiddelde grondwater 
afvoer uit de Kalahari minder dan 1 mm/jaar lijkt te bedragen. Als 
hypothese is toen geopperd dat mogelijk een deel van het 
infiltrerende regenwater, dat vanuit de wortelzone naar beneden 
percoleert, uiteindelijk op grotere diepten door diep wortelende 
bomen (zoals acacia soorten) als bodemvocht en/of grondwater zou 
worden onttrokken. 
 
In dit proefschrift wordt het watergebruik (transpiratie) van deze 
bomen, en hun rol in de bodemvocht en grondwaterbewegingen, 
nader onderzocht in een gebied van 2690 km2 in het oostelijk deel 
van de Kalahari, ten westen van de plaats Serowe. De 
grondwaterdiepte neemt in dit gebied toe van 8 m beneden maaiveld 
aan de rand, tot meer dan 70 m naar het westen. De gemiddelde 
jaarlijkse neerslag over de periode 1925-2004 bedroeg 437 mm. De 
gemiddelde potentiële verdamping werd bij eerder klimatologisch 
onderzoek bepaald op 1350-1450 mm/jaar. 
 
De worteldiepte van 19 verschillende bomen werd onderzocht door 
via 19 boorgaten, die in de nabijheid van deze bomen waren geboord, 
lithiumchloride als tracer (merkstof) in de ondergrond te brengen. Dit 
gebeurde op diepten tussen 8 m en 70 m, afhankelijk van de locale 
diepte van de grondwaterspiegel. Binnen enkele dagen bleek de 
tracer terug te vinden in de takken en bladeren van de onderzochte 
bomen. Hiermee was ondubbelzinnig aangetoond dat deze bomen 
inderdaad tot de betreffende diepten kunnen wortelen (dat wil zeggen 
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soms tot meer dan 70 m) en van daaruit water kunnen onttrekken 
(Hoofdstuk 5).  
 
Met sapstroommetingen, die gedurende 2 jaar zijn uitgevoerd, werd 
het watergebruik in 41 bomen van negen verschillende species 
bepaald (Hoofdstuk 4). De metingen vonden plaats op zeven 
verschillende experimentele (natuurlijke) proefvelden, waarna de 
uitkomsten werden geëxtrapoleerd over een gebied van 30 x 30 m 
rond deze velden. Dit leverde een jaarlijkse bijdrage door de 
gezamenlijke bomen aan de verdamping, die varieerde van 3 mm tot 
71 mm tussen de proefgebieden onderling. Het gemiddelde over de 
zeven gebieden bedroeg 18 mm/jaar. Aangezien de totale 
verdamping niet veel minder kan zijn dan de totale regenval, 
betekent dit dus dat de bijdrage van de bomen aan het totale 
watergebruik van de vegetatie in het onderzochte gebied in orde van 
grootte varieert van 1-20%.  
 
Om een indruk te krijgen van de diepten vanwaar uit het water aan 
de ondergrond door de bomen wordt onttrokken, werd voor zes 
bomen, op vier velden, de relatieve concentraties aan de natuurlijke 
isotopen 18O en 2H in het xyleem-water bepaald. Daarnaast werd in 
de ondergrond, nabij deze bomen, de concentraties van genoemde 
isotopen in het bodemvocht en het grondwater onderzocht. Hieruit 
bleek dat het grootste deel van het door de bomen onttrokken water 
afkomstig is van diepten van meer dan 4 m, dus van dieper dan de 
wortelzone van de grassen en struiken (Hoofdstuk 6). 
 
Neerslag, potentiële en werkelijke verdamping werden bepaald voor 
de jaren 2002, 2003 en 2004 op 11 velden met behulp van zelf 
registrerende instrumenten in meetmasten en ter beschikking 
staande faciliteiten voor automatische opslag en bewerking van 
informatie. Het doel van dit onderzoek was de variabiliteit van 
neerslag en verdamping in ruimte en tijd te analyseren.  
 
Analyse van de neerslaggegevens laat zien dat, voor onderlinge 
afstanden tot 10 km, de correlatie coëfficiënt tussen de dagelijkse 
neerslaghoeveelheden hoger is dan 0.8. Voor afstanden van meer dan 
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20 km neemt deze correlatie coëfficiënt af tot 0.6 (en soms minder), 
(Hoofdstuk 2). 
 
De potentiële verdamping (PET) is bepaald via de Penman-Monteith 
methode, terwijl de werkelijke (of actuele) verdamping (AET) is 
gemeten via de ‘Bowen ratio surface energy balance’ methode en de 
‘Temperature profile surface energy balance’ methode. De resultaten 
lieten een variatie in PET van 0.1 – 6.1 mm/dag zien, terwijl AET een 
variatie te zien gaf van 0.1 – 3.5 mm/dag. De variaties betreffen 
vooral een fluctuatie in de tijd; regionaal bleek het gebied tamelijk 
homogeen. De berekende jaarsom van de werkelijke verdamping 
(AET) volgens deze methoden overschreed de totale neerslag. De 
conclusie is dan ook dat de metingen een overschatting van de totale 
verdamping hebben opgeleverd (Hoofdstuk 3).  
 
Voorts is met behulp van de stijging van de grondwaterstand na 
regenperioden, een schatting gemaakt van de grondwateraanvulling. 
Daarnaast is de infiltratie van het regenwater in de ondergrond 
beneden de wortelzone gemodelleerd via het 1-dimensionale 
infiltratiemodel EARTH. Dit model is gebaseerd op de neerslag, 
verdamping en grondwaterstandsfluctuaties, waarbij de resultaten 
van de sapstroommetingen werden gebruikt voor calibratie 
(Hoofdstuk 7). Deze berekeningen, die slechts betrekking hebben op 
een periode van 3 jaar, en op slechts enkele locaties zijn uitgevoerd, 
leverden een orde van grootte van 15 mm/jaar voor de 
grondwateraanvulling. Wordt hiervan de grondwateronttrekking door 
de diep wortelende bomen afgetrokken, dan verkrijgt men de netto 
grondwatervoeding. Er van uitgaande dat gemiddeld over langere tijd 
een evenwicht heerst tussen netto grondwateraanvoer en 
grondwaterafvoer, dan is de netto grondwateraanvulling gelijk aan de 
gemiddelde regionale grondwaterafstroming. Deze regionale 
grondwaterafstroming werd in het onderzochte gebied, op basis van 
de gemiddelde horizontale doorlaatcapaciteit van de watervoerende 
laag en de hydraulische gradiënt, geschat op een orde van grootte 
van enkele millimeters per jaar. 
 
Conclusie: De bomen in de Kalahari kunnen met hun wortels het 
grondwater volgen tot diepten van meer dan 70 m. De bijdrage van 
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deze bomen aan de totale evapotranspiratie van de savanne 
vegetatie bedraagt in orde van grootte 15 tot 20 mm per jaar. Deze 
totale evapotranspiratie kan bij afwezigheid van oppervlakteafvoer, 
slechts weinig lager zijn dan de totale regenval. Het feit dat de diepe 
wateronttrekking door de bomen in dezelfde orde van grootte ligt als 
de berekende diepe percolatie van het neerslagwater, verklaart de 
geringe netto voeding en afstroming van het grondwater. Verder wijst 
de betrekkelijk geringe transpiratie (watergebruik) door de bomen, en 
het feit dat dit water voornamelijk van grotere diepten afkomstig is, 
op een dominante positie van de lagere vegetatie in de competitie 
voor het gebruik van het beschikbare water.  
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Appendix A: Example photographs of all investigated species  
 

A. karoo 
 

A. erioloba 

 
A. fleckii 

  
B. africana 

 
B. albitrunca 

  
D. cinerea 
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L. nelsi 

 
O. pulcha 

 
S. longipedunculata 

 
T. Sericea 

 
Z. mucronata 
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Appendix B: Seasonal trends of daily average (ave.) sap velocity 
(from (b) until (j)) in cm/hr in relation to (a) incoming shortwave 
radiation (S↓) and (b) air temperature (Ta) 
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Appendix C. Normalised sap flow (Qn), potential evapotranspiration 
(PET) and rainfall 
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