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ABSTRACT 

Soil moisture information is a vital parameter for water resources planning and food 
production. In particular for West Africa, where income largely depends on rainfed 
agriculture, reliable information on available soil water is required for modeling and 
prediction. 

Over large areas and, specifically, for data scarce regions, satellite soil moisture 
estimates are required to obtain reliable information on available soil water. This necessity 
for satellite-based soil moisture data has already resulted in recent and upcoming satellite 
launches. 

Although satellite-based soil moisture estimates have been globally available 
since the early 1990s, the satellite signal used to derive soil moisture estimates, has yet to 
be fully understood. In this thesis the interrelation between vegetation water and satellite-
based soil moisture estimates is investigated for West Africa. Based on observations and a 
series of regional models the link between vegetation and satellite signal was hypothesized 
and tested. New methodologies for ground observations of soil moisture and vegetation 
water were developed, which provide the means to design experiments for calibration and 
validation of upcoming soil moisture satellites. 



KURZFASSUNG

Der regionale Einfluss von Vegetationswasser auf di e satellitengestützte 
Bestimmung von Bodenfeuchte in Westafrika

Bodenfeuchte ist ein wichtiger Parameter im Bezug auf die Bewirtschaftung von 
Wasserressourcen und auf Nahrungsmittelproduktion. Insbesondere in Westafrika, wo das 
Einkommen größtenteils vom Regenfeldbau abhängt, sind zuverlässige 
Bodenwasserinformationen notwendig um regionale Modelle und Vorhersagen zu erstellen.

In großen Gebieten, und vor allem in Regionen für die nur wenige Daten 
verfügbar sind, werden satellitengestützte Bodenfeuchteschätzungen benötigt um 
zuverlässige Informationen über das verfügbare Bodenwasser zu erhalten. Die 
Notwendigkeit zur  satellitengestützten Schätzung von Bodenfeuchte hat dazu geführt, dass 
in jüngster Vergangenheit, sowie in Zukunft für diese Zwecke Satelliten gestartet werden.
Obwohl satellitengestützte Bodenfeuchteschätzungen global seit den frühen 90er Jahren 
verfügbar sind, wird das Satellitensignal, das benutzt wird um Bodenfeuchteschätzungen zu 
berechnen, noch nicht vollkommen verstanden.

Diese Doktorarbeit behandelt den Zusammenhang zwischen Vegetationswasser 
und satellitengestützten Bodenfeuchteschätzungen in Westafrika. Die Annahme, dass ein 
Zusammenhang zwischen der Vegetation und den Satellitendaten besteht, wurde durch eine 
Reihe von Beobachtungen und verschiedene regionale Modelle getestet. Weiterhin wurden 
neue Methoden im Bereich der Skalierung von Bodenfeuchtedaten und der Messung von 
Vegetationswasser entwickelt. Diese neuen Methoden stellen Mittel bereit, um 
Bodenfeuchteschätzungen zukünftiger Satelliten durch Feldexperimente zu kalibrieren und 
validieren. 



SAMENVATTING

Regionale effecten van vegetatievocht op schattinge n van bodemvocht met 
satelieten voor West Afrika

Informatie over bodemvocht is een essentiële parameter voor waterbeheer en 
voedselproductie. Vooral in West Afrika, waar het inkomen voornamelijk afhangt van 
regenafhankelijke landbouw, is betrouwbare informatie over het beschikbare bodemvocht 
van belang voor modelleren en voorspellen.

Over grotere gebieden, en vooral in regio’s met weinig gegevens, zijn 
satellietwaarnemingen van bodemvocht van belang voor het verkrijgen van betrouwbare 
informatie over beschikbaar bodemwater. Ondanks dat satellietgebaseerde 
bodemvochtschattingen mondiaal beschikbaar zijn sinds het begin van de jaren ‘90, is er 
nog steeds onzekerheid in de interpretatie van het satellietsignaal dat gebruikt wordt om 
deze schattingen te berekenen. In dit proefschrift wordt de relatie tussen vegetatievocht en 
satellietgebaseerde bodemvochtschattingen onderzocht voor West Afrika. De hypothese is 
dat er een verband bestaat tussen de vochtstatus van de vegetatie en het satellietsignaal. 
Deze hypothese wordt getest met behulp van observaties en een aantal regionale modellen. 
Nieuwe methodes voor grondobservaties van bodemvocht en vegetatiewater worden 
gepresenteerd. Deze methodes zijn de basis voor het ontwerp van experimenten voor 
kalibratie en validatie van toekomstige bodemvochtsatellieten.
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1 GENERAL INTRODUCTION

Soil moisture is the key variable in the hydrological cycle. Within the hydrological 

cycle, soil moisture determines the distribution of water into evaporation, runoff, and 

groundwater recharge. In West Africa, which is an extremely moisture limited region, 

soil water information plays a vital role in hydrologic and meteorologic modeling for 

improved water resource planning and food security. Specifically in the Volta Basin, 

where rainfed agriculture forms the main source of income for the majority of the 

population; productivity relies on available soil moisture or “green water”. Progress will 

depend on good management of green water, and will be strongly based on monitoring 

results. Data scarcity in West Africa and the need for regional data emphasize the

necessity for remotely sensed soil moisture estimates. Recent and upcoming satellite 

missions, such as SMOS and MetOp, hold promise for the regional observation of soil 

moisture. Remote sensing of soil moisture, however, is complicated as not only soil 

moisture alone composes the signal received by the satellite.

For West Africa, a long time series of backscatter data from ERS-1 and -2 

satellites, used for soil moisture estimation, were analyzed. Results of the satellite data 

analysis showed spatial and seasonal patterns in the satellite data not associated with 

regional soil moisture distribution. A hypothesis was formulated, relating the detected 

satellite patterns with vegetation, and specifically with water stored in vegetation.

The objectives of this thesis are to (i) determine to what extent vegetation 

water influences the satellite data, used to estimate soil moisture and (ii) present new 

methodologies for ground observations of soil moisture and of vegetation water.

The following chapters are organized into modeling (Chapters 2 to 5) and 

ground observations (Chapters 6 and 7). The second chapter gives an introduction to the 

local hydrology in West Africa based on a long-term water balance for the Volta Basin. 

Chapter 3 presents spatial and seasonal patterns found in diurnal backscatter data from 

satellite observations. The detected patterns suggest a strong link to vegetation water 

which is further investigated through modeling in chapters 4 and 5. Chapters 6 and 7 

present new methodologies focused on field observations. Chapter 6 focuses on the link 

between ground observations of soil moisture and large-scale satellite estimates. A 

statistical methodology is presented that derives field averages of soil moisture from 

point based soil moisture samples. In chapter 7 a methodology for the direct observation 
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of vegetation water changes in trees is presented. Mass changes of tree canopies are 

measured by in situ weighing of trees. Chapter 8 then concludes the thesis and presents 

future implications for field experiments combining vegetation water and microwave 

remote sensing.

1.1 West Africa and the Volta Basin

The study region is West Africa, here defined as the region between 0° and 20° North 

and 20° West to 20° East. Whereas large-scale modeling is focused on West Africa 

(Chapters 3 to 5), most field observations and regional modeling are undertaken for the 

Volta Basin within West Africa (see Figure 1.1). Further, the Volta Basin is the focus of 

the GLOWA Volta Project, in which framework this thesis was written. The GLOWA 

Volta Project is an interdisciplinary project that studies water availability and water use 

under physical and socio-economic aspects with in the Volta Basin (van de Giesen et al. 

2002). The following paragraphs give a brief introduction to West Africa and the Volta 

Basin.

Figure 1.1: Study region. West Africa and the Volta Basin (black inlay).

Climatologically, West Africa is situated between two large homogenous surfaces, land 

and water, that develop two air masses. These two air masses, (i) the warm, dry 

continental air originating from the Sahara, and (ii) the warm humid maritime air from 
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the Atlantic Ocean, are separated by the Inter Tropical Convergence Zone (ITCZ)1. Wet 

and dry seasons are determined by the dominance of either maritime (wet) or 

continental (dry) air masses. The latitudinal shift of the ITCZ determines the timing of 

wet and dry seasons. During July or August the ITCZ has its northernmost position. At 

that time, most of West Africa is under the influence of maritime air masses. In January, 

the ITCZ has its southernmost position, leaving West Africa mainly under the influence 

of continental air masses. The length of the seasons, dry and wet, differs locally and 

depends on the prevalence of the air masses. Generally it can be said that ITCZ is 

oriented from West to East, so that the length of the seasons has a longitudinal structure 

with long wet seasons in the South and short wet seasons in the North. For a detailed 

description of the West African climatology the reader is referred to Ojo (1977) and to 

Hayward and Oguntoyinbo (1987).

Vegetation is mostly dependant on available moisture, as determined by the 

zonal distribution of the wet season lengths. In accordance with the climatology, the 

vegetation zones are also oriented from North to South, from the sparsely vegetated 

Sahel, to savanna regions (from grass to forest savannas), and the Guinea forest zone or 

rainforest in the extreme South (Windmeijer and Andriesse 1993). Due to the extreme 

dry and wet periods, vegetation is mostly moisture limited as opposed to energy limited, 

which occurs more in mid-latitudinal regions.

Hydrologically, the large spatial and temporal differences in available 

moisture as well as differences in vegetated land cover cause a large moisture signal 

range. Precipitation and vegetation growth are often limited to three to nine months 

during which most of the annual rain events occur. The remainder of the year is 

generally dry with only few rain days and little vegetation. Due to the position in the 

subtropics and tropics, radiation and evaporative demand is high throughout the year, 

but with considerably more cloud cover during the wet season months.

The Volta Basin is located between 5° and 15° North and 6° West to 3 ° East 

covering an area of about 400.000 [km²]. The main river systems are the Black Volta, 

the White Volta, and the Oti, all of which drain into Lake Volta. Coherent with the 

whole West African region, precipitation, vegetation, and soil moisture follow a natural 

1 Other names found for ITCZ in the literature are Inter Tropical Discontinuity zone 
(ITD) and Inter Tropical Front (ITF).
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gradient from North to South. Precipitation ranges from about 400 [mm year-1] in the 

North to 1500 [mm year-1] in the South (FAO 2001).

The majority of the population in the Volta Basin consists of rural residents, 

and the largest economic sector is agriculture. Population within the Volta Basin, over 

20 Million people with a density of about 40 persons km-2, is rapidly growing and can 

be considered to have a low income structure (FAO 2000). The agricultural sector is 

dominated by small-scale, rainfed farming. The high dependency on rainfed agriculture, 

of course, makes the societal and economic systems extremely sensitive towards 

changes in available water resources. Soil moisture, being one of the most important 

factors of agricultural production in the study region, is therefore an important 

parameter to be observed and estimated at regional scale.

1.2 Summary of innovations

The innovations presented in this doctoral thesis start with the detected satellite patterns. 

The differences in microwave backscatter data of morning and of evening satellite 

overpasses as described in chapter three are presented for the first time. The detected 

differences, being systematic, give reason to conduct a detailed discussion of possible 

causes put forward at the beginning of chapter 4. Innovative aspects in chapters 4 and 5

are not so much in the individual modeling concepts itself but more in the combination

of different modeling concepts. A suite of soil water and plant water modeling concepts 

are combined to model vegetation water on a large spatial scale considering both 

responses to changes in atmospheric demand as well as in soil water availability. 

Chapters 6 and 7 present innovations in the field of in situ observations that aim towards 

future field tests of the preceding model results. Chapter 6 presents a methodology to 

determine statistically stable field averages from point measurements using a hydrotope 

approach. Chapter 7 presents a methodology to directly observe mass changes of tree 

canopies.

The individual chapters have partially been published and often have different 

structures. The structural differences are especially reflected in the different 

methodologies that are directed towards each chapter. To ascertain best possible 

readability, their original structure is maintained. References towards the study region 

and the hydrology might therefore be repeated, but are focused towards each chapter 
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and ensure coherent reading. A collection of disparate methods, followed by a collection 

of results, etc., would have been difficult to read.
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2 STORAGE CAPACITY AND LONG-TERM WATER BALANCE OF 
THE VOLTA BASIN 2

Climate and anthropogenic change can be detected in West Africa at both the point and 

regional level. Climate change is apparent when looking at rainfall time series, whereas 

increasing population figures and changes in land use and cover indicate anthropogenic 

changes. This work investigates to what extent changes are detectable at the level of the 

Volta Basin (Figure 2.1). Previous work for the Nakambé basin (White Volta), a sub-

basin of the Volta Basin in northern Burkina Faso, showed that both climate and 

anthropogenic change had impact on the river flow (Mahé et al. 2002). In this study, we 

examine whether long-term changes in the runoff regime can be observed at the level of 

the whole Volta Basin. On the basis of a storage capacity and water balance analysis, it 

will be shown that climatic changes do result in changes in runoff behavior. In the 

Nakambé basin, anthropogenic changes could be linked to long-term changes in runoff. 

Here, at the level of the whole Volta Basin, no such change can be detected.

Figure 2.1: Map of the Volta Basin, West Africa. 

2 Chapter 2 is based on: Friesen J., Andreini M., Andah W., Amisigo B., and van de 
Giesen N. 2005. Storage capacity and long-term water balance of the Volta Basin, West 
Africa. p. 138-145. IAHS-AISH Publication 296.
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To analyze the long-term behavior of the Volta Basin, a simple rainfall–runoff model 

based on the Thornthwaite-Mather (TM) model was developed. The output from the 

TM model was compared with the results of a mass balance calculated for Lake Volta. 

Modifications to the original TM procedure had to be made to adapt it to the West 

African hydrology. These adjustments were mainly necessary due to the specific rainfall 

regime, which is dominated by wet and dry seasons, to the unique vegetation and land 

cover patterns, and to the high losses through evaporation.  

2.1 Hydrological modeling of the Volta Basin

2.1.1 Data

The data used consist of global datasets of rainfall and reference evaporation (Eref) with 

a 0.5° spatial resolution and a monthly temporal resolution. Time series data from 1931 

to 1995 from the Climate Research Unit (CRU) were used (New et al. 1999; 2000). 

Basin boundaries were taken from the GTOPO30 HYDRO 1k dataset to determine 

rainfall and Eref over the basin area. Eref was calculated on the basis of the FAO 

Penman-Monteith method (Allen et al. 1998). 

For model calibration, measured runoff at Senchi near the mouth of the river 

(Figure 2.1) was used for the years 1937–1963. These data were provided by the Office 

de Recherche Scientifique & Technologique Outre Mer (ORSTOM) and the Water 

Research Institute, Ghana. Lake levels, discharge data, and storage-area-level curves for 

Lake Volta were provided by the Volta River Authority, Ghana.
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Rainfall Evaporation

Direct
runoff

Ground-
water 

Baseflow

Root zone
moisture

Groundwater Recharge 

Figure 2.2: Rainfall-runoff model scheme. Total riverflow is the sum of direct runoff
and baseflow.

2.1.2 Rainfall–runoff model

The rainfall–runoff model is based on a Thornthwaite-Mather (TM) storage model. The 

algorithm is a modified version (Figure 2.2) of the model presented by Steenhuis and 

van der Molen (Steenhuis and Van Der Molen 1986; Thornthwaite and Mather 1955; 

1957). The original TM procedure calculates groundwater recharge from the root zone 

water balance on a monthly time step. To adapt the procedure to the West African 

hydrology, the following modifications were made. Runoff was considered to be 

composed of two components, baseflow and direct runoff (Figure 2.2). Baseflow is here 

defined as runoff from the groundwater reservoirs or aquifers, which in turn are filled 

by groundwater recharge from the root zone. Direct runoff is the sum of saturation 

excess flow (Dunn flow) and runoff caused by infiltration capacity excess (Horton 

flow). The importance of direct runoff in West Africa has been presented in detail by 

several authors (Masiyandima et al. 2003; van de Giesen et al. 2000; Windmeijer and 

Andriesse 1993). It seems that at the level of the Volta Basin, most direct runoff is 

generated as Dunn flow from the saturated floodplains that have relatively fixed areas. 

Although the TM procedure and its additions form a purely conceptual model, the 
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model does fit the West African hydrology, as observed in the field and as reported in 

the literature. The rainfall regime is dominated by contrasting wet and dry seasons. The 

flood plains become saturated relatively quickly and start to produce direct runoff soon 

after the rains start. The uplands have very deep soils with root zones that feed actual 

evaporation (Ea). The uplands take a long time before they become sufficiently wet for 

groundwater recharge to occur. This is mimicked by the TM procedure in which 

recharge only takes place once the storage capacity of the root zone is exceeded. The 

recharge from the root zone is collected in a linear groundwater reservoir, which 

discharges as baseflow into the rivers for a brief period after the rains have ceased. The 

sum of direct runoff and baseflow is the total riverflow. The model was calibrated for a 

period from March 1936 till February 1963, using hydrological years that run from 

March through February. For a complete cross-validation the data were divided over 

five blocks. The cross-validation was then repeated five times. Each time, one block 

was used as a validation set and the other blocks were put together to form the 

calibration set. The average Nash-Sutcliffe efficiency over the five validation blocks, or 

out-of-sample efficiency, is 72%. 

2.1.3 Lake model

In 1963, the Volta was dammed at Akosombo, just north of Senchi. The resulting Lake 

Volta is, in terms of area, the largest manmade lake in the world. To compare runoff as 

predicted by the adjusted TM model with historical flows after the dam was 

constructed, it was necessary to derive inflows into the lake from a mass balance. The 

mass balance for Lake Volta was used to calculate monthly inflow as the difference 

between rainfall, evaporation, turbine discharge, and change in storage. Differences in 

lake surface area were accounted for in the rainfall and evaporation calculations.

2.2 Water balance

2.2.1 Volta Basin water balance (excluding Lake Volta)

With the modified TM model, one can resolve how water moves through the basin and 

in which compartments it is stored over time. Here, we analyze the dynamics of water 

storage in these different compartments in order to see if any changes over time can be 

detected that might be anthropogenic. 
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Table 2.1: Volta Basin water balance: model parameters (1931–1995). P: rainfall; Eref: 
reference evaporation; Ea: actual evaporation; Q1: direct runoff; Q2: 
baseflow; Qtotal: runoff.

P Eref Ea Q1 Q2 Qtotal

Mean (km3 year-1) 401 774 357 23 20 43

CV (%) 8 1 5 5 79 38

Table 2.1 shows the annual statistics of the water balance. Mean annual rainfall over the 

basin is 401 km3. Rain falling in the basin is partitioned over Ea (89%) and runoff 

(11%). Runoff can be divided into direct runoff and baseflow. On a long-term basis, the 

ratio of direct runoff to baseflow is 54:46. Coefficients of variation indicate high 

variability for baseflow, and low variability for direct runoff. These results confirm the 

low contribution from Hortonian overland flow and the relatively large contribution 

from wetland areas (Masiyandima et al. 2003). As the wetland areas vary very little in 

size, their contribution to runoff shows low variability, which is reproduced well by the 

modeled direct runoff. 

Storage is divided into root zone soil moisture and groundwater storage. By 

extracting a dry, a wet, and an average year the sensitivities of the two storage 

components towards climate change and variability can be illustrated. The wet and dry 

years chosen are typical examples and not the absolute extremes in the available time 

series.

Figure 2.3: Long-term dynamics of rainfall (P), direct runoff (Q1), and baseflow (Q2) for 
the Volta Basin.
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Table 2.2 and Figure 2.3 present the differences for the two runoff types. Both show 

that, whereas the partitioning is different, contributions from direct runoff remain 

almost constant in wet and dry years, and on a long-term scale. Baseflow, on the other 

side, shows a much higher sensitivity in its response to climate variability. In Figure 

2.3, this sensitivity is illustrated when comparing wet (1931–1969) and dry (1970–

1995) periods, as reflected in the baseflow line. 

Table 2.2: Comparison of wet, dry, and average years. 

P Eref Ea Q1 Q2 Qtotal

Wet year (1968) Total (km3 year-1) 473 774 397 25 49 74

Mean (km3 month-1) 39 65 33 2.1 4 6.2

CV (%) 86 17 38 58 148 112

Dry year (1992) Total (km3 year-1) 354 766 340 22 1.4 24

Mean (km3 month-1) 29.5 64 28 1.9 0.1 2

CV (%) 94 18 42 61 172 53

Average year (1985) Total (km3 year-1) 400 750 346 23 28 51

Mean (km3 month-1) 33.1 10 13 1.3 4.2 5.1

CV (%) 99 16 46 65 178 119

Table 2.2 shows an even more extreme picture by looking at specific wet and dry years. 

On average the ratio between direct runoff and baseflow is 54% to 46%. Wet years 

show a shift towards more baseflow (66%) and dry years an almost complete decline of 

baseflow to only 6%. 

As shown in Figure 2.3, the decline of baseflow is even more extreme when 

short dry spells of 2–4 years of constantly low rain occur. In these cases baseflow 

persistently drops to almost zero after the first year and runoff is only generated 

directly. In general, most of the variability in runoff can be attributed to variability in 

groundwater recharge or baseflow. Baseflow in the Volta Basin shows strong threshold 

behavior, which translates in a strong non-linear response (Andreini et al. 2000). In 

principle, this behavior would make the basin also vulnerable to human activities that 

would affect the storage capacity of the soils and the landscape. To see if such 
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anthropogenic effects can be detected, the output of the TM model will now be 

compared to inflows as determined indirectly from the lake model. 

2.2.2 Lake Volta mass balance

The lake mass balance was used to calculate inflows into Lake Volta from 1966 to 

1995. Average results of the lake water balance are presented in Table 3. Mean annual 

inflow from the basin is 34 km3, of which the bulk (87%) is released through the

turbines. Losses from the lake through evaporation are 1.7 km3 year-1 on average, and 

show a high variability with a coefficient of variation of 66%. Evaporative losses 

presented here are based on the assumption that these losses are equal to Eref. This leads 

to a conservative estimate and these losses should be regarded as minimum losses. 

Below, we show that the real evaporative losses are probably 1.4 to 1.7 times Eref. 

Table 2.3: Lake Volta model (1966–1995). Releases: turbine releases from dam; Eref: 
reference evaporation over the lake surface; P: rainfall over lake surface; 
Vol_change: difference in lake volume; Qin: inflow from Volta Basin.

Releases Eref P Vol_change Qin

Mean (km³ year-1) 29 9.5 7.8 1.1 34

CV (%) 38 14 21 1446 49

What has to be considered in this context is the fact that without the lake, 89% of the 

rainfall now falling on the lake surface area would have been lost to evaporation and 

only 11% would have run off. The lake captures 100% of the rainfall that falls on its 

surface area. This illustrates that although there are significant evaporative losses from 

the lake, these are partially offset by the fact that the lake captures rainfall directly 

(Table 2.3).

2.3 Climate variability and anthropogenic impacts

The existence of climate change or variability is best illustrated by comparing the period 

of 1931 to 1969 with the period of 1970 to 1995. The mean annual rainfall in the first 

period is 28 km3 higher than in second period. On the basis of a Student’s t-test, one 

may conclude that this difference in the mean rainfall is significant, with a confidence 

level of 99.9%. Given the threshold behavior of runoff in the basin, one would expect 
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that this change in rainfall input is transformed into important changes in runoff. This is 

indeed the case, as the baseflow in the first period (1931-1969) is significantly higher 

than the runoff in the second period (1970-1995). This difference is significant with a 

confidence level of 99.6%. The effects of changes in rainfall are captured well by the 

model and can be seen most prominently in the baseflow generated through 

groundwater recharge. 

Anthropogenic change within the basin is determined by using the lake water 

balance as a runoff gage. In first instance, evaporative losses from the lake were 

estimated by assuming they are equal to Eref. Based on this assumption, an inflow is 

calculated that shows the same pattern as the inflow as modeled by the TM model. 

There is a bias, however, between modeled inflow and inflow based on the lake water 

balance. To remove this bias, a factor was introduced with which Eref was multiplied in 

order to obtain real evaporative losses. When this factor was set to 1.54, the bias 

disappeared. The factor accounts for the oasis effect caused by Lake Volta as a large 

shallow inland water body. Similar evaporation losses from isolated open water bodies 

are well known (Brutsaert 1982). In the regional context of West Africa, Liebe 

(forthcoming) has shown that, in the case of small water bodies, the oasis effect is 

comparatively small. As the Eref calculation by Allen et al. (1998) is based on a 

reference crop, deviating energy budget, notably the lower albedo, and roughness 

parameters for open water surfaces seem to be a more likely cause for a correction 

factor of 1.54. The inflow into the lake as derived from the water balance was now 

predicted by the TM model with a Nash-Sutcliffe efficiency of 72%. 

Figure 

2.4: Difference between Lake Volta inflow (Qin) and modeled runoff from the 
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Volta Basin (Qmod).

To assess if an anthropogenic impact can be found at the level of the Volta Basin, the 

difference between the TM model output and the lake inflow based on the water balance 

is examined for trends. Figure 2.4 shows a plot of the difference between annual lake 

inflow and TM-based basin runoff. No clear trend can be found, which indicates that 

there is no major change in runoff regime or hydrological behavior of the whole Volta 

Basin. According to the Student’s t-test, the null hypothesis that the mean riverflow in 

the first (1966–1980) and second (1981–1995) period is the same cannot be rejected at 

the 5% significance level. The Student’s t-test resulted in a p-value of 0.33 stating that 

there is a chance of 33% that the riverflow data of both periods are from the same 

distribution.

There is apparently no clear anthropogenic impact on riverflow even though 

the basin has seen an intensified use of its land and water resources. A partial reason for 

this absence might be that there are two counteracting sets of human interventions that 

may neutralize each other. On one side, there is the increase in small reservoirs 

throughout the northern part of the basin, which enhances water storage capacity and 

infiltration (Liebe 2002; Mahé et al. 2002). On the other side, land degradation through 

deforestation and intensified land use may cause higher runoff (Mahé et al. 2002). 

When focusing on sub-basins within the Volta Basin with high population pressure and 

land-use changes, anthropogenic impacts on runoff regimes can be detected as shown 

by Mahé et al. (2002) for the Wayen Basin in northern Burkina Faso. 

Although the basin upstream from the lake does not show any significant 

human induced changes in hydrological behavior, Lake Volta itself does have a 

significant impact. The evaporative losses are about 1.5 times Eref or 15 km3 year-1. Of 

the rain falling on the lake (7.8 km3 year-1), 89% or 6.9 km3 year-1 would have returned 

to the atmosphere as Ea, if there would not have been a lake. Still, the net-evaporative 

losses of 7.7 km3 year-1 are a significant human impact on the riverflow downstream 

from the dam. Where average riverflow at Senchi before dam construction was 43 km3

year-1 (Table 2.1), this is now reduced to 30 km3 year-1. Most of this reduction can be 

attributed to losses from the lake and only a smaller part to changes in inflow due to 

reduced rainfall in the basin. 
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2.4 Conclusions

A simple long-term water balance for the Volta Basin has been presented. The original 

TM model has been extended to model two runoff components. This modified model 

describes the runoff and its partitioning adequately. Analysis of the runoff dynamics 

shows that baseflow has a high sensitivity towards rainfall variability, whereas direct 

runoff shows little variation. The effects of climate change or variability are reproduced 

well by the model. Comparison with lake inflows as calculated from the lake water

balance shows that there are no significant anthropogenic impacts at basin level. The 

lake itself, however, does have a large impact as the evaporative losses are found to be 

1.5 times higher than Eref, which is only partially offset by rainfall on the lake. 

As pointed out by the work on the Wayen Basin, changes in runoff regimes 

can be seen on mid-level scales. As the data situation in terms of runoff data within the 

Volta Basin is rapidly improving, more work on climatic and anthropogenic impacts can 

be conducted at sub-basin level to identify hotspots of hydrological change.  

The main conclusions are very relevant in the light of the international sharing 

of the resources of the Volta River. It has been assumed that recent low levels in Lake 

Volta should be attributed to over-exploitation of resources in the upper parts of the 

basin (Gyau-Boakye and Tumbulto 2000). The present analysis shows that there is no 

scientific evidence for human impact on lake inflows. In the context of the thesis 

chapter 2 provided a hydrological framework on the level of the Volta Basin. Chapter 3 

will focus on ERS satellite backscatter and present an analysis of diurnal backscatter 

differences found for West Africa. 
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3 DIURNAL DIFFERENCES IN ERS SCATTEROMETER SOIL 
MOISTURE DATA 3

Available soil water is the key link between the land surface and the atmosphere. Large-

scale climatic feedback mechanisms are highly dependent on available soil water. 

Climate change studies over both Europe (Seneviratne et al. 2006) and West Africa 

(Koster et al. 2004) show an increasing importance of reliable soil moisture estimates 

for modeling and prediction.

In West Africa, with its moisture limited environment, rainfed agriculture 

forms the main source of income for the majority of the population. Agricultural 

productivity in Western Africa is highly dependent on available soil moisture or “green 

water” (Rockström and Falkenmark 2000). In order to improve agricultural productivity 

in these regions we need reliable prediction tools based on reliable hydrological and 

climatological models, and improved observations from in situ networks and satellite 

constellations. Remote sensing of soil moisture is a difficult problem due to the 

interference of other parameters such as vegetation or surface roughness on the satellite 

signal. But due to recent advances in both satellite technology and retrieval algorithms, 

more and higher-quality satellite soil moisture datasets will become increasingly 

available (Kerr 2007; Wagner et al. 2007).

New soil moisture sensors onboard EUMETSAT’s MetOp and ESA’s SMOS 

missions have the potential to significantly improve current soil moisture estimates. In 

preparation of these new data we analyzed 10 years of ERS scatterometer data over the 

Volta Basin (Figure 2.1). Soil moisture data extracted from the Global Soil Moisture 

Archive (Scipal et al. 2002) showed patterns in agreement with climatic gradients. 

However, diurnal differences in soil moisture between morning and evening satellite 

overpasses were observed which were not expected. An analysis of the pre-processed 

backscatter data confirmed that there are diurnal differences between 10:30 h and 22:30 

h overpass data in the order of up to 1–2 dB. The detected patterns were not in 

accordance with the natural moisture patterns found in the Volta Basin. The objective of 

this study has therefore been to investigate the potential reasons for these diurnal 

3 Chapter 3 is based on: Friesen J., Winsemius H. C., Beck R., Scipal K., Wagner W., 
and van de Giesen N. 2007. Spatial and seasonal patterns of diurnal differences in ERS 
Scatterometer soil moisture data in the Volta Basin, West Africa. p. 47-55. IAHS-AISH 
Publication 316.
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patterns. In the following sections the study region, its climate and vegetation, is 

presented, followed by a methodological description of the data processing. Then the 

results are presented, followed by a discussion, and the conclusions.

In addition to the detailed study for the Volta Basin, results for West Africa

(see Figure 1.1) are presented. The detailed focus on the Volta Basin stems from 

regional knowledge through field work as well as from expertise in the region in the 

framework of the GLOWA Volta project and its partners (van de Giesen et al. 2007). In 

view of large scale modeling on the scale of West Africa in the following chapters, 

diurnal differences in backscatter for the whole West African region are presented. The 

description of the study region and the additional data are therefore limited to the Volta 

Basin.

3.1 Moisture distribution in the Volta Basin

The main study area covers the Volta Basin (see Figure 2.1) which has been described 

in general in chapter 1. The following description is focused towards the moisture 

distribution and will discuss its spatial distribution in detail. The regional climate causes 

a high to low moisture gradient from South to North. This moisture gradient determines 

the vegetation that ranges from tropical rainforests at the coast to the Sahelian savanna 

in the North (for more information, please see the GLC 2000 land cover map (Mayaux 

et al. 2006)). Elevation in this region is generally flat with only few exceptions, such as 

the mountainous regions along the southern boundary of the Volta Basin 

(http://srtm.usgs.gov/).

The West African climate is organized along a longitudinal axis with high 

annual precipitation in the South and low annual precipitation in the North. Intra-

annually, the climate is divided into wet and dry seasons. The wet season length varies 

from nine to three months, and changes from a bi-modal distribution in the South to a 

mono-modal distribution in the North (Hayward and Oguntoyinbo 1987). In Figure 3.1, 

the distribution and zonality of precipitation, based on CRU climate data, is depicted 

(New et al. 2002).
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Figure 3.1: Average CRU precipitation (1992–2000).

Land cover in the region is controlled by climate, available moisture, population 

density, geology, and soil properties. Southern West Africa has high, evenly distributed 

moisture availability throughout the year that results in dense vegetation cover. Natural 

vegetation in the South is classified as rain forest and Guinea forest. Towards the central 

and northern parts of the study region, moisture content decreases and is not constant 

over the year. The vegetation cover here is classified as savanna. The savanna is again 

sub-divided into several types that are mainly dependent on tree density: such as forest 

savanna, open woodland savanna, and shrub savanna. A detailed vegetation map for the 

study region has been developed by the GLC 2000 project (Mayaux et al. 2006).

Despite the natural conditions that determine vegetation classes, population 

density and agriculture also influence their distribution and extent. Agricultural areas 

throughout the study region generally consist of small plots and are highly heterogen-

eous, often interspersed with trees and shrubs. Rainfed agriculture is the main source of

economic income in West Africa. High population density therefore results in extensive 

land conversion and deforestation. 
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3.2 Calculation of diurnal ERS scatterometer differences

The satellite soil moisture data used in this study are taken from the Global Soil 

Moisture Archive located at http://www.ipf.tuwien.ac.at/radar/index.php?go=ascat 

(Scipal et al. 2002). For soil moisture information wind scatterometers on board of the 

European Remote Sensing Satellites ERS-1 and ERS-2 by the European Space Agency 

are used. Table 3.1 provides a timetable of the data availability from ERS-1 and from 

ERS-2.

Table 3.1: ERS-1 and -2 wind scatterometer data availability. 1for 2001 and 2002 no 
data are available due to an instrument failure onboard the ERS-2 satellite. 
2from 2003 onwards the satellite coverage is limited to the western part of 
West Africa.

Satellite Operation period

ERS-1 07/1991 to 03/2000

ERS-2 04/1995 to present1, 2

The ERS scatterometers operate at a 5.3 GHz (C-band) vertical polarization. 

Backscatter measurements are collected under different incidence angles ranging from 

18° to 57° using three sideways looking antennas. Each antenna beam provides 

backscatter measurements for 50 km resolution cells with a grid spacing of 25 km. The 

overpass frequency of each grid point varies between two and ten days, and overpass 

times are at approximately 10:30 h (descending) and 22:30 h (ascending). All 

backscatter data were processed towards an incidence angle of 40° according to the TU 

Wien model (Wagner et al. 1999) as implemented in the WAPR4 algorithm (Hasenauer 

et al. 2005).

The wind scatterometers on board ERS-1 and -2 provide data in the form of a 

backscatter coefficient s0, which represents radar cross-section [m2] on the ground per 

unit physical area [m2] for each pixel. As the backscatter coefficient s0 [m2 m-2] can 

vary over several orders of magnitude, the values are converted to decibel (Ulaby et al. 

1996) through a logarithmic conversion:

0 0
1010 logdBs s= , (3.1)

where s0 [m2 m-2] is the backscatter coefficient.

http://www.ipf.tuwien.ac.at/radar/index.php?go=ascat
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Backscatter data can be linked to soil moisture through the dielectric constant (de Jeu et 

al. 2008). The use of the dielectric constant as a measure of soil moisture is based on the 

large contrast between the dielectric constants of water (~ 80) and of dry soil (~ 4). Soil 

moisture, or soil-water mixtures, generally range from dielectric constants of 4 to 40 

(Schmugge et al. 1986). Microwave frequencies, such as C-band, are sensitive to 

changes in the dielectric constant. In general, an increase in the dielectric constant of a 

material also causes an increase in the backscatter detected at microwave frequencies. 

Over land surfaces, changes in backscatter are largely influenced by changes in the 

dielectric constant. 

In the following, the arithmetic mean is used, even though the signal is 

expressed in decibel. The reason for this is that the preprocessed backscatter s0(40) [dB] 

data used in this study were processed based on a linear relation between backscatter 

(dB) and soil moisture (Dobson and Ulaby 1986; Wagner 1998):

0
dB soila bs q= + × , (3.2)

where a and b [-] are empirically derived regression coefficients and ��soil [-] is 

volumetric soil moisture.

Using a change detection algorithm Wagner (1999) derives a soil wetness product, 

based on minimum and maximum preprocessed backscatter data for each grid point. 

The following study is based on the preprocessed ERS scatterometer backscatter data 

only. The physical meaning of s0(40) is limited, which is one of the reasons for the use 

of the arithmetic mean in the following. The second reason is that the literature strongly 

suggests that there is a linear correlation between s0 and soil moisture (Equation 3.2).

The preprocessed ERS scatterometer data from the Global Soil Moisture 

Archive are used to compute the diurnal differences in backscatter between different 

ERS overpass times. The analysis is done on backscatter (dB) data from 1992 to 2000 

(Figure 3.2). The year 1994 has been excluded from the computation, because 1994 

shows an imbalance in overpass frequency with less night overpasses. Including 1994 

data, however, does not have a significant effect on the pattern distribution. For the 

extension to the West African region ERS-1 and -2 data from 1992 to 2007 were used 

(see Table 3.1). Data for the years 2001 and 2002 are not available. After 2002 the 
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satellite coverage was limited to the western part of West Africa (20°W to 0°) due to a 

failure of the onboard storage unit. Satellite data from July 2003 onwards could only be 

retrieved when the satellite is in range of a ground receiving stations, which, for West 

Africa, is only available at Maspalomas, Canary Islands.

The West Africa data was resampled to a 0.25° grid to be comparable with 

results of the following chapters. Desert regions in the northernmost part of West Africa 

were masked. Reasons for this were known shortcomings of the TU Wien model for 

deserts (Scipal et al. 2008; Wagner et al. 2003). Regions with a maximum annual 

Normalized Difference Vegetation Index (NDVI) value below 0.15 were considered 

desert and masked. The maximum annual NDVI data were based on 10-day Satellite 

Pour l'Observation de la Terre (SPOT) NDVI data (Maisongrande et al. 2004) for 2006.

Figure 3.2: Average ERS scatterometer backscatter (1992–2000). The backscatter
   values range from -16.5 (dry conditions) to -7.5 (wet conditions) dB.
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Diurnal differences are computed from backscatter data of morning and evening 

overpasses from the Volta Basin according to Equation 3.3. 

( ) ( )0 0 0
, ,

1 1

1 1
40 40

N M

n morning m evening
n mN M

s s s
= =

D = -å å , (3.3)

where s0(40) is the backscattering coefficient at 40° incidence angle expressed in 

decibels, and N and M are the numbers of morning and evening overpasses for 

the selected time slice.

In the following, overpasses around 10.30 h and 22.30 h are referred to as morning and 

evening overpasses. For each pixel the morning and evening backscatter data is 

averaged over different time slices: long term (1992–2000), hydrological years, and 

monthly averages. The mapped diurnal patterns in Figure 3.3 show differences in 

backscatter (dB) between the morning and evening averages.

3.3 Regional diurnal ERS scatterometer differences

3.3.1 Volta Basin

Soil moisture distribution over the Volta Basin as depicted by the ERS scatterometer 

shows a clear North–South gradient that corresponds well with both rainfall and 

vegetation. However, differences between morning and evening overpasses show 

different patterns that do not follow the natural moisture gradient (see Figure 3.3).
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Figure 3.3: Average diurnal backscatter differences (1992–2000, without 1994).

In reference to the local conditions we identified four regions: the southwestern tropical 

forest (I), the central Volta Basin (II), the Niger wetlands in the Northwest (III), and the 

northern part of the Volta Basin (IV). The four regions can be linked to different types 

of vegetation, vegetation density, and levels of available water. Region (I) in the tropical 

forest has a high vegetation cover with relatively dense canopy cover and a high level of 

available water. High annual precipitation and evenly distributed water availability 

throughout the year result in uniform moisture content of both soil and vegetation.
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Figure 3.4:Tree density map for 2000. Based on the Vegetation Continuous Fields 
(VCF) product MOD44B, processed from National Aeronautics and Space 
Administration’s (NASA) Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellite data (Hansen et al. 2003).

Region (II), the central Volta Basin, and region (III), the Niger wetlands, are subject to 

less annual precipitation and long dry season periods. The vegetation, as can be seen in 

the tree density map (see Figure 3.4), shows high tree densities as compared to the 

surrounding area. Towards the end of the wet season and the beginning of the dry 

season vegetation in both regions is under severe water stress. Grasses and small shrubs 

disappear and only woody vegetation lasts through the dry season. Region (IV) has a 

similar moisture regime as regions II and III but the general vegetation cover is dif-

ferent. The vegetation consists only of shrubs and grasses and moisture is limited. Due 

to the low tree cover, the vegetation almost entirely disappears during the dry season.
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Figure 3.5: Monthly backscatter averages for single pixels within the four identified 
regions for data from ascending track, descending track, and both tracks. 
Morning overpasses correspond to the descending and evening overpasses 
to the ascending track.

The identified patterns emerge in multi-annual averages (see Figure 3.3), as well as in 

monthly averages. Figure 3.5 highlights single pixels within the four identified regions. 

The monthly distribution of diurnal differences for regions (II) and (III) show that 

backscatter differences are highest between the end of the wet season (October) and the 

mid dry season (January). Note that, overall, the effect is quite small compared to the 

variations due to soil moisture and seasonal growth of vegetation. Although the effect of 

diurnal backscatter differences on the annual backscatter signal is not large, the diurnal 
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backscatter differences show a consistent temporal distribution, as well as persistent 

spatial patterns.
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differences between the long-term average and a single year can be explained by (i) the 

high interannual variability in rainfall (Oguntunde et al. 2006) and (ii) subsequent 

changes in vegetation (Los et al. 2006).

3.4 Discussion and conclusions

Regions (I), (VI), and (VIII) show low diurnal differences in backscatter. These regions 

are homogenously covered by forest and have high moisture availability throughout the 

year. Regions II, V, and VII show the highest diurnal differences and are covered by a 

mixture of trees and grasses. Region (III) is the inland delta of the Niger, which is 

subject to extensive flooding from July to October. Region (III) shows high diurnal 

differences in backscatter, especially during the flood recession. Region (IV) has low 

diurnal differences, comparable to those of region (I), but is uniformly vegetated by 

grass.

We see spatial patterns in the diurnal differences that do not follow the overall 

moisture and rainfall gradients. The diurnal differences seem to reflect large scale 

patterns that need to be explained physically. For a given look-angle, backscatter is 

determined by the geometry of the surface and its dielectric properties. Diurnal 

variations in both geometry and dielectric properties may give cause to the observed 

patterns. Both multi-annual averages as well as monthly averages result in similar 

regional patterns. The spatio-temporal distribution of these patterns is described here for 

the first time and is not yet well-understood. Low diurnal differences in backscatter are 

found in regions with high moisture availability and vegetation cover or in regions with 

low vegetation cover.

We consider the following possible explanations: (a) diurnal variation in water 

stored on the surface of vegetation and topsoil due to regular diurnal patterns of rainfall;

(b) diurnal variations in the surface soil moisture content due to diurnal variations in 

evaporation and water recharge from the soil profile; (c) azimuthal anisotropy; (d) 

differences in Bragg scatter from open water caused by variations in wind in Region 

(IV); and (e) diurnal variations in vegetation water content.

Five possible mechanisms have been postulated that may contribute to the 

observed patterns. Detailed physical modeling as well as ground observations will have 

to be made to come to definitive conclusions about the cause. Chapter 4 starts with a 
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detailed discussion of the five possible explanations stated above. Chapters 4 and 5 then 

focus on modeling diurnal variations in vegetation water content, and chapters 6 and 7 

provide tools for ground observations to test the presented explanation.
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4 REGIONAL MODELING OF DIURNAL PLANT WATER FLUXES 
AND THEIR POSSIBLE INFLUENCE ON ERS SCATTEROMETER 
BACKSCATTER

Microwave remote sensing data are widely used to estimate topsoil moisture (Owe et al. 

2008; Scipal et al. 2002). Especially for West Africa, the satellite signal compares well 

to soil moisture models (Smits 2008). Diurnal differences in ERS backscatter data for 

West Africa, however, show patterns that cannot be explained by variations in topsoil 

moisture. At the end of chapter 3, five possible explanations were given as causes for 

the detected backscatter anomaly:

a) Diurnal variation in water stored on the surface

Rainfall as well as dew can show diurnally stable patterns and cause surface 

water on the vegetation and the soil. In terms of rainfall this can be ruled out, as 

the highest anomaly signal is seen during the onset of the dry season in which 

little to no rain is present. Dew can be ruled out by the facts that (i) the signal is 

strongest during the dry season, and that (ii) the morning overpass of the satellite 

is between 10 and 11 am at which time dew has evaporated.

b) Topsoil moisture variation during the day

Topsoil moisture content can vary during the day due to diurnal differences in 

evaporation and capillary rise from deeper layers during the night. This 

explanation appears unlikely since one would expect all regions to exhibit 

similar diurnal patterns in the topsoil moisture content, independent of 

vegetation cover. Further, recent analyses of ERS soil moisture estimates 

suggest that the signal detected by the satellite does not solely stem from topsoil 

layers. In the case of bare soil conditions, the C-band microwave sensor on 

board the ERS satellites can detect soil moisture up to a maximum depth of 5 cm

(Bruckler et al. 1988). Vegetation cover limits the already shallow penetration 

depth of the signal further. Where the microwave sensor wavelength is not long 

enough to penetrate the vegetation cover, the vegetation’s dielectric constant 

largely determines the satellite signal (Das et al. 2008; Njoku and Li 1999). For 

West Africa, Rutten (in Smits et al. 2008) further shows that the time scales of 

satellite-based topsoil moisture estimates are far too low to stem from a topsoil 

moisture signal. The signal time scale of the satellite data corresponds much 
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d) Bragg scattering from open water bodies

Bragg scattering occurs when the wavelength of surface patterns, such as 

ripples, is comparable to the radar wavelength. As described above Bragg 

scattering can be one cause of azimuthal anisotropy in the case of uniform 

microrelief, such as ripples on sand dunes. Diurnally, Bragg scattering is also 

caused by wind over open water bodies and can results in diurnal backscatter 

differences. Lakes and large water bodies, such as the Niger wetlands, show 

high backscatter anomalies that can be caused by diurnal variations in wind 

intensity. As Bragg scattering (i) is limited to open water bodies and (ii) the 

signal anomaly is highest in the dry season, it can also be ruled out for large 

parts of West Africa.

e) Diurnal variation in water stored in vegetation

Water stored in plants shows a clear diurnal signal (Larcher 1995; Slatyer 1967). 

Vegetation water, stored in leaves, branches, and trunks is depleted during the 

day through transpiration and is recharged again through root water uptake. 

During moisture limited periods, as during the dry season in West Africa, 

changes in the diurnal cycle of plant water can mainly be explained by limited 

plant available water (Figure 4.2). 

Figure 4.2: Schematic representation of soil, root, and leaf water potential under drying 
soil water conditions (Slatyer 1967). Differences in available plant water 
cause a lagged recharge pattern that also change the difference between 
morning and evening water states.

Simplified, variations in plant water can be described by the storage capacity of 

the plant, transpiration, and water uptake. When soil water content declines, the 
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water uptake by plants requires more energy, as soil water is held more tightly 

by the soil particles and soil water tension becomes more negative. Figure 4.2 

shows this effect and illustrates that declining soil water causes the plant to 

prolong its water uptake. The time difference in water uptake between saturated 

and water limited conditions therefore causes a diurnal signal variation. In plant 

physiological studies, this is often referred to as night-time or nocturnal sap flow 

(Goldstein et al. 1998; Meinzer et al. 2003; Schymanski et al. 2008; Zweifel and 

Häsler 2001). Recent studies that show a shift from day-time to night-time sap 

flow (Fisher et al. 2007; Herrera et al. 2008) also support Slatyer’s (1967) 

schematic description of this process (Figure 4.2) experimentally. Whereas plant 

physiological studies mainly use sap flow measurements, diurnal variations in 

plant water have also been observed in several microwave studies (Gates 1991; 

McDonald et al. 2002; McDonald et al. 1999; Ulaby and Batlivala 1976; Ulaby 

and Jedlicka 1984; Way et al. 1991). Using microwave probes as well as 

microwave radiometers, plant water fluxes have been successfully observed. It 

can therefore be concluded that (i) it is very likely that during the dry season in 

West Africa, plants show a change in diurnal plant water fluxes, and that (ii) 

microwave backscatter is sensitive to plant water.

From the description of possible causes for the diurnal backscatter anomaly it can be 

postulated that, in large parts of West Africa, the ERS scatterometer detects changes in 

vegetation water. Regions, where the backscatter signal could be influenced by either 

azimuthal anisotropy or Bragg scattering, do exist but are spatially limited. The 

following will therefore focus on showing how vegetation water in West Africa, 

especially its diurnal fluxes, is influenced by environmental conditions and changes 

throughout the year. 

The approach to model diurnal vegetation water fluxes regionally is based on a 

physically modeled soil-vegetation-atmosphere system. It has been pointed out that the 

highest diurnal backscatter differences occur at the onset of the dry season when water 

becomes limited. The main driver for the soil-vegetation-atmosphere system will 

therefore be plant available soil water. A tree water model, driven by a regional soil 
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water model and an atmospheric demand function (Figure 4.3) will show how diurnal 

plant water fluxes change annually on the basis of a single tree. 

? plant

? soil

Water uptake

Atmospheric 
demand

Plant 
water

Soil water

Evaporation

Figure 4.3: Diurnal plant water fluxes as influences by declining soil water. On the left 
water movement along a tension gradient from soil to tree into the 
atmosphere is shown. On the right, the diurnal flux schemes depict soil 
water tension (�%soil) and resulting plant water tension (�%plant).

The objective of this chapter is to determine if, indeed, diurnal patterns in vegetation 

water storage can be reproduced. The single tree model serves to determine if the 

temporal variation in diurnal backscatter differences can be modeled. West Africa is a 

data scarce region where often only global datasets, such as the FAO digital soil map of 

the world, are available. The developed models and concepts take this into account and 

have been simplified where lack of data demanded it. 

4.1 Modeling of the soil-tree-atmosphere system

The methodology is divided into (i) modeling concept, including a detailed description 

of the model, and (ii) a subsequent description of the data. The study region is West 

Africa, located between 0° to 20° North and 20° West to 20° East. All data and model 

results have been converted to a geographic projection in latitude and longitude with a 

pixel size of 0.25° x 0.25°. The study region has been discussed in detail in chapter 1.



Regional modeling of diurnal plant water fluxes and their possible influence on ERS 
scatterometer backscatter

37

4.1.1 Modeling concept

The modeling objective is to physically model the diurnal water fluxes and stocks 

within a tree. Tree water is modeled within a soil-tree-atmosphere system (Figure 4.4), 

where soil and atmosphere serve as boundary conditions for the tree water model. Both, 

available soil water and vapor pressure deficit, determine how much water is taken up 

by the roots and transpired through the canopy.

Soil Tree Atmosphere

Root water 
uptake

Canopy 
transpiration

Figure 4.4: Soil-Tree-Atmosphere system.

The states of soil and atmosphere are determined offline and have a one-way coupling 

to the tree water model. Water moves from high (soil) to low (atmosphere) water 

potential, whereby the flux is determined by resistance along the soil-tree-atmosphere 

pathway. Two flux rates, root water uptake and canopy transpiration, link to and from 

the tree model and are expressed in volume per unit time. Root water uptake (U) and 

canopy transpiration (E) can be expressed as:

/

soil tree
root

root soil

U A
R

y y-
= × (4.1)

tree atmosphere
c

canopy

E A
R

y y-
= × , (4.2)

where �%soil [M L -1 T-2] is soil water tension, �%tree [M L -1 T-2] tree water tension, Rroot/soil

[L T -1] resistance of both soil and roots, Aroot [L
2] root surface area, �%atmosphere [M 

L-1 T-2] atmospheric water tension, Rcanopy [L T-1] canopy resistance, and Ac [L
2] 

canopy surface area. 
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By combining Equations 4.1 and 4.2 tree water change per unit time is determined:

W
U E

t
D

= -
D

, (4.3a)

or, in difference form

( ) ( )W t t W t
U E

t

+ D -
= -

D
, (4.3b)

or, in algorithmic form:

( ) ( )W t t W t U t E t+ D = + × D - × D, (4.3c)

where �ût [T] is the time step.

As the main objective focuses on diurnal tree water fluxes, tree and atmospheric water 

tension are modeled at a time step of 30 minutes. Soil water, however, is modeled at a 

daily time step. Given Equations 4.1, 4.2, and 4.3, we now need functions for �%soil, 

�%atmosphere, �%tree, Rroot/soil, and Rcanopy.

( )1 , , ,1 , , , , ,soil shallow d max r sf S S S texture ny b q q a= - (4.4)

( )2 ,atmosphere f RH Ty = (4.5)

( )3 , ,tree tree maxf W Wy h= (4.6)

( )/ 4 , , , , ,root soil root tree soil root soilR f A k ky y g= (4.7)

( )5 , , , ,canopy sin TWD c cR f VPD R W g A= , (4.8)

where Sshallow [mm] is soil water stored in the shallow reservoir, Sd [mm] is soil water 

stored in the deep reservoir,Smax [mm] soil water holding capacity, 1-�� [-] the 

discharge coefficient from the deep reservoir, texture [-] soil texture, ��r [-] 

residual soil water content, ��s [-] saturated soil water content, �. [cm-1] and n [-] 
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are texture specific coefficients, RH [-] relative humidity, T [°C] air temperature 

at 2m, Wtree [g] tree water storage, Wmax [g] maximum available tree water, ��

[MPa] minimum tree water tension, Aroot [m
2] root surface area, kroot [g m-2 day-1

MPa-1] root conductivity, ksoil [cm day-1] soil water conductivity, �� [kg m-3 MPa-

1] a unit conversion factor from soil to tree water conductivity, VPD [MPa] 

vapor pressure deficit, Rsin [W m-2] incoming shortwave radiation, WTWD [-] tree 

water deficit, gc [g m-2 day-1 MPa-1] canopy conductance, Ac [m2] canopy 

surface area. All variables and constants will be explained below.

Based on the required functions expressed in Equations 4.4 to 4.8 the associated models 

are presented: 

(i) Soil water tension (Equation 4.4) is derived from a regional soil water model 

that has been widely used in different parts of West Africa (Masiyandima et al. 

2003; Taylor et al. 2006). For the conversion of soil water to tension and 

hydraulic conductivity, the approaches by Mualem (1976), and Steenhuis and 

van der Molen (1986) were used.

(ii) Atmospheric water tension (Equation 4.5) is given by vapor pressure deficit that 

is based on regional temperature and relative humidity, as well as observation 

data of temperature and relative humidity.

(iii)The tree water model is based on a resistance-capacitance approach with 

emphasis on internal plant water storage and the response to water limitation. 

The model will be used to translate plant water stress into diurnal differences in 

internal plant water storage and serves as the link to the backscatter patterns 

detected in the satellite study (Chapter 3). Tree water tension (Equation 4.6), 

root water uptake (Equation 4.7), and canopy transpiration (Equation 4.8) are 

described in detail in this section.

4.1.2 Soil water model

The soil water model provides soil water tension and conductivity for two soil 

reservoirs, shallow and deep, to the tree water model. The model (Figure 4.5) is based 

on a Thornthwaite-Mather approach (Steenhuis and Van Der Molen 1986; Thornthwaite 

and Mather 1955) and is computed in daily time steps.
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P Ea

Smax

Deep drainage

Discharge

Shallow reservoir

Deep reservoir

Atmosphere

Figure 4.5: Soil water model. P is precipitation, Ea actual evaporation, and Smax shallow 
reservoir water holding capacity. Discharge is a fraction of the water in the 
deep reservoir.

Precipitation enters the shallow reservoir. Shallow reservoir water exceeding the water 

holding capacity of the shallow reservoir drains into the deep reservoir from where it 

does not evaporate. Discharge from the deep reservoir depends on the amount of deep 

reservoir water and a discharge coefficient. Water stored in the shallow reservoir 

evaporates based on reference evaporation and water storage in the shallow reservoir.
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( ) ( )shallow shallowS t S t t¢¢¢= - D (4.9a)

( ) ( ) ( )shallow shallowS t S t P t t¢ = + ×D (4.9b)

( ) ( )( )max ,0shallow maxj t S t S¢= - (4.9c)

( ) ( ) ( )( )d dS t S t t j t tb= × - D + ×D (4.9d)

( ) ( ) ( )shallow shallowS t S t j t t¢¢ ¢= - × D (4.9e)

( ) ( )( ) ( )shallow
a ref

max

S t
E t E t t

S

¢¢æ ö
= ×D ×ç ÷

è ø
(4.9f)

( ) ( ) ( )shallow shallow aS t S t E t t¢¢¢ ¢¢= - × D , (4.9g)

where Sshallow [mm] is shallow reservoir storage, �ût the time step [day],  P [mm day-1] 

precipitation, j [mm day-1] deep drainage, Smax [mm] shallow reservoir water 

holding capacity, Sd [mm] deep reservoir storage, 1-�� the discharge coefficient 

(1-�� = 0.02 [-]), Ea [mm day-1] actual evaporation, and Eref [mm day-1] reference 

evaporation.

Using regional maps of daily precipitation, daily reference evaporation, and water 

holding capacity (see section 4.1.5 below) and Equations 4.9a to 4.9g, daily shallow and 

deep reservoir storage were calculated for each pixel. The model was run for one year, 

2006, with zero initial soil water. After this first run the model was run again, now 

initialized with 31 Dec 2006 shallow and deep reservoir water states.
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Soil water tension and conductivity

The tree water model (see section 4.1.4 below) requires soil water tension and 

conductivity as input data. Soil water tension is calculated according to Mualem (1976), 

and soil water conductivity is calculated according to Steenhuis and van der Molen 

(1986).

For the conversion from stored soil water [mm] to soil water tension [MPa] 

and conductivity [cm day-1], soil water was converted to volumetric water content [-] 

using water holding capacity (Smax), soil texture, and soil hydraulic properties (Table 

3.1). Water holding capacity and texture are derived from the Food and Agriculture 

Organization (FAO) digital soil map of the world (see section 4.1.5 below). For the 

shallow reservoir, the FAO water holding capacity is taken as Smax and for texture the 

top layer texture (0-30 cm) is taken. For the deep reservoir, 30% of the shallow 

reservoir Smax and bottom layer texture (30-100 cm) are taken. 

Table 4.1: Soil hydraulic parameters for the 12 USDA texture classes. # is the number 
of each texture class in the FAO texture map (see section 4.1.5), ��r is the 
residual water content, ��s the saturated water content, �. and n are parameters, 
and Ks saturated hydraulic conductivity. Source: USDA Rosetta (USDA 
1999).

Texture class # ��r ��s �. n Ks

[-] [-] [-] log[cm-1] log log[cm day-1]

Clay 12 0.098 0.459 -1.825 0.098 1.169

Clay loam 9 0.079 0.442 -1.801 0.151 0.913

Loam 6 0.061 0.399 -1.954 0.168 1.081

Loamy sand 2 0.049 0.39 -1.459 0.242 2.022

Sand 1 0.053 0.375 -1.453 0.502 2.808

Sandy clay 10 0.117 0.385 -1.476 0.082 1.055

Sandy clay loam 7 0.063 0.384 -1.676 0.124 1.12

Sandy loam 3 0.039 0.387 -1.574 0.161 1.583

Silt 5 0.05 0.489 -2.182 0.225 1.641

Silty clay 11 0.111 0.481 -1.79 0.121 0.983

Silty clay loam 8 0.09 0.482 -2.076 0.182 1.046

Silty loam 4 0.065 0.439 -2.296 0.221 1.261
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( )soil
soil s r r

max

S
S

q q q q
é ù

= × - +ê ú
ë û , (4.10)

where Ssoil [mm] is soil water storage of either shallow or deep reservoir, Smax [mm] 

maximum water holding capacity of either shallow or deep reservoir, ��s [-] and 

��r [-] are saturated and residual water content and are texture specific (see Table 

4.1). 

Water holding capacity for the deep reservoir was not known and had to be estimated 

for the whole study region. In some cases, the resulting deep reservoir water was higher 

than the water holding capacity of the deep reservoir which led to soil water contents 

above saturation water content (��s). Soil water content was then set to ��s. To convert ��soil

to soil water tension, the approach by Mualem (1976) was used:

( )
( )1

s r
r mn

h
h

q q
q q

a

-
= +

é ù+ ×ë û

(4.11a)

1
1m

n
= -

(4.11b)

( )
1s r

n m

rh
h

q q
q q

a

-
-

-
= , (4.11c)

where h is the hydraulic head [cm], and for ��(h) soil water content (��soil [-]) of either 

shallow or deep reservoir were used. All other parameters are texture specific 

(see Table 4.1 for descriptions).
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The hydraulic heads [cm] were then converted to soil water tension [MPa].

p g hr= × × , (4.12)

where �! is the density of water (1000 kg m-³), g the gravitational acceleration constant 

(10 m s-2), and h the pressure or hydraulic head, converted to [m]. The pressure 

p [Pa] was then further converted to [MPa].

For the conversion of ��soil to soil water conductivity the approach by Steenhuis and van 

der Molen (1986) was taken.

exp s soil
soil s

s r

k K
q q

k
q q

æ ö-
= × - ×ç ÷-è ø

, (4.13)

where �� is a positive constant (�� = 11).

4.1.3 Vapor pressure deficit

Atmospheric water potential is several orders of magnitude higher than tree water 

potential. Considering Equation 4.2, even the difference between tree and atmospheric 

water potential would always be one or two orders of magnitude higher than tree water 

potential (Cowan and Milthorpe 1968).

treeatmospheretreeta yyyy >>-=D (4.14)

Thereby, not �û�%ta but �%atmosphere would dominate transpiration. Instead, vapor pressure 

deficit (VPD) was used as the difference between tree and atmospheric water potential. 

VPD was calculated (Allen et al. 1998) from daily minimum and maximum temperature 

and specific humidity data, both downscaled from daily to 30 minute time steps. For 

temporal downscaling, observation data from one weather station were used to derive 

diurnal cycles of temperature and relative humidity. Due to the time difference between 
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the location of the weather station derived diurnal cycles and the whole study region, a 

time shift correction was applied to the diurnal VPD product. Processing VPD data 

involved: (i) conversion of specific to relative humidity, (ii) temporal downscaling from 

daily to 30 minute data, and (iii) VPD calculation and time shift correction for the 

whole study region.
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Specific to relative humidity conversion

( )1
spec

s spec

H p
RH

e H

×
=

× +
, (4.15)

where RH [-] is relative humidity, Hspec [-] is specific humidity, p [kPa] pressure, and es

[kPa] saturation vapor pressure.
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where z [m] is elevation, Tmax [°C] daily maximum temperature, Tmin [°C] daily 

minimum temperature, eo(T) [kPa] saturation vapor pressure at temperature T, 

and es [kPa] daily saturation vapor pressure.

Temporal downscaling and time shift

The tree water model has a time step of 30 minutes. Regional temperature and relative 

humidity data for 2006 were only available at a daily time step, and, unlike soil 

moisture (see section 4.1.2), VPD shows a strong diurnal cycle. Observation data from 

the Navrongo, Ghana weather station (10.9° North/ 1.1° West) were used to downscale 

daily temperature and relative humidity to a 30 minute time step. Observed temperature 
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and relative humidity data for three dry season days (2004, DOY 47-49) and three wet 

season days (2004, DOY 230-232) were normalized according to:

,
*

d t

d
max

T
T

T
=

, (4.20)

where T* [-] is normalized temperature, Td,t [°C] is observed temperature at day d and 

time t, and Td
max [°C] observed maximum temperature at day d.

Equation 4.20 was also used for relative humidity after substituting temperature with 

relative humidity. Normalized diurnal cycles for temperature and relative humidity were 

then averaged over all six days, three dry season days and three wet season days.

VPD calculation and time shift correction

VPD is calculated according to Allen (1998) using temporally downscaled temperature 

and relative humidity data. The temporal downscaling involved station data. Due to the 

large spatial extent of the study region, a time shift correction had to be applied onto the 

VPD data as detailed below. 

** *T T T= × (4.21)

** *RH RH RH= × (4.22)
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( ) ( )** ** **o
ae T e T RH= ×

(4.24)

( ) ( )** **

1000

o
ae T e T

VPD
-

=
, (4.25)
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where T**  [°C] is temporally downscaled temperature, RH**  [-] temporally downscaled 

relative humidity, eo(T** ) [kPa] saturation vapor pressure, ea(T
** ) [kPa] actual 

vapor pressure, and VPD [MPa] vapor pressure deficit. For all other variables, 

please refer to Equations 4.15 to 4.19.

VPD represents the diurnal cycle of VPD at the Navrongo weather station. To account 

for the time difference in the study region, ranging from 20° West to 20° East, the time 

shift towards Navrongo was calculated for each pixel. VPD, for each pixel, was then 

shifted forward or backward in time depending on the relative time shift towards the 

Navrongo weather station pixel.

4.1.4 Tree water model

Requirements for the tree water model were: (i) physically plausible representation of 

the water movement through plants, by uptake and transpiration, as well as (ii) whole-

tree water storage. Existing hydraulic plant water models at the whole-tree level often 

only focus on either the leaf- or the root-level. Plant water models that focus on the leaf-

level are generally not capable of modeling drought response, as that requires a physical 

root-level component. Root-level models often neglect the leaf-level and discard for 

example internal tree water storage, which is a vital component for modeling diurnal 

differences in tree water storage. Moreover, root-level approaches require detailed 

information about root distribution, root size and length, as well as water table 

information to take ground water uptake into account. Whether sufficient data for 

physically modeling root systems even exist at the whole plant level is questionable 

(Green et al. 2006). Recent models that model at both leaf- (Bohrer et al. 2005; Zweifel 

et al. 2007) and root-level (Siqueira et al. 2008) sufficiently are generally too data 

intensive to be applied to an extremely data scarce environment, such as West Africa. 

The tree water model is a modified resistance-capacitance model (Nobel 1983; 

Phillips et al. 1997). The movement of water through the tree is controlled by tension 

gradients across the soil-tree and the tree-atmosphere interfaces. For lack of data, there 

is no subdivision into compartments within the tree, such as leaf, branch, trunk, or root. 

At the leaf-level a big leaf approach is applied. Two root systems, one for shallow and 

one for deep water uptake, are used.
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Table 4.2: Tree water model parameters. �ût is the model time step, Wmax the maximum 
available tree water, gc the canopy conductance, �� the minimum tree water 
tension, Aroot the shallow reservoir root area, kroot the maximum root 
conductivity per m² root area, and �� the unit conversion factor from soil [cm 
day-1] to tree [g m-2 day-1 Mpa-1] model conductivity.

Parameter Value Unit

�û�W 1/48 [day]

Wmax 50,000 [g]

gc 0.4 x 106 [g m-2 day-1 MPa-1]

�� 1.6 [MPa]

Aroot 50 [m²]

Ac 240 [m²]

kroot 4800 [g m-2 day-1 MPa-1]

�� 1 x 106 [cm day-1] to [g m-2 day-1 MPa-1]
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( ) ( )( ) ( ) ( )( )min ,shallow root shallow root shallow treeU t A k t k t tg y y ¢= × × × - (4.26g)

( ) ( )( ) ( )( ) ( )( )1( ) min , 0.110deep root deep root deep treeU t A k t k t tg y y ¢= × × × × - - (4.26h)

( )total shallow deepU t U t U t= ×D + ×D (4.26i)

( ) ( ) ( )tree tree totalW t W t U t¢¢ ¢= + , (4.26j)

where Wtree [g] is the tree water storage, �ût the time step at 30 minutes or 1/48 [day], 

WTWD [-] tree water deficit, Stomata [-] stomatal opening, R* [-] normalized 

incoming shortwave radiation, �%tree [MPa] tree water tension, Ushallow, Udeep , and 

Utotal [g day-1] are root water uptake,  kshallow and kdeep [cm day-1] soil water 

conductivity for shallow and deep reservoir, and �%shallow and �%deep [MPa] soil 
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water tension for shallow and deep reservoir. For the remaining parameters, see 

Table 4.2 above.

Tree water tension is described as a function in Equation 4.6. Equation 4.26f describes 

tree water tension in the model algorithm context. Water tension within the tree is 

assumed to behave linearly and is computed on basis of the maximum available tree 

water. The range of tree water tension is fixed by �� between 0 and -1.6 MPa. The lower 

boundary of -1.6 MPa is derived from wilting point tension at -1.5 MPa and a tree 

height compensation for 10 m (~ 0.1 MPa).

Equations 4.26a to 4.26j represent the tree water model per time step. Water 

transpires from the canopy and is recharged from the soil, after which the next time step 

is initialized. A consecutive order, first transpiration then uptake, was chosen to 

ascertain that transpiration and uptake are within the range of available tree water. In 

this way, the water balance can be closed at each time step while avoiding implicit 

functions of tree water content. Such an implicit function would arise because the 

stomatal aperture depends on tree water content. To ensure that no time lags are 

introduced by consecutive transpiration and uptake the model was also run at a higher 

time step of 10 minutes to check if the discretization introduced numerical artifacts. No 

�D�S�S�U�H�F�L�D�E�O�H���G�L�I�I�H�U�H�Q�F�H�V���Z�H�U�H���I�R�X�Q�G���E�H�W�Z�H�H�Q���ût� �������P�L�Q���D�Q�G���ût=10 min. 

Canopy transpiration

Equations 4.26b to d describe transpiration from the tree and correspond to function 4.8. 

Transpiration is determined by incoming shortwave radiation (Rsin [W m-2]), tree water 

deficit (WTWD [-]), vapor pressure deficit (VPD [MPa]), and canopy conductance (gc [g 

m-2 day-1 MPa-1]). Normalized Rsin and WTWD determine stomatal opening (Equation 

4.26c).

( ) ( )sin*

sc

R t
R t

G
=

, (4.27)

where Rsin [W m-2] is incoming shortwave radiation at time t and Gsc the solar constant 

(1369 [W m-2]).
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Normalized incoming shortwave radiation limits transpiration to daylight hours and 

scales it diurnally by radiation intensity. During the day, R* includes radiation effects of 

clouds through the total amount of radiation, as well as partial shading of the canopy 

through its diurnal pattern. WTWD is tree water content relative to the maximum available 

tree water. Low WTWD has a negative feedback on stomatal opening. VPD is here 

defined as the pressure difference between canopy and atmosphere. If transpiration 

exceeds the internal tree water storage it is set to zero until the tree has recharged its 

water storage through root water uptake.

Root water uptake

Root water uptake is driven by the difference between soil and tree water tension, root 

and soil conductivities, and root area (Gardner 1968). 

soil tree
root

sr

U A
R

y y-
= × , (4.28)

where Aroot [m²] is total root area, �%soil [MPa] soil water tension, �%tree [MPa] tree water 

tension, and Rsr [m
2 day MPa g-1] the combined soil and root resistance. 

Equations 4.26f to i describe root water uptake by the tree. Root water uptake is divided 

into uptake from shallow and deep soil water reservoirs. The root water uptakes of both 

reservoirs are then added up to derive the total root water uptake (Figure 4.7).

Shallow 
reservoir

Tree

Deep 
reservoir

Ushallow, equation (4.26g)

Udeep, equation (4.26h)

Figure 4.7: Root water uptake from shallow and deep soil water reservoirs.
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Besides the differences in soil water tension and soil conductivity for either shallow or 

deep reservoir, root water uptake from the deep reservoir is further modified. The deep 

reservoir is assumed to have a water table depth of 10 m, so that soil water tension has 

an additional hydraulic lift of 0.1 MPa. Further, assuming differences in the rooting 

system, the deep reservoir root area is set to one tenth of the shallow reservoir root area. 

Root water uptake from either shallow or deep reservoir can be negative when the soil 

water tension is below the tree water tension. Root water uptake from the corresponding 

reservoir is then set to zero. These assumptions are in line with observations of root 

distributions (Ryel et al. 2008) but no data are available to make more precise estimates.

Satellite overpass tree water states

To compare results from the tree water model to diurnal backscatter differences, diurnal 

tree water differences were computed. The satellite overpasses are in the morning, at 

10.30 am, and in the evening, at 10.30 pm, local time. Tree water states at 10.30 am 

(morning overpass) and 10.30 pm (evening overpass) were determined for each day to 

derive the diurnal tree water difference. To account for the time difference in the region, 

ranging over 20° from West to East, a time shift correction for morning and evening 

tree water state determination was performed. The applied time shift correction is the 

same as described above under section 4.1.5, VPD calculation and time shift correction.

Tree water model calibration

The tree water model was calibrated based on the results from chapter 3. For forested 

regions in the South of West Africa and under saturated soil water conditions low 

diurnal differences in backscatter were found. Under the hypothesis that the low diurnal 

backscatter difference is linked to low diurnal differences in vegetation water the model 

can be calibrated. The tree water model was calibrated using diurnal tree water 

differences between 10.30 am and pm tree water states. Calibration of the tree water 

model was done by changing root area, maximum root conductivity, and maximum 

stomatal conductance (Table 4.2). Goodness of fit was determined through visual 

inspection. The parameters were changed so that pixels with saturated soil water 

conditions showed low diurnal tree water differences and drier pixels (Figure 4.9) still 

had reasonable values.
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4.1.5 Data

Soil water data

For the soil water model precipitation and reference evaporation for 2006, regional 

maps for water holding capacity, soil texture, as well as soil hydraulic properties were 

used. Precipitation data from NASA’s Tropical Rainfall Measuring Mission (TRMM) 

3B42 3-hourly product was converted to daily rainfall. The 3B42 precipitation product 

is a combination of satellite and ground observation data. Microwave and infrared data 

from different satellite platforms are combined. The microwave/ infrared satellite 

rainfall product is then scaled with ground data on a monthly basis as detailed by 

Huffman et al. (2007). Daily reference evaporation was calculated from incoming 

shortwave radiation using the Makkink approach (1957). 

0.65ref sinE R= ×
,

(4.29)

where Rsin [W m-2] is incoming shortwave radiation. The conversion factor of 0.65 has a 

unit of [(mm day-1) �Â (m2 W-1)].

The Makkink approach (1957) has been compared to modeled and observed evaporation 

from Large Aperture Scintillometer data and was found to work well over different 

savanna regions in the Volta Basin (Schüttemeyer et al. 2007). Half hourly down-

welling surface short-wave radiation flux (DSSF) data for 2006 provided by the Land 

Surface Analysis Satellite Applications Facility (LSA SAF) has been converted to daily 

incoming radiation. DSSF is a combination of data from EUMETSAT’s Meteosat 

Second Generation (MSG) satellite and data from the European Centre for Medium-

Range Weather Forecasts’ (ECMWF) numerical weather prediction model (LSA-SAF 

2006). The DSSF product has been validated with station data from the Volta Basin 

(Winsemius et al. 2006).

Water holding capacity and soil texture were taken from Reynolds et al. 

(2000) and are based on the Food and Agriculture Organization of the United Nations 

(FAO) digital soil map of the world. Water holding capacity was determined according 

to FAO taxo-transfer rules (TTR). Over West Africa many large rivers and inland water 
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bodies have been masked. The masked pixels have been filled using the water holding 

capacity computed according to Saxton (Reynolds et al. 2000) which generally has 

slightly higher values for water holding capacity than the FAO-TTR based version 

throughout the study region. Soil texture was available in the 12 USDA texture classes 

and for two layers (0-30 and 30-100 cm). 

Soil hydraulic properties for the 12 USDA texture classes used to calculate soil 

water tension and conductivity were taken from the USDA ROSETTA lookup table 

(USDA 1999). 

Vapor pressure deficit data

VPD was calculated from National Center for Atmospheric Research (NCAR) 

reanalysis daily minimum and maximum temperature and specific humidity data 

(Kalnay et al. 1996) for 2006. For the temporal downscaling of the daily VPD, 

computed from NCAR data observation, data from the Navrongo, Ghana (10.9° North/ 

1.1° West) weather station were used. 

Tree water data

Stomatal control in the tree water modeling is partially controlled through incoming 

radiation. For incoming radiation data DSSF data (LSA-SAF 2006) for 2006 in half 

hourly time steps were taken (also see section 4.1.5, Soil water data above).

All regional data were extracted for West Africa (0°-20°N & 20°W - 20°E) 

and converted to a 0.25° x 0.25° grid in geographical projection.

4.2 Results

Results from the input data, soil water and VPD, and the tree water model are shown (i) 

for selected locations (Figure 4.8) and (ii) for the whole region.
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Figure 4.8: Regional elevation map of West Africa including major rivers and locations 
of the sample pixels. Locations 1 and 2 are humid with a bimodal rainfall 
pattern and 3 to 5 are in semiarid regions with a monomodal rainfall pattern.

4.2.1 Selected locations

The soil water model results are presented for selected pixels (Figure 4.9) that show 

detailed time series of all parameters. 

Figure 4.9 shows input data and results of the soil water model for rainfall, 

potential and actual evaporation, as well as soil water depth for both reservoirs. 

Differences in moisture status between the dry and wet locations are clearly visible. An 

important difference is seen in the deep reservoir storage. At the wet locations, pixels 1 

and 2, it is of no great importance as the shallow reservoir storage is above the storage 

of the deep reservoir at most times. At the dry locations, pixels 3 to 5, water storage in 

the deep reservoir becomes larger than shallow reservoir storage at which point the tree 

vegetation utilizes the deep reservoir water. 

Results from the tree water model (Figure 4.10) show the temporal behavior 

under different moisture regimes, as indicated by Figure 4.8.
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Figure 4.9: Soil water model input data and results for selected pixels. The X axis shows time, and the Y axis is in the units shown in the 
title of each graph.
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Figure 4.10: Tree water model input data and results for selected pixels. Soil water tension and conductivity show the two soil reservoirs 
(shallow, blue line; deep, red line) as provided by the soil water. Soil water conductivity has been converted to the conductivity 
unit used by the tree water model. The X axis shows time, and the Y axis is in the units shown in the title of each graph.
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Figure 4.10 shows input data and results of the tree water model. For each location, 

normalized incoming shortwave radiation, VPD, soil water conductivity and tension, 

and tree water content difference between the morning (10.30 am) and evening (10.30

pm) satellite overpass times are shown. Differences in normalized incoming shortwave 

radiation between the dry and wet locations are due to increased cloud cover at the wet 

locations. For VPD, a similar picture, as for radiation, can be seen when atmospheric 

demand is especially high in the dry and transition season (November to June) at the dry 

locations. R* for location 5 shows a zoom window, in which the diurnal pattern of R* on 

clouded and cloud free days can be seen. Diurnal differences in tree water content also 

depict the general moisture status well with high positive differences in dry periods and 

locations and negative differences in humid periods and locations.

Figure 4.11: Diurnal tree water flux in [g] at location 5 (see Figure 4.10). Green and red 
dots show tree water storage at morning (green) overpass times and at 
evening (red) overpass times. 
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During water limited phases at the beginning and end of the wet season diurnal 

differences are high ( > zero). Under saturated soil water conditions the evening water 

status is above the morning water status. The difference between morning and evening 

water status is then smaller zero (see Figure 4.10, Tree water difference; and Figure 

4.11). 

The comparison between dry and wet locations also shows that tree vegetation 

at the wet location functions throughout the year, whereas at the dry locations the 

diurnal differences drop to zero (Figure 4.10, location 3) due to a complete lack of 

available soil water (Figure 4.9). In humid locations, pixels 1 and 2, water is supplied by 

the shallow reservoir during long periods of the year. In the semiarid and arid locations, 

pixels 3 to 5, the tree water model is supplied largely by the deep reservoir from the end 

of the wet season up to the end of the dry season.

4.2.2 Regional tree model results

Regional maps of diurnal tree water difference show the spatial and temporal 

distribution in the study region (Figure 4.12).  Results for the whole region could only 

be made under the assumption that one tree type (see section 4.1.4), in terms of tree size 

and canopy as well as root properties, is valid for the whole region. 

The scale ranges from blue (saturated conditions, morning tree water < 

evening tree water) to red (water limited conditions, morning tree water > evening tree 

water). The monthly pattern (Figure 4.12b) clearly shows water stress at the beginning 

and end of the year as well as the increasing moisture from South to North during the 

wet season. The green regions in the North and over the rainfall anomaly show that 

there is zero difference between morning and evening tree water. The trees stopped 

transpiration and water uptake completely. Regions with high annual rainfall and low 

diurnal differences can be seen in some southern parts of West Africa.
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(a)

(b)

Figure 4.12: Annual (a) and monthly (b) tree water difference between morning and 
evening satellite overpass times for 2006. The scale is in [g] of tree water 
difference.
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4.3 Analysis and conclusions

The objective of this chapter was to show how diurnal patterns in tree water storage of a 

single tree are linked to available soil moisture.

At the pixel level, the difference between dry and wet locations as well as the 

model response to drought (Figures 4.9 and 4.10) was shown. The results from the tree 

water model illustrate the shift between morning and evening water content states 

during well-watered and water limited periods. With decreasing plant available soil 

water, the root water uptake phase is prolonged. What can also be seen is the low 

difference in signal magnitude (Figure 4.10, Tree water difference) between dry and wet 

locations. For the model, a single-tree approach has been taken so that tree size, canopy 

conductance, and rooting system are the same for the whole region. Given the large 

differences in available moisture and length of rain seasons (Figures 4.9 and 4.10) a 

single tree type might not be fully appropriate but is necessary in terms of data 

availability.

It may be assumed that trees in the drier areas maintain minimal transpiration 

to survive throughout the year. The regional results of the tree water model (Figure 

4.12) show that increasing tree water stress is coherent with a switch from root zone to 

deep storage water. In comparison with results from the satellite study (see Chapter 3),

however, the onset of the tree water stress signal, in November/ December, is too late. 

The long occurrence of the diurnal backscatter differences from October till February 

suggest a mixed stress signal from both shallow rooting and deep rooting plants.

The modeling of the soil-tree-atmosphere system (Figure 4.4) was based on 

physical principles. Not only a spatially large study region but also a large moisture 

range was modeled. Models for this region did either not exist (tree model) or do not 

show sufficient articulation (soil model). The soil water model depicts the regional 

differences well (Figure 4.9) and the conversion to tension and conductivity shows 

reasonable results (Figure 4.10). The tree water model does not include any spatial 

differences in plant properties. Its only spatial differences are caused by available water 

and atmospheric demand. For a more detailed modeling of the vegetation part regional 

data for vegetation properties as well as more detailed vegetation cover maps are 

required. Greater detail, such as capillary rise between root zone and deep storage or 
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partitioning into root, trunk, and leaf compartments had to be left out due to lacking 

data. 

The detailed tree water storage model shows the response of woody vegetation 

towards drought and can illustrate the effect on the satellite signal (C-band backscatter 

data). The model serves to prove that diurnal variations in tree water can be the main 

cause of the observed diurnal variations in backscatter. Differences remain between the 

tree model and observations in terms of exact timing of observed shifts. By increasing 

model complexity, for example by allowing different tree parameters for different parts 

of the region, a better fit can probably be obtained. Without better data availability and 

extensive field measurements, such increased complexity cannot be justified. Chapters 6 

and 7 focus on methodologies to obtain part of the data needed. Until such complete 

data become available, the approach chosen here is to develop next a simple conceptual 

model that allows for the inclusion of trees and grasses. The more physical tree model 

then serves as a necessary, but not sufficient, test for our hypothesis that vegetation 

water dynamics are the main cause of the observed differences in morning an evening 

backscatter. The following chapter will therefore focus on a conceptual model, 

combining tree and grass vegetation.
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The drought period concept (Figure 5.1) will be used to (i) determine where and when 

plants show a change in diurnal water flux patterns due to limited water availability and 

to (ii) combine tree and grass vegetation into regional drought period maps. Under the 

assumption that trees and grasses tap different soil water reservoirs, different drought 

definitions are identified. Using vegetation cover maps and maps of plant available 

water (see section 4.1.2), separate tree and grass drought period maps were computed. 

By adding tree and grass drought periods, we attempt to reproduce the spatial 

distribution and temporal variations of the ERS diurnal backscatter differences. It 

should be noted again that the ability to reproduce the satellite patterns is a necessary, 

but not a sufficient, test for our hypothesis that diurnal variations in plant water storage 

are responsible for the observed satellite signals. 

5.1 Drought period concept

The Walter hypothesis (Walter 1971) states that tree and grass vegetation in savanna 

regions have inherently different rooting systems and transpiration controls that lead to 

different behavior during drought.

Grass vegetation, here only perennial grasses are considered, has an intensive 

rooting system with fine roots distributed within shallow soil layers. Under wet 

conditions, grass has high levels of transpiration and photosynthesis to produce a large 

amount of biomass during the limited wet season. Transpiration remains high, even at 

the end of the wet season, so that aboveground biomass dies, whereas the belowground 

root system remains intact (Larcher 1995). Tree vegetation has an extensive rooting 

system with roots extending into both deep and shallow soil layers. Tree transpiration is 

focused towards balanced water consumption. At limited water availability, the stomata 

close to regulate transpiration and avoid complete desiccation.

Walter (1971) distinguished between tree and grass vegetation. Recent reviews 

(Goldstein et al. 2008; Schwinning et al. 2004) emphasize species diversity with respect 

to rooting patterns and plant water relations, even within classical plant functional 

groups. We therefore propose the two vegetation groups, tree and grass, as a plant 

properties classification into different rooting and plant water management systems, and 

not as botanical groups. The Walter hypothesis has been widely used in tree-grass 

coexistence studies for savanna regions. Its general applicability is still discussed 
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(Goldstein et al. 2008; Rodriguez-Iturbe et al. 1999; Scholes and Archer 1997). It 

should, however, be noted that the co-existence and interdependence aspect of trees and 

grasses do not play a role in this study. Instead, we use Walter’s hypothesis to illustrate 

the shift from shallow to deep soil water use by plants. For West Africa, Normalized 

Difference Vegetation Index (NDVI) imagery, as well as ground observations and high 

resolution aerial photography, show that, at the height of the dry season, mostly tree 

vegetation survives above ground in the savanna region. 

Based on a two-layered soil water model (see section 4.1.2) drought 

definitions for tree and grass vegetation were proposed. Using drought definitions for 

the two vegetation types (see section 5.1.1 below) regional drought period maps were 

computed. In combination with vegetation cover maps for grass and tree vegetation (see 

section 5.1.2 below) combined monthly tree-grass drought period maps were generated. 

With the soil water model from chapter 4 as a basis, all data and results are in 

geographic projection with a 0.25°x0.25° resolution, covering West Africa (0°-20°N & 

20°W - 20°E).

5.1.1 Drought day definitions

The drought period maps are based on soil water tension for two soil reservoirs, shallow 

and deep, as well as vegetation cover maps. Drought is defined separately for tree and 

for grass vegetation. 

The drought condition for tree vegetation is:

0.1[ ]shallow deep MPay y< - (5.1a)

The drought condition for grass vegetation is:

0.1[ ]shallow MPay < - , (5.1b)

where �%shallow is soil water tension of the shallow soil reservoir, and �%deep is soil water 

tension of the deep soil reservoir. Both, �%shallow and �%deep, range from 0 to -1.5 

[MPa]. 
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In Equation 5.1a the soil water tension of the deep reservoir is reduced by 0.1 [MPa] to 

account for the energy needed to lift water to the surface (also see section 4.1.2). The 

threshold defined in Equation 5.1b is based on irrigation schemes. Kriedemann and 

Goodwin (2003) state 100 kPa as a starting value for deficit irrigation schemes. Both 

definitions (Equations 5.1a and b) give the beginning of a drought period and are 

applied to daily soil water tension states. For each pixel drought days are added up. As 

soon as the inequality condition of Equations 5.1a or b is no longer met, due to rain, the 

drought period is set back to zero days. The drought day count starts again as soon as 

the drought day condition is met again. 

Separate drought period maps for tree and for grass vegetation were generated. 

The maximum drought period lengths were set to 120 days for tree and 45 days for 

grass vegetation. After 120 days of continuous drought, trees will cease to transpire. 

Grass vegetation experiences a complete desiccation after 45 days of continuous 

drought.

Drought days, for tree and grass vegetation, are computed for each pixel on 

basis of the daily soil water model for 2006. The regional drought day maps, computed 

according to Equations 5.1a and b, are averaged towards monthly drought period maps.

5.1.2 Vegetation cover

The drought definitions in Equations 5.1a and b are based on available soil water only 

and represent tree and grass drought periods at full tree and grass cover. To include 

actual tree and grass cover, both were derived from satellite Normalized Difference

Vegetation Index (NDVI) data. Monthly NDVI data for 2006 is used to define a spatial 

vegetation cover for the study region. The NDVI data were taken from 10-day Satellite 

Pour l'Observation de la Terre (SPOT) NDVI data (Maisongrande et al. 2004, 

http://free.vgt.vito.be/) that were averaged to monthly NDVI maps. Subsequently, two 

vegetation cover maps were generated, one for tree, and one for grass cover:
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tree JanuaryNDVI NDVI=
(5.2a)

( ) 1.66grass maximum JanuaryNDVI NDVI NDVI= - ×
, (5.2b)

where NDVIJanuary is an NDVI image from January 2006, and NDVImaximum the 

maximum NDVI for 2006. NDVIgrass is multiplied with 5/3 to keep both scales 

comparable.

The subtraction of the January NDVI image (NDVIJanuary) accounts for both tree 

vegetation and vegetation that is not stressed throughout the year, as occurs in the 

southern parts of West Africa. 

a b

Figure 5.2: Tree (a) and grass (b) cover for 2006 as derived from Equations 5.2a and b.

Tree vegetation, due to its high stomatal control, does not cease transpiration as 

suddenly as grass. Instead, regional tree vegetation is continuously decreasing 

throughout the dry season, which can be described by a thinning tree cover.  Therefore, 

a monthly cessation index was derived to describe the thinning tree cover towards the 

end of the dry season.

( ) ( )( )1cease JanuaryNDVI t NDVI t NDVI= + - (5.3)

whereNDVI(t) are monthly NDVI images and t is the time step (months).
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The monthly tree drought period maps are then multiplied with tree cover (Figure 5.2a) 

and the monthly cessation (Equation 5.3). The grass drought period map is multiplied 

with grass cover (Figure 5.2b). To ascertain comparability, the grass drought period

maps are stretched to a maximum of 120 days, the maximum of the tree drought period 

maps, before multiplying with the grass cover map. Adding the tree and grass drought 

period maps results in regionally distributed vegetation drought period maps for each 

month.

5.2 Drought period concept results

Whereas the tree water model from chapter 4 only took tree vegetation into account, the 

drought period concept included grass vegetation as well. The two separate drought 

period maps for tree and for grass vegetation (Figures 5.3a and b) show different onset 

dates and different intensity peaks. 
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a

b 

Figure 5.3: Cumulative drought days for tree (a) and grass (b) vegetation. Drought 
periods get longer from blue to red. Scales are from 0 to 120(a) and 45(b), 
respectively. Grey pixels meet the drought day conditions but exceed the 
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maximum values of 45 or 120 days, respectively.
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Grass vegetation drought periods start in October and mostly end in December at which 

point the 45 day drought period maximum is reached for most of the region (Figure 

5.3b). Grass, due to its water management pattern, does not adapt its transpiration to 

limited water availability. Grass drought periods peak at 45 days of continuous drought 

days, followed by a sudden, complete plant desiccation. Tree vegetation drought has a 

later start in November and reaches its largest extent in December and January (Figure 

5.3a). After 120 days of continuous drought days tree vegetation cease to transpire.

Trees react to limited water availability by adjusting their stomata and transpiration 

resulting in a gradual decline in active tree population. To take this effect into account a 

decreasing tree cover (Equation 5.3) was included in addition to the static tree cover 

(Figure 5.2a). 



Modeling diurnal ERS backscatter patterns through regional drought models for tree and grass vegetation

74

Figure 5.4: Monthly averaged diurnal ERS backscatter differences (2006) and monthly vegetation drought period maps (2006).
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Figure 5.5: Monthly averaged diurnal ERS backscatter differences (1992-2007) and monthly vegetation drought period maps (2006).
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Figures 5.4 and 5.5 show side-by-side comparisons between (i) monthly averaged 

diurnal ERS backscatter differences (also see Chapter 3), and (ii) monthly vegetation 

drought period maps. For each month the satellite patterns (left) and the model results 

(right) are shown. The satellite data ranges from low or negative (blue and green) to 

positive (red) differences between morning and evening backscatter. Figure 5.4 shows 

satellite patterns for 1992 to 2007, and Figure 5.5 shows satellite patterns for 2006. The 

vegetation drought period maps are for 2006 in Figures 5.4 and 5.5. The model data 

ranges from short drought periods (yellow) to long drought periods (red); green depicts 

zero drought days, and grey depicts drought days above the maximum drought period 

lengths (see section 5.1.1).

The combined vegetation drought period maps (Figures 5.4 and 5.5) show 

drought stress over a large area with high intensity in November. This area shrinks until 

February. The conceptual drought period maps allow for a spatial and temporal drought 

period distribution. In comparison with diurnal ERS backscatter differences (Figures 5.4 

and 5.5) the drought period concept shows good agreement in months of high 

backscatter anomalies (October to February).

5.2.1 TRMM anomaly 2006

Figures 5.4 and 5.5 show an anomaly in southern Guinea (see Figure 5.4; December; 

anomaly center at 10°N/ 10°W). Precipitation is considerably lower over southern 

Guinea than over adjacent regions. The drought period concept is greatly influenced by 

available soil water and thus precipitation (see section 4.1.2). Large-scale patterns found 

in TRMM precipitation have a considerable effect on the overall regional model results. 

In 2006, TRMM showed a large rainfall anomaly over southern Guinea. Looking at 

annual averages from 1998 to 2006 of TRMM for West Africa it can be seen that this 

anomaly is limited to 2005 and 2006. Whether TRMM precipitation in this region is 

valid or not cannot be determined, but it does have a large effect on the model outcome. 

The ERS images do not show an anomaly in the same area.
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It can also be seen that rainforest regions from Sierra Leone to Ghana, as well as 

southern Cameroon show, on average, much less drought which, again, is in accordance 

with the low backscatter differences found for these areas. Further spatial details, 

however, require more detailed information on plant cover and plant properties to 

devise spatially distributed drought definitions.

Overall it can be concluded that the seasonal patterns in diurnal ERS 

backscatter data have been modeled and correspond to the patterns found over large 

parts of West Africa. The length of the combined tree-grass drought period and the 

water related change in diurnal tree water status (see Chapter 4) were necessary, but not 

yet sufficient, tests for the link between available soil water and vegetation water status.

The results of this chapter lead to the design of detailed field experiments that can 

provide sufficient tests for the vegetation water hypothesis. The following chapters 

show two new methodologies for such field experiments. Chapter 6 will present a 

statistical methodology to link field observations at the point scale to satellite pixel 

averages. In chapter 7 a methodology to directly measure vegetation water changes in 

trees will be presented.
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6 HYDROTOPE-BASED PROTOCOL TO DETERMINE AVERAGE 
SOIL MOISTURE OVER LARGE AREAS FOR SATELLITE 
CALIBRATION AND VALIDATION 4

The previous chapters have focused on large-scale modeling using the spatial resolution 

of current soil moisture satellites. Field experiments, however, often provide data at the 

point scale only. In this chapter a statistical methodology aiming at the derivation of 

valid field averages obtained from point measurements is presented. 

Satellite-based soil moisture sensors, such as those onboard the European 

Space Agency’s Soil Moisture and Ocean Salinity (SMOS) and EUMETSAT’s MetOp 

satellites, require reliable spatial averages of soil moisture for calibration and validation. 

Recent advances in sensor technology and retrieval algorithms improve the satellites’ 

capacity to measure soil water (Entekhabi et al. 2004; Kerr et al. 2001; Njoku et al. 

2003). The spatial resolutions of these satellites range from 12.5 to 50 km; therefore, 

ground observations have to cover large areas to provide pixel averages (Crow et al. 

2005). The presented hydrotope approach provides a methodology to obtain spatial 

averages during observation campaigns in data-scarce regions. The advantages of this 

method are a reduced uncertainty in the estimate of the average and a reduced risk of 

bias in the sampling scheme.

Different soil moisture ground-truthing methods are found in the literature. 

These were generally developed from a hydrological perspective, which is not 

speci�¿cally for satellite validation. The simplest methods for regions with limited 

station data and without data from observation campaigns use one or more observations 

in the close vicinity of the pixel (Cashion et al. 2005; De Ridder 2003; Prigent et al. 

2005; Wagner et al. 1999). Approaches that derive spatially representative soil moisture 

estimates from observation networks follow three main concepts, namely: 1) time-

stability concept; 2) geostatistical approaches, such as kriging; and 3) landscape-unit 

approach.

Vachaud et al. (1985) first introduced the time-stability concept. Point 

observations within a network or catchment are compared with a field average to 

4 Chapter 6 is based on: Friesen J., Rodgers C., Oguntunde P. G., Hendrickx J. M. H., 
and van de Giesen N. 2008. Hydrotope-based protocol to determine average soil 
moisture over large areas for satellite calibration and validation with results from an 
observation campaign in the Volta Basin, West Africa. IEEE Transactions on 
Geoscience and Remote Sensing, 46: 1995-2004.
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identify locations that most accurately represent the field average without major under-

or overestimations. The comparison is computed for each location and time step. 

Results are ranked by deviations from the field average and by temporal variability, 

identifying the most representative and temporally stable observation locations within a 

network. Several authors applied the modified time-stability concept by Kachanoski and 

de Jong (1988). Western et al. (1998) applied this concept for network optimization in 

catchments in order to define observation points that best capture the catchment 

average. In terms of satellite pixel validation, the concept is applied to identify pixel-

sized fields that show the least subpixel variability (Bosch et al. 2006; Jacobs et al. 

2004; Mohanty and Skaggs 2001). The time stability concept requires spatially 

distributed time-series data, often only provided by large continuous observatories. For 

the application onto a limited number of data collection campaigns, as presented in this 

chapter, the time-stability concept is not suited.

Kriging (Matheron 1963) has been widely used to interpolate field 

observations. The kriging concept is based on the assumption that the parameter to be 

interpolated continuously varies between two locations. Semivariograms are used to 

derive distance-based weights, and interpolated maps of ground observations are then 

used to validate satellite products (e.g., Bardossy and Lehmann 1998; Laurent et al. 

1998). Both the time-stability concept and kriging were based on data from continuous 

observation sites such as the Tarrawarra study site (Western and Grayson 1998) or the 

Global Soil Moisture Data Bank (Robock et al. 2000).

The third method is the landscape-unit approach, which is based on landscape-

dependent processes that show internal consistency. In the context of hydrological 

modeling, Flügel (1997) introduced hydrologic response units (HRUs) that are based on 

elevation, topographic sequence, soil type, slope, land use, and aspect. The different 

HRUs represent landscape units that show internally consistent hydrological behavior. 

Based on 23 different HRUs, Flügel built a hydrological model that represented most of 

the heterogeneity of the catchment. Park et al. (2001) and Park and van de Giesen 

(2004) applied a landscape-unit approach to the distribution of soils using a catena 

approach. Based on detailed topographic sequence data on a complex slope, nine 

landscape units successfully described the different soil-forming environments and the 

variability of the soils. Both studies successfully showed internally consistent 
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hydrological behavior within their defined landscape units. The information used to 

define the landscape units required detailed spatial data, such as elevation, soil 

properties, and land cover that are generally available at the observation site or 

subnational level.

The presented hydrotope methodology is a modified landscape-unit approach. 

It is meant as a statistical tool that assists in deriving representative field-average 

estimations on the basis of soil moisture sampling campaigns. Additional information 

required to identify and map hydrotopes involve local hydrological knowledge and 

globally available data sets. The aim of this paper is to present a statistically stable 

methodology for satellite ground-truthing through point measurements. Using a 

hydrotope-based sampling and analysis methodology, the overall footprint variance and 

the chance of sampling bias is reduced. The methodology is explained and proven by 

data from a case study in the Volta Basin, West Africa. However, it has to be made clear 

that the methodology as such is not limited to soil moisture sampling or locally to 

Western Africa but is, instead, generally applicable to any point-based sampling or data.

Section 6.1 describes the three West African study sites in detail. The 

methodology in terms of hydrotope identification, mapping, and hydrotope-unit 

separated averaging is outlined in section 6.2. Results are presented and analyzed in 

section 6.3, and section 6.4 concludes with the major results. 

6.1 Study sites

The study sites, which are Boudtenga, Tamale, and Ejura, are located in the Volta 

Basin, West Africa (see Figure 6.1). The study sites are part of the Global Change in the 

Hydrological Cycle (GLOWA) Volta Project (van de Giesen et al. 2002) that has been 

conducting field studies in the Volta Basin since 2001. The climate in this region is 

characterized by a clear seasonal pattern of wet and dry seasons (Windmeijer and 

Andriesse 1993). Figure 6.2 shows long-term rainfall and reference evaporation 

averages (1961–1990) for stations that are close to the study sites (FAO 2001). Rainfall, 

vegetation, and soil moisture follow a gradient, which is with low rainfall in the North 

and high rainfall in the South. The study sites follow this gradient. Natural land cover at 

all study sites is interspersed with agricultural plots. Agriculture in West Africa is 

dominated by small plots well below one hectare. The size of the plots and mixing with 
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natural vegetation lead to extremely high spatial heterogeneity. The annual seasonality 

and interannual variability of available water cause high temporal variabilities.

Figure 6.1: Study site locations in the Volta Basin, West Africa. 

Boudtenga (12° 28’ N/1° 15’ W) is located in the northern part of the Volta Basin. The 

terrain is generally flat and interspersed with inselbergs (310–370 m). Landscape and 

vegetation are classified as Sudan savanna, and the agricultural vegetation is composed 

of maize, peanuts, sorghum, and millet. Trees include shea (Vitellaria paradoxa) and 

neem (Azadirachta indica). The mean annual rainfall from 1961 to 1990 is about 800 

mm. Rainfall follows a monomodal pattern, with a peak in August. The wet season lasts 

for roughly two months, which is from July until August, whereas the onset of the 

season shows high variability. The major soil in the Commission de Pédologie et de 

Cartographie des Sols taxonomy is “Sols ferrugineux tropicaux lessivés à tâches et à 

concrétions,” which corresponds to Luvisols or ferric Lixisols in the taxonomy of the 

Food and Agriculture Organization of the United Nations. 
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The second study site, which is Tamale (9° 29’ N/0° 55’ W), lies in the central part of 

the Volta Basin in relatively flat terrain (160–240 m). Landscape and vegetation are 

classified as open woodland savanna, and the agricultural vegetation is composed of 

yams, maize, cassava, peanuts, sorghum, millet, rice, tomatoes, peppers, and onions. 

Trees include shea (Vitellaria paradoxa), mango (Magnifera indica), baobab 

(Adansonia digitata), neem (Azadirachta indica), dawadawa (Parkia biglobosa), and 

kapok (Ceiba pentandra). The mean annual rainfall over the 1961 to 1990 period is 

about 1100 mm. Rainfall follows a monomodal pattern, with a peak in September. The 

wet season lasts for roughly four months, which is from July until October, whereas the 

onset of the season shows high variability. The major soils are Planosols and Acrisols 

over Alluvium and Voltaian sandstone. According to the Ghanaian soil taxonomy, the 

study site soils are Lima-Volta (Planosol) and Techiman-tampu (Acrisol).

Figure 6.2: Rainfall and reference evaporation (based on Penman) for climate stations 
close to the three study sites. Data from (a) Ouagadougou, BF (close to 
Boudtenga), (b) Tamale, GH, and (c) Wenchi, GH (close to Ejura). Source: 
FAOClim 2 (FAO 2001). 

The third study site, which is Ejura (7° 19’ N/1° 16’ W), is situated on the southern 

fringes of the Volta Basin in a slightly hilly terrain (150–250 m). It lies in the transition 

zone between forest savanna and mountainous Guinea forest zone. The study site is 

located around a valley with vegetation covered with local food crops such as yams, 

corn, cassava; shrub, including elephant grass; and trees, among them cashew, various 

palm trees, and banana trees. The valley bottom is swampy, and the elevation 

differences are around 100 m. The mean annual rainfall over the 1961 to 1990 period is 

about 1400 mm. Rainfall follows a pseudo bimodal pattern, meaning that in August, it 
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experiences a slight decrease and that the peak of the season is in September/October. 

The wet season lasts for roughly eight months, from March until October, whereas the 

onset of the season shows high variability. The major soils are Luvisols and Fluvisols 

over Alluvium and Voltaian sandstone. The Ghanaian soil taxonomy refers to these as 

Ejura-amantin/Ejura-denteso (Luvisol) and Damongo-techiman (Fluvisol).

6.2 Hydrotope analysis method

A hydrotope is defined here as a unit characterized by the dominance of similar 

hydrological processes. Hydrological variables, such as soil moisture, within clearly 

defined landscape or hydrotope units show reduced variability and consistent temporal 

patterns that distinguish the different units from each other. The basic concept of the 

hydrotope units is based on internally consistent hydrologic behavior within a certain 

landscape. Statistically, the chosen hydrotope units should show higher differences 

between the unit averages as compared with the variability within each unit. In the case 

of soil moisture, we can define the hydrotope units by means of the local hydrology. 

Hydrotopes are meant to improve the sampling schemes and the computation of field 

averages. This is done through the following: 1) reducing the number of required 

samples; 2) minimizing the sampling biases in the field average; and 3) reducing the 

overall variance.

6.2.1 Sample minimization

Soil moisture sampling campaigns are meant to provide us with spatially representative 

field or pixel averages. Perfectly accurate moisture values would only be obtained if an 

infinite number of samples were taken. According to the central limit theorem, 

normality can be assumed for the overall sample means, which is given a sufficiently 

large number of samples
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where µ is the true mean value, �1 is the true standard deviation, n is the number of 

samples,m is the mean value of the sample, and s is the standard deviation of 

the sample.

The parameters of the normal distribution can be estimated by m , s, and n. The level of 

accuracy of the overall mean value therefore depends on the number of samples taken.  
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where c is the standard normally distributed variable.

The average soil moisture and standard deviation can be based on either observed soil 

moisture data or on estimates. In the Volta Basin, a previous field study provided both 

the average and standard deviation. For a given confidence interval, one takes the 

corresponding minimum and maximum value of c , such as c = ±1.96 for a confidence 

level of 95%. Now, solving Equation 6.2 for n using Equations 6.1a and 6.1b allows us 

to derive the minimal number of samples needed to obtain an acceptable range for the 

average soil moisture value at a given confidence level.
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6.2.2 Hydrotope mapping and bias minimization

West African hydrology

Soil moisture fields are determined by the local hydrology. To identify soil moisture 

hydrotopes, it is often helpful to use the knowledge of the local hydrological processes 

that are dominating within the region of interest.

Figure 6.3: Main runoff processes in the Volta Basin. The horizontal drain distance 
(500–2000 m) increases toward the north, considering that the distance 
between the streams becomes wider. The elevation difference (60–120 m) 
increases toward the south, where the relief is more pronounced (after 
Masiyandima et al. (2003)).

Based on the literature and on field work (Masiyandima et al. 2003; Stomph et al. 2002; 

van de Giesen et al. 2000; Windmeijer and Andriesse 1993) in West Africa, a 

schematized view of the West African hydrology was built (see Figure 6.3). From a 

hydrological point of view, it can be said that the landscape in the Volta Basin largely 

consists of inland valleys (Windmeijer and Andriesse 1993). Within an inland valley, 

we can distinguish three main units (see Chapter 2 and Masiyandima et al. 2003). 

1) Plateaus are large upland areas, which are characterized by deep soils. 

Precipitation here is stored in the root zone, and this unit mainly contributes to 

runoff via subsurface flow.

2) Wetlands saturate very early during the wet season and contribute almost solely 

to the direct runoff or Dunn flow.

3) Slopes connect the plateaus to the wetlands. Both Hortonian surface runoff and 

shallow-groundwater flow occur on the slope unit. The hydrological state of the 

slopes tends to vary relatively quickly over time and space. 
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Topography defines, to a large extent, these three hydrotopes. Plateaus and 

wetlands are flat, and slopes have higher gradients. Plateaus have a small upstream area, 

whereas slopes and wetlands have larger upstream areas. Absolute height differences 

between plateau and wetland units do not enter into the hydrotope-unit delineation. The 

topography also defines the stream network; however, considering that the streams in 

our region of interest are ephemeral, not every stream is bordered by wetlands. Because 

of this, dry-season land cover is used to distinguish between the green wetlands and the 

surrounding bare slopes and plateaus. The hydrotope-unit definition, as outlined in this 

paper, is very specific for the study region. Different climates and hydrologies require 

individual hydrotope-unit definitions that might also result in differing mapping 

strategies. The hydrotope-unit mapping that is described in the following was 

specifically done toward the described hydrotope-unit definition stated in this chapter.

Remote sensing data mapping

In order to incorporate the local hydrological knowledge into sampling schemes, the 

three identified hydrotope units have to be mapped regionally. For the three study sites, 

10x10 km windows have been selected to be mapped. Figure 6.4 shows a sample 

hydrotope map for the Ejura study site. Globally available satellite data of Shuttle Radar 

Topography Mission (SRTM) elevation (http://srtm.usgs.gov) and land cover (such as 

Landsat, MODIS, or SPOT) can be used to regionally map the hydrotope units.
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Figure 6.4: Hydrotope map of the Ejura study site. 

The use of global data sets is particularly useful in data-scarce environments such as 

West Africa. A first step toward delineating the hydrotope units is to build slope, 

upstream area, and land cover maps. The choice of satellite data to be used strongly 

depends on the initial hydrotope-unit definition. The following data sources, 

classifications, and thresholds, therefore, only apply for the study region presented in 

this chapter.

Slope and upstream area (using digital elevation model)

Slope and upstream area maps are computed on the basis of the SRTM data. The SRTM 

data used in this study have a 90 m horizontal and nominal vertical resolution of 16 m 

(absolute) and 10 m (relative). Comparisons with kinematic GPS readings, however, 

show that over Africa, for 90% of the data, the absolute vertical error is estimated at 6 m 

(Rodriguez et al. 2005). Based on our comparisons between SRTM and detailed 

topographic maps, we postulate that the relative error between adjacent pixels is less 

than 2 m at the study sites. It should be stressed that for the presented hydrotope 

delineation, only the slope and upstream areas are used (see Figures 6.5a and b), which 

are based on relative height differences. Slope maps are classified in slope and flat 

categories. The threshold between the slope and flat depends on the local relief. For our 
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study sites, we chose a slope angle threshold of 2%. This will mainly be used to 

distinguish between plateau and slope areas. 

Land cover (using normalized difference vegetation index (NDVI))

Land cover information from Landsat NDVI data was used to delineate wetlands. The 

Volta Basin experiences extremely dry and wet seasons (see section 6.1). During the dry 

season, vegetation is mostly limited to forest patches that are generally located in the 

wetland areas as gallery forests. Landsat NDVI images from the dry season were used 

to delineate the wetlands by using an NDVI threshold value. The vegetation immensely 

varies between the three study sites. An individual NDVI threshold for each of the three 

study sites had to be chosen to distinguish between wetland and nonwetland areas.

Figure 6.5: Maps of (a) upstream area, (b) slope, and (c) NDVI for the Ejura study-site 
window (10×10 km). For the slope, a threshold of 2% has been applied, and 
for NDVI, a threshold of 0.049 has been applied.

Table 6.1: Individual threshold and range values. Individual threshold and range values 
of the different input maps for all three study sites. On upstream area maps 
no threshold was applied. n.a. stands for not applied. aUpstream area units are 
ln(m²), bSlope units are in percent, cNDVI units are dimensionless.

Upstream areaa Slopeb NDVI c

Study site Range Threshold Range Threshold Range Threshold

Boudtenga 8.99 to 17.12 n.a. 0 to 17.21 2 -0.214 to 0.370 > 0.148

Tamale 8.99 to 17.90 n.a. 0 to 10.27 2 -0.319 to 0.273 > 0.049

Ejura 8.99 to 17.91 n.a. 0 to 15.63 2 -0.260 to 0.213 > -0.030

Combination of maps
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To combine the upstream area, slope, and land cover data into hydrotope units, the three 

data maps (see Figures 6.5a–c) were used as input for an unsupervised classification 

(Lillesand and Kiefer 1994) using the IDRISI CLUSTER function (Eastman 2003). The 

IDRISI CLUSTER is based on a histogram peak selection technique. The slope and 

NDVI were filtered before entering the classification using thresholds, considering that 

the raw input maps show little distinction between slope and nonslope or wetland and 

nonwetland vegetation. Detailed information about thresholds and ranges are shown in 

Table 6.1. The upstream area shows a clear distinction in values between main riverbeds 

and tributaries in our study region so that there was no need to filter the raw map data. 

A sample outcome is shown in Figure 6.4, which shows the hydrotope distribution for 

the Ejura study site. The hydrotope mapping shown in this part is only valid for the 

presented study sites. In different regions, the mapping process has to be modified. 

Modifications are then to be made in the data selection, map preparation, and 

classification or combination of the different data.

Bias minimization

The hydrotope maps provide the total area for each hydrotope unit. Based on these 

areas, the total number of samples, as based on Equation 6.2, was distributed over the 

hydrotopes (see Table 6.2). Combined with the hydrotope maps, the number of samples 

taken for each hydrotope unit can be calculated by an area-weighted distribution of the 

total number of samples. This reduces the chance of bias in the field average caused by 

the over- or undersampling of individual hydrotope units. In this chapter, data collection 

followed a hydrotope analysis to optimize the sampling procedure.

Table 6.2: Number of samples per hydrotope unit, study site, and sampling campaign. 
Partitioning of samples between campaign I and II may differ slightly as 
some samples were lost during the drying process. This is taken into account 
in the analysis of samples. n.a. stands for not applied.

Boudtenga Tamale Ejura

Study site I II I II I II

Plateau 155 n.a. 114 131 114 114

Wetland 42 n.a. 65 59 52 48

Slope 0 n.a. 8 14 34 38
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Total 197 n.a. 187 204 200 200

6.2.3 Hydrotope-based field-average and variance computation

Hydrotope analysis can be applied in advance to develop a hydrotope-based sampling 

scheme or a sampling scheme that is based on an existing soil moisture database. In 

terms of computation, this results in two options, namely: an area-weighted approach, 

where the hydrotope-unit areas are included in the computation of average and overall 

variance, and a hydrotope sampling approach, where the sampling is already area-

weighted and only the overall variance is to be reduced. 

In terms of an area-weighted approach, the mean soil moisture and the 

standard deviation are first computed for each hydrotope
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where nj is the number of samples within hydrotope j and mi represents the individual 

soil moisture samples within hydrotope j.

The second step then computes both area-weighted mean soil moisture and the overall 

variance
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where Aj is the area of hydrotope unit j and A is the overall sampling area. 

The steps from Equations 6.3 to 6.6 can be subsequently applied to any soil moisture 

data set categorized into hydrotopes. The level of confidence for the field average can 

then be calculated by solving Equation 6.2 for c .

In this chapter, the sampling scheme has already been area-weighted in advance; 

therefore, the number of samples per unit and unit area are proportional, nj �’  Aj. This 

simplifies Equations 6.5 and 6.6 to 

1

1 n

w i
i

m m
n =

= å (6.7)

( ) ( )2 2 2 2
1 1 2 2 3 3

1

1 1jn

w j j
i

Var m n s n s n s n s
n n=

= × = × × + × + ×å (6.8)

If the variance within hydrotopes is small compared with the overall variance or, in 

other words, if the different hydrotope units are clearly distinct, a reduction in the 

overall variance can be obtained. Quantitatively, this means that when 

( ) ( )
2

w i

s
Var m Var m

n
< = (6.9)

holds, the hydrotope-based estimation of the mean will have less variance. Figure 6.6 

shows the improvement, given that Equation 6.9 is met. High differences between the 

means of the chosen hydrotope units compared with the variance within each unit will 
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yield a reduction of the overall variance, showing the advantage of a good hydrotope 

analysis. An improvement due to a hydrotope-based calculation of the field average and 

variance is given if Equation 6.9 holds true. Clearly, if there are no significant 

differences between the hydrotopes, for example, when the landscape is completely wet 

or completely dry, the improvement will be minimal. 

Figure 6.6: Hydrotope unit separated versus regular soil moisture distribution.

 Probability density functions of a sample soil moisture distribution divided into (gray 

lines) hydrotope units and (black line) an overall soil moisture distribution are shown. 

The equations show a realistic example where the average soil moisture of, e.g., 28% 

does not change but the overall variance is reduced (e.g., 1.25 to 0.75).

6.2.4 Soil moisture data

The data used in the following section were collected during two separate sampling 

campaigns. Soil moisture was determined gravimetrically by weighing and drying the 

samples. The center of the samples has a depth that is between 15 and 20 cm, using soil 

sample rings (�Î  53 mm, height 50 mm). The accuracy of these gravimetric 

measurements is within 1% of the soil moisture.

The samples were taken at the end of the wet season in 2005, which is between 

September 22 and October 17 (which is further denoted as campaign I), and at the onset 

of the wet season in 2006, which is between May 26 and June 5 (which is further 

denoted as campaign II). The Boudtenga study site was only sampled once during the 
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wet season of 2005, considering that the onset of the wet season in 2006 was very late 

and the location was completely dry. During the dry-season sampling (campaign II), no 

rain events occurred at the study sites. During the wet-season sampling (campaign I), it 

rained every two to three days before and in between the sampling. At a sampling depth 

between 15 and 20 cm, however, the effect of rainfall during the sampling campaign is 

very low. Climate diagrams for rainfall and reference evaporation are shown in Figure 

6.2.

About 200 individual soil moisture samples (see Table 6.2) were taken at each 

of the three study sites. The total (minimal) number of samples required to ensure a 

confidence level of 95% per study site was calculated by using existing soil moisture 

data for the different study sites (using Equation 6.2). For the average soil moisture, the 

accuracy increases with the square root of the number of samples, which is as 

previously described. The Boudtenga study site is flat (< 2% slope), with inselbergs 

interspersed. The inselbergs consist of laterite rock and cannot be sampled for soil 

moisture; therefore, the Boudtenga study site only has plateau and wetland hydrotope 

units. The number of samples per study site was proportionally partitioned over the 

hydrotope units for a 10x10 km sampling area at each study site using hydrotope maps 

(see Figure 6.4). Within the individual hydrotope units, no sampling scheme was 

applied. The samples were also taken randomly in time for each campaign and study 

site so that any trends in soil moisture would not have resulted in different average 

moisture values. Soil moisture samples were collected throughout the whole day. 

Considering that for satellite calibration and validation one is only interested 

in the sample mean, the exact type of the underlying distribution of soil moisture 

samples does not matter. The central limit theorem ensures that the distribution of the 

sample mean converges to a normal distribution. This convergence will be faster when 

the underlying distribution is normal or close to normal. Famiglietti et al. (1999) and 

Choi and Jacobs (2007) show that soil moisture samples are distributed both normally 

and nonnormally. Table 6.3 shows that there is also a mix of normal and nonnormal 

distributions. The majority of the hydrotope-unit samples are normally distributed. In 

turn, this gives the necessary confidence that the sample mean will indeed be normally 

distributed.
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Table 6.3: Shapiro–Wilk/ Shapiro–Francia test for normality per hydrotope unit, study 
site, and sampling campaign. 1 means non-normal and 0 normal distribution 
at the 0.05 significance level. n.a. stands for not applied,pfor platykurtic 
samples, andlfor leptokurtic samples.

Boudtenga Tamale Ejura

Study site I II I II I II

Plateau 1l n.a. 0l 1l 0l 1l

Wetland 0p n.a. 0l 0p 0l 0l

Slope n.a n.a. 0p 0l 1l 0l

Satellite soil moisture products include the root-zone soil moisture, which is derived 

through hydrological modeling, that can readily be compared with the soil moisture that 

is between 15 and 20 cm in depth (Owe et al. 2008; Wagner and Scipal 2000). These 

products can be arrived at through the assimilation of satellite data into soil physical 

models (Dunne et al. 2007). A direct comparison of the 15–20 cm soil moisture samples 

with the topsoil estimates from satellites is not possible. Current satellites are only 

capable of detecting soil moisture directly from the top 2–5 cm if the vegetation is not 

too dense. The general methodology, of course, also holds if the topsoil-moisture 

samples of the first 0–5 cm are to be used for a more direct comparison with satellite-

derived soil moisture estimates.

Statistical significance tests were performed by using balanced one-way 

analysis of variance (ANOVA) and two-sample Student’s t-test. An omnibus Shapiro–

Wilk/ Shapiro–Francia parametric hypothesis test of composite normality was 

performed for normality tests. The Shapiro-Wilk /-Francia test applies for sample sizes 

from 3 to 5000. For leptokurtic data, the Shapiro–Francia test is applied, and for 

platykurtic data, the Shapiro–Wilk test is applied. To test the performance of the 

hydrotope variance reduction, a Monte Carlo-based analysis is done. For each 

campaign, random samples corresponding to the number of samples taken in the field 

(see Table 6.2) were taken from normal distributions with m̂and ŝ values. m̂and ŝ

values are estimators based on observed data from the corresponding campaigns.  For 

each randomly sampled set (10.000 for each campaign), the standard deviation was 

calculated. Based on the distribution of the randomly sampled standard deviations, one 

minus the chance that a random sample would yield a lower variance than the hydrotope 

method is calculated.



Hydrotope-based protocol to determine average soil moisture over large areas for 
satellite calibration and validation

96

6.3 Results and analysis

The effectiveness of a hydrotope-unit-based analysis is described via the reduction in 

overall variance and the minimization of bias in the sample. To measure the effect of the 

hydrotope analysis, the calculation of overall averages, standard deviation, and variance 

is performed according to the hydrotope-unit separation (see Equations 6.7 and 6.8) and 

by calculating the same variables over the whole sampling volume without using any 

hydrotope-unit separation (see Equation 6.2).

An effective bias minimization for our study sites cannot be shown directly 

without additional independent data. Indirectly, significant differences in hydrotope-unit 

averages suggest that biased sampling would result in wrong field averages.
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Table 6.4: Hydrotope-analysis results. Average and standard deviation of study site soil 
�P�R�L�V�W�X�U�H���Z�L�W�K�����$�Y�J�B�+�7�����1�B�+�7�����D�Q�G���Z�L�W�K�R�X�W�����$�Y�J�B�D�O�O�����1�B�D�O�O�����K�\�G�U�R�W�R�S�H���X�Q�Lt 
separation for the two sampling campaigns (I = wet conditions, II = dry 
conditions) as well as the total number of samples.

Boudtenga Tamale Ejura

Campaign I I II I II

Avg_all 0.13 0.17 0.10 0.16 0.14

�1�B�D�O�O 0.039 0.051 0.033 0.038 0.034

Avg_HT 0.13 0.16 0.10 0.16 0.14

�1�B�+�7 0.038 0.037 0.030 0.032 0.031

Samples 197 187 204 200 200

Table 6.4 shows the results of the calculations. Overall, the variance has been reduced 

by using hydrotope-unit separation in the calculation of the field standard deviations. 

Due to the area-weighted sampling, differences in field averages and between regular 

and hydrotope-weighted averaging cannot be seen. A one-way ANOVA for average soil 

moisture of all the three campaigns and study sites showed significant differences 

between all hydrotope units. A subsequent Student’s t-test for significant differences in 

between the different hydrotope units also showed significant differences for most 

hydrotope units (see Table 6.5).

Table 6.5: Hydrotope-unit averages per study site and sampling campaign. Superscripts 
indicate hydrotope units that do not show significant differences between 
each other (according to Student’s t-test). n.a. stands for not applied.

Plateau Wetland Slope

Boudtenga_I 0.13 0.15 n.a.

Tamale_I 0.14 0.21 0.18

Tamale_II 0.091 0.12 0.081

Ejura_I 0.152 0.162 0.20

Ejura_II 0.13 0.15 0.153

To show how the hydrotope reduction in the overall variance performs against 

the overall variance from random sampling, a Monte Carlo analysis was done. Table 6.6 
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shows that even in cases where the variance reduction is negligible, the chance that the 

hydrotope method yields superior results is high (> 65%).

Table 6.6: Random alternative test. Results of a Monte Carlo analysis of the variance 
reduction gained through hydrotope analysis. 

Boudtenga Tamale Ejura

Campaign I I II I II

m̂ 0.13 0.17 0.10 0.16 0.14

ŝ 0.039 0.051 0.033 0.038 0.034

Random alternative 0.65 1.00 0.94 1.00 0.95

Samples 197 187 204 200 200

Figure 6.7: Histograms of overall and hydrotope sample distributions. The histogram 
sets are organized by study site (Ejura, Tamale, and Boudtenga) and 
sampling campaign (I and II). Gray lines depict the overall sample 
distribution, and dotted lines depict the sample distributions of the 
individual hydrotope units.
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Different reductions in the overall variance highlight regional and seasonal distinctions 

between study sites and sampling times that can be best visualized via the histograms of 

the different hydrotope units (see Figure 6.7). The seasonality and overall moisture 

conditions at the three locations are the two major causes that determine the level of 

variance reduction and the differentiability between the hydrotope units.

Ejura, which is the location with most rainfall, generally shows a high 

moisture level throughout both seasons. Slight differences can be seen between the three 

hydrotope units and the two seasons. During the wet season, the plateau and wetland 

areas are similar (see Figure 6.7), whereas the slope unit shows a slight offset. The 

shallow soils in the slope unit lead to lateral flow just above the bedrock layer that 

results in a higher moisture content of the shallow soils, which can be seen from the 

data (see Table 6.5 and Figure 6.7). Differences between the hydrotope units can be 

seen and are as expected. Due to the overall high moisture content, however, the units 

show uniform behavior which dampens the distinction between different units. 

Tamale, being a more moisture-limited location than Ejura, shows a good 

distinction between plateau and wetland units during the wet season. Figure 6.7 shows 

the clear differentiation between the two units, which is also reflected in the highest 

variance reduction (see Table 6.4). In the dry season, a more uniform picture emerges. 

This moisture-limited location has ephemeral streams and is very dry. The overall 

dryness minimizes the differences between hydrotope units. Therefore, the dry-season 

sampling only shows slight differences between the plateau and wetland units. 

Boudtenga, which is the northernmost study site, shows a uniform soil 

moisture distribution. Although the plateau and wetland units show significantly 

different unit averages, similar unit variances result in low overall variance reduction. 

All study sites correspond well with respect to the governing effect of overall 

wetness (and dryness) on hydrotope distinction. Comparing the Ejura results with the 

Tamale dry-and wet-season samplings, it is shown that unit differences are reduced 

under extremely wet and dry conditions. This suggests a homogenization of soil 

moisture throughout all study sites under extremely dry and extremely wet conditions. 

Intermediate conditions, such as during the Tamale campaign-I sampling, show a clear 

reduction in the overall variance.
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6.4 Conclusions and discussion

The main focus of the presented methodology is to derive statistically stable soil 

moisture field averages for satellite validation. Results show that the overall variance 

reduction is seasonally and spatially dependent. Significant differences in average soil 

moisture between the majority of the hydrotope units also suggest bias minimization.

The different levels of variance reduction highlight the spatial and temporal 

differences between the study sites and sampling times. The low reduction levels in the 

overall variance at some study sites can be due to improper hydrotope-unit 

identification or due to inhomogeneous soil moisture patterns. In our case, improper 

hydrotope-unit definition is unlikely, considering that most hydrotope units show 

significant differences between each other (see Table 6.5).

Moisture patterns shift over time in accordance with moisture availability. 

Western et al. (1998) presented results that show high levels of soil moisture 

organization during wet Australian winter conditions and random variability during dry 

summer conditions. In our case, results confirm this soil moisture uniformity for dry 

conditions (e.g., Boudtenga campaign I) and further suggest a similar behavior under 

extremely wet conditions (e.g., Ejura campaign I). Under intermediate West African 

conditions, high levels of soil moisture organization between given hydrotope units are 

supported (Tamale campaign I). The overall level and range of soil moisture values in 

our study vary between 0.10 and 0.17, which is a rather narrow range of values 

compared with other studies (Famiglietti et al. 1999; Western et al. 1998). In different 

climates that show higher soil moisture ranges, the hydrotope analysis can be expected 

to result in higher variance reduction. A definitive answer toward the quality of our 

hydrotope-unit identification cannot be given. Previous studies, however, support the 

conclusion that under dry conditions, soil moisture patterns become more homogenous, 

which can be confirmed by the presented results and can be extended to extremely wet 

conditions as well.

This paper confirms that well-defined hydrotope units yield improved pixel-

scale field averages. The hydrotope definitions for the Volta Basin were based on the 

simplification of the catena approach by Park and van de Giesen (2004). The 

simplification was based on qualitative insight into the main hydrological processes that 
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are relevant in this basin. Without prior hydrological knowledge, one should, in the first 

instance, maintain a larger number of hydrotopes based on the landscape position. This 

will minimize the chance of bias in the sampling scheme and, subsequently, result in a 

low variance of the estimate of the mean soil moisture content.
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7 TREE RAINFALL INTERCEPTION MEASURED BY STEM 
COMPRESSION5

In chapter 4 tree water and its response to limited water availability has been modeled. 

Field experiments that test the presented models will have to include direct 

measurements of changes in tree water storage. The following chapter presents a new 

methodology to directly measure vegetation water changes in trees.

Trees and woody plant species are significant in hydrologic processes most 

directly through transpiration and evaporation. Canopy interception has been found to 

be as high as 60% of annual rainfall (Forgeard et al. 1980); internal vegetation water 

fluxes have been widely studied using sap flow techniques (Granier 1987; Green and 

Clothier 1988; Oguntunde and van de Giesen 2005; Savenije 2004; Sevanto et al. 2001). 

In this paper, we present a new non-destructive, in-situ approach to monitor water held 

above ground in and on trees.

Beyond traditional net-rainfall measurements (e.g. Navar and Bryan 1990) 

canopy interception has been measured by (i) artificial wetting of vegetative surfaces 

(e.g. Aston 1979; Keim et al. 2006; Llorens and Gallart 2000), (ii) the cantilever 

deflection method (e.g. Hancock and Crowther 1979; Huang et al. 2005), (iii) ray 

attenuation methods (e.g. Bouten et al. 1991), and (iv) weighing lysimeters (e.g. 

Edwards 1986; Fritschen et al. 1973; Storck et al. 2002). With the exception of (iv), 

these measurement techniques are all either indirect or employ a partial canopy and 

must be up-scaled based on assumed whole-canopy behavior. 

Changes in above-ground tree mass due to interception (or other processes) 

result in trunk compression. This may be quantified by measuring trunk compression 

under known change in load. Measurement of subsequent compressions such as that 

associated with rainfall loading allows quantification of interception water held by the 

canopy.

Short-term changes in above-ground tree mass are mainly caused by water 

fluxes, such as (i) water on foliage and bark surfaces, through interception and dew, (ii) 

internal storage changes of water, as triggered by root water uptake and transpiration, 

and (iii) evaporation or dripping of water from the canopy. While above-ground tree 

5 Chapter 7 is based on: Friesen J., van Beek C., Selker J., Savenije H. H. G., and van de 
Giesen N. Tree Rainfall Interception Measured by Stem Compression. Water Resources 
Research (in press).
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mass changes arise due to numerous processes, we focus on canopy interception. 

Typical values for canopy storage capacity (CSC) fall into the range of 0.3 - 2.5 mm for 

both coniferous and deciduous tree species (Zhang et al. 2006). Given a projected crown 

area of 20 m² these CSC values correspond to 6 – 50 kg of water stored on the tree 

canopy. The projected crown area is the crown area projected vertically onto the 

ground. Huang et al. (2005) estimated 52.8 kg (~2.64 mm) as a maximum interception 

capacity for an Araucaria cunninghamia tree using the cantilever method. Internal 

storage changes of water in trees ranges from 10 kg day-1 in moderate climates to 1100 

kg day-1 in tropical climates (Wullschleger et al. 1998).

The objective of this chapter is to present a new measurement technique for 

direct, observations of canopy mass changes. Rainfall interception, as one example for a 

process causing mass change, will be used to explain the measurement technique. 

Additional applications of the measurement technique, such as root water uptake, 

transpiration, changes in biomass, or wind throw observations, are briefly mentioned 

but are not the focus in this chapter.

7.1 Instrument installation and calibration methods

The methods are subdivided into three parts. First, the measurement principle, 

instrument installation, and details of the data logging system are presented. Second, 

effects of wind and of temperature on the measurement and on the sensors are 

explained. Third, the calibration of the instrument is presented. The third part further 

includes calibration results, as well as results from a rainfall interception observation as 

a sample application of the instrument.

7.1.1 Mass change and trunk compression

Our approach to measure mass change is based on Hooke’s law of elasticity. We take a 

tree trunk to be a linear-elastic material. Mass change above the trunk then compresses 

or expands the tree trunk, resulting in a vertical displacement. The vertical displacement 

of a tree trunk is determined by the modulus of elasticity of the wood. Moduli of 

elasticity of green (fresh cut) wood for hardwood species range from 5,200 MPa for 

Cottonwood to 12,800 MPa for Black Locust (Green et al. 1999). For a 1 kg load the 
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expected compression of a 1 m tall section of trunk with a 0.01 m² area and a medium 

modulus of elasticity of 10,000 MPa would be
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where �ûL is the displacement change, L the length of the observed trunk section, F the 

force or load onto the trunk, A the cross-section area of the trunk, and E the 

grain-parallel modulus of elasticity of the trunk. Thus a system that could detect 

0.1 µm of displacement change over a one meter trunk section would be 

sufficient for detecting changes on the order of one kg for a small tree.

Figure 7.1: Schematic of sensor installation. The trunk displacement is measured 
between two steel bolts that are drilled into the tree trunk. Displacement is 
measured through a potentiometer that is extended by a one meter quartz 
tube (1a). To compensate for bending effects three sensors are evenly 
distributed around the trunk (1b).

The compression of the instrumented trunk section (ITS) was measured with linear-

motion potentiometers (model 8FLP10A, Feteris Components Benelux, The Hague, NL, 
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11 mm range) attached to 1-m quartz tubes (Øoutside 9 mm, Øinside 2 mm) mounted 

with glue (Pleximon 801, Roehm GmbH, Darmstadt, GER) to the tree with 180x10 mm 

steel bolts (Figure 7.1, with full details provided in the supplemental electronic 

materials). The instrument was mounted on a 15-20 year old Linden tree, Tilia cordata, 

growing in the Botanical Garden of TU Delft (52° 0’ N/ 4° 22’ E). The tree had a 9.4 m 

height and an average ITS diameter of 0.15 m.

Three sensors were installed with equal radial spacing around the ITS (Figure 

7.1b). We employed a 24-bit (20 effective bits) 15-channel data logger developed by 

TU Delft.  The potentiometers are connected to a buffered output of the data logger’s 

internal reference voltage source, thus achieving a ratiometric measurement that enables 

us to reach the necessary sensor accuracy and minimize thermal effects on the sensor 

signal (power-supply rejection ratio > 110 dB). Near-simultaneous measurements of all 

three sensors are required and accomplished using track and hold circuits for each 

sensor. The track and hold circuits improve the switching speed, �ût, between the single 

sensor measurements from �ût = 0.31 seconds to a �ût in the nanosecond range. The 

measurements were found to be accurate to 9.3 x 10-6 V, corresponding to a linear 

displacement of 0.04 µm or a tree mass change of 0.4 kg (Equation 7.1). This requires a 

data logger capable of 18 effective bits. A mechanically free “dummy” potentiometer 

was installed next to the three displacement sensors to monitor performance. This 

potentiometer had a RMSE of 5.1 x 10-6 V, slightly better than the specifications.

7.1.2 Wind and temperature effects

In situ measurements in the sub-µm domain are demanding. Changes in temperature and 

wind introduce noise, which depends on wood properties and tree geometry.

With temperature increase, both quartz tube and trunk will experience thermal 

expansion following their coefficients of thermal expansion (CTE). The grain-parallel 

CTE of dry wood ranges from 4.5 – 31 µm m-1 °C-1 (Simpson and TenWolde 1999). 

However, grain-parallel CTE values for living wood are not available in the literature. 

By controlling the temperature of the ITS, we minimized thermal expansion of the 

sensors. Sap flow changes the wood temperature. Temperature control aims at 

maintaining a constant temperature of the three sensors. This will also dampen 

temperature fluctuations of the trunk that are caused by sap flow. With our installation, 
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it was not possible to add sufficient heat to fully compensate for the cooler water that 

flows through the sapwood during the day. Separate compensation for measured 

temperature changes of the trunk and knowledge of the CTE may be necessary. A 20 m 

heating wire (PRO POWER VCK8-240V, Telford, UK) was wound around the ITS, 

controlled by a centrally-located temperature sensor mounted 5 mm below the bark. The 

ITS was insolated with several layers of aluminized bubble wrap cushioning material. 

The bark temperature is thereby held stable within ±0.05 °C. The fused quartz used to 

span the 1 m ITS was selected for its thermal stability (CTE of 0.59 µm m-1 °C-1).

Wind causes the tree to bend, which expands and compresses the windward 

and lee sides of the trunk. Single sensor displacements of up to 700 µm were measured 

during the 18 January 2007 Kyrill storm over Europe with wind speeds of up to 75 km 

h-1 (as it was winter, this tree had no leaves). James and Kane (2008) presented an 

instrument to measure wind load on trees and give a detailed overview of literature in 

the field of wind throw and tree stability. For a perfectly cylindrical beam, the bending 

effect can be overcome by evenly distributing three sensors around the beam at equal 

distances from the geometrical center of the cross-section. Averaging the three sensors 

then compensates for any bending effects. When the tree is bent into the direction of one 

sensor, the length of that sensor is reduced. The increase in length of the other two 

sensors then equals exactly 50% of the decrease of the first sensor, keeping the average 

the same (Figure 7.1b and electronic supplement). A tree is not a perfect beam but 

somewhere between the three sensors, there will be a neutral line that does not change 

length. This neutral line connects the mechanical centers of the cross-sections. In a 

perfect beam, the mechanical and geometrical centers coincide but in a real tree the 

geometrical center normally differs to some degree from the mechanical center (Figure 

7.1b). When the three sensors are placed at equal distance from the neutral line, 

averaging will again remove any bending effects. Because we do not know the location 

of the neutral line before installation, the sensors are equally distributed around the 

geometrical center. Subsequently, weighting coefficients are employed for each sensor 

to compensate for the differences between geometrical and mechanical center. The 

weighted sensors then average out to null the wind effects. Careful placement of the 

sensors is important to minimize these non-idealities (described in detail in the 

electronic supplement).
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7.1.3 Instrument calibration

The sensor weighting coefficients may be obtained by analyzing data obtained during a 

windy period over a few minutes when the leaves of the tree are dry. Under these 

conditions it is reasonable to assume that there is zero load change, with bending in all 

directions (though bending along the wind-direction will be dominant). Weighting 

coefficients may be computed as those values that minimize the estimated change in 

length during the windy period. The weighted average sensor displacements may be 

computed as

n n nS S S¢= - , (7.2a)

1 2 30avgS S S Sa b g¢ ¢ ¢ ¢= = + + , (7.2b)

1 2 3correctedS S S Sa b g= + + , (7.2c)

where Sn and 1,2,3 are the three individual sensors, nS  the average during the bending 

experiment per sensor, �., ��, and �� the individual weighting coefficients, and 

Scorrected the corrected average of all three sensors. The weighting coefficients 

were estimated by minimizing the sum of S’avg
2 under the constraint �.+��+�� =1.

Once the weighting coefficients are known, the grain-parallel modulus of elasticity may 

be obtained through calibration. Using Equation 7.1 the displacement-weight 

relationship as well as grain-parallel moduli of elasticity for living wood can be 

determined. Figure 7.2 shows calibration results for a medium sized tree during a 

windless period. To determine the modulus of elasticity of the ITS, known loads were 

suspended from the trunk above the ITS. The average sensor signal and standard 

deviation have been determined from individual measurements during periods of 

constant load. The duration of each load period was approximately ten minutes with 

sensor readings every five seconds (Figure 7.2a). Given the large number of 

measurements per load (100 to 160) the average signal can be determined with high 
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accuracy. Clearly, the four points do not lie exactly on a straight line (Figure 7.2b) for 

which nonlinearities in the system are the most probable cause.

Figure 7.2: Calibration experiment results for the Tilia cordata experiment. Figure 2a 
shows the different load periods and the corresponding sensor signal. Figure 
2b shows the associated scatter plot for loads of 0, 5, 10, and 20 kg. The 
error bars are based on two standard deviations calculated for each load. The 
grey dots are the individual measurements, the black dots are the average 
sensor signals per load, and the black line depicts a linear trend line. From 
the displacement the integrated modulus of elasticity of the ITS can be 
derived.

Based on the four points the standard error in the estimation of the modulus of elasticity 

is 17 percent. For the Tilia cordata tree onto which the calibration load was applied, the 

sensitivity is better than 5 kg (Figure 7.2b). A displacement-weight conversion factor of 

0.1 µm kg-1 was found, corresponding to a grain-parallel modulus of elasticity of 5000 

MPa, in agreement with the value reported by Brudi (2001). The accuracy with which 

the individual calibration points are determined depends on noise levels and number of 

independent measurements (Figure 7.2). The calibration test was performed in winter on 

a Tilia cordata tree without leaves. The sensitivity to load depends linearly on the grain-

parallel modulus of elasticity and the average trunk diameter at the ITS, both tree 

specific, (see Equation 7.1) as well as on environmental conditions. Given the large 

effect that wind has, it is recommended to calibrate during wind free periods. For each 

tree, such a calibration would need to be performed, preferably before and after the 

experiment. Clearly, the number of different loads has to be increased and it would also 

be recommended to increase the range of expected loads.



Tree rainfall interception measured by stem compression

109

To test the device on a fully leafed-out tree under rainfall conditions, the instruments 

were mounted on a Senna siamea tree in the northern part of Ghana (10°57’26.7’’ N,

0°56’30.7’’W). The leaves are pinnate with 9-11 leaflet pairs, 4-5 cm long and 0.5-2 cm 

wide (Hawthorne and Jongkind 2006). Tree height was 8.3 m with a trunk radius of 

0.07 m at the ITS. The projected crown area was 31 m² and the canopy LAI had an 

average of 7.7 (3.6 – 10.6) as determined by an LAI sensor (SunScan, Delta-T Corp, 

Cambridge, UK).

Figure 7.3: Interception and evaporation (grey line) from a Senna Siamea canopy during 
a rain event (black line).The grey line depicts the averaged mass derived 
from three displacement sensors mounted around the trunk. Positive mass 
change corresponds to a mass gain as caused through interception water.

On 6 August 2007, a 5.4 mm convective rainfall event occurred between 14:05 h and 

14:45 h during which the canopy intercepted ~ 200 kg (Figure 7.3). This suggests a 

canopy storage capacity of at least 6.45 mm, corresponding to 0.8 mm m-2 canopy area 

based on the LAI. This capacity value is about three times the literature values cited 

above, which may be due to the properties of the species, the completely different 
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approach employed here (e.g., whole tree in situ versus isolated single branch), or errors 

in calibration. Data peaks before the rain event are most probably due to high wind 

speeds which can cause bending that is not completely nulled by the sensor distribution 

around the bark. In addition to bending, strong wind can also temporarily cause an 

actual lift of the canopy. The mismatch between observed rainfall and intercepted 

canopy water is due to the accumulation of errors in calibration and uncertainties in 

LAI, projected crown area, and rainfall measurements. Means to achieve a fully 

quantified calibration need to be specifically developed. It should also be noted that root 

water uptake has not been considered but might play a role in the interpretation of the 

results.

7.2 Conclusions

We have presented a proof-of-concept of a measurement technique for direct, non-

destructive, and continuous observation of above-ground tree mass. The data shown are, 

to our knowledge, the first non-destructive method for directly measuring trees in their 

natural setting. As a sample application we have presented data from a rainfall 

interception event. Additional applications might include transpiration and root water 

uptake studies, as well as biomechanical studies, such as wind throw. Applications all 

require different data processing, as for example signal noise for one application are 

observation data for another application. In terms of canopy interception, further 

development of the mounting method, field calibration, and post-processing (e.g., 

temperature correction, and sensor-weighting) will be required to make this approach 

fully operational.
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8 GENERAL CONCLUSIONS

Diurnal variations were detected in ERS backscatter data for West Africa. Backscatter 

data from the ERS-1 and -2 satellites, ranging from 1992 to 2007, were analyzed for the 

West African subcontinent. The diurnal variations showed spatial and temporal patterns 

that did not correspond to the distribution of soil moisture in the study region. Soil 

moisture distribution in West Africa is characterized by a spatial moisture gradient from 

North to South, and a temporal moisture distribution with distinct dry and wet periods. 

The detected diurnal variations in satellite data showed a systematic behavior, both in 

space and time, different from variations in regional soil moisture. An analysis of 

possible causes for the diurnal variations led to the hypothesis that vegetation water is 

the main parameter causing the observed patterns in satellite data.

Subsequently a series of models was composed to model regional vegetation 

water and to test the proposed hypothesis. Supporting the vegetation water hypothesis 

were two tests: 

· a physical tree water model that showed how soil water stress causes a high 

diurnal differences in tree water, and

· a conceptual drought period model that was able to partially reproduce  the 

spatial and temporal patterns as observed in ERS backscatter data.

West Africa is a data scarce region where often only global datasets, such as the FAO 

digital soil map of the world, are available. The presented models took this into account 

and have been simplified where lack of data demanded it. The conducted tests were, by 

definition, necessary, but not sufficient, in explaining the link between vegetation water 

and observed patterns in satellite data. 

Sufficient tests for the link between vegetation water and satellite data will 

involve detailed field experiments that are needed to test the presented models and 

improve our understanding of the interaction between radar signals and vegetated 

surfaces, and the role of soil moisture. Concerning the design of further field 

experiments, two new methodologies for ground observation of soil moisture and 

vegetation water were developed. First, a methodology that provides statistically stable 

field averages from point observations was presented. Using a hydrotope-based protocol 
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the methodology can be applied both ex ante, in the planning of field campaigns, and ex 

post, on existing field data. Second, a direct and non-destructive method to measure 

changes vegetation water was presented. Through tree weighing changes in mass can be 

detected, that relate to changes in vegetation water.

It has been shown that vegetation water is a temporally extremely sensitive 

parameter responding to changes in atmospheric demand and plant available soil water. 

Future field observations that focus on the interaction between radar signals and 

vegetation will have to include the diurnal variations in vegetation water.

When field experiments further support the hypothesis that the detected 

patterns in the satellite signal stem from vegetation water, the differences between 

morning and evening backscatter data can be extracted and used further. Applications 

would be (i) providing more accurate satellite soil moisture estimates, and (ii) extracting 

vegetation water states. For satellite-based soil moisture estimates, the diurnal 

backscatter differences could be used to improve the soil moisture estimation by better 

quantifying the vegetation water component of the satellite signal. Better quantification 

of the vegetation water component leads to a more accurate soil water estimation 

through removal of the vegetation water component. In terms of vegetation water, the 

diurnal backscatter differences could be used to provide information on vegetation 

water states. The diurnal backscatter differences as an indication of vegetation water 

states or vegetation stress could then be used as an indicator for the onset of drought. 

Information on vegetation water states itself would also provide the means to draw 

conclusions about soil water states in the root zone as opposed to information about top 

layer soil water only.
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