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ABSTRACT

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

Over large areas and, specifically, for data scaeggons, satellite soil moisture
estimates are required to obtain reliable infororathn available soil water. This necessity
for satellite-based soil moisture data has alreadylted in recent and upcoming satellite
launches.

Although satellite-based soil moisture estimatesehbeen globally available
since the early 1990s, the satellite signal usederive soil moisture estimates, has yet to
be fully understood. In this thesis the interr@atbetween vegetation water and satellite-
based soil moisture estimates is investigated fes\Africa. Based on observations and a
series of regional models the link between vegatasind satellite signal was hypothesized
and tested. New methodologies for ground obsemstiof soil moisture and vegetation
water were developed, which provide the means sigdeexperiments for calibration and
validation of upcoming soil moisture satellites.



KURZFASSUNG

Der regionale Enflussvon Vegetationsvasser aufdi e satellitengestiitzte
Begtimmung von Bodenfeuchte in Wedafrika

Bodenfeuchte ist ein wichtiger Parameter im Bezug die Bewirtschaftung von
Wasserressourcen und auf Nahrungsmittelproduktrmbesondere in Westafrika, wo das
Einkommen  groB3tenteils vom  Regenfeldbau  abhéngt,nd si zuverlassige
Bodenwasserinformationen notwendig um regionale Medsd Vorhersagen zu erstellen.

In groRBen Gebieten, und vor allem in Regionen fig dur wenige Daten
verfugbar sind, werden satellitengestiitzte Boderifmschatzungen benétigt um
zuverlassige Informationen Uber das verfligbare Bwdsser zu erhalten. Die
Notwendigkeit zur satellitengestitzten Schatzung Bodenfeuchte hat dazu gefiihrt, dass
in jungster Vergangenheit, sowie in Zukunft firsieZwecke Satelliten gestartet werden.
Obwohl satellitengestiitzte Bodenfeuchteschatzurgjehal seit den friihen 90er Jahren
verfugbar sind, wird das Satellitensignal, das batnwird um Bodenfeuchteschatzungen zu
berechnen, noch nicht vollkommen verstanden.

Diese Doktorarbeit behandelt den Zusammenhang hessd/egetationswasser
und satellitengestitzten Bodenfeuchteschatzungéieastafrika. Die Annahme, dass ein
Zusammenhang zwischen der Vegetation und den Eenelhten besteht, wurde durch eine
Reihe von Beobachtungen und verschiedene regidvatkelle getestet. Weiterhin wurden
neue Methoden im Bereich der Skalierung von Bodestfeedaten und der Messung von
Vegetationswasser entwickelt. Diese neuen Methodsellen Mittel bereit, um
Bodenfeuchteschatzungen zukiinftiger Satelliten ldeldexperimente zu kalibrieren und
validieren.



SAMENVATTING

Regonale effeden van vegetatievocht op schattinge  nvan bodemvocht met
satelieten voor Wes Afrika

Informatie over bodemvocht is een essentiéle paemeoor waterbeheer en
voedselproductie. Vooral in West Afrika, waar hekamen voornamelijk afhangt van
regenafhankelijke landbouw, is betrouwbare inforenatver het beschikbare bodemvocht
van belang voor modelleren en voorspellen.

Over grotere gebieden, en vooral in regio’'s met nigei gegevens, zijn
satellietwaarnemingen van bodemvocht van belang et verkrijgen van betrouwbare
informatie  over beschikbaar bodemwater. Ondanks daatellietgebaseerde
bodemvochtschattingen mondiaal beschikbaar zijdssimet begin van de jaren ‘90, is er
nog steeds onzekerheid in de interpretatie vansatllietsignaal dat gebruikt wordt om
deze schattingen te berekenen. In dit proefscivoitdt de relatie tussen vegetatievocht en
satellietgebaseerde bodemvochtschattingen onddrzooh West Afrika. De hypothese is
dat er een verband bestaat tussen de vochtstatugevaegetatie en het satellietsignaal.
Deze hypothese wordt getest met behulp van obsesvat een aantal regionale modellen.
Nieuwe methodes voor grondobservaties van bodenmveaoh vegetatiewater worden
gepresenteerd. Deze methodes zijn de basis voooriteterp van experimenten voor
kalibratie en validatie van toekomstige bodemvoatettieten.
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General introduction

1 GENERAL INTRODUCTION

Soil moisture is the key variable in the hydrological cydthin the hydrological
cycle, soil moisture determines the distribution of water intgenaion, runoff, and
groundwater recharge. In West Africa, which is an extremalistore limited region,
soil water information plays a vital role in hydrologic and eoeblogic modeling for
improved water resource planning and food security. Specificalthe Volta Basin,
where rainfed agriculture forms the main source of income fomthprity of the
population; productivity relies on available soil moisture or “greetesaProgress will
depend on good management of green water, and will be strongly basexhiboring
results. Data scarcity in West Africa and the need foroned) data emphasize the
necessity for remotely sensed soil moisture estimatesenRemd upcoming satellite
missions, such as SMOS and MetOp, hold promise for the regional dimeasoll
moisture. Remote sensing of soil moisture, however, is conmgdicas not only soil
moisture alone composes the signal received by the satellite.

For West Africa, a long time series of backscatter ffatan ERS-1 and -2
satellites, used for soil moisture estimation, were analyzesulReof the satellite data
analysis showed spatial and seasonal patterns in the satetitenot associated with
regional soil moisture distribution. A hypothesis was formulatddting the detected
satellite patterns with vegetation, and specifically with water storedyetagon.

The objectives of this thesis are to (i) determine to whatnextegetation
water influences the satellite data, used to estimate sigtume and (ii) present new
methodologies for ground observations of soil moisture and of vegetation water.

The following chapters are organized into modeling (Chapters 2) tand
ground observations (Chapters 6 and 7). The second chapter giva®dncindn to the
local hydrology in West Africa based on a long-term waggarice for the Volta Basin.
Chapter 3 presents spatial and seasonal patterns found in diurnalkbtaclkdata from
satellite observations. The detected patterns suggest a 8trbrig vegetation water
which is further investigated through modeling in chapters 4 and 5. &€kaptand 7
present new methodologies focused on field observations. Chapter 6sfocudes link
between ground observations of soil moisture and large-scaleitsagsfimates. A
statistical methodology is presented that derives field agsraf soil moisture from

point based soil moisture samples. In chapter 7 a methodology fordice abservation
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of vegetation water changes in trees is presented. Masgeshaf tree canopies are
measured byn situ weighing of trees. Chapter 8 then concludes the thesis and presents
future implications for field experiments combining vegetaticatew and microwave

remote sensing.

1.1 West Africa and the Volta Basin

The study region is West Africa, here defined as the regioneleet®° and 20° North
and 20° West to 20° East. Whereas large-scale modeling is focusétksinAfrica

(Chapters 3 to 5), most field observations and regional modelingndextaken for the
Volta Basin within West Africa (see Figure 1.1). Further, thed/Blasin is the focus of
the GLOWA Volta Project, in which framework this thesis wagtem. The GLOWA

Volta Project is an interdisciplinary project that studiesewatailability and water use
under physical and socio-economic aspects with in the Voltan Besn de Giesen et al.

2002). The following paragraphs give a brief introduction to West#@fnd the Volta

Basin.
20°N 2
15 N /
N~
10’ N
/
. X
5N ¥
s,
&9
500 0 1000 km .
; . &
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Figure 1.1: Study region. West Africa and the Volta Basin (black)inlay

Climatologically, West Africa is situated between two &tppmogenous surfaces, land
and water, that develop two air masses. These two air magséise warm, dry

continental air originating from the Sahara, and (ii) the warmithumaritime air from
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the Atlantic Ocean, are separated by the Inter Tropical Cgenee Zone (ITCZ) Wet
and dry seasons are determined by the dominance of eithernmeai(ivet) or
continental (dry) air masses. The latitudinal shift of the I'd@fermines the timing of
wet and dry seasons. During July or August the ITCZ has iteeramost position. At
that time, most of West Africa is under the influence of nmagtair masses. In January,
the ITCZ has its southernmost position, leaving West Africa maintier the influence
of continental air masses. The length of the seasons, dry andiffet locally and
depends on the prevalence of the air masses. Generally it caaicbéhat ITCZ is
oriented from West to East, so that the length of the seassreslbagitudinal structure
with long wet seasons in the South and short wet seasons in the RNworén.detailed
description of the West African climatology the reader isrreteto Ojo (1977) and to
Hayward and Oguntoyinbo (1987).

Vegetation is mostly dependant on available moisture, as deterimyntue
zonal distribution of the wet season lengths. In accordance withlithatology, the
vegetation zones are also oriented from North to South, fromptrsedy vegetated
Sahel, to savanna regions (from grass to forest savannas), dbditle@ forest zone or
rainforest in the extreme South (Windmeijer and Andriesse 1993)id®te extreme
dry and wet periods, vegetation is mostly moisture limited as oggosenergy limited,
which occurs more in mid-latitudinal regions.

Hydrologically, the large spatial and temporal differencas available
moisture as well as differences in vegetated land cover @almge moisture signal
range. Precipitation and vegetation growth are often limitethre to nine months
during which most of the annual rain events occur. The remainder oyetireis
generally dry with only few rain days and little vegetation. Du¢he position in the
subtropics and tropics, radiation and evaporative demand is high throughyeaathe
but with considerably more cloud cover during the wet season months.

The Volta Basin is located between 5° and 15° North and 6° West EaS8t°
covering an area of about 400.000 [km?]. The main river systemésaildck Volta,
the White Volta, and the Oti, all of which drain into Lake Volta. Cehemith the

whole West African region, precipitation, vegetation, and soil m@dtallow a natural

! Other names found for ITCZ in the literature are Inter Tropical Disconfimaite
(ITD) and Inter Tropical Front (ITF).
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gradient from North to South. Precipitation ranges from about 400 ye&fl] in the
North to 1500 [mm yedi in the South (FAO 2001).

The majority of the population in the Volta Basin consists of nesidents,
and the largest economic sector is agriculture. Population whRiVolta Basin, over
20 Million people with a density of about 40 persons?kis rapidly growing and can
be considered to have a low income structure (FAO 2000). The agradudector is
dominated by small-scale, rainfed farming. The high dependen@jirdied agriculture,
of course, makes the societal and economic systems extreemsitie towards
changes in available water resources. Soil moisture, being cie @host important
factors of agricultural production in the study region, is theeefan 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 detectéitegadéierns.
The differences in microwave backscatter data of morning andreofirey satellite
overpasses as described in chapter three are presented fostthienér The detected
differences, being systematic, give reason to conduct #dediethscussion of possible
causes put forward at the beginning of chapter 4. Innovative aspetiapters 4 and 5
are not so much in the individual modeling concepts itself but motfeei combination
of different modeling concepts. A suite of soil water and platemwmodeling concepts
are combined to model vegetation water on a large spatial soakdering both
responses to changes in atmospheric demand as well as inateil availability.
Chapters 6 and 7 present innovations in the field sftu observations that aim towards
future field tests of the preceding model results. Chapter @migea methodology to
determine statistically stable field averages from pwieasurements using a hydrotope
approach. Chapter 7 presents a methodology to directly observechaesges of tree
canopies.

The individual chapters have partially been published and often haveediffe
structures. The structural differences are especially ctefle in the different
methodologies that are directed towards each chapter. To asceest possible
readability, their original structure is maintained. Refersrtogvards the study region

and the hydrology might therefore be repeated, but are focuseddswach chapter
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and ensure coherent reading. A collection of disparate methods, followealsctian

of results, etc., would have been difficult to read.



Storage capacity and long-term water balance of the Volta Basin

2 STORAGE CAPACITY AND LONG-TERM WATER BALANCE OF
THE VOLTA BASIN ?

Climate and anthropogenic change can be detected in West afffiicdih the point and
regional level. Climate change is apparent when lookingirafatiatime series, whereas
increasing population figures and changes in land use and covetéendithropogenic
changes. This work investigates to what extent changetetgetable at the level of the
Volta Basin (Figure 2.1). Previous work for the Nakambé basin t@\Wolta), a sub-
basin of the Volta Basin in northern Burkina Faso, showed that botfateliand
anthropogenic change had impact on the river flow (Mahé et al. 200@)jsIstudy, we
examine whether long-term changes in the runoff regime can beveldsat the level of
the whole Volta Basin. On the basis of a storage capacity amd balance analysis, it
will be shown that climatic changes do result in changesumoff behavior. In the
Nakambé basin, anthropogenic changes could be linked to long-tenigreshia runoff.

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

Legend
- Lake Volta Mali

— Rivers

Burkina Faso

Boundaries

Volta Basin

Benin

N

Senchi" X

0 100 200 400

Cote d'lvoire

Kilometers

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

% 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 thd&¥sita \West
Africa. p. 138-145. IAHS-AISH Publication 296.
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To analyze the long-term behavior of the Volta Basin, a singidall-runoff model
based on the Thornthwaite-Mather (TM) model was developed. The outputhieom
TM model was compared with the results of a mass balancglateld for Lake Volta.
Modifications to the original TM procedure had to be made to addptthe West
African hydrology. These adjustments were mainly necessariodbe specific rainfall
regime, which is dominated by wet and dry seasons, to the unigetatieg 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 reéeesaporationH,e) with
a 0.5° spatial resolution and a monthly temporal resolution. Time skti@grom 1931
to 1995 from the Climate Research Unit (CRU) were used (Neat. €999; 2000).
Basin boundaries were taken from the GTOPO30 HYDRO 1k datasgttérmine
rainfall and E.«s over the basin ared&. was calculated on the basis of the FAO
Penman-Monteith method (Allen et al. 1998).

For model calibration, measured runoff at Senchi near the moulte aiver
(Figure 2.1) was used for the years 1937-1963. These data were provitiedQifice
de Recherche Scientifique & Technologique Outre Mer (ORST@M) the Water
Research Institute, Ghana. Lake levels, discharge data, and sicgagevel curves for

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

N

Rootzone
moisture _
—p  runoff
Groundwater Recharge Ground-
water
—)  Baseflow

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

2.1.2 Rainfall-runoff model

The rainfall-runoff model is based on a Thornthwaite-Mather (ThhHage model. The
algorithm is a modified version (Figure 2.2) of the model presenieStdenhuis and
van der Molen (Steenhuis and Van Der Molen 1986; Thornthwaite and MBBr
1957). The original TM procedure calculates groundwater rechangetfr® root zone
water balance on a monthly time step. To adapt the procedure WWebke African
hydrology, the following modifications were made. Runoff was comstldo be
composed of two components, baseflow and direct runoff (Figure 2.2). Basefhere
defined as runoff from the groundwater reservoirs or aquifers, whitlwrn are filled
by groundwater recharge from the root zone. Direct runoff is tine &f saturation
excess flow (Dunn flow) and runoff caused by infiltration c#gaexcess (Horton
flow). The importance of direct runoff in West Africa has beessented in detail by
several authors (Masiyandima et al. 2003; van de Giesen et al. 20@dn&ijer and
Andriesse 1993). It seems that at the level of the Volta Basist direct runoff is
generated as Dunn flow from the saturated floodplains that haatesed) fixed areas.
Although the TM procedure and its additions form a purely concephoalel, the
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model does fit the West African hydrology, as observed irfighé and as reported in
the literature. The rainfall regime is dominated by contrgstiat and dry seasons. The
flood plains become saturated relatively quickly and start to prodiueet runoff soon
after the rains start. The uplands have very deep soils witlzonets that feed actual
evaporation ;). The uplands take a long time before they become sufficiesmtyfor
groundwater recharge to occur. This is mimicked by the TM poeein which
recharge only takes place once the storage capacity of theaoetis exceeded. The
recharge from the root zone is collected in a linear groundwasarvoir, which
discharges as baseflow into the rivers for a brief period tfterains have ceased. The
sum of direct runoff and baseflow is the total riverflow. The maeased calibrated for a
period from March 1936 till February 1963, using hydrological y¢aas run from
March through February. For a complete cross-validation thevgata divided over
five blocks. The cross-validation was then repeated five timesh Eae, one block
was used as a validation set and the other blocks were put togetlierm the
calibration set. The average Nash-Sutcliffe efficiency tiverfive 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. Thangdidke
Volta is, in terms of area, the largest manmade lake imdnkl. To compare runoff as
predicted by the adjusted TM model with historical flows aftee dam was
constructed, it was necessary to derive inflows into the lakm & mass balance. The
mass balance for Lake Volta was used to calculate montfipi as the difference
between rainfall, evaporation, turbine discharge, and changeragst 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 thrdweghbasin and
in which compartments it is stored over time. Here, we anahgelynamics of water
storage in these different compartments in order to see iflzryges over time can be
detected that might be anthropogenic.
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Table 2.1: Volta Basin water balance: model parameters (1931-F9%@)nfall; Eer.
reference evaporationE,: actual evaporation;Q,: direct runoff; Q.:
baseflow;Qiotar: runoff.

P Eref Ea Ql Q2 Qtotal
Mean (km® year™) 401 774 357 23 20 43
CV (%) 8 1 5 5 79 38

Table 2.1 shows the annual statistics of the water balance. aeanl rainfall over the
basin is 401 krh Rain falling in the basin is partitioned oves (89%) and runoff
(11%). Runoff can be divided into direct runoff and baseflow. On a longdtesis, the
ratio of direct runoff to baseflow is 54:46. Coefficients of variatindicate high
variability for baseflow, and low variability for direct runoff. ™eeresults confirm the
low contribution from Hortonian overland flow and the relatively lacgatribution
from wetland areas (Masiyandima et al. 2003). As the wetland aegg very little in
size, their contribution to runoff shows low variability, which is cefuced well by the
modeled direct runoft.

Storage is divided into root zone soil moisture and groundwater stdgge.
extracting a dry, a wet, and an average year the sens#tifiethe two storage
components towards climate change and variability can be a@tadtrThe wet and dry

years chosen are typical examples and not the absolute exirethesavailable time

series.
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Figure 2.3: Long-term dynamics of rainfal)( direct runoff Q;), and baseflow(,) for
the Volta Basin.
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Table 2.2 and Figure 2.3 present the differences for the two rtypef$. Both show
that, whereas the partitioning is different, contributions fromctirenoff remain
almost constant in wet and dry years, and on a long-term scalefl®@ on the other
side, shows a much higher sensitivity in its response to climaigbildy. In Figure
2.3, this sensitivity is illustrated when comparing wet (1931-1969)dapd1970—

1995) periods, as reflected in the baseflow line.

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

P Erer Ea QA Q2 Qua
Wet year (1968) Total (km? year?) 473 774 397 25 49 74
Mean (km?® month™) 39 65 33 2.1 4 6.2
CV (%) 86 17 38 58 148 112
Dry year (1992) Total (km® year?) 354 766 340 22 14 24
Mean (km* month™) 29.5 64 28 1.9 01 2
CV (%) 94 18 42 61 172 53
Average year (1985)  Total (km?® year™) 400 750 346 23 28 51
Mean (km?® month™) 33.1 10 13 1.3 42 51
CV (%) 99 16 46 65 178 119

Table 2.2 shows an even more extreme picture by looking at spseifiand dry years.
On average the ratio between direct runoff and baseflow is 54%%0 W&t years
show a shift towards more baseflow (66%) and dry years an abmogtiete decline of
baseflow to only 6%.

As shown in Figure 2.3, the decline of baseflow is even more extndrar
short dry spells of 2—4 years of constantly low rain occur. Inetlieses baseflow
persistently drops to almost zero after the first year and frusobnly generated
directly. In general, most of the variability in runoff can biilaited to variability in
groundwater recharge or baseflow. Baseflow in the Volta Basinssktrang threshold
behavior, which translates in a strong non-linear response (Anateali 2000). In
principle, this behavior would make the basin also vulnerable to hactaties that

would affect the storage capacity of the soils and the landscapsedadf such

11
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anthropogenic effects can be detected, the output of the TM modehawl 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 Yaka from 1966 to
1995. Average results of the lake water balance are presentethlen3. Mean annual
inflow from the basin is 34 ki of which the bulk (87%) is released through the
turbines. Losses from the lake through evaporation are 13%&ai’ on average, and
show a high variability with a coefficient of variation of 66%. Evapee losses
presented here are based on the assumption that these losspsahteE.;. This leads
to a conservative estimate and these losses should be regardedinasmmlosses.

Below, we show that the real evaporative losses are probably 1.4 to 1. Edfimes

Table 2.3: Lake Volta model (1966—-199Releasesturbine releases from darg;es.
reference evaporation over the lake surfdeerainfall over lake surface;
Vol_changedifference in lake volume);,: inflow from Volta Basin.

Releases E ef P Vol_change Qi
Mean (km3 year?) 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 witheuake, 89% of the
rainfall now falling on the lake surface area would have beentdosvaporation and
only 11% would have run off. The lake captures 100% of the rainfallfalaton its
surface area. This illustrates that although there are is@mifevaporative losses from
the lake, these are partially offset by the fact that tke Eaptures rainfall directly
(Table 2.3).

2.3 Climate variability and anthropogenic impacts

The existence of climate change or variability is best illustragezbmparing the period
of 1931 to 1969 with the period of 1970 to 1995. The mean annual rainfall finsthe
period is 28 km higher than in second period. On the basis of a Student's t-test, one
may conclude that this difference in the mean rainfall isisogint, with a confidence

level of 99.9%. Given the threshold behavior of runoff in the basin, one wouldtexpe

12
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that this change in rainfall input is transformed into importaahgks in runoff. This is
indeed the case, as the baseflow in the first period (1931-196@gnificsintly higher

than the runoff in the second period (1970-1995). This differencengisamt with a

confidence level of 99.6%. The effects of changes in rainfall gpéued well by the
model and can be seen most prominently in the baseflow genetateagh

groundwater recharge.

Anthropogenic change within the basin is determined by usingkeewater
balance as a runoff gage. In first instance, evaporativesldssen the lake were
estimated by assuming they are equaEt@ Based on this assumption, an inflow is
calculated that shows the same pattern as the inflow asledodg the TM model.
There is a bias, however, between modeled inflow and inflow based takéhesater
balance. To remove this bias, a factor was introduced with vifaietvas multiplied in
order to obtain real evaporative losses. When this factor wat seb4, the bias
disappeared. The factor accounts for the oasis effect causeckkbéywbdia as a large
shallow inland water body. Similar evaporation losses fromtetlapen water bodies
are well known (Brutsaert 1982). In the regional context of Westc#f Liebe
(forthcoming) has shown that, in the case of small water hothesoasis effect is
comparatively small. As th&.; calculation by Allen et al. (1998) is based on a
reference crop, deviating energy budget, notably the lower albedoroagtiness
parameters for open water surfaces seem to be a more ldebg dor a correction
factor of 1.54. The inflow into the lake as derived from the wh&ance was now

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

3 -1
- [km* year ']

Q -Q

o | | | | | |
%%65 1970 1975 1980 1985 1990 1995 .
Year FIgU re

2.4: Difference between Lake Volta inflo@if) and modeled runoff from the
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Volta Basin Qmog)-
To assess if an anthropogenic impact can be found at the lethed dolta Basin, the
difference between the TM model output and the lake inflow based on the waterebal
is examined for trends. Figure 2.4 shows a plot of the differeneeebetannual lake
inflow and TM-based basin runoff. No clear trend can be found, which tedithat
there is no major change in runoff regime or hydrological \Wiehaf the whole Volta
Basin. According to the Student’s t-test, the null hypothesistiieamean riverflow in
the first (1966-1980) and second (1981-1995) period is the same cannottssl raje
the 5% significance level. The Student’s t-test resulted ivaye of 0.33 stating that
there is a chance of 33% that the riverflow data of both pericglsram the same
distribution.

There is apparently no clear anthropogenic impact on riverflow &waugh
the basin has seen an intensified use of its land and water resupatial reason for
this absence might be that there are two counteracting sktsnain interventions that
may neutralize each other. On one side, there is the increasmall reservoirs
throughout the northern part of the basin, which enhances wateresttapgcity and
infiltration (Liebe 2002; Mahé et al. 2002). On the other side, lagdadation through
deforestation and intensified land use may cause higher runoff (Btah& 2002).
When focusing on sub-basins within the Volta Basin with high papulgrressure and
land-use changes, anthropogenic impacts on runoff regimesecdatdécted 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 anyicagri
human induced changes in hydrological behavior, Lake Volta itself Haes a
significant impact. The evaporative losses are about 1.5 figesr 15 kni year'. Of
the rain falling on the lake (7.8 Rryear'), 89% or 6.9 kmyear* would have returned
to the atmosphere &S, if there would not have been a lake. Still, the net-evaporative
losses of 7.7 kihyeaf* are a significant human impact on the riverflow downstream
from the dam. Where average riverflow at Senchi before darstruiction was 43 kin
yeaf® (Table 2.1), this is now reduced to 30°kyeai’. Most of this reduction can be
attributed to losses from the lake and only a smaller pashanges in inflow due to
reduced rainfall in the basin.

14
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2.4 Conclusions

A simple long-term water balance for the Volta Basin has peesented. The original
TM model has been extended to model two runoff components. Thisiedodibdel
describes the runoff and its partitioning adequately. Analysihefrunoff dynamics
shows that baseflow has a high sensitivity towards rainfallvidity, whereas direct
runoff shows little variation. The effects of climate changeawiability are reproduced
well by the model. Comparison with lake inflows as calculatedhfthe lake water
balance shows that there are no significant anthropogenic imgduésia level. The
lake itself, however, does have a large impact as the evapdosses are found to be
1.5 times higher thahes, which is only partially offset by rainfall on the lake.

As pointed out by the work on the Wayen Basin, changes in runoff @sgim
can be seen on mid-level scales. As the data situation in 6émmsoff data within the
Volta Basin is rapidly improving, more work on climatic and anthropogenic itsgan
be conducted at sub-basin level to identify hotspots of hydrological change.

The main conclusions are very relevant in the light of the internhsbiaaing
of the resources of the Volta River. It has been assumedetwitrlow levels in Lake
Volta should be attributed to over-exploitation of resources in the yp&s of the
basin (Gyau-Boakye and Tumbulto 2000). The present analysis shaimhére is no
scientific evidence for human impact on lake inflows. In the contexthefthesis
chapter 2 provided a hydrological framework on the level of thiea\Basin. Chapter 3
will focus on ERS satellite backscatter and present an sisady diurnal backscatter

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

MOISTURE DATA °
Available soil water is the key link between the land surtawethe atmosphere. Large-
scale climatic feedback mechanisms are highly dependent on béasdlail water.
Climate change studies over both Europe (Seneviratne et al. 2008)/estdAfrica
(Koster et al. 2004) show an increasing importance of relsdalemoisture estimates
for modeling and prediction.

In West Africa, with its moisture limited environment, rainfediagture
forms the main source of income for the majority of the populatiomicélgural
productivity in Western Africa is highly dependent on availablesoilsture or “green
water” (Rockstrom and Falkenmark 2000). In order to improve agrialifppoductivity
in these regions we need reliable prediction tools based obleehgdrological and
climatological models, and improved observations fiansitu networks and satellite
constellations. Remote sensing of soil moisture is a difficutblpm due to the
interference of other parameters such as vegetation or surfagleness on the satellite
signal. But due to recent advances in both satellite technology alesdakalgorithms,
more and higher-quality satellite soil moisture datasets kakome increasingly
available (Kerr 2007; Wagner et al. 2007).

New soil moisture sensors onboard EUMETSAT’s MetOp and ESA'®SM
missions have the potential to significantly improve currentraoikture estimates. In
preparation of these new data we analyzed 10 years of ER&@cweter data over the
Volta Basin (Figure 2.1). Soil moisture data extracted frben Global Soil Moisture
Archive (Scipal et al. 2002) showed patterns in agreement wiitatet gradients.
However, diurnal differences in soil moisture between morning andireyeatellite
overpasses were observed which were not expected. An analysis petphecessed
backscatter data confirmed that there are diurnal differdvet@geen 10:30 h and 22:30
h overpass data in the order of up to 1-2 dB. The detected pattermsnatem
accordance with the natural moisture patterns found in the VakanBThe objective of
this study has therefore been to investigate the potential re&sorese diurnal

3 Chapter 3 is based on: Friesen J., Winsemius H. C., Beck R., Scipal K., Wégner

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. 4A8%-AISH
Publication 316.
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patterns. In the following sections the study region, its clinzaté vegetation, is
presented, followed by a methodological description of the data proge$sen the
results are presented, followed by a discussion, and the conclusions.
In addition to the detailed study for the Volta Basin, resultsNest Africa

(see Figure 1.1) are presented. The detailed focus on the Badia stems from
regional knowledge through field work as well as from etigerin the region in the
framework of the GLOWA Volta project and its partners (vaiGiesen et al. 2007). In
view of large scale modeling on the scale of West Afiicdhe following chapters,
diurnal differences in backscatter for the whole West Africggion are presented. The
description of the study region and the additional data are thetsfited to the Volta

Basin.

3.1 Moisture distribution in the Volta Basin

The main study area covers the Volta Basin (see Figure Bithwas been described

in general in chapter 1. The following description is focused rasvéhe moisture
distribution and will discuss its spatial distribution in detaileTegional climate causes

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

the vegetation that ranges from tropical rainforests atdhst¢o the Sahelian savanna

in the North (for more information, please see the GLC 2000 land ca@i(Meayaux

et al. 2006)). Elevation in this region is generally flat withydelw 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 longitudinas axth high
annual precipitation in the South and low annual precipitation in the Niotita-
annually, the climate is divided into wet and dry seasons. The asbrséength varies
from nine to three months, and changes from a bi-modal distributithe iBouth to a
mono-modal distribution in the North (Hayward and Oguntoyinbo 1987). uré&ig.1,
the distribution and zonality of precipitation, based on CRU climat®, datdepicted
(New et al. 2002).

17



Diurnal differences in ERS scatterometer soil moisture data

&M Rainfall (mmimonth)

Figure 3.1: Average CRU precipitation (1992—2000).

Land cover in the region is controlled by climate, available miastpopulation
density, geology, and soil properties. Southern West Africa has highlyedistributed
moisture availability throughout the year that results in deegetation cover. Natural
vegetation in the South is classified as rain forest and Guinea forest.dEawa central
and northern parts of the study region, moisture content decreases rastdconstant
over the year. The vegetation cover here is classified as savdm®aavanna is again
sub-divided into several types that are mainly dependent on treeydsnosi 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 clgsspslation
density and agriculture also influence their distribution and exfegricultural areas
throughout the study region generally consist of small plots antiginey heterogen-
eous, often interspersed with trees and shrubs. Rainfed agridaltbeemain source of
economic income in West Africa. High population density therefesalts 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 arentdi@m the Global Soll
Moisture Archive located at http://www.ipf.tuwien.ac.at/radar/index.gbpascat
(Scipal et al. 2002). For soil moisture information wind scatteteraen board of the
European Remote Sensing Satellites ERS-1 and ERS-2 by the Eufymaze Agency
are used. Table 3.1 provides a timetable of the data avaydbdin ERS-1 and from
ERS-2.

Table 3.1: ERS-1 and -2 wind scatterometer data availabiliy.2001 and 2002 no
data are available due to an instrument failure onboard the2Es&llite.
“from 2003 onwards the satellite coverage is limited to the weget of

West Africa.
Satellite Operation period
ERS-1 07/1991 to 03/2000
ERS-2 04/1995 to presehf

The ERS scatterometers operate at a 5.3 GHz (C-band) vepdatatization.
Backscatter measurements are collected under different meeidengles ranging from
18° to 57° using three sideways looking antennas. Each antenna bearmbegprovi
backscatter measurements for 50 km resolution cells witldagacing of 25 km. The
overpass frequency of each grid point varies between two and tenaddysyerpass
times are at approximately 10:30 h (descending) and 22:30 h (asgendill
backscatter data were processed towards an incidence angleaaicé@ding to the TU
Wien model (Wagner et al. 1999) as implemented in the WAPRAithligofHasenauer
et al. 2005).

The wind scatterometers on board ERS-1 and -2 provide data in theffam
backscatter coefficiers’, which represents radar cross-sectiofi] [om the ground per
unit physical area [fih for each pixel. As the backscatter coefficiat[m? m?] can
vary over several orders of magnitude, the values are convertetibel (Ulaby et al.

1996) through a logarithmic conversion:

s$, =10log,s ° (3.1)

wheres® [m? m?] is the backscatter coefficient.
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Backscatter data can be linked to soil moisture through tlecttie constant (de Jeu et
al. 2008). The use of the dielectric constant as a measure of soil moistasedson the
large contrast between the dielectric constants of wat@d)-and of dry soil (~ 4). Soil
moisture, or soil-water mixtures, generally range from digle constants of 4 to 40
(Schmugge et al. 1986). Microwave frequencies, such as C-bandgerssitive to
changes in the dielectric constant. In general, an increase dhetbetric constant of a
material also causes an increase in the backscatteredketgcmicrowave frequencies.
Over land surfaces, changes in backscatter are largéhyemeed by changes in the
dielectric constant.

In the following, the arithmetic mean is used, even though the Isigna
expressed in decibel. The reason for this is that the preprocessed backeijddB]
data used in this study were processed based on a line@nrdlatween backscatter
(dB) and soil moisture (Dobson and Ulaby 1986; Wagner 1998):

sgB :a+b¥750il (32)

where a and b [-] are empirically derived regression coefftsi and <o [-] IS

volumetric soil moisture.

Using a change detection algorithm Wagner (1999) derives|avstness product,
based on minimum and maximum preprocessed backscatter datzcfogred point.
The following study is based on the preprocessed ERS scatterdmaekscatter data
only. The physical meaning af(40) is limited, which is one of the reasons for the use
of the arithmetic mean in the following. The second reasdmaisthie literature strongly
suggests that there is a linear correlation betvs8emd soil moisture (Equation 3.2).
The preprocessed ERS scatterometer data from the Global $atuké
Archive are used to compute the diurnal differences in backsdettereen different
ERS overpass times. The analysis is done on backscatter (dBfyatat 1992 to 2000
(Figure 3.2). The year 1994 has been excluded from the computati@usbet994
shows an imbalance in overpass frequency with less night overpbsdeding 1994
data, however, does not have a significant effect on the patterrbutisini For the
extension to the West African region ERS-1 and -2 data from 1990QG7 were used
(see Table 3.1). Data for the years 2001 and 2002 are not avaidtae 2002 the
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satellite coverage was limited to the western part oft\A&&gca (20°W to 0°) due to a
failure of the onboard storage unit. Satellite data from July 200&rmisvwcould only be
retrieved when the satellite is in range of a ground raogistations, which, for West
Africa, is only available at Maspalomas, Canary Islands.

The West Africa data was resampled to a 0.25° grid to be compasthl
results of the following chapters. Desert regions in the northetrpaasof West Africa
were masked. Reasons for this were known shortcomings of thé/i€b) model for
deserts (Scipal et al. 2008; Wagner et al. 2003). Regions withxamora annual
Normalized Difference Vegetation Index (NDVI) value below 0.15eweonsidered
desert and masked. The maximum annual NDVI data were lbasé&0@-day Satellite
Pour I'Observation de la Terre (SPOT) NDVI data (Maisongrande et al. 20@006.

[ SQlW 4':4'\" 3:W 2:\'\" 1'.\N C: 1 :E 2:E
19'N Average backscatter (dB)
-16.50 - -13.89
14°N oo -13.88 - -12.02
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Figure 3.2: Average ERS scatterometer backscatter (1992-20086).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 ading and evening

overpasses from the Volta Basin according to Equation 3.3.

Ds® =L 4 s °(40) 185 040 (3.3)
- N a n,morning M a m evening’ !

n=1 m=1
where s°(40) is the backscattering coefficient at 40° incidence angteessed in
decibels, andN andM 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 torasgnand
evening overpasses. For each pixel the morning and evening bsmkstaa is
averaged over different time slices: long term (1992-2000), hydcalogears, and
monthly averages. The mapped diurnal patterns in Figure 3.3 shosveddés 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 R8 Ecatterometer
shows a clear North-South gradient that corresponds well with botfallrsand
vegetation. However, differences between morning and eveniegpasses show

different patterns that do not follow the natural moisture gradient (gaeeR3.3).
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Figure 3.3: Average diurnal backscatter differences (1992-2000, without 1994).

In reference to the local conditions we identified four regionssthghwestern tropical
forest (1), the central Volta Basin (lI), the Niger wetlamdshe Northwest (lll), and the
northern part of the Volta Basin (IV). The four regions can Hestirto different types
of vegetation, vegetation density, and levels of available water. Region (I)tho il
forest has a high vegetation cover with relatively dense canopy aoslea high level of
available water. High annual precipitation and evenly distributecraatailability

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 Contikigds
(VCF) product MOD44B, processed from National Aeronautics andeSpac
Administration’s (NASA) Moderate Resolution Imaging Spectraraditer
(MODIS) satellite data (Hansen et al. 2003).

Region (II), the central Volta Basin, and region (lll), the édigvetlands, are subject to
less annual precipitation and long dry season periods. The vegetsican be seen in
the tree density map (see Figure 3.4), shows high tree derastiesmpared to the
surrounding area. Towards the end of the wet season and the beginrirey ary
season vegetation in both regions is under severe water strasse$sand small shrubs
disappear and only woody vegetation lasts through the dry season. R&gibas a
similar moisture regime as regions Il and Il but the gdnesgetation cover is dif-
ferent. The vegetation consists only of shrubs and grasses astinads limited. Due

to the low tree cover, the vegetation almost entirely disappears during theagon.
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Figure 3.5: Monthly backscatter averages for single pixatsirwthe four identified
regions for data from ascending track, descending track, ahdtiaaks.
Morning overpasses correspond to the descending and evening overpasses
to the ascending track.

The identified patterns emerge in multi-annual averagesHigeee 3.3), as well as in
monthly averages. Figure 3.5 highlights single pixels withirfabe identified regions.
The monthly distribution of diurnal differences for regions (Il) atiy €how that
backscatter differences are highest between the end of tteeason (October) and the
mid dry season (January). Note that, overall, the effect is guoitdl compared to the
variations due to soil moisture and seasonal growth of vegetation. Althougheitieoéff
diurnal backscatter differences on the annual backscatter ssgmatl large, the diurnal
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backscatter differences show a consistent temporal distrib@omell as persistent

spatial patterns.
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Figure 3.6: Annual and monthly diurnal backscatter differences between descending and ascending track backscatter data for periods 1992-
2007 without 2001 and 2002 (3.6a and b), and 2006 (3.6¢ and d).
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differences between the long-term average and a singlegedye explained by (i) the
high interannual variability in rainfall (Oguntunde et al. 2006) any sfiibsequent

changes in vegetation (Los et al. 2006).

34 Discussion and conclusions

Regions (1), (VI), and (V1) show low diurnal differences in kecatter. These regions
are homogenously covered by forest and have high moisture availéimtiughout the
year. Regions Il, V, and VII show the highest diurnal differersoes are covered by a
mixture of trees and grasses. Region (lll) is the inland deltdne Niger, which is
subject to extensive flooding from July to October. Region @hdws high diurnal
differences in backscatter, especially during the flood stmesRegion (V) has low
diurnal differences, comparable to those of region (I), but is uniyjomegetated by
grass.

We see spatial patterns in the diurnal differences that do noftile overall
moisture and rainfall gradients. The diurnal differences seemeflect large scale
patterns that need to be explained physically. For a given loglk,abackscatter is
determined by the geometry of the surface and its dielepmiperties. Diurnal
variations in both geometry and dielectric properties may gatese to the observed
patterns. Both multi-annual averages as well as monthly averagek in similar
regional patterns. The spatio-temporal distribution of thegerpatis described here for
the first time and is not yet well-understood. Low diurnal difiees in backscatter are
found in regions with high moisture availability and vegetation cover gggions with
low vegetation cover.

We consider the following possible explanations: (a) diurnal vanati water
stored on the surface of vegetation and topsoil due to regular Idpatterns of rainfall;
(b) diurnal variations in the surface soil moisture content due to dlivan@tions in
evaporation and water recharge from the soil profile; (c) anahuanisotropy; (d)
differences in Bragg scatter from open water caused bgtiwars in wind in Region
(IV); and (e) diurnal variations in vegetation water content.

Five possible mechanisms have been postulated that may contribiite to
observed patterns. Detailed physical modeling as well as grourdvabsns will have

to be made to come to definitive conclusions about the cause. ChagitetsAwith a
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detailed discussion of the five possible explanations stated aboveefShéjsind 5 then
focus on modeling diurnal variations in vegetation water content, ampdecb@® 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 estimpseil moisture (Owe et al.
2008; Scipal et al. 2002). Especially for West Africa, the stalgnal compares well
to soil moisture models (Smits 2008). Diurnal differences in ERRdoatter data for
West Africa, however, show patterns that cannot be explained byimasian topsoil
moisture. At the end of chapter 3, five possible explanations were gs/eauses for
the detected backscatter anomaly:
a) Diurnal variation in water stored on the surface
Rainfall as well as dew can show diurnally stable patterns ausecsurface
water on the vegetation and the soil. In terms of rainfall gisbe ruled out, as
the highest anomaly signal is seen during the onset of theedson in which
little to no rain is present. Dew can be ruled out by the taets(i) the signal is
strongest during the dry season, and that (ii) the morning overpass of thie satel
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 diffeseinc
evaporation and capillary rise from deeper layers during the .niGhis
explanation appears unlikely since one would expect all regions Hibitex
similar diurnal patterns in the topsoil moisture content, independent of
vegetation cover. Further, recent analyses of ERS soil msiststimates
suggest that the signal detected by the satellite does ebt stdm from topsoll
layers. In the case of bare soil conditions, the C-band microwensols on
board the ERS satellites can detect soil moisture up to a maxdepth of 5 cm
(Bruckler et al. 1988). Vegetation cover limits the alreadyleWapenetration
depth of the signal further. Where the microwave sensor wavbklengot long
enough to penetrate the vegetation cover, the vegetation’s delectrstant
largely determines the satellite signal (Das et al. 20@@&uNand Li 1999). For
West Africa, Rutten (in Smits et al. 2008) further shows thatithe scales of
satellite-based topsoil moisture estimates are far too Isteta from a topsoil

moisture signal. The signal time scale of the satellita datresponds much
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d) Bragg scattering from open water bodies
Bragg scattering occurs when the wavelength of surfacerpsttsuch as
ripples, is comparable to the radar wavelength. As described @Bh@agy
scattering can be one cause of azimuthal anisotropy in tlee afagniform
microrelief, such as ripples on sand dunes. Diurnally, Braggescaftis also
caused by wind over open water bodies and can results in dhaolk$catter
differences. Lakes and large water bodies, such as the Ngg&ands, show
high backscatter anomalies that can be caused by diurnatisdas in wind
intensity. As Bragg scattering (i) is limited to open wdiedies and (ii) the
signal anomaly is highest in the dry season, it can also be autefbr large
parts of West Africa.

e) Diurnal variation in water stored in vegetation
Water stored in plants shows a clear diurnal signal (Lart®@5; Slatyer 1967).
Vegetation water, stored in leaves, branches, and trunks is degleiag the
day through transpiration and is recharged again through root wpatake.
During moisture limited periods, as during the dry season int \A&tca,
changes in the diurnal cycle of plant water can mainly be exulaby limited

plant available water (Figure 4.2).

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

Simplified, variations in plant water can be described by thagtocapacity of

the plant, transpiration, and water uptake. When soil water conteliriede the
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water uptake by plants requires more energy, as soil wakeldsmore tightly
by the soil particles and soil water tension becomes mordiveggigure 4.2
shows this effect and illustrates that declining soil watarses the plant to
prolong its water uptake. The time difference in water upketeeen saturated
and water limited conditions therefore causes a diurnal signaitieari In plant
physiological studies, this is often referred to as night-bmeocturnal sap flow
(Goldstein et al. 1998; Meinzer et al. 2003; Schymanski et al. 2008felvand
Hasler 2001). Recent studies that show a shift from day-timegyhd-time sap
flow (Fisher et al. 2007; Herrera et al. 2008) also support Slaty&967)
schematic description of this process (Figure 4.2) experimgnigiereas plant
physiological studies mainly use sap flow measurements, divan@tions in
plant water have also been observed in several microwave studtes (981;
McDonald et al. 2002; McDonald et al. 1999; Ulaby and Batlivala 1976;yUlab
and Jedlicka 1984; Way et al. 1991). Using microwave probes asawell
microwave radiometers, plant water fluxes have been successiisigrved. It
can therefore be concluded that (i) it is very likely thating the dry season in
West Africa, plants show a change in diurnal plant watereuwand that (ii)

microwave backscatter is sensitive to plant water.

From the description of possible causes for the diurnal backseatbmaly it can be
postulated that, in large parts of West Africa, the ERS soattger detects changes in
vegetation water. Regions, where the backscatter signal couidluenced by either
azimuthal anisotropy or Bragg scattering, do exist but ardialipalimited. The
following will therefore focus on showing how vegetation waiterWest Africa,
especially its diurnal fluxes, is influenced by environmental carditand changes
throughout the year.

The approach to model diurnal vegetation water fluxes regiondigsisd on a
physically modeled soil-vegetation-atmosphere system. It éas pointed out that the
highest diurnal backscatter differences occur at the ongbeafry season when water
becomes limited. The main driver for the soil-vegetation-apinee system will
therefore be plant available soil water. A tree water modelemrby a regional soll
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water model and an atmospheric demand function (Figure 4.3) will Bbendiurnal

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

Atmospheric
demand

Evaporation

"H 1\\“\

t plant
Water uptake
? soil

Soil water

Figure 4.3: Diurnal plant water fluxes as influences by dedisioil water. On the left
water movement along a tension gradient from soil to tree im0 t
atmosphere is shown. On the right, the diurnal flux schemes degict soi
water tension ) and resulting plant water tensiofgny).

The objective of this chapter is to determine if, indeed, diurniénpa in vegetation
water storage can be reproduced. The single tree model serekgermine if the
temporal variation in diurnal backscatter differences can beelmddWest Africa is a
data scarce region where often only global datasets, such &Ghdigital soil map of
the world, are available. The developed models and concepts tak&tdhéscount 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 @etaescription
of the model, and (ii) a subsequent description of the data. The styidy s West
Africa, located between 0° to 20° North and 20° West to 20° East. Allag@tanodel
results have been converted to a geographic projection in latitudersgidide with a

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

The modeling objective is to physically model the diurnal wétetes and stocks
within a tree. Tree water is modeled within a soil-treeesphere system (Figure 4.4),
where soil and atmosphere serve as boundary conditions for theatezenvodel. Both,
available soil water and vapor pressure deficit, determine hovh mvater is taken up
by the roots and transpired through the canopy.

Root water Canopy
uptake transpiration

Soil __O_> Tree —o—>Atmosphere

Figure 4.4: Soil-Tree-Atmosphere system.

The states of soil and atmosphere are determined offline ancah@veway coupling
to the tree water model. Water moves from high (soil) to lotmndaphere) water
potential, whereby the flux is determined by resistance aloagoil-tree-atmosphere
pathway. Two flux rates, root water uptake and canopy transpiréii@rto and from
the tree model and are expressed in volume per unit time. Root wpddde ) and

canopy transpiratior) can be expressed as:

U :y soil -y tree XAoot (41)
Rroot/soil
E :ytree -y atmospherexA ’ (42)
I:{anopy

where % [M L™ T is soil water tension%ee [M L™ T?] tree water tensiorRoousoi
[L T"] resistance of both soil and roofse; [L?] root surface area%mospherdM
L™ T?] atmospheric water tensioRsanopy[L T™'] canopy resistance, ad [L’]

canopy surface area.
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By combining Equations 4.1 and 4.2 tree water change per unit time is determined:
—=U-E, (4.3a)

or, in difference form
W (t+Dt) - W( 1)

=U-E, 4.3b
o (4.3b)

or, in algorithmic form:

W (t+Dt) =W(t) +U xD -E xI, (4.3c)

where [ [T] is the time step.

As the main objective focuses on diurnal tree water fluxesamdeatmospheric water
tension are modeled at a time step of 30 minutes. Soil wateevieows modeled at a
daily time step. Given Equations 4.1, 4.2, and 4.3, we now need functior¥,for

Yamosphere Hoeer Rrootrsoil, @NARcanopy

Y o = fi (Sshatow Suv Swael- b . texturg g @ , ¥ (4.4)
Y amosprere= T2 (RH, T) (4.5)

Y e = T (Wigee W1 ) (4.6)

Reot/soil = T4 ( AcotY tree  soiv Kroow Kol ) (4.7)
Reanopy = 5 (VPD, Ry Who G, A). (4.8)

where Sihaiow [MM] is soil water stored in the shallow reserv&y[mm] is soil water
stored in the deep reservo8yax [mm] soil water holding capacity, 1{-] the
discharge coefficient from the deep reserveaxture [-] soil texture, , [-]

residual soil water content; [-] saturated soil water content,[cm™] andn [-]
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are texture specific coefficient®H [-] relative humidity,T [°C] air temperature
at 2m, Wiee [g] tree water storag@imax [g] maximum available tree water,
[MPa] minimum tree water tensioAyo; [m?] root surface aredoo [g m? day*
MPa’] root conductivity ksoi [cm day'] soil water conductivity, [kg m* MPa
1 a unit conversion factor from soil to tree water conductiitiyD [MPa]
vapor pressure deficiRsi, [W m?] incoming shortwave radiatioMwp [-] tree
water deficit, gc [g m? day* MPa'] canopy conductance, ;Am? canopy

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

Based on the required functions expressed in Equations 4.4 to 4.8 thetedsnodels
are presented:
() Soil water tension (Equation 4.4) is derived from a regiondlvgaier model
that has been widely used in different parts of West Afiitas{yandima 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.
(i) Atmospheric water tension (Equation 4.5) is given by vapor presseficit that
is based on regional temperature and relative humidity, asawelbservation
data of temperature and relative humidity.
(i) The tree water model is based on a resistance-capeaeitapproach with
emphasis on internal plant water storage and the response tdim#sgron.
The model will be used to translate plant water stress into diurnal differance
internal plant water storage and serves as the link to the dadiekspatterns
detected in the satellite study (Chapter 3). Tree waterorer{Eiquation 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 vier $oil
reservoirs, shallow and deep, to the tree water model. The modetgEc) is based
on a Thornthwaite-Mather approach (Steenhuis and Van Der Molen 1986; Thaitathw
and Mather 1955) and is computed in daily time steps.
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Atmosphere

Deep drainage

Shallow reservoir

Deep reservoir
—» Discharge

Figure 4.5: Soil water model. P is precipitatio,a€tual evaporation, and,s shallow
reservoir water holding capacity. Discharge is a fractiothefwater in the
deep reservoir.

Precipitation enters the shallow reservoir. Shallow reservdiervexceeding the water
holding capacity of the shallow reservoir drains into the deegrves from where it
does not evaporate. Discharge from the deep reservoir depends orotiré afrdeep
reservoir water and a discharge coefficient. Water stored enskiallow reservoir

evaporates based on reference evaporation and water storage in the shatiar .res
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Sinaton( 1) = S D ) (4.92)
Saton( ) = Saionl §+ F ¥ D (4.9b)
j (t) = max(S$ion() - Sna 0 (4.9¢)
Si()=bx{S(t-D) + {9 x0) (4.9d)
S9%in( 1) = Suionl §- I %Dt (4.9€)
E, (1) =(Ex (D) :Sc;‘%(t)g (4.9f)
S99t (1) = Sl §- E( IxD1, (4.99)

where Sihaiow [MM] is shallow reservoir storagék the time step [day],P [mm day']
precipitation,j [mm day'] deep drainageSnax [mm] shallow reservoir water
holding capacityS; [mm] deep reservoir storage, 1lthe discharge coefficient
(1- = 0.02 [-]),Ea [mm day'] actual evaporation, arfle; [mm day'] reference

evaporation.

Using regional maps of daily precipitation, daily referencapevation, and water
holding capacity (see section 4.1.5 below) and Equations 4.9a to 4.9¢g hddiiyvsand
deep reservoir storage were calculated for each pixel. The madelun for one year,
2006, with zero initial soil water. After this first run the modes 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 sodr vi@hsion and
conductivity as input data. Soil water tension is calculated acgptdiNualem (1976),
and soil water conductivity is calculated according to Steenmdsvan der Molen
(1986).

For the conversion from stored soil water [mm] to soil wagesibn [MPa]
and conductivity [cm da}], soil water was converted to volumetric water content [-]
using water holding capacitys{a.y, Soil texture, and soil hydraulic properties (Table
3.1). Water holding capacity and texture are derived from the FoddAgriculture
Organization (FAO) digital soil map of the world (see section 4.1l&6whe For the
shallow reservoir, the FAO water holding capacity is take8.@« and for texture the
top layer texture (0-30 cm) is taken. For the deep reservoir, 30%eoshallow

reservoirSyaxand bottom layer texture (30-100 cm) are taken.

Table 4.1: Soil hydraulic parameters for the 12 USDA textlasses. # is the number
of each texture class in the FAO texture map (see section,4.1iS)the
residual water contentg the saturated water contentandn are parameters,
and Ks saturated hydraulic conductivity. Source: USDA Rosetta (USDA

19909).
Texture class # r s . n Ks
[-] [-] -] log[cm™] log  log[cm day’]

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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— éssoil

Gsoi _é%>(qs 'qr) +qr

, (4.10)

e ey end

where Sy, [Mm] is soil water storage of either shallow or deep w8ErSHax [Mm]
maximum water holding capacity of either shallow or deeprvese  [-] and

r [-] are saturated and residual water content and are tespao#ic (see Table
4.1).

Water holding capacity for the deep reservoir was not known and Hasl éstimated
for the whole study region. In some cases, the resulting despogsvater was higher
than the water holding capacity of the deep reservoir whicholesbit water contents
above saturation water contend)( Soil water content was then set toTo convert g

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

g(h)=q +—="% _ (4.11a)

1
m=1- =
n (4.11b)
q.- q
n S |
q(h)- q
h= ( i , (4.11c)

whereh is the hydraulic head [cm], and foth) soil water content ¢ [-]) of either
shallow or deep reservoir were used. All other parameterexigrd specific
(see Table 4.1 for descriptions).
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The hydraulic heads [cm] were then converted to soil water tension [MPa].
p=rxg h, (4.12)

where ! is the density of water (1000 kg3ng the gravitational acceleration constant
(10 m &), andh the pressure or hydraulic head, converted to [m]. The pressure
p [Pa] was then further converted to [MPa].

For the conversion ofs,; to soil water conductivity the approach by Steenhuis and van
der Molen (1986) was taken.

e - )
Kot = KsBXPg % s G 5, (4.13)
e g.- q 1

where is a positive constant € 11).

4.1.3 Vapor pressure deficit

Atmospheric water potential is several orders of magnitude hititear tree water
potential. Considering Equation 4.2, even the difference between treraospheric
water potential would always be one or two orders of magnitude Higdertree water

potential (Cowan and Milthorpe 1968).

Dy o Y tee "V atmosphere >>y tree (414)

Thereby, notl% but %mospherewould dominate transpiration. Instead, vapor pressure
deficit (VPD) was used as the difference between tree armmsptraric water potential.
VPD was calculated (Allen et al. 1998) from daily minimumal anaximum temperature
and specific humidity data, both downscaled from daily to 30 minote steps. For
temporal downscaling, observation data from one weather statieused to derive

diurnal cycles of temperature and relative humidity. Due tdithe difference between
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the location of the weather station derived diurnal cycles andlioée study region, a
time shift correction was applied to the diurnal VPD productcéssing VPD data
involved: (i) conversion of specific to relative humidity, (ii) tergdadownscaling from
daily to 30 minute data, and (iii) VPD calculation and time stuftrection for the
whole study region.
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Specific to relative humidity conversion

RH =P
&L i (4.15)

whereRH [-] is relative humidity Hspec[-] is specific humidity p [kPa] pressure, angl

[kPa] saturation vapor pressure.

5,26
0 :101.3§293- 0.0068z +O

293 o (4.16)
T :Tmax+Tm|n
2 (4.17)
& (T) = 0.6108xexfel 21T
%T +237.3¢ (4.18)
e = eO (Tmax) + é)( Tmin)
) 2 , (4.19)

where z [m] is elevation, Thax [°C] daily maximum temperaturelmi, [°C] daily
minimum temperatures®(T) [kPa] saturation vapor pressure at temperafiire

andes [kPa] daily saturation vapor pressure.

Temporal downscaling and time shift

The tree water model has a time step of 30 minutes. Regionpétature and relative
humidity data for 2006 were only available at a daily time stem, unlike soil
moisture (see section 4.1.2), VPD shows a strong diurnal cycler@lisn data from
the Navrongo, Ghana weather station (10.9° North/ 1.1° West) wereaidednscale

daily temperature and relative humidity to a 30 minute time stbpei®@ed temperature
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and relative humidity data for three dry season days (2004, DOY 4hd3heee wet
season days (2004, DOY 230-232) were normalized according to:
LT

T d
Tmax1

T
(4.20)

whereT" [-] is normalized temperatur@®! [°C] is observed temperature at ddand

timet, andT%ax [°C] observed maximum temperature at day

Equation 4.20 was also used for relative humidity after substitutmgeature with
relative humidity. Normalized diurnal cycles for temperatureratative 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 temporallyrdsmaled temperature
and relative humidity data. The temporal downscaling involved statian Bae to the
large spatial extent of the study region, a time shift cooediad to be applied onto the
VPD data as detailed below.

TO =T =T (4.21)

RH” = RH xRH (4.22)
e(T)= o.alo&exggazﬂ .

&T" +237.3, 4.23)

(4.24)

1000 (4.25)
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whereT" [°C] is temporally downscaled temperatuR [-] temporally downscaled
relative humidity,e’(T" ) [kPa] saturation vapor pressue(T ) [kPa] actual
vapor pressure, andPD [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 weathgon. To account
for the time difference in the study region, ranging from 20%\We 20° East, the time
shift towards Navrongo was calculated for each piX&ID, for each pixel, was then
shifted forward or backward in time depending on the relative timfe tewards the

Navrongo weather station pixel.

4.1.4 Tree water model

Requirements for the tree water model were: (i) physiqaHysible representation of
the water movement through plants, by uptake and transpiration, aasn@)l whole-
tree water storage. Existing hydraulic plant water modeteeawhole-tree level often
only focus on either the leaf- or the root-level. Plant water makatfocus on the leaf-
level are generally not capable of modeling drought respondsatagtiuires a physical
root-level component. Root-level models often neglect the leaf-ve discard for
example internal tree water storage, which is a vital compofor modeling diurnal
differences in tree water storage. Moreover, root-level appesarequire detailed
information about root distribution, root size and length, as well a®rwable
information to take ground water uptake into account. Whether suifidata for
physically modeling root systems even exist at the wholet pével is questionable
(Green et al. 2006). Recent models that model at both leaf- (Bdahakr2€05; Zweifel
et al. 2007) and root-level (Siqueira et al. 2008) sufficiently arergdy too data
intensive to be applied to an extremely data scarce environment, such as \I¢ast Afr
The tree water model is a modified resistance-capacitandelrtNobel 1983;
Phillips et al. 1997). The movement of water through the treengatled by tension
gradients across the soil-tree and the tree-atmosphereaga®rior lack of data, there
is no subdivision into compartments within the tree, such as leafHraunk, or root.
At the leaf-level a big leaf approach is applied. Two root syst@ne for shallow and

one for deep water uptake, are used.
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Table 4.2: Tree water model parametditsis the model time stepVnax the maximum
available tree wateg. the canopy conductance,the minimum tree water
tension, Aot the shallow reservoir root ared,,: the maximum root
conductivity per m2 root area, andhe unit conversion factor from soil [cm
day’] to tree [g nf day* Mpa*] model conductivity.

Parameter Value Unit
aw 1/48 [day]
W ax 50,000 [a]
e 0.4x16 [g m? day* MPa’]
1.6 [MPa]
Aroot 50 [m?]
A 240 [m?]
Kroot 4800 [g m? day* MPa’]
1x10 [cm day'] to [g m? day* MPa’]

50



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

\Ntree(t) = VV[%(E( t-D t) (4268.)
t
W (1) =V\\4;VL() (4.26b)
Stomatd = R( }x Wio( I (4.26c¢)
T (t) =VPD(t) xStomaté ) xA > (4.26d)
W, (t) = W.(1)- T( OxDt (4.26€)
)/t%e(t) =-h X?I\é\/%—e“) -1 (4.26f)
e YVmax [

U shallow(t) = Aroot min ( kshallovx( t) g’ k roo) (y shallox( t) y- ¢tre£ t)) (4269)

Utteeo(t) = (M 07Pr00) PN (Koo ) 95K o) (7 el 01 y-¢,L0)  (4.26h)

U o (t) =U xD Y, X (4.26i)

shallow deep

\Ntrgg( t) = \Ntreg( t) + Utotal( t) ’ (426J)

whereWiee [0] is the tree water storagét the time step at 30 minutes or 1/48 [day],
Wrwo [] tree water deficit,Stomata[-] stomatal openingR™ [-] normalized
incoming shortwave radiatiorf.e [MPa] tree water tensiotshaiiows Udeep, @and
Utotal [0 dayl] are root water uptake Kshaiow and Kgeep [CM dayl] soil water

conductivity for shallow and deep reservoir, aPaiow and %eep [MPa] soil
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water tension for shallow and deep reservoir. For the remainnagnpters, see

Table 4.2 above.
Tree water tension is described as a function in Equation 4.6. Eqdaigindescribes
tree water tension in the model algorithm context. Water dangiithin the tree is
assumed to behave linearly and is computed on basis of the madwailable tree
water. The range of tree water tension is fixed lmetween 0 and -1.6 MPa. The lower
boundary of -1.6 MPa is derived from wilting point tension at -1.5 Mih atree
height compensation for 10 m (~ 0.1 MPa).

Equations 4.26a to 4.26j represent the tree water model per timé\&tp.
transpires from the canopy and is recharged from the seit, alftich the next time step
is initialized. A consecutive order, first transpiration then uptakas chosen to
ascertain that transpiration and uptake are within the rangeadélale tree water. In
this way, the water balance can be closed at each tirpenstde avoiding implicit
functions of tree water content. Such an implicit function would arseause the
stomatal aperture depends on tree water content. To ensure thimmentags are
introduced by consecutive transpiration and uptake the model wasualsd a higher
time step of 10 minutes to check if the discretization introduced meathartifacts. No
DSSUHFLDEOH GLITHUHQFHHV RPHQ HDOREK.G EHWZHHQ G

Canopy transpiration

Equations 4.26b to d describe transpiration from the tree and corresponditunféri.
Transpiration is determined by incoming shortwave radiafaqn [W m™]), tree water
deficit \Wrwo [-]), vapor pressure deficivVfPD [MPa]), and canopy conductanag (g
m? day' MPa']). Normalized Ry, and Wrwp determine stomatal opening (Equation
4.26c¢).

sc (4.27)

whereRsi, [W m?] is incoming shortwave radiation at tim@ndGs. the solar constant
(1369 [W m?]).
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Normalized incoming shortwave radiation limits transpiration tgliglat hours and
scales it diurnally by radiation intensity. During the d&yincludes radiation effects of
clouds through the total amount of radiation, as well as partidirghaf the canopy
through its diurnal patterm/ryp is tree water content relative to the maximum available
tree water. LowWrwp has a negative feedback on stomatal operMRD is here
defined as the pressure difference between canopy and atmospheaaspiration
exceeds the internal tree water storage it is set to wtil the tree has recharged its

water storage through root water uptake.

Root water uptake

Root water uptake is driven by the difference between soil aadMager tension, root
and soil conductivities, and root area (Gardner 1968).

U=A & soi Y wee (4.28)
oot Rsr

whereArot [M?] Is total root area%, [MPa] soil water tension%.. [MPa] tree water

tension, andr, [m® day MPa ] the combined soil and root resistance.

Equations 4.26f to i describe root water uptake by the tree. Roat wydéke is divided
into uptake from shallow and deep soil water reservoirs. The rdet watakes of both

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

Ushallow’ equation (4269)
Shallow
reservoir
Tree
Deep
reservoir [ deepr €QUAtion (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 conductoritgither shallow or
deep reservoir, root water uptake from the deep reservoir ieefuriodified. The deep
reservoir is assumed to have a water table depth of 10 m,tssothevater tension has
an additional hydraulic lift of 0.1 MPa. Further, assuming differerninethe rooting
system, the deep reservoir root area is set to one tenth ofalle\steservoir root area.
Root water uptake from either shallow or deep reservoir can laiveegvhen the soil
water tension is below the tree water tension. Root water eifitaka the corresponding
reservoir is then set to zero. These assumptions are in ltheolservations of root

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

Satellite overpass tree water states

To compare results from the tree water model to diurnal battks differences, diurnal
tree water differences were computed. The satellite oveapase in the morning, at
10.30 am, and in the evening, at 10.30 pm, local time. Tree water stat8s30 am

(morning overpass) and 10.30 pm (evening overpass) were determinedhaday to

derive the diurnal tree water difference. To account for the diifference in the region,
ranging over 20° from West to East, a time shift correctiomforning and evening
tree water state determination was performed. The apjphie shift correction is the

same as described above under section 4/PB, calculation and time shift correction

Tree water model calibration

The tree water model was calibrated based on the resuitsdhnapter 3. For forested
regions in the South of West Africa and under saturated soil wateditions low
diurnal differences in backscatter were found. Under the hypotiesithe low diurnal
backscatter difference is linked to low diurnal differenceseigetation water the model
can be calibrated. The tree water model was calibrated usurgatlitree water
differences between 10.30 am and pm tree water states. dfialbof the tree water
model was done by changing root area, maximum root conductivitymaxdnum
stomatal conductance (Table 4.2). Goodness of fit was determinedglhrisual
inspection. The parameters were changed so that pixels withatsdtusoil water
conditions showed low diurnal tree water differences and drielp{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 evaporabio2d06, regional
maps for water holding capacity, soil texture, as well dshsoiraulic properties were
used. Precipitation data from NASA’s Tropical Rainfall Meagyifiission (TRMM)

3B42 3-hourly product was converted to daily rainfall. The 3B42 pretiguit@roduct

is a combination of satellite and ground observation data. Microwavén&ared data
from different satellite platforms are combined. The microwanérared satellite
rainfall product is then scaled with ground data on a monthly bastetaded by
Huffman et al. (2007). Daily reference evaporation was cakdildtom incoming
shortwave radiation using the Makkink approach (1957).

Eref = 065><|iln (429)

whereRgi, [W m?] is incoming shortwave radiation. The conversion factor of 0.6%has
unit of [(mm day") Am*WH)].

The Makkink approach (1957) has been compared to modeled and observed evaporation
from Large Aperture Scintillometer data and was found to work oxedr different
savanna regions in the Volta Basin (Schiuttemeyer et al. 2007).hBaify down-
welling surface short-wave radiation flux (DSSF) data for 20@&iged by the Land
Surface Analysis Satellite Applications Facility (LSA SAtas been converted to daily
incoming radiation. DSSF is a combination of data from EUMETSAMVeteosat
Second Generation (MSG) satellite and data from the Europeatre for Medium-
Range Weather Forecasts’ (ECMWEF) numerical weathetigiten model (LSA-SAF
2006). The DSSF product has been validated with station data from ttee Badin
(Winsemius et al. 2006).

Water holding capacity and soil texture were taken from Reynetidal.
(2000) and are based on the Food and Agriculture Organization of thel Diatons
(FAO) digital soil map of the world. Water holding capacitysvdetermined according
to FAO taxo-transfer rules (TTR). Over West Africa méarge rivers and inland water
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bodies have been masked. The masked pixels have been filledhesiwgter holding
capacity computed according to Saxton (Reynolds et al. 2000) whivkrally has
slightly higher values for water holding capacity than the FA®Tbased version
throughout the study region. Soil texture was available in the 12 USKtAre classes
and for two layers (0-30 and 30-100 cm).

Soil hydraulic properties for the 12 USDA texture classes used to ata adlil
water tension and conductivity were taken from the USDA RIO2Elookup table
(USDA 1999).

Vapor pressure deficit data

VPD was calculated from National Center for Atmospheric Re$e (NCAR)
reanalysis daily minimum and maximum temperature and $pegifmidity data
(Kalnay et al. 1996) for 2006. For the temporal downscaling of thiy §&D,
computed from NCAR data observation, data from the Navrongo, Ghari North/

1.1° West) weather station were used.

Tree water data

Stomatal control in the tree water modeling is partially adiefi through incoming
radiation. For incoming radiation data DSSF data (LSA-SAF 2@@6P006 in half
hourly time steps were taken (also see section £&bibyater dataabove).

All regional data were extracted for West Africa (0°-20°N2&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 matdel 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 may@rs and locations
of the sample pixels. Locations 1 and 2 are humid with a bimodahlainf
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 iiglsre 4.9) that show
detailed time series of all parameters.

Figure 4.9 shows input data and results of the soil water modeaifdal,
potential and actual evaporation, as well as soil water depttbdtir reservoirs.
Differences in moisture status between the dry and wet locarendearly visible. An
important difference is seen in the deep reservoir storagbeAtét locations, pixels 1
and 2, it is of no great importance as the shallow resenaraigs is above the storage
of the deep reservoir at most times. At the dry locations]9pB¢o 5, water storage in
the deep reservoir becomes larger than shallow reservoir stradech point the tree
vegetation utilizes the deep reservoir water.

Results from the tree water model (Figure 4.10) show the temipehnalvior

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 selectetspiThe X axis shows time, and the Y axis is in the uhitsva in the
title of each graph.
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Figure 4.10: Tree water model input data and results for selpoteld. Soil water tension and conductivity show the two soil vegsr
(shallow, blue line; deep, red line) as provided by the soil watdrw@ter conductivity has been converted to the conductivity
unit used by the tree water model. The X axis shows time, and thes 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 modetaEbrlocation,
normalized incoming shortwave radiatioviPD, soil water conductivity and tension,
and tree water content difference between the morning (10.3@raimgvening (10.30

pm) satellite overpass times are shown. Differences in nmedalhcoming shortwave
radiation between the dry and wet locations are due to increasedcolerdat the wet
locations. FOVPD, a similar picture, as for radiation, can be seen when atmospheric
demand is especially high in the dry and transition season (Novéohane) at the dry
locations.R" for location 5 shows a zoom window, in which the diurnal pattef oh
clouded and cloud free days can be seen. Diurnal difference iwdter content also
depict the general moisture status well with high positiveefices 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 (Fegure 4.10). Green and red
dots show tree water storage at morning (green) overpass dntest
evening (red) overpass times.
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During water limited phases at the beginning and end of theseason diurnal
differences are high ( > zero). Under saturated soil wateditons the evening water
status is above the morning water status. The difference bem@®&mg and evening
water status is then smaller zero (see Figure 4.10, Tater wifference; and Figure
4.11).

The comparison between dry and wet locations also shows thatgegtion
at the wet location functions throughout the year, whereas atirthéocations the
diurnal differences drop to zero (Figure 4.10, location 3) due to a cmmplek of
available soil water (Figure 4.9). In humid locations, pixels 1 and 2, water isesiippli
the shallow reservoir during long periods of the year. In theas&hand arid locations,
pixels 3 to 5, the tree water model is supplied largely by tap deservoir 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 spahdl temporal
distribution in the study region (Figure 4.12). Results for the evhedion could only
be made under the assumption that one tree type (see sectionid ters of tree size
and canopy as well as root properties, is valid for the whole region.

The scale ranges from blue (saturated conditions, morning teger w
evening tree water) to red (water limited conditions, mornieg twater > evening tree
water). The monthly pattern (Figure 4.12b) clearly shows watesssat the beginning
and end of the year as well as the increasing moisture $muth to North during the
wet season. The green regions in the North and over the ranfathaly show that
there is zero difference between morning and evening tree.\Vidtertrees stopped
transpiration and water uptake completely. Regions with high annudlrand low

diurnal differences can be seen in some southern parts of West Africa.

61



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

(@)

(b)

Figure 4.12: Annual (a) and monthly (b) tree water difference lestweorning and
evening satellite overpass times for 2006. The scale is iof [gke water
difference.
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4.3 Analysis and conclusions

The objective of this chapter was to show how diurnal patternsemager storage of a
single tree are linked to available soil moisture.

At the pixel level, the difference between dry and wet locatasneell as the
model response to drought (Figures 4.9 and 4.10) was shown. The resultserivee
water model illustrate the shift between morning and eveningrwaintent states
during well-watered and water limited periods. With decreagiagt available soil
water, the root water uptake phase is prolonged. What can alseebeis the low
difference in signal magnitude (Figure 4.10, Tree water diffesebetween dry and wet
locations. For the model, a single-tree approach has been tatteat tee size, canopy
conductance, and rooting system are the same for the whole region. tGévéarge
differences in available moisture and length of rain seasogsr@s 4.9 and 4.10) a
single tree type might not be fully appropriate but is necegssarterms of data
availability.

It may be assumed that trees in the drier areas maintaimatitranspiration
to survive throughout the year. The regional results of the tréer weodel (Figure
4.12) show that increasing tree water stress is coherentawitfitch from root zone to
deep storage water. In comparison with results from the sattlitly (see Chapter 3),
however, the onset of the tree water stress signal, in NoveDbeember, is too late.
The long occurrence of the diurnal backscatter differences ctober till February
suggest a mixed stress signal from both shallow rooting and deep rootirgg plant

The modeling of the soil-tree-atmosphere system (Figure 4a4)based on
physical principles. Not only a spatially large study region dsb a large moisture
range was modeled. Models for this region did either not exes (model) or do not
show sufficient articulation (soil model). The soil water modepidts the regional
differences well (Figure 4.9) and the conversion to tension and covitucthows
reasonable results (Figure 4.10). The tree water model does nodeinghy spatial
differences in plant properties. Its only spatial differerarescaused by available water
and atmospheric demand. For a more detailed modeling of theatreggtart regional
data for vegetation properties as well as more detailed vegeteover maps are

required. Greater detail, such as capillary rise between rootazaheleep storage or
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partitioning into root, trunk, and leaf compartments had to be lefdoatto lacking
data.

The detailed tree water storage model shows the response of wegetation
towards drought and can illustrate the effect on the sateifjteal (C-band backscatter
data). The model serves to prove that diurnal variations in tresr wamh be the main
cause of the observed diurnal variations in backscatter. Diffeyeaogin between the
tree model and observations in terms of exact timing of obsehifid. By increasing
model complexity, for example by allowing different treegmaeters for different parts
of the region, a better fit can probably be obtained. Without bettaradailability and
extensive field measurements, such increased complexity canjustibied. Chapters 6
and 7 focus on methodologies to obtain part of the data needed. Wwhiticemplete
data become available, the approach chosen here is to developsitagteaconceptual
model that allows for the inclusion of trees and grasses. The physical tree model
then serves as a necessary, but not sufficient, test for poth®gis that vegetation
water dynamics are the main cause of the observed differ@ameeorning an evening
backscatter. The following chapter will therefore focus orcamceptual model,

combining tree and grass vegetation.
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The drought period concept (Figure 5.1) will be used to (i) deterwinmege and when
plants show a change in diurnal water flux patterns due to limiser availability and
to (i) combine tree and grass vegetation into regional droughacdparaps. Under the
assumption that trees and grasses tap different soil watavogs, different drought
definitions are identified. Using vegetation cover maps and rofgdant available
water (see section 4.1.2), separate tree and grass drougiut peqps were computed.
By adding tree and grass drought periods, we attempt to reproducspdtial
distribution and temporal variations of the ERS diurnal backscattfarafices. It
should be noted again that the ability to reproduce the sateltternmis a necessary,
but not a sufficient, test for our hypothesis that diurnal variatioqdaint water storage

are responsible for the observed satellite signals.

5.1 Drought period concept

The Walter hypothesis (Walter 1971) states that tree aasb gregetation in savanna
regions have inherently different rooting systems and trangpiratintrols that lead to
different behavior during drought.

Grass vegetation, here only perennial grasses are consideredh, indsnsive
rooting system with fine roots distributed within shallow soilelsy Under wet
conditions, grass has high levels of transpiration and photosynthesis togeothrge
amount of biomass during the limited wet season. Transpirationnerigh, even at
the end of the wet season, so that aboveground biomass dies, wherea®wground
root system remains intact (Larcher 1995). Tree vegetation hagtansive rooting
system with roots extending into both deep and shallow soil lalexe transpiration is
focused towards balanced water consumption. At limited watehuayl, the stomata
close to regulate transpiration and avoid complete desiccation.

Walter (1971) distinguished between tree and grass vegetatiomtRexdews
(Goldstein et al. 2008; Schwinning et al. 2004) emphasize speciestglivetis respect
to rooting patterns and plant water relations, even within clasgiaat functional
groups. We therefore propose the two vegetation groups, tree angd agassplant
properties classification into different rooting and plant wateanagement systems, and
not as botanical groups. The Walter hypothesis has been widelyinudesk-grass

coexistence studies for savanna regions. Its general applicabilistill discussed
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(Goldstein et al. 2008; Rodriguez-lturbe et al. 1999; Scholes and At&9a1). It
should, however, be noted that the co-existence and interdependencebspes and
grasses do not play a role in this study. Instead, we userWalypothesis to illustrate
the shift from shallow to deep soil water use by plants. Fost\A&ica, Normalized
Difference Vegetation Index (NDVI) imagery, as well asund observations and high
resolution aerial photography, show that, at the height of theedrgoa, 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 drdefyhitions for
the two vegetation types (see section 5.1.1 below) regional drpagbtd maps were
computed. In combination with vegetation cover maps for grass angegetation (see
section 5.1.2 below) combined monthly tree-grass drought period mapgeregrated.
With the soil water model from chapter 4 as a basis, all dathresults are in
geographic projection with a 0.25°x0.25° resolution, covering West Afoic20°N &
20°W - 20°E).

5.1.1 Drought day definitions

The drought period maps are based on soil water tension for twesanwoirs, shallow
and deep, as well as vegetation cover maps. Drought is definedtsgpéor tree and
for grass vegetation.

The drought condition for tree vegetation is:

yshallow <y deep” O]'[Mpa] (Sla)

The drought condition for grass vegetation is:

Y shaiow < - 0-1IMPa], (5.1b)

where %naiow IS soil water tension of the shallow soil reservoir, &ag,is soil water
tension of the deep soil reservoir. BoWhaiow and %sep range from 0 to -1.5
[MPa].
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In Equation 5.1a the soil water tension of the deep reservoir iseedhyc0.1 [MPa] to
account for the energy needed to lift water to the surface ¢als section 4.1.2). The
threshold defined in Equation 5.1b is based on irrigation schemesieKraan and
Goodwin (2003) state 100 kPa as a starting value for deficiaiioig schemes. Both
definitions (Equations 5.1a and b) give the beginning of a droughddpand are
applied to daily soil water tension states. For each pixel dralegrg are added up. As
soon as the inequality condition of Equations 5.1a or b is no longer redp dain, the
drought period is set back to zero days. The drought day ctautg again as soon as
the drought day condition is met again.

Separate drought period maps for tree and for grass vegetatemererated.
The maximum drought period lengths were set to 120 days fomh@el5 days for
grass vegetation. After 120 days of continuous drought, trees agdlec® transpire.
Grass vegetation experiences a complete desiccation after y45 oflacontinuous
drought.

Drought days, for tree and grass vegetation, are computed forpeat on
basis of the daily soil water model for 2006. The regional drougyhihthps, 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 availabieatmilonly

and represent tree and grass drought periods at full tree asslagmeer. To include
actual tree and grass cover, both were derived from satelitemadlized Difference
Vegetation Index (NDVI) data. Monthly NDVI data for 2006 is usedefine a spatial
vegetation cover for the study region. The NDVI data were taken 10-day Satellite
Pour I'Observation de la Terre (SPOT) NDVI data (Maisongraetel. 2004,

http://free.vgt.vito.be/) that were averaged to monthly NDVI m&ubsequently, two

vegetation cover maps were generated, one for tree, and one for grass cover:
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NDVI, .. = NDVI

January (52&)

tree

- NDVI

maximum Januar

NDVI —(NDVI

grass

x1.66 (5.2b)

where NDVljanuary i an NDVI image from January 2006, amNDVinaximum the
maximum NDVI for 2006 NDVlyass is multiplied with 5/3 to keep both scales

comparable.

The subtraction of the January NDVI imagdDVljanuar) accounts for both tree
vegetation and vegetation that is not stressed throughout theagearccurs 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 dems&piration as
suddenly as grass. Instead, regional tree vegetation is continudashgasing
throughout the dry season, which can be described by a thinningptrele Therefore,
a monthly cessation index was derived to describe the thinningdxes towards the
end of the dry season.

NDVI,,..,(t) =1+(NDVI(t) - NDVI (5.3)

January)

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 withctreer (Figure 5.2a)
and the monthly cessation (Equation 5.3). The grass drought periods maptiplied

with grass cover (Figure 5.2b). To ascertain comparability, thesgdrought period
maps are stretched to a maximum of 120 days, the maximum wééhdrought period
maps, before multiplying with the grass cover map. Adding tleeanel grass drought
period maps results in regionally distributed vegetation drought peragps$ for each

month.

5.2 Drought period concept results

Whereas the tree water model from chapter 4 only took/&rgetation into account, the
drought period concept included grass vegetation as well. Theséwarate drought
period maps for tree and for grass vegetation (Figures 5.3a ahdw)different onset

dates and different intensity peaks.
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b

Figure 5.3: Cumulative drought days for tree (a) and grass (@®tateon. Drought
periods get longer from blue to red. Scales are from 0 to 120dad=(b),
respectively. Grey pixels meet the drought day conditions but éxbee

71



Modeling diurnal ERS backscatter patterns through regional drought nfod#lse
and grass vegetation

maximum values of 45 or 120 days, respectively.
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Grass vegetation drought periods start in October and mostly &etember at which
point the 45 day drought period maximum is reached for most of thenrégigure
5.3b). Grass, due to its water management pattern, does not adegtgfsration to
limited water availability. Grass drought periods peak at 45 dhgontinuous drought
days, followed by a sudden, complete plant desiccation. Treeatiegetirought has a
later start in November and reaches its largest extenteerblger and January (Figure
5.3a). After 120 days of continuous drought days tree vegetati@e teatranspire.
Trees react to limited water availability by adjustimgit stomata and transpiration
resulting in a gradual decline in active tree population. Tottakeeffect into account a
decreasing tree cover (Equation 5.3) was included in addition tadtie tsee cover
(Figure 5.2a).
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Figure 5.4: Monthly averaged diurnal ERS backscatter differences (2006) and nvewgigtigtion drought period maps (2006).
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Figure 5.5: Monthly averaged diurnal ERS backscatter differences (1992-2007puatndyraegetation drought period maps (2006).
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Figures 5.4 and 5.5 show side-by-side comparisons between (i) mawisged
diurnal ERS backscatter differences (also see Chapter 3)jipnmbfithly vegetation
drought period maps. For each month the satellite patternsaeftjhe model results
(right) are shown. The satellite data ranges from low gatie (blue and green) to
positive (red) differences between morning and evening backsdatiare 5.4 shows
satellite patterns for 1992 to 2007, and Figure 5.5 shows satetliéensafor 2006. The
vegetation drought period maps are for 2006 in Figures 5.4 and 5.5. The datalel
ranges from short drought periods (yellow) to long drought periedd;(green depicts
zero drought days, and grey depicts drought days above the maximughtdpeuod
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 Novermhbgr.area shrinks until
February. The conceptual drought period maps allow for a spatideanporal drought
period distribution. In comparison with diurnal ERS backscatter diféer® (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 Figuree&efmlier;
anomaly center at 10°N/ 10°W). Precipitation is considerably loower southern
Guinea than over adjacent regions. The drought period concept tiy grtaenced by
available soil water and thus precipitation (see section 4.1.2).-ka&de patterns found
in TRMM precipitation have a considerable effect on the overalbmayymodel results.
In 2006, TRMM showed a large rainfall anomaly over southern Guine&irigp@t
annual averages from 1998 to 2006 of TRMM for West Africa itlmarseen that this
anomaly is limited to 2005 and 2006. Whether TRMM precipitation in tlgemeis
valid or not cannot be determined, but it does have a large effeot omadel 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 Siee@né to Ghana, as well as
southern Cameroon show, on average, much less drought which, agaagderohence
with the low backscatter differences found for these areashdfuspatial details,
however, require more detailed information on plant cover and plant pespéot
devise spatially distributed drought definitions.

Overall it can be concluded that the seasonal patterns in diulR8l E
backscatter data have been modeled and correspond to the patterns fouladgeve
parts of West Africa. The length of the combined tree-grasagtht period and the
water related change in diurnal tree water status (eapt€r 4) were necessary, but not
yet sufficient, tests for the link between available sotewand vegetation water status.
The results of this chapter lead to the design of detailédl &eperiments that can
provide sufficient tests for the vegetation water hypothesis. folh@wving chapters
show two new methodologies for such field experiments. Chapter |6preent a
statistical methodology to link field observations at the pointesta satellite pixel
averages. In chapter 7 a methodology to directly measure vegetatienchanges 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 usspatla resolution
of current soil moisture satellites. Field experiments, howefem provide data at the
point scale only. In this chapter a statistical methodology airatnilpe derivation of
valid field averages obtained from point measurements is presented.

Satellite-based soil moisture sensors, such as those onboard typedtur
Space Agency’s Soil Moisture and Ocean Salinity (SMOS) anbIEELSAT's MetOp
satellites, require reliable spatial averages of soil m@dor calibration and validation.
Recent advances in sensor technology and retrieval algorithmevingire satellites’
capacity to measure soil water (Entekhabi et al. 2004; Keat. €2001; Njoku et al.
2003). The spatial resolutions of these satellites range from 156 ko; therefore,
ground observations have to cover large areas to provide pixel avdagsv et al.
2005). The presented hydrotope approach provides a methodology to obtaih spatia
averages during observation campaigns in data-scarce reglmnsdvantages of this
method are a reduced uncertainty in the estimate of the avemdge reduced risk of
bias in the sampling scheme.

Different soil moisture ground-truthing methods are found in tlezalitire.
These were generally developed from a hydrological perspectvhich is not
specigally for satellite validation. The simplest methods for regiong limited
station data and without data from observation campaigns use oneeoolpservations
in the close vicinity of the pixel (Cashion et al. 2005; De Ridder 2B0gent et al.
2005; Wagner et al. 1999). Approaches that derive spatially repaése soil moisture
estimates from observation networks follow three main concepisely: 1) time-
stability concept; 2) geostatistical approaches, such amdrignd 3) landscape-unit
approach.

Vachaud et al. (1985) first introduced the time-stability conceptntPoi

observations within a network or catchment are compared wiiklch average to

“ 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 soill
moisture over large areas for satellite calibration and validation withsdsah an
observation campaign in the Volta Basin, West Africa. IEEE Transaciions
Geoscience and Remote Sensing, 46: 1995-2004.
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identify locations that most accurately represent the fiedstamge without major under-
or overestimations. The comparison is computed for each location aedstap.
Results are ranked by deviations from the field averagebgnigmporal variability,
identifying the most representative and temporally stable obs®rJatations within a
network. Several authors applied the modified time-stability corimeptachanoski and
de Jong (1988). Western et al. (1998) applied this concept for netptirkization in
catchments in order to define observation points that best captureattiement
average. In terms of satellite pixel validation, the conceppied to identify pixel-
sized fields that show the least subpixel variability (Boschl.eR006; Jacobs et al.
2004; Mohanty and Skaggs 2001). The time stability concept requiresllgpati
distributed time-series data, often only provided by large continuoesvalbsries. For
the application onto a limited number of data collection campaignsesented 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 thadrtmeter to be
interpolated continuously varies between two locations. Semivariogaagnsised to
derive distance-based weights, and interpolated maps of ground obseraatidhsen
used to validate satellite products (e.g., Bardossy and Lehmann 1998ni at al.
1998). Both the time-stability concept and kriging were based onfrdatacontinuous
observation sites such as the Tarrawarra study site (WestdrGrayson 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 contbydrofogical
modeling, Flugel (1997) introduced hydrologic response units (HRUsat@dased on
elevation, topographic sequence, soil type, slope, land use, and aspedifférent
HRUs represent landscape units that show internally consisterdldgidal behavior.
Based on 23 different HRUSs, Fltgel built a hydrological moddlrégaresented most of
the heterogeneity of the catchment. Park et al. (2001) anddPdrkvan de Giesen
(2004) applied a landscape-unit approach to the distribution of soilg ascatena
approach. Based on detailed topographic sequence data on a complexnsiepe
landscape units successfully described the different soil-foremrgonments and the

variability of the soils. Both studies successfully showed inligrneonsistent
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hydrological behavior within their defined landscape units. The infoomatsed to
define the landscape units required detailed spatial data, suclewdion, soll
properties, and land cover that are generally available at thervaben site or
subnational level.

The presented hydrotope methodology is a modified landscape-unit @pproa
It is meant as a statistical tool that assists in deriveyyesentative field-average
estimations on the basis of soil moisture sampling campaignstigudiinformation
required to identify and map hydrotopes involve local hydrologicawkedge and
globally available data sets. The aim of this paper is teeptea statistically stable
methodology for satellite ground-truthing through point measuremdisng a
hydrotope-based sampling and analysis methodology, the overall footamance and
the chance of sampling bias is reduced. The methodology is explaidgat@/en by
data from a case study in the Volta Basin, West Africa. However, it hasnadbe clear
that the methodology as such is not limited to soil moisture sagnplinocally to
Western Africa but is, instead, generally applicable to any point-based sgroptata.

Section 6.1 describes the three West African study sites tal.d&he
methodology in terms of hydrotope identification, mapping, and hydrotope-uni
separated averaging is outlined in section 6.2. Results are pekserd 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, arfedoicathe Volta
Basin, West Africa (see Figure 6.1). The study sites aregb the Global Change in the
Hydrological Cycle (GLOWA) Volta Project (van de Gieserak 2002) that has been
conducting field studies in the Volta Basin since 2001. The clinmatlis region is
characterized by a clear seasonal pattern of wet and drgnse@d/indmeijer and
Andriesse 1993). Figure 6.2 shows long-term rainfall and referemapomation
averages (1961-1990) for stations that are close to the stud{F#@<2001). Rainfall,
vegetation, and soil moisture follow a gradient, which is with lawfal in the North
and high rainfall in the South. The study sites follow this gradi¢giural land cover at
all study sites is interspersed with agricultural plots. @&dture in West Africa is

dominated by small plots well below one hectare. The size of ¢t gohd mixing with
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natural vegetation lead to extremely high spatial heterogeridie annual seasonality

and interannual variability of available water cause high temporabiléres.

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 thea\Rdisin. The
terrain is generally flat and interspersed with inselb¢8d9-370 m). Landscape and
vegetation are classified as Sudan savanna, and the agricuéigeghtion is composed
of maize, peanuts, sorghum, and millet. Trees include shesldria 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 Auglis¢ wet season lasts
for roughly two months, which is from July until August, whereas dhset of the
season shows high variability. The major soil in the Commissd@fédologie et de
Cartographie des Sols taxonomy is “Sols ferrugineux tropicaasivies a taches et a
concrétions,” which corresponds to Luvisols or ferric Lixisols in th@hnomy of the

Food and Agriculture Organization of the United Nations.

82



Hydrotope-based protocol to determine average soil moisture over laagd@re
satellite calibration and validation

The second study site, which is Tamale (9° 29’ N/0° 55’ W), liekeéncentral part of
the Volta Basin in relatively flat terrain (160-240 m). Landscapeé vegetation are
classified as open woodland savanna, and the agricultural vegetatomposed of
yams, maize, cassava, peanuts, sorghum, millet, rice, tomatoesygeqmpd onions.
Trees include sheaVitellaria paradoxg, mango Kagnifera indicd, baobab
(Adansonia digitatp neem Azadirachta indicj dawadawa Rarkia biglobosg 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 Se@tefrhe
wet season lasts for roughly four months, which is from July uctblér, whereas the
onset of the season shows high variability. The major soils ar@$dls and Acrisols
over Alluvium and Voltaian sandstone. According to the Ghanaianasahbmy, the

study site soils are Lima-Volta (Planosol) and Techiman-tampud@lri

Figure 6.2: Rainfall and reference evaporation (based on Penarati)nfiate stations
close to the three study sites. Data from (a) Ouagadougoucl8s$e (to
Boudtenga), (b) Tamale, GH, and (c) Wenchi, GH (close to EjS8m)tce:
FAOCIim 2 (FAO 2001).

The third study site, which is Ejura (7° 19’ N/1° 16’ W), is ditmhon the southern
fringes of the Volta Basin in a slightly hilly terrain (150-250 thlies in the transition
zone between forest savanna and mountainous Guinea forest zone. Thsitetusly
located around a valley with vegetation covered with local food cregs @& yams,
corn, cassava, shrub, including elephant grass; and trees, amongatsleew, various
palm trees, and banana trees. The valley bottom is swampythanelevation

differences are around 100 m. The mean annual rainfall over the 1282G@eriod is

about 1400 mm. Rainfall follows a pseudo bimodal pattern, meaningntidatgust, it
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experiences a slight decrease and that the peak of the seas@emember/October.
The wet season lasts for roughly eight months, from March untdb@c whereas the
onset of the season shows high variability. The major soilsw@risols and Fluvisols
over Alluvium and Voltaian sandstone. The Ghanaian soil taxonomy tef¢hese 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 thendooe of similar
hydrological processes. Hydrological variables, such as sostamej within clearly
defined landscape or hydrotope units show reduced variability and consestgaral
patterns that distinguish the different units from each other.bas& concept of the
hydrotope units is based on internally consistent hydrologic bahewihin a certain
landscape. Statistically, the chosen hydrotope units should show hidfezerdies
between the unit averages as compared with the variabitiyn each unit. In the case
of soil moisture, we can define the hydrotope units by meatiseofocal hydrology.
Hydrotopes are meant to improve the sampling schemes and the atompof field
averages. This is done through the following: 1) reducing the nuwibeequired
samples; 2) minimizing the sampling biases in the field gesrand 3) reducing the

overall variance.

6.2.1 Sample minimization

Soil moisture sampling campaigns are meant to provide us patially representative
field or pixel averages. Perfectly accurate moisture valwesdiwonly be obtained if an
infinite number of samples were taken. According to the ceimat theorem,
normality can be assumed for the overall sample means, whicheis @ sufficiently

large number of samples
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where is the true mean valu€lis the true standard deviation,is the number of
samples,m is the mean value of the sample, and the standard deviation of

the sample.

The parameters of the normal distribution can be estimated sy andn. The level of

accuracy of the overall mean value therefore depends on the number of samples taken.

M ~m+—=>C (6.2)

o

where ¢ is the standard normally distributed variable.

The average soil moisture and standard deviation can be bas#the@mobserved soill
moisture data or on estimates. In the Volta Basin, a previousstiglly provided both
the average and standard deviation. For a given confidence intervalakase the
corresponding minimum and maximum value@f such asc = £1.96 for a confidence
level of 95%. Now, solving Equation 6.2 forusing Equations 6.1a and 6.1b allows us
to derive the minimal number of samples needed to obtain an dueemage 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. demtify soil moisture
hydrotopes, it is often helpful to use the knowledge of the loghilological processes

that are dominating within the region of interest.

Figure 6.3: Main runoff processes in the Volta Basin. The horizaingah distance
(500-2000 m) increases toward the north, considering that the distance
between the streams becomes wider. The elevation difference (661120
increases toward the south, where the relief is more pronountted (a
Masiyandima et al. (2003)).

Based on the literature and on field work (Masiyandima et al. 2Q68# et al. 2002;
van de Giesen et al. 2000; Windmeijer and Andriesse 1993) in Wegta Aft
schematized view of the West African hydrology was buge(&igure 6.3). From a
hydrological point of view, it can be said that the landscapgkarnvolta Basin largely
consists of inland valleys (Windmeijer and Andriesse 1993). Withimiamd valley,

we can distinguish three main units (see Chapter 2 and MasiyandimaGa3jl.

1) Plateaus are large upland areas, which are characterizededyy soils.
Precipitation here is stored in the root zone, and this unit maomiyilbutes to
runoff via subsurface flow.

2) Wetlands saturate very early during the wet season andbcwatalmost solely
to the direct runoff or Dunn flow.

3) Slopes connect the plateaus to the wetlands. Both Hortonian sunfexéeand
shallow-groundwater flow occur on the slope unit. The hydrologiest stf the

slopes tends to vary relatively quickly over time and space.
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Topography defines, to a large extent, these three hydrotopesau3laand
wetlands are flat, and slopes have higher gradients. Plateaus banadl upstream area,
whereas slopes and wetlands have larger upstream areas. Albsiyite differences
between plateau and wetland units do not enter into the hydrotope-imgiatien. The
topography also defines the stream network; however, considbanghe streams in
our region of interest are ephemeral, not every stream is boroereetlands. Because
of this, dry-season land cover is used to distinguish betweendbe getlands and the
surrounding bare slopes and plateaus. The hydrotope-unit definitiontliaga in this
paper, is very specific for the study region. Different clesatnd hydrologies require
individual hydrotope-unit definitions that might also result in diffgr mapping
strategies. The hydrotope-unit mapping that is described in tHewiio was

specifically done toward the described hydrotope-unit definition stated in tiptecha

Remote sensing data mapping

In order to incorporate the local hydrological knowledge intopdizugy schemes, the
three identified hydrotope units have to be mapped regionally. Fainreee study sites,
10x10 km windows have been selected to be mapped. Figure 6.4 showgla sa
hydrotope map for the Ejura study site. Globally availablelgatdhta of Shuttle Radar
Topography Mission (SRTM) elevation (http://srtm.usgs.gov) and ¢awer (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 dat@eenvironments such as
West Africa. A first step toward delineating the hydrotope suist to build slope,
upstream area, and land cover maps. The choice of satelliteodaéaused strongly
depends on the initial hydrotope-unit definition. The following data sources
classifications, and thresholds, therefore, only apply for the seglgir presented in

this chapter.

Slope and upstream area (using digital elevation model)

Slope and upstream area maps are computed on the basis of thed@RTVhe SRTM
data used in this study have a 90 m horizontal and nominal vedsmltion of 16 m
(absolute) and 10 m (relative). Comparisons with kinematic &@8irgs, however,
show that over Africa, for 90% of the data, the absolute vertical errornsaésti at 6 m
(Rodriguez et al. 2005). Based on our comparisons between SRTM ankddetai
topographic maps, we postulate that the relative error betwljaceat pixels is less
than 2 m at the study sites. It should be stressed that for teentgd hydrotope
delineation, only the slope and upstream areas are used (see Bigaand b), which
are based on relative height differences. Slope maps are iethssifslope and flat

categories. The threshold between the slope and flat depends orathrellet For our
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study sites, we chose a slope angle threshold of 2%. This wililynbe 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 delineeti@nds. The
Volta Basin experiences extremely dry and wet seasons (see sectioruéirig.tbe dry
season, vegetation is mostly limited to forest patches thajesrerally located in the
wetland areas as gallery forests. Landsat NDVI images the dry season were used
to delineate the wetlands by using an NDVI threshold value. &getation immensely
varies between the three study sites. An individual NDVI thresloolddch 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) N@\thé Ejura study-site
window (10x10 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 age vatues
of the different input maps for all three study sites. On upsti@@a maps
no threshold was applied. n.a. stands for not apgligastream area units are
In(m2), ®Slope units are in percefiyDVI units are dimensionless.

Upstream ared Slopé’ NDVI ¢
Study site Range Threshold Range  Threshold Range Threshold
Boudtenga 8.99t017.12 n.a. O0to17.21 2 -0.214t0 0.370 >0.148
Tamale 8.991t017.90 n.a. 0to 10.27 2 -0.319t0 0.273 > 0.049
Ejura 8.99t017.91 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 hydrotisp¢he three
data maps (see Figures 6.5a—c) were used as input for an unsupdagséditation
(Lillesand and Kiefer 1994) using the IDRISI CLUSTER functfgastman 2003). The
IDRISI CLUSTER is based on a histogram peak selection tgelniThe slope and
NDVI were filtered before entering the classification udimgesholds, considering that
the raw input maps show little distinction between slope and nonslopetland and
nonwetland vegetation. Detailed information about thresholds and rargaetown in
Table 6.1. The upstream area shows a clear distinction in values between mgusive
and tributaries in our study region so that there was no needetotfie raw map data.
A sample outcome is shown in Figure 6.4, which shows the hydrotopiwtisin for
the Ejura study site. The hydrotope mapping shown in this pamlysvalid for the
presented study sites. In different regions, the mapping préessso be modified.
Modifications are then to be made in the data selection, map ratiepa and
classification or combination of the different data.

Bias minimization

The hydrotope maps provide the total area for each hydrotope usédBRa these
areas, the total number of samples, as based on Equation 6.2, whstddstover the
hydrotopes (see Table 6.2). Combined with the hydrotope maps, the noinsbenples
taken for each hydrotope unit can be calculated by an area-wkstebution of the
total number of samples. This reduces the chance of bias fielthaverage caused by
the over- or undersampling of individual hydrotope units. In this chaga&a,collection

followed a hydrotope analysis to optimize the sampling procedure.

Table 6.2: Number of samples per hydrotope unit, study site, amolisg campaign.
Partitioning of samples between campaign | and 1l may dsfghtly as
some samples were lost during the drying process. Thisaa tato account
in the analysis of samples. n.a. stands for not applied.

Boudtenga Tamale Ejura
Study site I Il I Il I Il
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 hydimepd-sampling
scheme or a sampling scheme that is based on an existingasiline database. In
terms of computation, this results in two options, namely: anveeegghted approach,
where the hydrotope-unit areas are included in the computation @igavand overall
variance, and a hydrotope sampling approach, where the samplaigeasly area-
weighted and only the overall variance is to be reduced.

In terms of an area-weighted approach, the mean soil moisturehand

standard deviation are first computed for each hydrotope

i (6.3)

n-1 (6.4)

wheren; is the number of samples within hydrotgpandm represents the individual

soil moisture samples within hydrotope

The second step then computes both area-weighted mean soil maistutee overall

variance

0>

§I

(6.5)

>
él;p.?.
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whereA is the area of hydrotope upi&ndA is the overall sampling area.

The steps from Equations 6.3 to 6.6 can be subsequently applied to ampisture
data set categorized into hydrotopes. The level of confidence fdiettieaverage can
then be calculated by solving Equation 6.2 for

In this chapter, the sampling scheme has already been aigtaedein advance;
therefore, the number of samples per unit and unit area are psopom; * A. This

simplifies Equations 6.5 and 6.6 to

Q-

!
[y

1
m’“n

m (6.7)

.y 17 1
Var(w)=;§::11r1X$ =tnd 8% 0% (6.8)

If the variance within hydrotopes is small compared with dherall variance or, in

other words, if the different hydrotope units are clearly distiacteduction in the
overall variance can be obtained. Quantitatively, this means that when

SZ

Var(m,)< Varl m)=—

(m,) (m) n (6.9)

holds, the hydrotope-based estimation of the mean will have lessic@riFigure 6.6
shows the improvement, given that Equation 6.9 is met. High diffeselbetween the

means of the chosen hydrotope units compared with the variatiga a@ach unit will
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yield a reduction of the overall variance, showing the advantagegoba hydrotope
analysis. An improvement due to a hydrotope-based calculation oéttiefierage and
variance is given if Equation 6.9 holds true. Clearly, if there @0 significant
differences between the hydrotopes, for example, when the landsaapapletely 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 distribufierded into (gray
lines) hydrotope units and (black line) an overall soil moisturgiligion are shown.
The equations show a realistic example where the averdgeasture 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 durirgy deparate sampling
campaigns. Soil moisture was determined gravimetrically eyghling and drying the

samples. The center of the samples has a depth that isdmet and 20 cm, using soil

sample rings { 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 campaigg & the onset
of the wet season in 2006, which is between May 26 and June 5 (whiahthier f

denoted as campaign Il). The Boudtenga study site was onleshimnce during the
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wet season of 2005, considering that the onset of the wet season iw&006ry late
and the location was completely dry. During the dry-season san{pangpaign Il), no
rain events occurred at the study sites. During the webtisessnpling (campaign 1), it
rained every two to three days before and in between the sanfdliagampling depth
between 15 and 20 cm, however, the effect of rainfall duringahmpléng campaign is
very low. Climate diagrams for rainfall and reference evamoratre shown in Figure
6.2.

About 200 individual soil moisture samples (see Table 6.2) were #dleach
of the three study sites. The total (minimal) number of san@quired to ensure a
confidence level of 95% per study site was calculated by wesirgging soil moisture
data for the different study sites (using Equation 6.2). For thegeeoil moisture, the
accuracy increases with the square root of the number of samgied) 8 as
previously described. The Boudtenga study site is flat (< 2fge¥l with inselbergs
interspersed. The inselbergs consist of laterite rock and cannsarbeled for soil
moisture; therefore, the Boudtenga study site only has platehwetland hydrotope
units. The number of samples per study site was proportionallyiqaetit over the
hydrotope units for a 10x10 km sampling area at each studyssitg hydrotope maps
(see Figure 6.4). Within the individual hydrotope units, no sampling sshsas
applied. The samples were also taken randomly in time for eagbaggmand study
site so that any trends in soil moisture would not have resulteifferent average
moisture values. Soil moisture samples were collected throughout the whole day.

Considering that for satellite calibration and validation one is orérested
in the sample mean, the exact type of the underlying distributiosoil moisture
samples does not matter. The central limit theorem ensurethéhdistribution of the
sample mean converges to a normal distribution. This convergendeewdkter when
the underlying distribution is normal or close to normal. Famtglktal. (1999) and
Choi and Jacobs (2007) show that soil moisture samples are distributedoboially
and nonnormally. Table 6.3 shows that there is also a mix of homdah@normal
distributions. The majority of the hydrotope-unit samples are noyrdatributed. In
turn, this gives the necessary confidence that the sample mikamdeed be normally
distributed.
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Table 6.3: Shapiro—Wilk/ Shapiro—Francia test for normalityhpyeirotope unit, study
site, and sampling campaign. 1 means non-normal and 0 normal distribut
at the 0.05 significance level. n.a. stands for not appffed, platykurtic
samples, antor leptokurtic samples.

Boudtenga Tamale Ejura
Study site I Il I Il I Il
Plateau 1 n.a. 0 1 0 1
Wetland o° n.a. 0 o 0 0
Slope n.a n.a. o 0 1 0

Satellite soil moisture products include the root-zone soil moistumesh is derived
through hydrological modeling, that can readily be compare tvé soil moisture that
is between 15 and 20 cm in depth (Owe et al. 2008; Wagner and 3@{(ijl These
products can be arrived at through the assimilation of satddii@ into soil physical
models (Dunne et al. 2007). A direct comparison of the 15-20 cm sotumesgamples
with the topsoil estimates from satellites is not possiblerebursatellites are only
capable of detecting soil moisture directly from the top 2-5fdhre vegetation is not
too dense. The general methodology, of course, also holds if the tossilre
samples of the first 0-5 cm are to be used for a more direghaztson with satellite-
derived soil moisture estimates.

Statistical significance tests were performed by udbadanced one-way
analysis of variance (ANOVA) and two-sample Student’stt-#&s8 omnibus Shapiro—
Wilk/  Shapiro—Francia parametric hypothesis test of composilemality was
performed for normality tests. The Shapiro-Wilk /-Franeist applies for sample sizes
from 3 to 5000. For leptokurtic data, the Shapiro—Francia test ikedpmnd for
platykurtic data, the Shapiro—-Wilk test is applied. To test gegormance of the
hydrotope variance reduction, a Monte Carlo-based analysis is. dee each

campaign, random samples corresponding to the number of sam@esrtake field

(see Table 6.2) were taken from normal distributions vitand § values. Mand §
values are estimators based on observed data from the correspcandipgigns. For
each randomly sampled set (10.000 for each campaign), the statelaation was
calculated. Based on the distribution of the randomly sampled sthdewiations, one
minus the chance that a random sample would yield a lower variance than tteeydr

method is calculated.
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6.3 Results and analysis

The effectiveness of a hydrotope-unit-based analysis isilbedcvia the reduction in
overall variance and the minimization of bias in the sample. To measuredtieoéfie
hydrotope analysis, the calculation of overall averages, standaatideyand variance
is performed according to the hydrotope-unit separation (see &gsi&ti7 and 6.8) and
by calculating the same variables over the whole sampling volitheut using any
hydrotope-unit separation (see Equation 6.2).

An effective bias minimization for our study sites cannot be shdwactly
without additional independent data. Indirectly, significant differencégdrotope-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 dewastudy site soil
PRLVWXUH ZLWK $YJB+7 1B+7 DQG ZLWRRXW
separation for the two sampling campaigns (I = wet conditions, diry
conditions) as well as the total number of samples.

Boudtenga Tamale Ejura
Campaign I I I I Il
Avg_all 0.13 0.17 0.10 0.16 0.14
1BDOO 0.039 0.051 0.033 0.038 0.034
Avg_HT 0.13 0.16 0.10 0.16 0.14
1B+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 vartaas been reduced
by using hydrotope-unit separation in the calculation of the figlddsird deviations.
Due to the area-weighted sampling, differences in field gesrand between regular
and hydrotope-weighted averaging cannot be seen. A one-way AN@\&erage soil
moisture of all the three campaigns and study sites showedicagnifdifferences
between all hydrotope units. A subsequent Student’s t-test fofistgmidifferences in
between the different hydrotope units also showed significantrelifes for most

hydrotope units (see Table 6.5).

Table 6.5: Hydrotope-unit averages per study site and samplimgaogn. Superscripts
indicate hydrotope units that do not show significant differenceseeetw
each other (according to Student’s t-test). n.a. stands for not applied.

Plateau Wetland Slope
Boudtenga_| 0.13 0.15 n.a.
Tamale_| 0.14 0.21 0.18
Tamale_lI 0.09 0.12 0.08
Ejura_| 0.1%5 0.16 0.20
Ejura_lIl 0.13 0.15 0.15

To show how the hydrotope reduction in the overall variance perforaissag
the overall variance from random sampling, a Monte Carlo asales done. Table 6.6
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shows that even in cases where the variance reduction isiblegltge chance that the

hydrotope method yields superior results is high (> 65%).

Table 6.6: Random alternative test. Results of a Monte Carlosaallythe variance
reduction gained through hydrotope analysis.

Boudtenga Tamale Ejura
Campaign I I Il I Il
m 0.13 0.17 0.10 0.16 0.14
S 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 bligtoins. The histogram
sets are organized by study site (Ejura, Tamale, and Baajtesnd
sampling campaign (I and Il). Gray lines depict the overaihpia
distribution, and dotted lines depict the sample distributions of the

individual hydrotope units.
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Different reductions in the overall variance highlight regicarad seasonal distinctions
between study sites and sampling times that can be best zeslaia the histograms of
the different hydrotope units (see Figure 6.7). The seasonalityowaerll moisture
conditions at the three locations are the two major causes teandes the level of
variance reduction and the differentiability between the hydrotope units.

Ejura, which is the location with most rainfall, generally shoa high
moisture level throughout both seasons. Slight differences can be seen betwiersrethe
hydrotope units and the two seasons. During the wet season, tha&updatd wetland
areas are similar (see Figure 6.7), whereas the slopehavitssa slight offset. The
shallow soils in the slope unit lead to lateral flow just abdwee ledrock layer that
results in a higher moisture content of the shallow soils, whichbeaseen from the
data (see Table 6.5 and Figure 6.7). Differences between thetdpelrunits can be
seen and are as expected. Due to the overall high moisture cbiotsater, the units
show uniform behavior which dampens the distinction between different units.

Tamale, being a more moisture-limited location than Ejura, show®od
distinction between plateau and wetland units during the wet sdagone 6.7 shows
the clear differentiation between the two units, which is aldeatedd in the highest
variance reduction (see Table 6.4). In the dry season, a more upifdiure emerges.
This moisture-limited location has ephemeral streams andris dry. The overall
dryness minimizes the differences between hydrotope units. fdresréhe 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 iseymitfy
different unit averages, similar unit variances result in low overallnvegigeduction.

All study sites correspond well with respect to the govereiifigct of overall
wetness (and dryness) on hydrotope distinction. Comparing the feguls with the
Tamale dry-and wet-season samplings, it is shown that unirefiffes are reduced
under extremely wet and dry conditions. This suggests a homotieniz# solil
moisture throughout all study sites under extremely dry andneglyewet conditions.
Intermediate conditions, such as during the Tamale campaignplisgnmshow 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 stdlystgtable soil
moisture field averages for satellite validation. Results shaw the overall variance
reduction is seasonally and spatially dependent. Significant diffesein average soil
moisture between the majority of the hydrotope units also suggest biasization.

The different levels of variance reduction highlight the spatrad temporal
differences between the study sites and sampling timesowheeduction levels in the
overall variance at some study sites can be due to impropemtbyd-unit
identification or due to inhomogeneous soil moisture patterns. In ase, eamproper
hydrotope-unit definition is unlikely, considering that most hydrotopés show
significant differences between each other (see Table 6.5).

Moisture patterns shift over time in accordance with moisturdaanzy.
Western et al. (1998) presented results that show high levels lofmswsture
organization during wet Australian winter conditions and random hiityaduring dry
summer conditions. In our case, results confirm this soil moistuferomiy for dry
conditions (e.g., Boudtenga campaign |) and further suggest arsbrltavior under
extremely wet conditions (e.g., Ejura campaign 1). Under interatediVest African
conditions, high levels of soil moisture organization between given logiatnits are
supported (Tamale campaign I). The overall level and range los@ture values in
our study vary between 0.10 and 0.17, which is a rather narrow @Engelues
compared with other studies (Famiglietti et al. 1999; Westead. 1998). In different
climates that show higher soil moisture ranges, the hydrotoglgsis can be expected
to result in higher variance reduction. A definitive answer tawhe quality of our
hydrotope-unit identification cannot be given. Previous studies, howaygrpis the
conclusion that under dry conditions, soil moisture patterns becomehmm@genous,
which can be confirmed by the presented results and can be exterekigkioely wet
conditions as well.

This paper confirms that well-defined hydrotope units yield improved|-pi
scale field averages. The hydrotope definitions for the VoltanBasre based on the
simplification of the catena approach by Park and van de Gi€2@d4). The
simplification was based on qualitative insight into the main hgdical processes that
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are relevant in this basin. Without prior hydrological knowledge, should, in the first
instance, maintain a larger number of hydrotopes based on the langsséman. This
will minimize the chance of bias in the sampling scheme andegqubstly, 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

COMPRESSION®
In chapter 4 tree water and its response to limited watelabildy has been modeled.
Field experiments that test the presented models will have dluden direct
measurements of changes in tree water storage. The foll@hagger presents a new
methodology to directly measure vegetation water changes in trees.

Trees and woody plant species are significant in hydrologic ggesemost
directly through transpiration and evaporation. Canopy interception leasftend to
be as high as 60% of annual rainfall (Forgeard et al. 1980); ihtezgatation water
fluxes have been widely studied using sap flow techniques (Grani& 38en 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 approawsbriitor water held
above ground in and on trees.

Beyond traditional net-rainfall measurements (e.g. Navar andnBi1g80)
canopy interception has been measured by (i) artificial vgetifnvegetative surfaces
(e.g. Aston 1979; Keim et al. 2006; Llorens and Gallart 2000), (ii)ctmgilever
deflection method (e.g. Hancock and Crowther 1979; Huang et al. 200p )afjii
attenuation methods (e.g. Bouten et al. 1991), and (iv) weighing Kgssnée.g.
Edwards 1986; Fritschen et al. 1973; Storck et al. 2002). With the exceht(iv),
these measurement techniques are all either indirect or yrappartial canopy and
must be up-scaled based on assumed whole-canopy behavior.

Changes in above-ground tree mass due to interception (or otlesges)
result in trunk compression. This may be quantified by measutimgx tompression
under known change in load. Measurement of subsequent compressions #uah as
associated with rainfall loading allows quantification of intptme water held by the
canopy.

Short-term changes in above-ground tree mass are mainly caysedtdr
fluxes, such as (i) water on foliage and bark surfaces, througfiception and dew, (ii)
internal storage changes of water, as triggered by root wpatake and transpiration,

and (iii) evaporation or dripping of water from the canopy. Whlbeve-ground tree

> 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 CompreSgaiar Resources
Research (in press).
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mass changes arise due to numerous processes, we focus on cdeoggption.
Typical values for canopy storage capacity (CSC) fall intad@hge of 0.3 - 2.5 mm for
both coniferous and deciduous tree species (Zhang et al. 2006). Given a projeated crow
area of 20 m2 these CSC values correspond to 6 — 50 kg of watedl storthe tree
canopy. The projected crown area is the crown area projectedairgriomto the
ground. Huang et al. (2005) estimated 52.8 kg (~2.64 mm) as a maxinargepiton
capacity for anAraucaria cunninghamidree using the cantilever method. Internal
storage changes of water in trees ranges from 10 K§idayoderate climates to 1100
kg day* in tropical climates (Wullschleger et al. 1998).

The objective of this chapter is to present a new measureméniciee for
direct, observations of canopy mass changes. Rainfall intenceps one example for a
process causing mass change, will be used to explain the em@astirtechnique.
Additional applications of the measurement technique, such as root wgattske,
transpiration, changes in biomass, or wind throw observations, &féy brientioned

but are not the focus in this chapter.

7.1 Instrument installation and calibration methods

The methods are subdivided into three parts. First, the measuremecipl@r
instrument installation, and details of the data logging systenpiesented. Second,
effects of wind and of temperature on the measurement and on thessansor
explained. Third, the calibration of the instrument is presented. Titeghairt further
includes calibration results, as well as results from aathimterception 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 |astioftgl We take a
tree trunk to be a linear-elastic material. Mass chabgeeathe trunk then compresses
or expands the tree trunk, resulting in a vertical displacembaty@rtical displacement
of a tree trunk is determined by the modulus of elasticitghef wood. Moduli of
elasticity of green (fresh cut) wood for hardwood species rénoge 5,200 MPa for
Cottonwood to 12,800 MPa for Black Locust (Green et al. 1999). For a dakgtlhe
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expected compression of a 1 m tall section of trunk with a 004rea and a medium

modulus of elasticity of 10,000 MPa would be

FL_(1[kg]){9.818m/$ § A rh)
AE  (0.01gm* §x10 @ /nt §

DL =

>>1O'7[m] » 0.:[ pn} ) (7.1)

where (L is the displacement chandethe length of the observed trunk sectibrthe
force or load onto the trunld the cross-section area of the trunk, &the
grain-parallel modulus of elasticity of the trunk. Thus aeysthat could detect
0.1 um 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 displateimsemeasured
between two steel bolts that are drilled into the tree trDmplacement is
measured through a potentiometer that is extended by a one quatéer
tube (1a). To compensate for bending effects three sensorevanty
distributed around the trunk (1b).

The compression of the instrumented trunk section (ITS) wasunmeehsvith linear-

motion potentiometers (model 8FLP10A, Feteris Components Benelux, The Hague, NL,
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11 mm range) attached to 1-m quartz tubes (Joutside 9 mm, Jihsiae) mounted
with glue (Pleximon 801, Roehm GmbH, Darmstadt, GER) to the trt&el80x10 mm
steel bolts (Figure 7.1, with full details provided in the supplemeet@ttronic
materials). The instrument was mounted on a 15-20 year old LinekeTitia cordata
growing in the Botanical Garden of TU Delft (52° 0’ N/ 4° 22’ EEhe tree had a 9.4 m
height and an average ITS diameter of 0.15 m.

Three sensors were installed with equal radial spacing aroun@Sh@igure
7.1b). We employed a 24-bit (20 effective bits) 15-channel dateetadgyeloped by
TU Delft. The potentiometers are connected to a buffered output afathelogger’s
internal reference voltage source, thus achieving a ratiometasurement that enables
us to reach the necessary sensor accuracy and minimize tlegf@ctd on the sensor
signal (power-supply rejection ratio > 110 dB). Near-simultaneowsunements of all
three sensors are required and accomplished using track and twooitis cior each
sensor. The track and hold circuits improve the switching sp@&etetween the single
sensor measurements froth = 0.31 seconds to @ in the nanosecond range. The
measurements were found to be accurate to 9.3%\10corresponding to a linear
displacement of 0.04 um or a tree mass change of 0.4 kg (Equatiohhisliequires a
data logger capable of 18 effective bits. A mechanicallg fdummy” potentiometer
was installed next to the three displacement sensors to monitornpance. This

potentiometer had a RMSE of 5.1 X%V, slightly better than the specifications.

7.1.2 Wind and temperature effects

In situ measurements in the sub-pm domain are demanding. Changes irateraerd
wind introduce noise, which depends on wood properties and tree geometry.

With temperature increase, both quartz tube and trunk will experibacaal
expansion following their coefficients of thermal expansion (CTHEEe Grain-parallel
CTE of dry wood ranges from 4.5 — 31 pnt #C* (Simpson and TenWolde 1999).
However, grain-parallel CTE values for living wood are not labée in the literature.
By controlling the temperature of the ITS, we minimized thérexgpansion of the
sensors. Sap flow changes the wood temperature. Temperaturel caints at
maintaining a constant temperature of the three sensors. viithisalso dampen

temperature fluctuations of the trunk that are caused by sapWtv our installation,
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it was not possible to add sufficient heat to fully compensatéhércooler water that
flows through the sapwood during the day. Separate compensatiome@sured
temperature changes of the trunk and knowledge of the CTE nmaschkssary. A 20 m
heating wire (PRO POWER VCK8-240V, Telford, UK) was wound around Tse
controlled by a centrally-located temperature sensor mounted batow the bark. The
ITS was insolated with several layers of aluminized bubble wushioning material.
The bark temperature is thereby held stable within £0.05 °C. Thd fusetz used to
span the 1 m ITS was selected for its thermal stability (CTE of 0.59 1ACH).

Wind causes the tree to bend, which expands and compresses the windward
and lee sides of the trunk. Single sensor displacements of A@®tam were measured
during the 18 January 2007 Kyrill storm over Europe with wind speedp & 75 km
h? (as it was winter, this tree had no leaves). James and Kane (@@3®8nted an
instrument to measure wind load on trees and give a detailed oveidgerature in
the field of wind throw and tree stability. For a perfectlyirmytical beam, the bending
effect can be overcome by evenly distributing three serssorsd the beam at equal
distances from the geometrical center of the cross-seéti@raging the three sensors
then compensates for any bending effects. When the tree is bent into therdotohe
sensor, the length of that sensor is reduced. The increasegih lef the other two
sensors then equals exactly 50% of the decrease of the fisstr skeeping the average
the same (Figure 7.1b and electronic supplement). A tree is nafextpeeam but
somewhere between the three sensors, there will be a newtréhdt does not change
length. This neutral line connects the mechanical centers ofrtdss-sections. In a
perfect beam, the mechanical and geometrical centersidmibat in a real tree the
geometrical center normally differs to some degree fitoenmbechanical center (Figure
7.1b). When the three sensors are placed at equal distance fromuthe hee,
averaging will again remove any bending effects. Becausgowmt know the location
of the neutral line before installation, the sensors are equaliybdied around the
geometrical center. Subsequently, weighting coefficienteamgloyed for each sensor
to compensate for the differences between geometrical awthamical center. The
weighted sensors then average out to null the wind effects. Catabdment of the
sensors is important to minimize these non-idealities (describedetail in the

electronic supplement).
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7.1.3 Instrument calibration

The sensor weighting coefficients may be obtained by anglylata obtained during a
windy period over a few minutes when the leaves of the tree greUdder these
conditions it is reasonable to assume that there is zero loadeghatiy bending in all
directions (though bending along the wind-direction will be dominawtgighting
coefficients may be computed as those values that minimizestiraated change in
length during the windy period. The weighted average sensor ckspéats may be

computed as

S¢=5- S (7.2a)
S¢,=0=aSeb Ség & (7.2b)
Scorrected:a$+b §+g §' (72C)

where S, and; , 3 are the three individual sensof, the average during the bending

experiment per sensor, , and the individual weighting coefficients, and

Sorected the corrected average of all three sensors. The weigbtefficients

were estimated by minimizing the sumSj;ng under the constraint + =1.

Once the weighting coefficients are known, the grain-panaltelulus of elasticity may
be obtained through -calibration. Using Equation 7.1 the displacemegittwei
relationship as well as grain-parallel moduli of elastidiby living wood can be
determined. Figure 7.2 shows calibration results for a medium sieedduring a
windless period. To determine the modulus of elasticity of the klh8wn loads were
suspended from the trunk above the ITS. The average sensor signataaddrd
deviation have been determined from individual measurements dperigds of
constant load. The duration of each load period was approximately tenesiwith
sensor readings every five seconds (Figure 7.2a). Given the tamgder of

measurements per load (100 to 160) the average signal can be detemtinbah
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accuracy. Clearly, the four points do not lie exactly on a s$irdilge (Figure 7.2b) for

which nonlinearities in the system are the most probable cause.

Figure 7.2: Calibration experiment results for fka cordata experiment. Figure 2a
shows the different load periods and the corresponding sensor siguaé Fi
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 arediega
sensor signals per load, and the black line depicts a linearlinendrrom
the displacement the integrated modulus of elasticity of the cdis be
derived.

Based on the four points the standard error in the estimation ofoithélus of elasticity
is 17 percent. For thEilia cordatatree onto which the calibration load was applied, the
sensitivity is better than 5 kg (Figure 7.2b). A displacemegighat conversion factor of
0.1 um kg was found, corresponding to a grain-parallel modulus of elastt&Hp00
MPa, in agreement with the value reported by Brudi (2001). The agcwith which
the individual calibration points are determined depends on noise &elisumber of
independent measurements (Figure 7.2). The calibration test was perfonviater on
aTilia cordatatree without leaves. The sensitivity to load depends linearly ogr tie-
parallel modulus of elasticity and the average trunk diameteéhealTS, both tree
specific, (see Equation 7.1) as well as on environmental conditions. @igelarge
effect that wind has, it is recommended to calibrate duriimgl Wvee periods. For each
tree, such a calibration would need to be performed, preferably befdrafter the
experiment. Clearly, the number of different loads has to beasedeand it would also
be recommended to increase the range of expected loads.
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To test the device on a fully leafed-out tree under rainfall tongi the instruments
were mounted on &enna siame#&ree 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, 4-3ocrmg and 0.5-2 cm
wide (Hawthorne and Jongkind 2006). Tree height was 8.3 m with a tadks of
0.07 m at the ITS. The projected crown area was 31 m? and the chAbnad an
average of 7.7 (3.6 — 10.6) as determined by an LAl sensor (SunScaa,T D&dtrp,
Cambridge, UK).

Figure 7.3: Interception and evaporation (grey line) froBeana Siameeaanopy during
a rain event (black line).The grey line depicts the averaged dexsved
from three displacement sensors mounted around the trunk. Pos#isge m
change corresponds to a mass gain as caused through interception water.

On 6 August 2007, a 5.4 mm convective rainfall event occurred between 14r@b h
14:45 h during which the canopy intercepted ~ 200 kg (Figure 7.3). Thgests a
canopy storage capacity of at least 6.45 mm, corresponding to Or8 frwanopy area
based on the LAI. This capacity value is about three timeéténature values cited

above, which may be due to the properties of the species, the cdynpiérent
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approach employed here (e.g., whole tree in situ versus isolatgel Isranch), or errors
in calibration. Data peaks before the rain event are most prodaklyto high wind
speeds which can cause bending that is not completely nulled bgniger slistribution
around the bark. In addition to bending, strong wind can also temporatige can
actual lift of the canopy. The mismatch between observedathiafd intercepted
canopy water is due to the accumulation of errors in calibratidnuacertainties in
LAI, projected crown area, and rainfall measurements. Means tevacla fully

guantified calibration need to be specifically developed. It shouldoalsmted that root
water uptake has not been considered but might play a role in theretétion of the

results.

7.2 Conclusions

We have presented a proof-of-concept of a measurement technigdeefdy non-
destructive, and continuous observation of above-ground tree mass. Theotataaee,
to our knowledge, the first non-destructive method for directlgsmeng trees in their
natural setting. As a sample application we have presented e & rainfall
interception event. Additional applications might include transpiratrah raot water
uptake studies, as well as biomechanical studies, such as wind &pplications all
require different data processing, as for example signal foisene application are
observation data for another application. In terms of canopy inteyoegdurther
development of the mounting method, field calibration, and post-proceésigg
temperature correction, and sensor-weighting) will be requiredatke this approach

fully operational.
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8 GENERAL CONCLUSIONS

Diurnal variations were detected in ERS backscatter data &st Wrica. Backscatter
data from the ERS-1 and -2 satellites, ranging from 1992 to 200& ,amalyzed for the
West African subcontinent. The diurnal variations showed spatial anpbtaehpatterns
that did not correspond to the distribution of soil moisture in the stegiyn. Soil
moisture distribution in West Africa is characterized byatisl moisture gradient from
North to South, and a temporal moisture distribution with distinct ddyveet periods.
The detected diurnal variations in satellite data showed a ststelbehavior, both in
space and time, different from variations in regional soil mastén analysis of
possible causes for the diurnal variations led to the hypotlediy¢getation water is
the main parameter causing the observed patterns in satellite data.

Subsequently a series of models was composed to model regioptadtiay
water and to test the proposed hypothesis. Supporting the vegeteatier hypothesis

were two tests:

a physical tree water model that showed how soil water stasses a high
diurnal differences in tree water, and
a conceptual drought period model that was able to partiallpdape the

spatial and temporal patterns as observed in ERS backscatter data.

West Africa is a data scarce region where often only gldatsets, such as the FAO
digital soil map of the world, are available. The presentedeats took this into account
and have been simplified where lack of data demanded it. The condesttetvere, by
definition, necessary, but not sufficient, in explaining the link betwwegetation water
and observed patterns in satellite data.

Sufficient tests for the link between vegetation water anellisatdata will
involve detailed field experiments that are needed to test thenpeesmodels and
improve our understanding of the interaction between radar sigmalsvegetated
surfaces, and the role of soil moisture. Concerning the design dfeifufield
experiments, two new methodologies for ground observation of soil neisiual
vegetation water were developed. First, a methodology that prostakestically stable
field averages from point observations was presented. Usingratbye-based protocol
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the methodology can be applied bethante in the planning of field campaigns, aex
post on existing field data. Second, a direct and non-destructive mathogasure
changes vegetation water was presented. Through tree weigjiainges in mass can be
detected, that relate to changes in vegetation water.

It has been shown that vegetation water is a temporallynestyesensitive
parameter responding to changes in atmospheric demand and plaatilasoll water.
Future field observations that focus on the interaction between sagiaals and
vegetation will have to include the diurnal variations in vegetation water.

When field experiments further support the hypothesis that thecteléte
patterns in the satellite signal stem from vegetation waber differences between
morning and evening backscatter data can be extracted and used. fApplications
would be (i) providing more accurate satellite soil moisturenadés, and (ii) extracting
vegetation water states. For satellite-based soil moistatenaes, the diurnal
backscatter differences could be used to improve the soil moestineation by better
guantifying the vegetation water component of the satellite IsiBe#ter quantification
of the vegetation water component leads to a more accuradtevaer estimation
through removal of the vegetation water component. In terms otateyewater, the
diurnal backscatter differences could be used to provide information getatien
water states. The diurnal backscatter differences as armiimhi of vegetation water
states or vegetation stress could then be used as an indicatoe funset of drought.
Information on vegetation water states itself would also prowigenteans to draw
conclusions about soil water states in the root zone as opposed toatibor about top

layer soil water only.
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