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ABSTRACT

Land-use is one of the main factors affecting tiidrblogical cycle in the Volta river
basin, where two major projects (GLOWA-Volta andnVal) are dealing with the
elaboration of a land-use planning and decisionpsupsystem for sustainable
agricultural production and water resource manageémBoth projects, especially
GLOWA-Volta need information about the seasonalatyits of the actual evaporation
and surface runoff. Therefore, the inter-annualadyics of the actual evaporation,
effect of land-use on the evaporation and on lamfhse models were analyzed via
surface flux measurements during the first longatexddy covariance measurement
over the savanna vegetation in West Africa. Theestigation took place in eastern
Burkina Faso; the analysis covers almost two yeactjding one relatively wet (2003)
and one relatively dry (2004) year. Surface runaffd scale effect were also
investigated in three adjacent watersheds withedfit land-use intensity during the
2004 rainy season.

The collected surface fluxes were reliable andesgntative according to the
energy balance closure and footprint analysis. driergy balance closure was affected
by rain during the rainy season, and by samplimiplems during the transition periods
(April-May and October-November). The relevancehd dominant wind direction in
the representation of the measurements was alsasdisd. With respect to the inter-
annual partitioning of the available energy betwtenlatent heat (actual evaporation)
and sensible heat flux, a conservative relationfigifpveen the decrease of the annual
rainfall (33 %) and the cumulative of the increadesensible heat flux (20 %) and
decrease of latent heat flux (10 %) was somehowrgbd. The latent heat flux was the
main consumer of the available energy during theyraeason (71 %), while sensible
heat flux was dominant during the dry season (77 IB}Jerm of water balance, 1229
mm of rainfall was observed in 2003 against 351 pwaporated, while 825 mm of
rainfall was observed in 2004 against 268 mm. Quthme dry season, the latent heat
flux was strongly coupled to the atmosphere, whaee decoupling coefficient(})
ranged from 0.18 to 0.4, but was greatly reduced thu the poor soil moisture
availability and high vapor pressure defiogtRD > 4 kPa). During the rainy season, the
latent heat flux was decoupled from the atmospl@®< Q < 0.9). Following this
pattern of coupling and decoupling, a new formolaf actual evaporation and surface
conductance was proposed.

The effect of the land-use on the land surfaceatsodas investigated by the
sensitivity of theNational Centers for Environmental Prediction (NGERe Oregon
State University, théir Force and theHydrologic Research Lab land surface model
(NOAH LSM) via the seasonal dynamics of the aeraayic property of vegetations
(roughness length for momentum). This sensitivitpswiested by comparing the
simulated surface fluxes using a fixed value of ineghness length for momentum as
mentioned in the standard form of the model andrtluighness length for momentum
having the true seasonal values. The results shawv the NOAH LSM was not
sensitive to the change of the aerodynamic propartyegetation on a seasonal basis
nor on a daily basis, which was found to be abnborni@e formulation of the
coefficient (B,) coupling the canopy transpiration to the atmosplveas found to be

the main cause for this. A new formulation f& was proposed to remedy the

insensitivity and to improve the performance of thedel. Recommendations are also
given to enhance the overall performance of the ehad the savanna environment.



The surface albedo was also investigated, asanigmportant parameter in
many models such as crop growth models, the ecoslogical models, and the
General Circulation Models (GCM). There was a cksasonal dynamics of the surface
albedo, which had a negative impact on the acwgp@ration. This effect was found to
be insignificant on a daily basis. The models lrated to simulate the seasonal
dynamics of surface albedo ¥itellaria paradoxa(sheanut tree) an8orghum vulgare
(sorghum) gave a satisfactory estimation, but thiese very sensitive to leaf area index
(LAI).

Finally, the surface runoff was measured with aagerunoff plots in three
small watersheds (Tanyele, Bounou and Sambouatih eath different agricultural
land-use intensity. Tanyele had high land-use sitgnBounou had medium land-use
intensity, while Sambouali was not under agricd@tiut was covered with natural
vegetation. Each set consisted of one short pl6t&9 m x 1.25 m and one long plot of
2 m x 5 m. The scale effect was measured by digittie runoff coefficient of the long

plot (C,,) by the runoff coefficient of the short plo€() and then compared to the ratio
of the surface §/ ;). Total runoff on a watershed scale was estimateticompared

with the total discharge at the outlet. A clearuettn of the surface runoff with
increasing slope length and with decreasing lamd-udensity was observed. A
difference in the interception and the frictionasistance of the vegetation was found to
be important in the process of the scale effect@eutease of the surface runoff with
decreasing land-use intensity.

Although it was not possible to directly measure ground heat flux and the
net radiation, the results of this study can bewvaht inputs of the eco-hydrological
models in the semi-arid region of West Africa.
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General introduction

1 GENERAL INTRODUCTION

1.1 Introduction

According to de Sherbinin (2002), land-use is #rentthat describes human uses of the
land, or immediate actions modifying or convertitagnd cover. It includes human
settlements, protected areas and agriculture. indtudy, the term land-use refers to
agricultural activities (extension of croplandgrishumance (livestock extension), wood
extraction and the subsequent attributes (cleavinthe vegetation, overgrazing and
bush fire). Land-use intensity is used for compmaripurposes, and it is the degree of
exploitation that characterizes a particular sitthe same agro-ecosystem.

Land-use is the major cause of the widespreadraeoli the vegetation cover
in West Africa, especially in the Volta Basin, résig from the slash-and-burn practice
or shifting cultivation (Duadze, 2004). It is algbe main factor affecting the
hydrological cycle in the Volta Basin (Andreiniat, 2000). In West Africa, especially
in Burkina Faso, economic motivations and goverringmiicies stimulate people to
cultivate the land in order to increase agricultpraduction. This has been achieved by
an expansion of the cultivated area as well asiblgeln productivity per hectare. The
need for new agricultural land was a strong argunienthe extensive clearing of
natural vegetation (Ungaro et al., 2004). The sibmain the White Volta River (sub-
basin of Black Volta) illustrates this widespreatsieonmental problem. According to
Mahe et al. (2005), the natural vegetation in theité/\VVolta basin declined from 43 %
to 13 % of the total basin area between 1965 arith,1the cultivated areas being
increased from 53 % to 76 %, and the area of ar@early tripled from 4 % to 11 %.

However, it has been widely recognized that theeteggon plays an important
role in the modulation of the earth’s climate arydological system (Dale, 1997). The
changes in the vegetation cover have potentialcesffen the local and global
environment with regard to the increase in the eatration of atmospheric carbon
dioxide, changes in temperature and precipitalimss of biodiversity, increased runoff
and flooding, soil erosion, watershed process arttid biogeochemical cycles (Helmer
et al.,, 2000). Similarly, the morphology of the e&gion influences the amount of
absorbed incoming shortwave radiation as well asatrodynamic resistance affecting

the turbulence exchanges of momentum, heat, andgtunei Also, changes in the
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vegetative cover are associated with changes indggetation physiology, which could
alter the surface fluxes in the absence of othetirfig factors and consequently the
climate both at regional and global scales (Da®971 Bounoua et al., 2002). To
prevent an exhaustive utilization of natural researand agricultural land in the Volta
basin, a project was initiated entitldchpact of changing land cover on the production
and ecological functions of vegetation in inlandless in West Africa (VinVal)The
overall objective of this project was to develojal for integrated land-use planning at
a watershed scale to improve the sustainable dfnialiproduction systems. This tool
should take into account the balance between ptmtuand protection objectives and
should assist in making informed decisions on alion of land-use activities of
smallholder farmers across the watershed on baticudimiral and natural landSuch
decisions are based on knowledge of the produstaee of these land-use activities
and their impact on ecological functions. With tpisrpose, an accurate knowledge of
the seasonal dynamics of surface fluxes introdubgdagricultural activities is
necessary. Therefore, the first focus of this neseavas How does the land-cover
change coupled to seasonal farming activities affextual evaporation §)? The
relevance of this question finds its response ie tact that E is an important
component of the ecosystem water balance and $yroglgted to the gross ecosystem
production in terrestrial vegetation (Law et abD02). According to Oguntunde (2004),
E is responsible for 70 % of the lateral global gyeransport and plays an important
role in the redistribution of water on the eartbigface (Mauser and Schéadlich, 1998).
Consequently, its quantification is critical for t@a resources management, and its
accurate estimation is a basic tool for computirggwater balance (Pereira et al., 1999).
E is also needed in the evaluation of energy paniitig, which is an important part in
the understanding of the link between the surfamegy balance and climate in a given
environment. However, despite the importanceEqf understanding of its process in
tropical zones is less advanced than in temperegégoms. In general, the models
available for the estimation dE are calibrated for the temperate regions, wheee th
feedback mechanisms in the boundary layer areeckltd the soil wetness. For the
tropical zones, especially for the savanna regitmesse feedbacks are more related to
the way the vegetation releases water into the stihmere (Schittemeyer, 2005).

Similarly, the effect of land-use o is obvious, but there is no real assessment



General introduction

available on that issue in West Africa, where cotitipa for water resources is very
high.

Understanding the process of the actual evaporaiafso an integral part of
the objective of the GLOWA-Volta project, which anto analyze the physical and
socio-economic determinants of the hydrologicalleymd to develop a scientifically
sound decision support for the assessment, susifeinese and development of water
resources in the Volta Basivan de Giesen et al., 2002). This objective ingslthe
understanding of the biosphere-atmosphere interastconsidering the effect of the
climate on the ecosystem functions and the potefegalbacks of the land surface to the
physical climate (Oguntunde, 2004). The eco-hydyga models, which require a
spatial and a temporal quantification of the swefliaxes, are relevant for this purpose.

Land-use impacts also surface runoff and its pmcdgemoval of the
vegetation from the watershed can result in a Bggmt increase in the surface runoff
because of the decrease in the interception ofalhiby the tree canopy as well as
greater surface sealing. The phenomenon is obviodgest Africa where, in spite of
the decline in the annual rainfall, increasing acef runoff is observed at the outlet of
the major gauged basin (Mahe et al.,, 2005). Howewasr in all research fields,
hydrological research in West Africa is less adeahthan the other regions of the
world, and the studies on the surface runoff aretéid to the empirical formulas that
relate the watershed characteristics to one charsiit of the flow at the watershed
outlet (e.g. van de Giesen et al., 2000). The nmogbrtant of these studies are those on
the average yearly outflow or the 10-year peak filRodier and Auvray, 1965; Rodier,
1976; Puech and Chabi-Goni, 1984). The empiricahtdas are more oriented on the
engineering purposes and are not relevant for watmurces management. Recently,
some physically based approaches have been appli€dte d’'lvoire, Burkina Faso,
Ghana (van de Giesen et al., 2000; Ajayi, 2004teel to the scale effect on surface
runoff and more oriented towards water resourcepage@ment at field level. These
studies showed that not all the water that can lmemwed on the surface during a
rainstorm reaches the bottom of the slope. Thikeseffect is found to be related to the
spatial variability of soil physical properties l{@m and Moglen, 1990) and the temporal
dynamic of rainfall intensity (van de Giesen et, &000). Actually, there is an

increasing interest of researchers to understans ¢ffect, because the water
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redistribution across the watershed is particulamhportant for agricultural water
management. If the scale effect is pronounced, soilge part of the watersheds needs
to be protected, i.e, mainly the lower part. Intcast, if the scale effect is negligible, all
parts of the watershed contribute to the surfacefftand the whole watershed needs to
be managed (van de Giesen et al.,, 2004). The mandfi the scale effect on surface
runoff in land-use planning can contribute substdlgtto both reducing the cost of
watershed management and to maintaining the salltyuTherefore, the second focus
of this research contributes to the study of tledeseffect. The findings can be regarded
as a contribution to a better understanding of ritle of the vegetation cover in
pronouncing the scale effect. It could also be adgargument for decision-makers for
preventing an extensive clearing of vegetation.

In this research, we use the measurement of suffages and automatic
weather data (from May 2003 to November 2004),e&d fbased measurement of the
surface runoff at the plot and on the watershedescand other complementary
measurements to achieve the objectives. When c@upar Sahelian Energy Balance
EXperiment (SEBEX) (Sellers et al., 1996) and Hyolgecal and Atmospheric Pilot
Experiment-Sahel (HAPEX-Sahel) (Goutorbe et al. 7)9%his study is the first long-
term eddy covariance measurement ever reportelgeisdvanna zones of West Africa
The study will help to understand the energy partihg in the savanna, and the results
can be easily extrapolated to other areas of th@mesince they all share similar agro-
ecosystem.

The specific objectives are:

1. To investigate the energy balance closure Mitallaria paradoxa(sheanut tree),
over theSorghum vulgar¢sorghum) and maize;

2. To investigate the surface fluxes and to develepy alternative models for the
estimation of the actual evaporation on a montinthetstep;

3. To quantify the roughness length for momenturd e effect on the land surface
models on a seasonal basis and on a daily basis;

4. To measure situand model surface albedo for sheanut trees amgthsor;

5. To investigate the scale effect on surface Humofthe savanna zone under a
monomodal rainfall pattern and to show the inflleeraf vegetation cover on this

process.
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1.2 Research justification

This research finds its justification in the scgrciof micrometeorological and
hydrological studies in the savanna zones of Wést#\as compared to the temperate
regions. With respect to the micrometeorologicaudss, the only available
documentations and serious research are the SEBB¥cp and the HAPEX-Sahel
project. These studies are limited in time and spawd give a partial insight into the
dynamics of the surface fluxes in the savanna watiget According to Oguntunde
(2004), recent research on improving the repretientaf the land-surface-atmosphere
interactions within General Circulation Models (GEMed to the investigation of a
wide variety of the different Soil-Vegetation-Atnpdgere Transfer (SVAT) schemes.
Forty-four different SVAT models were identified tvi the majority of them are
calibrated to temperate zones. Similarly, mosthaef 8VAT models failed to simulate
the dynamics of the surface fluxes in the savanomez because the feedback
mechanisms in the boundary layer in temperate ztinegich the models were run are
completely different to those in savanna zones ijg8emeyer, 2005). Therefore,
pertinent to the objective of the Vinval and GLOW#Ita projects, there was a need
for a long-term investigation of the savanna swfdicixes to improve the limited
knowledge of the effect of land-use on surfacedipespecially on actual evaporation.
Beyond local application, the research will alsgiove our understanding of the role
of savanna vegetation in the regional and the ¢iclbaate circulation.

Similar to micrometeorological studies, hydrolodictudies, especially of
surface runoff, are less advanced in tropical zahas in temperate zones (van de
Giesen et al., 2000). In the particular case of WAddca, rough empirical formulas
based on the research of ORSTOM and CIEH (Valerit@81; Albergel, 1987) are
appear in the literature with respect to surfaceofiu These empirical formulations
were designed for large-scale estimation of théasarrunoff in time and space and for
engineering purposes. These empirical formulatam$ot have explicit representation
of scale effect on surface runoff or are not aegrant part of the process of the surface
runoff. Therefore, there was a need to show thevegice of scale effect on surface
runoff in the savanna zone. This will be useful &r accurate representation of the

scale on surface runoff effect in model of the samaazone of West Africa.
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1.3 Thesis outline

This report is divided into eight chapters. Cha@docuses on the general descriptions
of the study area, energy fluxes and actual evdéiparas well as surface runoff. The
first specific objective is investigated in Chapgt& to 6, while the second objective is
investigated in Chapter 7. Chapter 3 shows theitguatd the representativeness of the
data by the energy balance closure and the fodtprialysis. Chapter 4 describes the
inter-annual energy partitioning and the implication the estimation of the actual
evaporation and surface conductance. Chapter 5 igxéension of Chapter 4 and
discusses the effect of the seasonal dynamics gétaBon cover on land surface
models, while Chapter 6 focuses on surface albedasarements and modeling for
sheanut nut trees and sorghum canopies. Chaptecusds on the study of the scale
effect on surface runoff under different land-usenditions. The Final conclusion
summarizes and discusses the main results of tidy.sChapters 3 to 7 are each

presented as articles and include the respectitieadelogy and results.
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2 GENERAL DESCRIPTION OF METHODS AND MATERIALS

2.1 Description of the study area

According to the selection criteria required to mtbe overall objective of the VinVal
project, three small watersheds were selected | phnovince of Kompienga
(10°55&11°55 N-01°25&01°23 E). These watershedsewerthe same agro-ecosystem
and showed a gradient of agricultural land-usensitg from high (Tanyele), medium
(Bounou) to no agricultural land-use with naturagégetation (Sambouali). All
watersheds covered an area of about 10 (isabore et al., 2003). Figure 2.1 shows the
location of the watersheds.

These two major land-use types were practiced iasehwatersheds:
Agriculture activities were carried out by the Ib@mmunities (Gourmantche and
Mossi) during the rainy season, especially in Téangad Bounou, and in all watersheds
transhumance was practiced by shepherds (Fulamé.cfops were rain-fed crops such
as sorghum, millet, maize, sesame and cotton. Dpelation living in the watersheds
was about 765, 706 and 330 in Tanyele, Bounou amib8uali, respectively (Diallo et
al., 2002).

2.1.1 Climate and vegetation

According to the phytogeographical classificatioh White (1983), the south-east
region of Burkina Faso belongs to the Sudan clinmEtee. For the study area, the
annual precipitation lies between 900 and 1000 rdab¢re et al., 2003). A rainfall
peak was observed between May and October witthanpronounced peak in August
or September. Temperatures are very high with & péabout 40 °C in March-April.
Lower temperatures were observed in August and detvDecember and January (22
°C on average). The region is characterized byMhellaria paradoxatreg which
dominates the vegetation cover. Other importanestrere Parkiia biglobosa
Andansonia digitata and Anea microcarpa The fallow land are dominated is
Combretum micrantumand the herbaceous stratum Bydroogon gayanysand

Penninsetum pedicelatum.
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Figure 2.1:  Location of the experimental sitesnyl@e (high land-use intensity); Bounou (mediumdiase intensity); Sambouali

(without agricultural land-use and covered withunak vegetation)
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2.1.2 Geology, soil and land cover

In all the watersheds, the up-land and the low-lanel characterized by breastplate
mounds and some emergent granite rock formatioms¢chwmark their crests. The
terrains are flat (slope 3 %0 and the main type of soil is Lexisoil (> 60 %)iagrue in
most of West Africa (Braimoh, 2004). With respeettihe soil texture, in Tanyele, the
soil consists of sandy loam (71 % sand, 24 % &ilt & % clay), in Bounou of loam (34
% sand, 48 % silt and 16 % clay) and in Samboudatiay loam (25 % sand, 47 % silt
and 28 % clay). Tables 2.1 and 2.2 show the mgjmes of soil and land cover in each

watershed.

Table 2.1: Soil types and the relative percentagach watershed

Soil type Tanyele (%) Bounou (%) Sambouali (%)
Lexisoll 63 46 63
Gleysaoill 31 0 6
Cambisoil 0 45 23
Marginal soil 6 9 6

Source: Kabore et al. (2003)

Table 2.2: Land cover types and their relativegetage in each watershed
Landcover type Tanyele (%) Bounou (%) Sambouali (%0)
Farm land 20 18 0

Shrub land and old fallow 76 72 41.5
Woody savanna 3.5 9.8 58
Herbaceous savanna 0.5 0.2 0.5

Source: Kabore et al. (2003)

2.2 Energy fluxes and actual evaporation

The main energy fluxes used in hydrological modglare shortwave and longwave
radiation, sensible heat, latent heat and grourad fiex. Solar radiation is the main
source of shortwave radiation, while longwave radies are from the reflection process
at earth’s surface, cloud and fine particles in dhmospheres. Sensible he&t  and
ground heat flux G) are related to the heat transfer resulting frove temperature
gradient between two surfaces (Clark et al., 19&3nsible heat transfer occurs
between an evaporating surface (free water surfatkesurface and vegetation) and the
atmospheric overhead, while the ground heat fluxhis result of a difference in

temperature between two regions in the soil. If éaaporating surface is warmer than
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the ambient environment, then the sensible heat\lii be from that surface to the
environment and vice-versa. Similarly, the lateaathflux (AE) represents the energy
removed from the evaporating surface in the ligoidapor phase change of evaporated

water and is the product of the heat of vaporirafib) and the evaporation rat& .

2.2.1 Definition of the different form of evaporation

Evapotranspiration is the combined process of tiegaporation from the soil surface
or the free water surface and the transpiratiomftbe plant leaves and intercepted
water to satisfy an atmospheric demand. When thengapply is limited, the resulting
evapotranspiration is calleédctual evapotranspiration while the term potential
evaporation (Penman,1948) is used to describe #rémmum or the potential level of
evaporation resulting from a non-limiting water ddion and the satisfaction of the
energy budget (Clark, 1989). The reference cropenaion (Burman et al., 1980;
Doorenbos and Pruitt, 1977) is commonly used afergdo the evaporation from a
specified uniform green grass surface, which isvalst growing, of uniform height of
12 cm, a fixed canopy resistance of 70°5and an albedo of 0.23, completely shading
the ground, and under well-watered conditions.

2.2.2  Factors influencing energy fluxes and actual evapation

a. Abiotic factors

Energy fluxes are mainly influenced by solar radmat(shortwave radiation: 0.3 to 4
micrometers) constituting the primary input of ener A part of this shortwave
radiation is reflected as long-wave radiation (B@micrometers, Campbell, 1977) or
absorbed by clouds, fine particles in the atmosphemd the earth surface. The
reflectivity of a surface to the shortwave solatiasion is known as the surface albedo.
The higher the reflectivity of the surface, thehggthe surface albedo. The budget of

the reflecting and the absorbed part of solar tamias known as net radiatiorR().

Therefore, sensible heat, latent heat and grouatl fhex depend on the net radiation.
The percentage of net radiation allocated to eddhese components depends on the
availability of moisture. When moisture being abant] the latent heat fluxAg) will

be the main consumer of the net radiation, whitkegdnsible ) and ground heat flux

(G) will be the main consumer in dryer areas. Endigyes and actual evaporation

10
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depend on the ambient air temperatufg) (as well as on the relative humidityR().

Both parameters determine the vapor pressure 0€¥i€iD) and strongly impact the
actual evaporation rate of the vegetation canoagv(d and McNaughton, 1986).

Air movement also plays a major role in the tramspd energy fluxes. Both
sensible heat and latent heat fluxes are transpadevely by turbulent eddies in the air
as well as the water vapor transpired from thetpl@rark, 1989). Wind can also help to

maintain a significant vapor pressure deficit athnre plant canopy.

b. Biotic factors
Energy fluxes are affected by the physiologicalpgrties of the vegetation canopy, i.e,
by their albedo, type, variety and developmentest&@r instance, young crops have a

higher surface albedo than mature crops (Oguntuz}).

2.2.3 Measurement techniques

Several techniques and methods for measuring efflerggs and actual evaporation are
available in the literature. Recently, efforts héeen made to determine energy fluxes,
spatial distribution and temporal variability of taal evaporation by modeling
approaches that are facilitated by both remoteisgrad GIS-based techniques. In the
1930s, different methods such as weighing lysinsetaerge-tree porometers, ventilated
chambers, profile micro-meteorological measuremarid injection of indicator
substances were developed to estimated actual eatEpo Large-aperture
scintillometers also provide a good estimationhaf &ctual evaporation (Schittemeyer,
2005) as well as sap flow techniques (Granier, 1&8% 1987). In the past decade, the
use of the eddy covariance (EC) technique in thd#ase layer investigations has
increased (Martano, 1999). It provides a tool dilws a direct measurement of energy
fluxes at a canopy scale. The theoretical basishisf technique is straightforward
(Brutsaert, 1982; Sumner, 1996). It provides adiiftux measurement through the
combination of wind speed, air humidity and temp@e data, without any crude
assumption on turbulent diffusivities, shape of thied profile or influence of the
turbulent forces. Nevertheless, the requirementstian instrumentation are quite
restrictive. According to Brutsaert (1982), the endnt difficulties are: 1) the sensor

must have a sufficiently fast response time, between 10 to 50 Hz; 2) the average

11
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period must be sufficiently long (at least 30 mwwjjile the average time should be as
short as possible to guarantee stationary timesevithout the effect of any trend, but
should also be long enough to cover even the skoWestuations of the turbulent

spectrum; 3) the orientation and placement of #lecity sensors should be precise. In
addition to these constraints, the sensors hawéetmed regularly (once a week) with
distiled water. The system consists of two majensors (Figure 2.2): the sonic
anemometer (e.g. Gill Instruments Ltd., UK) measginvind velocity, air temperature;

the Krypton hygrometer (e.g. model KH20O, Campbedtiestific, UK) for the

measurement of air humidity.

Krypton hygrometer

Triaxial sonic

anemometer

.....

Figure 2.2:  Eddy covariance devices

a. Theoretical framework of the eddy covariance méiod
The eddy covariance system determines the turbtllews of water vapor, momentum,
sensible heat flux or and any other admixture frmowariance (Brutsaert, 1982). The
method is based on the following three laws:

1. Conservation of water vapor;

2. Conservation of momentum for an incompressibledfluith constant viscosity;

3. Conservation of energy for an incompressible fluid.

12
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These laws applied in an Atmospheric Boundary LgydL) allow establishing the
equations of latent heat and sensible heat flux.

What is atmospheric boundary layer (ABL)?

In the atmosphere, the largest changes in windpéeature and humidity usually take
place vertically and very close to the surface {&8xart, 1982). For this reason, the air
near the surface may be regarded as a boundary. [@erefore, the atmospheric
boundary layer can be defined as the lower patti@atmosphere where the nature and
properties of the surface affect the turbulencesaliy. Under normal atmospheric
conditions, there are numerous factors that affeet major mass, momentum, and
energy transport phenomena in the boundary layeweer, if the ABL is considered
under the simplest conditions, satisfactory resoiithe energy fluxes can be obtained.
These conditions may be specified as a steady mogiarallel to the uniform plane
surface, intermediary between the cyclonic andatitecyclonic flow driven by parallel

equidistant straight isobars.

Determination of latent and sensible heat flux

As previously mentioned, the eddy covariance metleidrmines the latent heat flux by
the law “Conservation of water vapor”. In the ab=senf the phase of transition water
vapor in the air is a conservative scalar admixtArey conservative substance admixed
in a moving fluid is transferred relative to theed coordinate system, first by
convection with the fluid, and next by molecular tran superimposed on the
convective motion of fluid (Brutsaert, 1982). Tlngal specific mass flux is:

F=pV+F_ (2.1)

whereV =iu+ jv+kw (u, v and w are the components of the velocity following
thex, yand z axes andi, j, k are vectors) is the velocity of the aiF,, is the
specific mass flux due to molecular diffusion, gndis the mass of water vapor.

F., may be taken to be proportional to the local gratof the water vapor density, in

accordance with Ficks’s law:

13
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F.,=-k,UOOp, (2.2)

whereKk, is the molecular diffusivity of water vapor in tha.

The equation of continuity of the water vapor ie Hbsence of sinks is:

_oF =% (2.3)
ot

Similarly, the equation of continuity of the moast is:

-0(p) =22 2.4

Upon combining Eq. (2.1), (2.3) and (2.4) we have:

] 9
~(vm)g-p, lDD:m:a—?. (2.5)

If p andk, are assumed to be spatially constant, substitatideq. (2.2) in Eq. (2.5)

yields:
% +(vD)q = k,0%q. (2.6)
where q =£ is the specific air humidityp, is the density of water vapor ang, is

the density of moist air.

Eq. (2.6) is the basic equation of conservatiorthef water vapor, but is not
directly applicable, because the atmosphere is dlalavays turbulent. To simplify this
equation, Reynolds (1894) decomposed the dependamables into means and

turbulent fluctuation, namely:

14
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U=U+U V=V+V W=W+W gndd=a+0q

After applying the customary time average over iable time period and using the
equation of continuity [{J V = 0) we have:
a9 -99 -da —aa |olug) o(vq) a(wd
09, -0q,-0q,-0q__|d(u'd) o(vd) o(wd)

—+Uu—+

+k 02 (2.7
ot ox 0z 0z 0 X oy 0z WOite (27

In the ABL, because of the condition that the hamtal gradients and vertical velocities
are negligible as compared to the vertical gradiemd horizontal velocities, Eq. (2.7)

becomes:

o’q o(w'a)
Pa 0z

=0. (2.8)

In the sub-layer of ABL where the vertical turbuldiuxes do not change appreciably

from their value at the surface, Eq. (2.8) is samtb:

E = p,Wg (2.9)

This quantity multiplied by the latent heat of vapgation (1) gives the latent heat flux.
When a similar procedure is applied to the lawth&f conservation of energy for an
incompressible fluid, sensible heat flux can beedatned and is expressed as follows:

H = p,c, W6 (2.10)

where ¢, is the heat capacity of the air, ais the fluctuation of the potential

temperature from the mean.
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2.3 Surface runoff

Surface runoff is the water running over land reisgl from the infiltration excess

during a rainfall (or snow water melt) event. Hort(1933) was the first to study this
process, and proposed an infiltration-capacity-thasedel now referred to as the
Hortonian overland flow. Later, Dunne (1970, 19%8pposed a saturation-based
(saturation excess) runoff generation process ailihed the importance of a rising
water table in initiating and sustaining surfaceaffi (Ajayi, 2004). There are several
well-documented studies in the literature on swfagnoff, but most of them were
carried out in temperate regions. Likewise, becaabeagricultural interests and

management purposes, many studies were relatdtk tanderstanding of soil erosion
processes and nutrient dynamics (Littleboy et H096; Ajayi, 2004) by model- or

statistics-based runoff plot measurements or ahoaat observation. Plot-based
measurement and the measurement of rainfall iritewsth appropriate rain gauges are
the basis for better insight into the process ofase runoff and understanding of the

factors influencing that process at a small scale.

2.3.1 Factors influencing surface runoff

The combined effect of rainfall intensity and theygical properties of the soil surface
are the main factors influencing the surface rurggheration process. These factors
interact simultaneously and the magnitude of eadhtlem depends on the

circumstances, the study area and the method.

a. Temporal dynamics of rainfall intensity

Rainfall is the primary input in the runoff geneoat process, because it provides water
the system, and when this supply surpasses a rcddaeel, surface runoff occurs
depending on the surface physical properties. IrstWdrica, some of the available
empirical models use the annual rainfall to evauae yearly outflow or the 10-year
flow. However, in surface runoff processes rainfialénsity better description, which is
not constant over time. It can be of higher or Iowéensity which determines the time
in which the infiltration capacity is surpassedgafwhich point all subsequent rainfall
will generate surface runoff. The repartition, \aiyp and discharge level depend on the

surface properties and their spatial variability.

16



General description of methods and materials

b. Spatial variability of soil physical properties

The spatial variability of soil physical propertiesrelated to hydraulic conductivity,
sorptivity, microtopography, slope and the vegetattover (surface roughness). From
one point to another or one area to another, thasgmeters can change significantly
resulting in different responses in surface rundfiese parameters are also related to
the land-use pattern. The importance of microtogpigy is sometimes associated with
the effect of the tillage practice controlling theagnitude and the distribution of the
surface runoff (Ajayi, 2004). Changing land-useuttssin changes in the canopy cover
and the degradation of the vegetation cover (leah andex), and increases the soil
disturbance. This affects soil roughness and thu$ace runoff, and soil erosion
increases (Navar and Synott, 2000; Kincaid et1#66; Lane et al., 1997). Different
land-use may also increase or diminish soil irdtion, ultimately affecting surface
runoff. Fieldler et al. (2002) show the effect ofeograzing on the overland flow in
semi-arid grassland with its effect on the poirdlsanfiltration conductivity resulting
in an increase in surface runoff. Bush fires arshart-term change in vegetation based

on cropping pattern can also change surface rymotfesses (Ajayi, 2004).

c. Scale effect on surface runoff

The understanding of the scale effect on surfanefflnas gained increased interest in
the past two decades. It depends on both tempgnaindics of rainfall intensity (van de

Giesen et al., 2000) and spatial variability ofl @tiysical proprieties (Yair and Lavee,

1985; Lal, 1997; van de Giesen et al., 2000; Ma=lyaa et al., 2003; Joel et al., 1985;
Esteves and Lapetite, 2003). All these studies lpaweided evidence that not all the
surface runoff that can be seen on the surfaceglarirainstorm may reach the bottom
of the slope. The longer the slope, the higherdaeiction of surface runoff. However,

Sharman et al. (1983), and Lal (1997) concludetidahancreasing slope length induces
a corresponding increase in runoff volume froma.prheir results show that the scale
effect might be dependent on the local situaticene¥ they are some of the few authors

to come tot this conclusion.
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2.3.2 Measurement techniques
Surface runoff is commonly measured using runastgbr by a discharge measurement

structures at the outlet of the catchment.

a. Plot based measurement

In the plot-based measurement technique, runoff gie installed on the trial site. The
plot can be square or rectangular with a variat#a.aThe plot is oriented downhill and
is connected by a gutter to a runoff collectorg@neral buried oil drums). If the size of
plot is larger, two or more collectors can be usedeceive all surface runoff from the
plot. External runoff is prevented from runningadrthe plot by a metal sheet with a
height of about 20 cm deeply buried in the soig(ffe 2.3). Rain is prevented from
entering the collectors through screw-tops or appate lids. The total runoff from the
plot is measured by emptying the oil drum using @asuring cylinder or by direct
reading if a graduated bucket is inserted in tHednim. The main difficulty of this
method is that cumulative runoff from several raihkvents could be attributed one
rainfall event. For instance, several rainfall égecan take place in the night after

which only one reading is made.

Figure 2.3:  Runoff plots installed in Tanyele. t_eghort runoff plot (1 m2); right
size: long runoff plot (10 m?)

b. Measurement at the outlet of the watershed

For the whole watershed, discharge measurementtstes are used at the outlet.
Because of their simplicity, H-flumes are generalsed. However, the structure can
also be built of concrete (Figure 2.4) and thenestion of the discharge is done by

frequent reading of the level meter measuring wkegeel passing over the structure.

18



General description of methods and materials

The water level value is then used in to the disggphaquation corresponding to the
respective structure to estimate the total disahaRgcently, the use of data-logging
pressure transducers has increased. Here, in ddfime steps, the pressure exercised
by the layer of water passing over the measuresteintture is recorded. The difference
between the pressure recorddg))(and ambient atmospheric pressuR)( gives the

depth of the layer of water passing over the measant structure. The method is more

accurate than the traditional way of reading onewbdvel-meter and allows an accurate
monitoring of peak flows.

Figure 2.4:  Construction of weir for discharge swament at watershed scale in
Tanyele
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3 ENERGY BALANCE CLOSURE AND FOOTPRINT ANALYSIS *

3.1 Introduction

The energy balance of the earth’s surface is adomahtal component of all models of
land-surface/atmosphere interaction (Culf et 897). The energy balance stipulates
that the available energy at the surface (diffeeebetween net radiation and ground
heat flux) is equal to the sum of sensible heat &tdnt heat flux. When the
components of the energy balance are measuredaselyaa perfect balance is seldom
obtained but can be approached reasonably if thasumements have been well
conducted. Therefore, micrometeorological reseaschivays use the energy balance
closure to test for the reliability and quality thieir measurements. A dataset with an
energy balance closure within 10 % is often conedeeliable (Culf et al.,1997).

The review of the literature reveals that Russigmeditions in the 1970’s and
the 1980’s were the first to report the problentte energy balance closure. In these
studies, the energy balance closure was up to 8Bl&gina et al., 1978; Elagina et al.,
1973; Orlenko and Legotina, 1973; Tsvang et alg7)9Wilson and Baldocchi (2000)
obtained a similar result over temperate deciddotesst. More recently, better results
were obtained. For example, Shutteworth et al. 41 98ported 7 % over tropical forest,
Jarvis et al. (1997) found 3 % over boreal blaalke$d and Finch and Harding (1998)
recorded 5 % over pasture. Similarly, Aubinet et (@D00) presented some energy
balance closures of the EUROFLUX forest site as phat of (R, —G) versus

(H + AE). Good regression fits were obtained with the slgprying from 0.99 in the
best case to 0.77 in the worst. In West Africas thsue has not received much attention
because of the lack of micrometeorological studkesexception is the energy balance
closure over pattern-woodland and fallowed vegetatietermined during the HAPEX-
Sahel project in Niger (Kabat et al., 1997) and en@cently by Shiuttemeyer (2005) in
central and Northern Ghana. In the light of thaseliss, it appears that a good energy
balance closure depends on the instruments usemhatel (wind turbulence),

measurement techniques and especially vegetati@s.ty

! Material in this chapter is accepted for publicatin Hydrology and Earth System Sciences (HESS)
with N.C. van de Giesen and S. Yonkeu as co-authors
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The representativeness is also an important fo€ukeo reliability and the
quality of the micrometeorological measurementsis Tiepresentativeness is often
determined by analysis of the footprint, i.e., #ifective fetch and the sensor footprint
or source area (Ghash, 1985; Lloyd, 1994; Baldod®®7; Schimid, 2002). However,
researchers do not pay much attention to the posgity of the measurement station
with respect to the dominant wind direction, whadn have a significant effect on the
representation of the measurements. In most otdlses, the location of the station is
appreciated with the aspect of the environmentp#st one being a flat terrain free of
tall trees and hills. As the eddy covariance (E€}hhique consists of a point
measurement of an average flux over a given araH éCal., 1997), if the objective of
the study is to investigate the surfaces fluxes avparticular vegetation cover, special
attention should be paid to covering a higher nundjetrees, so that the measured
fluxes are representative of such vegetation. Bames more relevant in the savanna
regions, especially on farmland, as the vegetatmmsists of very sparse trees. At the
same time, two major wind regimes characterizestvanna region of West Africa such
as the Harmattan wind (during the dry season) ftloennorth-east and the monsoonal
wind (during the rainy season) from the south. riceeo to obtain representative surface
flux samples over a terrain in such region, théiatashould be installed such that the
fetch area covers the higher number of trees withendominant wind direction. This
aspect is seldom taken into account in the micreoretogical studies. Therefore, the
present research conducted within the framewortk@iGLOWA-Volta (van de Giesen
et al.,2002) and VinVal projects, is aimed at cimtting to the energy balance closure
issue over the savanna vegetation, especially vitetlaria paradoxa(sheanut tree)
and Sorghum vulgargsorghum). In addition, the relevance of the dantnwind
direction in the representativeness and the qualitiie flux measurement is discussed.

The study covers four contrasting periods: the sigson (January to March
2004), the transition period between the dry amdrdiny season (April to May 2004),
the rainy season (June to September 2004) andryivegdip period (mid-September to
November 2004). The results can be useful and septative of the savanna zone of
West Africa, because sheanut trees dominate thetawgn cover and sorghum is

common crop grown widely.
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3.2 Methods and materials

All climatic variables used in the analysis, excapt radiation R,) and ground heat

flux (G), were directly measured hourly with an Eddy Cavace (EC) station at 10 m
height or processed from the EC raw data. Theostatias provided with a Krypton
Hygrometer (model KH20, Campbell Scientific, UK)rfthe measurement of air
humidity, while wind speedy), wind direction Qir ) and air temperaturel() were
measured with a triaxial sonic anemometer (Giltritn®ents Ltd., UK). Sensible heat
flux (H) and latent heat fluxAE), friction velocity ("), Monin-Obukhov length I( )
and necessary corrections were processed fromathalata with ALTEDDY software

(Elbers, 2002). The variablas, Dir , and T, were also measured at 2 m height above

the ground surface with an automatic weather statio

3.2.1 Trial site

The site was located in eastern Burkina Faso (11M070°33' E). Agricultural
production was intensive. The site is characterlzgthe Sudan climate and vegetation,
and the rainfall pattern is monomodal. The mairn §qe is Lexisoils. The EC station
was installed on farm land (average slope of R Sasrounded (during the dry season)
by sheanut trees with an average height of 8 m.aleeage distance between the trees
was 15 m, and density was about 17 trees/ha. Dtinmgainy season, crops and grasses
grow and alter the roughness length for momentuer tine. Crop density was about 4
plants/nf. Figure 3.1 shows the location of the study arehgives an impression of the

vegetation cover during the rainy and dry seasons.

3.2.2  Energy balance closure
The energy balance closure is usually tested bypeoimg the sum of sensible heat and
latent heat flux H + AE) and the difference between net radiation and rgtdheat flux

(R,-G). R, and Gwere estimated with commonly used equations aJailab the

literature.
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Figure 3.1:  Landsat image showing the locatiothefexperimental site and a picture
giving an impression of the field scale uniformity

a. Estimation of net radiation

The energy budget equation was used to estifRatend is expressed as follows:

Rn = &_ Ru+ R_d_ Ru (31)
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or
R,=(1-a)xR+ Ry~ R, (3.2)

where ais surface albedo [-R, is incoming shortwave radiation [WTh R, is
downward long wave radiation arit],, is upward long wave radiation [Wh

The surface albedo was measured every three weekdare soil from January to May
2004 and over the sorghum crop from June to Semer2004 with a pyranometer
(model: SP LITE, Kipp & Zonen, Delft, the Nethertts).

According to Idso and Jackson (196R),, and R, are expressed as follow:
Re=&(1-qoT !+ o T'+ ck (3.3)
and
R,=(1-&)[6.(1-oT} + o T'+ cH+eg T (3.4)

where the first term in Eq. (3.3) represents tltkateon from the clear sky as a function

of the emission of the clear sky¢ (), cloud cover €), air temperatureT,) in Kelvin

and the Stefan-Boltzmann constamt £ 567x10°W m? K™). The second term is an
estimate of radiation from clouds as a functionhef absolute air temperature assuming
that the emission is equal to unity. The third tesnthe product of the fractional cloud
cover and an empirical correction factde)(to adjust for the difference between air
temperature and cloud base temperature. In Eq), (Betfirst term is an estimate of the

downward long wave radiation being reflected upwiandh the surface. The factar,is

the emission of the surface for long wave radiatidme second term of Eq. (3.4) is the
long wave radiation being emitted upward by th&ag at the surface temperature.
Combining Eg. (3.3) and Eq. (3.4), the followinguatjon was obtained:

RLd—F{u=£S[£a(l— JoT'+ o T -0 -E]+£CC| (3.5)
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According to Dong et al. (1992), Eq. (3.5) couldddaplified by eliminating the term

£.ckand good estimation dR ; — R, can be obtained with the following equation:

R¢~R,=08%¢,(- Qo'+ o -0 T] (3.6)

The coefficient 0.89 is an empirical adjustmentdathat eliminates,ck .

According to Llasat and Snyder (1998), Eq. (3.ddkmnly for daytime when the solar
altitude (h) is greater than 10°. This condition is fulfilldtere, since the daytime
measurements were used in the analysis.

The clear sky emissions() was estimated with the equation proposed by Sawvikb

(1963) as follows:
£, =0.92x 10°T? (3.7)

The cloud fraction ¢) was estimated with the equation proposed by Kasted
Czeplak (1980) as follows:

R 1-0.7%%* 3.8
- ) (3.8)

where R, is the clear sky irradiance [Wthand is expressed as follows:

3.75

where | is the extraterrestrial radiation [W Zhestimated based on Allen (1999).

The sun altitude was estimated (Llasat and Sny@98) as:

h =arcsin{ /1367 (3.10)
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For h>10° and combining Eqg. (3.9) and Eg. (3.10), th#ofang equation was

obtained:

c:1.08£{ 1—&j | (3.11)
R,

b. Estimation of ground heat flux

There are several methods to determine ground hea{® ). A review of literature
reveals thalG can be directly measured with heat plates buriedcrtain depth in the
soil, normally at a few centimeters below the steféOke, 1987). Analytical solutions
are also available when the surface temperaturesvainusoidally (Carslaw and Jaeger,
1986). These analytical solutions are temperatusdignt and soil-calorimetric
methods, which require soil surface temperatureit@@ert, 1982). Here, the analytical
solution based on temperature gradient was usetksitribes heat conduction into the

soil as follows:

2
Mg T (3.12)
ot 0z
and soil heat flux is:
Q=-a; [CGgl (3.13)
Z

whereT is temperature [C] in the soil at depth [m] and timet [s], a; is the thermal

diffusivity [m? s'] equal to the ratio of the thermal conductivityeoithe volumetric
heat capacity€) [J K* mJ].

When the time and depth incremeditt § and (Az,) are sufficiently small, the solution

of Eq. (3.12) forT, is expressed as follows (Anlauf et al., 1987):

+At,zg

T

s, =0 DUAZZOT L, 2T, + T, )+ T, (3.14)

z+hz
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Eq. (3.13) and (3.14) were programmed in MATLAB lzhea the similar approach of
HEATREG proposed by Anlauf et al. (1987). The initeinperature in the soil layers
was set as soil surface temperature, which wasuleddzl by extrapolating the air
temperature at 2 m and 10 m above the soil surfdeetime and depth incremenkt()

and (Az,) were set at 1hr and 10 cm, respectively.

3.2.3  Footprint analysis
The footprint was calculated based on Schuepp €1290) as follows:

f(x):——:—mfexp{ifmf} (3.15)

where the left-hand side represents the flux faotpx is the distance upwind from the

point of measurement [mJX,, is the distance upwind [m] at which the flux foorp is
a maximum (effective fetch), and is a momentum stability correction function.

Following Dyer (1974)¢ is expressed as:

£= {1— 16%} | (3.16)

where zis the measurement height (10 m), dni$ the Monin-Obukhov length [m].

Also, according to Dyer (1974),, was calculated as follows:
X =—— (3.17)

where kis Von Karman coefficient (0.41)X,, was set as the distance of 80 %
integration flux and was computed from the raw deith ALTEDDY software (Elbers,

2002),u andu” are wind speed and friction velocity [i]srespectively.
In order to show that the measured fluxes wereemsgtative over the
investigated terrain, the fetches were roughly espnted on the plan, and the major
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trees with MATLAB. The coordinatex and Y of the wind source (corresponding to

the upwind distance from the station) were cal@dats follows:

X =X, xcosir) + Lat (3.18)

Y = X, xsin(Dir) + Long (3.19)

where Dir is the wind direction [radian]Lat and Longare the latitude and longitude
of the EC station [UTM], respectively. Trees wittan2 km radius around the station
were located with a GPS (Etrex summit). The analy&s made for nighttime (unstable

condition) and daytime (near-stable condition) rmeasents.

3.3 Results and discussions’

The energy balance closure was first presentethiowhole dataset (from January to
November 2004) and the anomalies detected wereg/zzathby presenting the closure
over particular periods such as the dry period danto March), the dry to wet
transition period (April to May), the heavy and manent rain period (June to
September), the wet to dry transition period (mépt8mber to November). The
representativeness of the measurement for thesedpeis later discussed in the

footprint analysis.

3.3.1 Energy balance closure

Figure 3.2 shows the energy balance closure oeewtiole dataset and showed widely
scattered points around the 1:1 line with a deteation coefficient of 0.82. The slope
and the intercept of the regression fit betweBn~G) and (H + AE) were 0.90 and 25

W/m?2, respectively. At first, a bad estimation Bfand G was suspected as the reason

for the scattering, but the broad distribution lé foints around the 1:1 line indicated

the inability of the EC station to sometime acceisatneasured and AE.
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Figure 3.2:  Energy balance closure from JanuaiNaeember 2004

However, the estimation oR and G could also account for large part of the observed

scattering because the relative bias errors waretme >50 %, especially during the

night, the early morning and days with rain. Intfachen R, and G are measured with

adequate devices, the uncertainties related to theasurement are 5 % and 30 %,
respectively (Culf et al., 1997). When the datases analyzed according to the
subdivision previously mentioned, one can noticéear decrease in the goodness of the
energy balance closure and the coefficient of dateation from the dry to the rainy
season, and the trend reverses as soon as the dmt period begins (Figure 3.3). The
correlation coefficients were 0.91, 0.80, 0.68 @h86 according to the analyzed
periods, respectively. Therefore, the reason fa s$obattered pattern of the points
observed over the whole data is more likely relateithe sensitivity of the measurement
device to rain. The high concentration of dusti@ air could also be one of the reasons.
In fact, a Krypton Hygrometer was used to meadeeair humidity, and this is known
to be very sensitive to dirty tubing (Leuning anaid) and to rain droplets obscuring
the optical path during rain (Culf et al., 1997; dds, 1999). The malfunctioning of the
Krypton hygrometer during and after the rain cast ks long as the lens does not dry.
This is confirmed by Figure 3.4, which compare ¢thesure over DOY168 with a total
rain of 9.2 mm (Figure 3.4-a) and DOY168 (Figuré-B) without rain. The correlation
between R - G) and (H + AE) during DOY168 (r?=0.53) was poor, whereas it was
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better during DOY170 (r2= 0.97). The sensitivity tbe Krypton hygrometer to dirty
tubing and to rain is one of the big concerns alitsuise. These concerns can be even
more pronounced in the savanna region, where this always dusty during the dry
season, and during the rainy season the rain @yalwreceded by violent dusty winds.
As proposed by Moors (1997), the sampling tubesehiav be changed or cleaned
regularly, which was not practically possible dgrithis research because of the
location of the station. In fact, the station waaimained only every three weeks and
during the rainy season several rain events ccake place during this period. The

measured available energyd (+ AE) was also found to underestimate the estimated

available energy R,—G ) as mentioned by most of the authors in the ditee

(Brotzge and Crawford, 2003; Dugas et al., 1991ul@en et al., 1998; Moore, 1976;
Twine et al., 2000). The known causes of the wstanation are the distortion of the
flow by the sonic anemometer (Wyngaard, 1988), madpor fluctuation (Shuttleworth
et al.,, 1988), the experimental design, especidiig measurement height that
determines the sensor footprint (Culf et al., 19917¢ atmospheric condition, and the
non-homogeneous of the terrain over which the nreasent is carried out (Foken and
Wichura, 1996). However, the latter was not of img@oce in the trial site, because the
vegetation was homogenous and the terrain flat aishope of about 2 %&igure 3.4
(b) also reveals an asymmetry in the daily eneagrixe closure. The values during the
afternoon were smaller and more accurate than timo#ige early morning. A similar
phenomenon was observed during days with rain. Toisld be related to dew
formation (for days without rain) and to rain (fdays with rain) on the lens of the
Krypton hygrometer. Therefore, before the lens thasd, all measurements of latent
flux are overestimated. However, the asymmetry olesk over the daytime
measurements could also be related to the estimatioground heat flux, as the
asymmetry of the incoming and outgoing radiations waken into account by the
change in the average radiation at the soil surféanergy balance closure based on the
in-situ measurements of all components of the endrglance is necessary for

comparison with the above described observations.

30



Energy balance closure and footprint analysis

700 — 700 =
600 | @ y = 0.90x + 29.86 1_1J_m// s00 | ® L1 e
500 . 2=001 1 500 y = 0.89x + 20.77 oo o .-
<~ 400 - 400 - ~
g 300 - 300 -
© 200 - 200 -
¢ 100 | 100 -
0- 04
-100 - -100 -
-200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 200 ber"" ‘ ‘ ‘ ‘ ‘ ‘ ‘
200 -100 0 100 200 300 400 500 600 700 200 -100 0 100 200 300 400 500 600 700
700 — 700 —
600 1 ©  y=081x+20.39 « e 1:1 liné” 600 1 (@  y=0.98x+26.16
- = 0.86
500 - .
400 1
300 -
200 -
100 -
0.
-100 1
‘ -200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2100 0 100 200 300 400 500 600 700 200 -100 0 100 200 300 400 500 600 700
H+AE (W m™) H+AE (w m?)

Figure 3.3:  Energy balance closure over diffepariods: (a) dry season (January to April), (b) tiryet transition period (April to
May), (c) rainy season (June to September) andrfang period (October to November)
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Figure 3.4:  Energy balance closure over selectas dluring the rainy season: (a)
DOY170 without rain and (b) DOY168 with 9.2 mm aifnr

3.3.2  Footprint analysis

According to Stannard (1993), the source area okddy covariance measurement
generally extends an upwind distance of about it the sensor height. The analysis
of the effective fetch of the station showed thegt maximum ranged between 20 and
800 m, which represents 2 to 80 % of the theorefieteh with a measurement height of
10 m. Generally, the higher values were observedngluthe night and the early
morning, where the atmosphere is very close toilgtgabwhile the minimum values
were observed around noon, where the atmospheresiable. Figure 3.5 illustrates this
observation for two contrasting hours selected @YB1 and in DOY179 and for two
contrasting periods (dry season and rainy seasaming both periods, the footprint
was similar, but with a higher peak during the yaseason. A peaked footprint exists
with large contributing areas up to 100 m during tlaytime. The results are similar to
those obtained by Kabat et al. (1997) in the falleegetation and the patterned
woodland in Niger during the HAPEX-Sahel project the station was located on a
farmland, the fetch could be considered as reptasea during the rainy season, as the
scale length of the crops and grasses was a fewrsndduring that period, all soill,
crops and grasses as well as trees contributedetoneasured fluxes. However, the
representativeness could be problematic during dhe season and the transition
periods, as the major contributor to the measurea$ was the sheanut tree due to the
absence of crops, grasses and to the dryness ebihsurface. The scale length of the
vegetation-bare soil was higher and ranged betws®m and 100 m. Therefore,
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measuring the efficient latent heat fluxes undestainle conditions (daytime) led to
sampling problems, as the fetch was not more tldam.5n such a situation, most of the
trees probably do not contribute to the measurenvamth could raise the problem of
representativeness over the terrain.

The fetch and the trees are roughly representethemplan on Figure 3.6. It
can be seen that only 10 trees at the most wertelmatimg to the measured fluxes over
an area of about 1 ha, mainly in the north-wesnfdanuary to March. The 10 trees are
in the high concentration of the fetch around ttatien corresponding to the daytime
measurements (dark part of Figure 3.6-a). In faxire than 50 % of the winds came
from the north-west. During the two transition pes, only 2 (dry to wet transition
period) and 5 (drying period) trees were contribgitito the measured fluxes,
respectively (Figure 3.6-b and 3.6-d). During bpémiods, winds came from the south-
east, and trees were not dense in that directiomparing the covered tree density and
the average tree density on the terrain (17 trg¢eitheould said that the measured fluxes
are representative for the dry season, becausgh&rhnumber (59 % of trees) were
contributing to these fluxes. This could be on¢hef explanations of the relatively good
energy balance closure observed from January toctMaln contrast, during the
transition periods, only 12 % and 29 % of the treese contributing to the measured
fluxes, which could also partially explain the deage in the correlation coefficient in
those periods in addition to the effect of rain dundt. The results of this study could be
used in the positioning and choice of the adeghaight of the station to increase the
representativeness of the measurements. For irsthetore installing the station, the
dominant wind direction for the period of intensiwveasurement could be determined.
Secondly, the station should be installed in suctvay that a maximum fetch is
maintained in the area to be investigated. In tlesgnt case, the representativeness of
the measured fluxes during the problematic pericogld have been increased by
installing the station in such a way that a highmember of trees would have contributed
from the south-east. This could also have beeresetiby increasing the height of the
station in order to increase the fetch, especdllyng the transition periods.

The installation of the station according to thenéttant wind direction could
imply shifting the station from site to site. Hoveeythis could be limited to two times

in the savanna zone of West Africa as there arg tmb dominant wind regimes.
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3.4 Conclusion

The study clearly shows that the EC technique carffopned on farm land in the
savanna zone, and that the data collected ardleekand representative. However, the
sensitivity of the system to rain and dust couldeha significant effect on the reliability
of the measurements. During the rainy season, #esuarements of most of the days
with rain were excluded from the analysis, becatmssy did not satisfy the energy
balance closure requirement, which may hinder benesluation of the dynamics of the
surface fluxes during that period. The study alsowsed an asymmetric effect on the
energy balance closure on a daily basis. This s¢emeluce the measurement accuracy
during the morning. Attention should be given ts tissue in future, because the reality
of this asymmetry can not be substantiated sineenét radiation and the ground heat
flux were only estimated.

Finally, the study reveals that the location of #tation with regard to the
dominant wind direction is very important and caawvér a significant effect on the
representativeness of the measurements. Therefaseaspect should be added to the
traditional criteria of the selection of the bestdtion when installing the eddy

covariance system, especially in the savanna vegetavhere the trees are scattered.
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4 INTER-ANNUAL ENERGY PARTITIONING OVER THE WEST
AFRICAN SAVANNA: EVAPORATION AND SURFACE
CONDUCTANCE MEASUREMENTS AND MODELING 2

4.1 Introduction

Agricultural land-use can have significant effeots energy partitioning as it changes
vegetation morphology at large scales. In Westcafriespecially in Burkina Faso,
economic necessity and government policy stimullagerural population to cultivate
land intensively in order to increase agricultysebduction. This is being achieved by
an expansion of the cultivated area, as well abkiblger productivity per hectare. The
need for new agricultural land has been a stroggraent for the extensive clearing of
natural vegetation (Ungaro et al., 2004). AccordiogMahe et al. (2005), natural
vegetation in the White Volta basin declined fro® % to 13 % of the total area
between 1965 and 1995, while the cultivated areeeased from 53 % to 76 %, and
bare soil nearly tripled from 4 % to 11 %. This espread change in the vegetation
cover coupled to the seasonality of farming ag@sitcould influence absorption of
incoming shortwave radiation as well as the aeradyn resistance affecting turbulence
exchanges of momentum, heat, and moisture. Sipilellanges in vegetative cover are
associated with changes in plant morphology andsiplogy, which could, in the
absence of other forcing factors, alter the surfawees and consequently the climate
both at local, regional and global scales (Dal®718ounoua et al., 2002).

Review of the literature reveals that the studyepnérgy partitioning has not
received much attention in West African savannpageally when compared to other
regions. The little documentations available on idsie are from the Sahel Energy
Balance Experiment (SEBEX) (Seller et al., 1996¢ Hydrologic and Atmospheric
Pilot Experiment in the Sahel (HAPEX-Sahel) (Goubzuet al. 1997), and, most
recently, Schuttemeyer (2005) in Central and Nortf@@hana. Their investigations are
limited to short data campaigns of less than oreg gad give only partial insight into
the dynamics of surface fluxes. In this study, tlkeults cover almost two years,

including one relatively wet (2003) and one relelyvdry (2004) year. The focus lies on

2 Material in this chapter is conditionally accepfedpublication in Journal of Hydrology with S.
Yonkeu, J. Elbers and N.C. van de Giesen as caesith

37



Inter-annual energy partitioning over the West édn savanna

energy partitioning, which is essential for caltug energy and water budgets in land-
surface transfer schemes (LSTs) (Dickinson, 19@8efs, 1996) and eco-hydrologic
models (see review by Reifsyder, 1988). Energyitparing is also essential for better
water resource management, which has gained mutefest in the savanna region of
West Africa because of the general water scarcdityhe last decade. Therefore, this
long-term investigation of energy partitioning wiagiated to investigate in detail the
dynamics of surface fluxes. The research is aqgiaite GLOWA-Volta project (van de
Giesen et al., 2002) and the VinVal project. Onhasis of the long-term surface flux
measurements, simple models for the estimatiorcinfah evaporation ) and surface

conductance ¢.) were developed. The study covers the period fiay 2003 to

November 2003. Two complete rainy seasons (May ttoléer), one dry season
(December to April), two dry to wet periods (MayJtone) and two wet to dry periods
(October to November) are covered.

An overview of the measurement techniques and hieertes used by the
measurement results and finally a section on imguownodels for the energy
partitioning.

4.2 Methods and materials

4.2.1 Trial site

The trial site is located in eastern Burkina Fasb’ (07’ N; 0° 31’ E). The area is flat
with a slope of about 2 %en average. Agriculture is very intensive. Thee S8
characterized by a Sudan climate and vegetatidmawhonomodal rainfall pattern. The
soils are mainly sandy (Lixisoils). Sheanut treesrevdominant in the site, had an
average height of 8 m, and were separated by aageelistance of 15 m. The density
of sheanut trees was about 17 trees/ha. Duringaihg season, sorghum, millet, maize
and groundnut were cultivated between the sheagas,tand their growth alters the
roughness length for momentum over time. This sysiétrees and crops widely found
in the savanna in West Africa. Crop density wasualbaur plants per square meter. The
field scale uniformity can be observed on Figurke showing the location of the station

on the Landsat image.
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Figure 4.1:  Landsat image showing the locatiothefexperimental site and a picture
giving an impression of the field scale uniformity

4.2.2 Collection of micrometeorological data

Eddy covariance measurements were taken continunesh May 2003 to November
2004 at the top of a 10 m tower, about 2 m abogecttmopy of the sheanut trees and 7
m above the crop canopy. The mean wind spegd \ind direction Qir ), and air

temperature T,) were measured with a sonic anemometer (Gill imsénts Ltd., UK).
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Air humidity was measured with a Campbell KH20 koyphygrometer (model KH20,
Campbell Scientific, UK). Measurements were madi w&ifrequency of 10 Hz. Latent
heat flux AE), sensible heat fluxH ), friction velocity (U"), Monin-Obukhov length
(L), the flux footprint and the necessary error odioms were processed with
ALTEDDY software on hourly basis (Elbers, 2002)daétailed description of the setup
and operation of the device is given by Elbers 2200

A weather station was placed about 5 m from they exdvariance tower and

used to record humidityR, ), air temperature, wind speed and direction, saldiation
(R,) and rainfall P). This station measured at 2 m above the groumfc and a
sampling rate was 20 minutes. Net radiatiét))(and ground heat flux@) were not
directly measured.R, was estimated using the energy budget equatiorlge vihe

estimation ofG was based on modeling heat conduction into the Both methods are
presented in Chapeter 3, section 3.22 (a and b).

Aerodynamic and surface conductances are two irapbrparameters in
understanding surface fluxes. According to Granetr al. (2000), aerodynamic

conductanced,) can be estimated from wind speed using the emuati

_ k2u(z)
% " (inlz-0)/ 20, )

(4.1)

where u(z Ym s'] is the wind speed at the measurement heghiOm, d is the
displacement height [m]z,,is roughness length for momentum [nKjs the Von
Karman constant and was set at 0.4}, andd express the aerodynamic properties of
the vegetationz, describes the ability of the stands to absorb maoumerirom the air

moving over it, whiled corresponds to the reference displacement heidbstdh and

Monteith, 1975).z,,, was estimated according to the similarity law airivh-Obukhov:

U (29, (), (2
il 5d e
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whereu is the frictional velocitym s*], L is the Monin-Obukoh length [m] angl _ is

a function expressing the atmospheric stability.

Y., was expressed as follows:

) -5¢ , 0<éx<1 4.3)
Y = 2In(izxj+ln(l+2x J—Ztan_l(X)+%T ~-5<&<0

with
& =f and x = (1-16¢)"* (4.4)

z,,, was found by solving Eq. (4.2) according to Maot§h999) over a monthly dataset

of u, u” and L measured with the EC. The method proposed by Mauta®99) allows

a calculation ofz,,, with a single-level measurement. For extremelyrsgg placed
roughness elements like the trees at the savammsasd on farmland, the ground
surface is the true reference plane and valued stiould be close to zero (Bozier,
2002). Here, the displacement height was negledied. assumption is true for the dry
season as trees are very scattered, but shouldskeatcurate for the rainy season
because of the growth of crops and grasses.

Surface conductancey() is more complex, and several procedures have been
proposed for its derivation (Alves and Pereira,9)9%ere, it was obtained as a residual
term from the Penman-Monteith equation (Baldocdhale 1998; Paw et al., 2000;
Rochette et al., 1991) using the ‘top down’ apphoac

i:i{é{&_—cs_lj_l}m (4.5)
g GV W E, '

where A is the slope of the vapor pressure cujmear K'], y is the psychometric

constanfmbar K'], p, is atmospheric densifg m?], c, is the specific heat of moist
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air [J kg* K], AE, is the contribution of the vegetation to total gewation [W n¥],

A is the latent heat of vaporization [J%gnd VPD is vapor pressure deficit [mbar].
During the rainy season, the vegetation contriloute total evaporation was estimated
as follows (see Kabat et al., 1997):

AE -a,AE
AE, = ——= 4.6
E, 1+a, (4.6)
with
JE =2 (R,-0Q (4.7)
S A+y

where AE; is the soil contribution to total evaporation [Wmand a, is the fractional
cover of soil.a,, was retrieved from US Geological Survey's (USGSpbase and the

value are given in Table 4.1. During the dry seadbe soil contribution to total

evaporation was neglected ait], = AE.

Table 4.1: Seasonal value of the vegetation fracti
Month of the year Vegetation fraction
January 0.04
February 0.02
March 0.05
April 0.08
May 0.24
June 0.4
July 0.47
August 0.56
September 0.61
October 0.51
November 0.3
December 0.12

The Bowen ratio H/AE) was plotted versug.to show the influence of

vegetation and moisture stress on the energy ipaitiy. The Priestley-Taylor
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coefficient (AE /AE,,) was calculated to compare the observed laterit fheato an
expected equilibrium latent heat fludE,,) . AE/AE,, was also plotted versug, to

show a global perspective of where our study aaga With respect to other ecosystems.

AE,, was calculated as follows:

A

AE, = % rry

(R-0 (4.8)

where a,; is an empirically determined dimensionless corecta,; was taken as

equal to 1.26.
The coupling and decoupling of the transpirationthe atmosphere were

analyzed with respect to the decoupling coeffic(€n). Q was calculated as follows:

Aly+1

= (4.9)
Aly+1+9,/9,

Q ranges between 0 and 1. At the limit¢@f= 1, the surface of the canopy would be
completely decoupled from overhead conditions,hst E can be directly determined

by R , and a change ig_ will have no effect onE. In contrast, at the lim® = 0, the

canopy is completely coupled to the atmosphere Bmwill essentially depend on

VPDand g.. Thus, a fractional change ig will cause an equal fractional change in
the transpiration, and the stomata will have cotepbtentrol of E. At the intermediate

levels ofQ, fractional change irg, will cause decreasing fractional changeEnasQ

approaches 1, and physiological control over thaperation will diminish.

A tipping rain gauge was used to measure the dainfeensity and was
connected to the weather station. Also, three smaih gauges were distributed about
1 km radius around the EC station to measure tie @anfall. According to the total
rainfall depth and the total evaporation of the lghperiod of investigation, a simple
water balance was presented to show the total anmawiumater, which contributed to

surface runoff and the recharge of groundwater.
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All computations were based on daily averaged dtaxcept the analysis
made on the daily time courses. The gaps in tha catrespond to the periods where

weather data were not available.

4.2.3 Modeling the evaporation and surface conductance
A principal component analysis (PCA) was perforrhetiveen the evaporative fraction

(EF), z,,/z VPD, T, and the moisture availability expressed by the 8owatio
(fB). As the estimation ofz,, was based on monthly dataset, all variables were

averaged on a monthly basis. PCA expresses a sear@bles as a set of linear
combinations of factors that are not correlatedvben them; these factors represent an
increasingly small fraction of the variability ohd data. This method allows
representing the original data (observations anthbies) with fewer dimensions than
the original, while keeping information loss to anrmum (Tutorial of XLStat, 2005).
In simple word, PCA clusters all variables that emerelated to each other and having
similar pattern in the same components. Therefeesfocused on the correlation of the
variable and their similar pattern to evolve simpbtpiations for the estimation of the
monthly actual evaporation. The equation proposeddmvis and McNaughton (1986)
for the estimation of the imposed transpiratiorvégetation canopy by the atmosphere
was then compared to the monthly evaporation tdvevine surface conductance. The

imposed transpiration was expressed as follows:

= pacp

= g.VPD (4.10)

4.3 Results

First, the seasonal dynamics of the climatic vdesaffecting the energy partitioning

are discussed. Roughness length for momentum agdtateon dynamics, surface

conductance, and the decoupling coefficient areudsed in sections 4.3.2 and 4.3.3.
The seasonal energy partitioning is presented ¢ticge4.3.4. The overall results and
observations are used for the modeling in secti8rb4
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4.3.1 Seasonal dynamic of meteorological parameters

a. Rainfall

Rainfall drives energy partitioning during the naiseason. According to Kabat et al.
(1997) and Lebel et al. (1997), rainfall in the &ais typically generated by squall
lines, arriving roughly every 3 days throughout tamy season. This was more or less
true for the first rainy season (2003), where thiefall was relatively well distributed
over the season. During the second rainy seasdi)2the rainfall was irregular, and
the times intervals between rainfall events wereerban 10 days. The monitoring of
rainfall started with two months delay in 2003 hesm of the non-availability of
equipment. For these months, the gaps were filled e measurements from the
SONABEL (SOcieté NAtional Burkinabé de I'ELectrig)tstation in Kompienga, which
is located about 20 km from the study station. Taaanfall in 2003 was about 1229
mm. In 2004, the rains started in April and stoppe®ctober with a total of 825 mm.
A remarkable decrease of 33 % of total rainfallhfr@003 to 2004 can be observed,
which may have resulted in large changes in thétjaing of surface fluxes. This
effect is clearly visible in the seasonal dynanutsensible and latent flux described in

section 4.3.4.

b. Atmospheric variables

Daily average climatic variables from May 2003 todmber 2004 are presented in
Figure 4.2. Figure 4.2(a) shows the mean wind spkedn bee seen that mean wind
speed is relatively high during the dry season i@mdfjed between 2 to 6 i, dt
decreases gradually from the onset to the endeofaimy season. Figure 4.2(b) shows
the mean air temperatures and it follows the sedgprof rainfall, the lowest value
being observed during the rainy seasons (aboutC22Ad the highest ones during the
dry season (about 35 ° C). A weak decrease wasoalserved between December and
January (dry season) which corresponds to the wintee. Figure 4.2(c) shows the
pattern ofVPD. The variables followed the seasonality of raindal well. VPD ranged
0.3 to 4.5 kPa in 2003 and 2004, respectively. [bhest value ofVPD was observed
during the rain season. With respectRp (Figures 4.2-d), it had the highest values

during the dry season and lowest during the ra@assn with high variability because

of cloudiness.
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Figure 4.2:
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4.3.2 Roughness length for momentum and vegetation dynacs

According to Meijninger et al. (2000%,,, for sparse vegetation varies between 0.10 to
0.20 m. These values are similar to the ones oedeaturing the dry season (November
to May), when the vegetation cover was more homoggnbut smaller than the values

during the growth period (June to September) wbete< z, < 0.45. Figure 4.3 shows
the seasonal trend bf, and gives a rough idea about the seasonal dynaafics
vegetation cover. In fact, the seasonal vegetdtamtion (o, ) retrieved from the USGS
database had similar pattern and was correlatedetseasonal values af,, (Figure

4.4). This correlation shows that in area, whefermation are not available on the

vegetation fraction, the roughness length for maomarncan be used as a proxy. During

the dry seasong,, was relatively constant and was about 0.13 m. Télatively
constant value ofz,, shows that there is hardly any resistance to wimdhis period,

the crops were harvested; grasses completely dfyegetation essentially consisted of

sheanut trees. With the first rainfall, crops andsges appeared arg  started to
increase. Following the growtlg, continued to increase and reached the maximum

between August and September, which correspondth@éomaximum crop height

(maturity). The maximum was 0.33 m and 0.41 m i6328nd 2004, respectively. The
difference is related to the type of the crops taatners were growing around the EC
station. Farmers grew more maize in 2003 and manghsim in 2004, the latter is taller

than maize. From September;,, decreased due to crop harvest and to farmersgutti
down and collect the stems. This decrease,jicontinued until November, when,,

again reached the minimum of 0.13 m. The study mreantinuously subject to these
seasonal dynamics of the vegetation cover, whicltal$® the main cause of the
seasonality of surface fluxes. This result shoves thughness length for momentum is
an important parameter in the dynamics of surfacees. From the literatures review on
land surface models, it has been shown in somaestudat they are not sensitive to

roughness length for momentum. For instance, Ws{i2004) found that,, is in third

position in term of sensitivity of land surface netglto environmental parameters and
factors. This is because most of the micrometegrcéd studies are conducted over

homogeneous vegetation and for relative a shodtidur. Therefore, the real dynamics
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of z,,cannot be assessed and will appear to be constantime. In the present case,
if the study had been conducted during the dryagasmilar conclusions regarding the
constancy ofz,,, would have been obtained. More research is needdate effect of
the seasonal dynamics of,, on land surface models, especially in West Africa

savanna. In fact, even if an area is not submitbedgricultural activities, as was the
case in the trial site, seasonal bush fires coléhge the morphology of the vegetation

and have significant effects ary,,. We focus on this issue in Chapter 5.
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Figure 4.3:  Seasonal dynamics of the roughnesgtHefor momentum (RS: rainy
season; WD: wet to dry transition period; DS: deason; DW: dry to
wet transition period)

48



Inter-annual energy partitioning over the West édn savanna

0.7 — —2— Vegetation fraction--o--- Roughness length- g 45

0.6 1 > Ot E
c av=0.46In(z0m)+1.0 - 0.35 =
05| =082 5 B
g e 03 2
% 0.4 - 0.25 a
= 0 3 B [ 02 Q
g 0. =
< B
0.2 | 3

0.1 - 0.05

O T T T T T T T T T O
SO SN PN G @ @
< & O &

Month of year

Figure 4.4:  Seasonal variation of the vegetatration (a,) and roughness length
for momentum g,,)

4.3.3  Surface conductance and decoupling coefficient

According to Wilson and Baldocchi (2000), the vaoa of sensible heat flux, and the
resulting effect on boundary layer processes, digpean both biological and
climatological variables. The relative importandebmmlogical and climate parameters
in creating seasonal and inter-seasonal variabigitya significant hydrological and
meteorological question. If atmospheric demandhes grimary control of variability,

then heat flux between seasons could be estimatectlg from R, and VPD, while

stomatal responses do not need to be treated th-défternatively, if biological
responses are needed to adequately estimate thenaéty of heat fluxes, then an
accurate presentation of stomatal response is s&ges

Figure 4.5 shows thag, showed high variability during the rainy seasond a
ranged between 6 to 86 ngn. The falls and raises are related to the rairdadints.

During the dry seasorg,was weaker and did not surpass 5 simThe variability was

very slight except the abrupt raise in April due fiirst rains. The monthly average

shows that with the first rainfall events and tippearance of grasses and crops (rainy
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season of 2003)g. increased rapidly and reaches its maximum in Au(@&tmms™).

At the same period in 2004_was 38 mns ‘which obviously shows the influence of

the abundance of soil moisture and the leaf aaxifLAl ) on the seasonal variability

of g.. Similar results were reported by Kelliher et(@095), McNaughton and Jarvis

(1983) and Smith and Jarvis (1998). The averagsevahs about 2.6 maT during the

dry season in 2004. This low value gfwas related to the sparse vegetation cover (17
trees/ha) and the poor availability of soil moistuFor the dry seasorg can be

considered as sheanut trees canopy conductance.

The decoupling coefficient)) was calculated for dry canopies and ranged
from 0.18 to 0.4 for extremely dry periods (DecemtoeApril) and 0.6 to 0.9 for the
wet period (June to September). These values suggEsduring the dry periods, the
main driving parameters of surface fluxes wgreand VPD according to the theory of
Smith and Jarvis (1998). During the transition pesi (October to November or April to
May), d., VPD and R, contribute to the variability of heat fluxes edyakince the
decoupling coefficien was about 0.5.

With respect to the Priestley-Taylor coefficieitte thighest values (0.7 to 1.2)
were observed during the rainy season and theiticarss periods. The values greater
than 1 indicate that the actual evaporation rate nvare than the potential one and was
observed between August and September when ranmare regularyYPD close to

zero. The weakest values aE AE,, (0.2 to 0.6) were observed during the dry season
(December to April). Also, there was a strong datien betweerdE AE,, values and
gd.- We observed a logarithmic increasedd AE[ with increaseg, with a significant

coefficient of determination? =0.78 (Figure 4.5). Similar relationship was found by
Linda et al. (2002) on grassland in Canada. Howevelose analysis shows two visible

trends on Figure 4.44E AE,, seems to be independentdpduring and after the days

with significant rains (encircled points), which ams that direct evaporation from soll
and intercept rains contribute significantly to théal evaporation. At the opposite, for

the days without rains (including days in the deason)AE AE, shows an increase

trend with g, indicating that vegetations contribute more in tb&l evaporation.
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Therefore, we can conclude that the control ofaa@fconductance on the evaporation

is limited by moisture availability.
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Figure 4.5:  Seasonal trend of surface conductandets relationship withE 1E,,

For better understanding of the daily dynamicshef ¢nergy partitioning, the

daily time course ofg,, g, and Q was plotted for three contrasting days. Figure
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4.6(al, a2, a3) presents the daily time cours@_ofg, and Q, respectively. For 30
July 2003 (rainy seasong, increases rapidly from 7:00 to 9:00, at which time
reaches the maximum (aboB6mms™), and decreases to the lowest value (about 12

mms‘on average) between 12:00 to 17:00. The falls aisks in the trend indicated

that bothVPD and R, affect its dynamics with a slight dominance fBf. This is
confirmed by the trend of the decoupling coeffitigarying around the average value
of 0.63. With respect ta,, the variation is somewhat difference since itches the
maximum between 9:00 to 10:00. Its magnitude wasys higher as comparedgo
The order of magnitude ranged from 1.92 to 3 tithesg, value during the day time.

Similar trend was observed for 03 September 208ihyrseason). Here, a rain of 33
mm was observed between 10:00 to 11:00, which tesbwb a malfunctioning of the
eddy covariance devices. This malfunctioning of ¢key covariance devices can also

be observed on the trend gf by a decrease at 11:00. Normalty,should be higher as

rains are always accompanied by violent winds engavanna zone of West Africa. As

shown on Figure 4.6(a3, b3, c¢3), during the drgerd09 March 2004)g,, g, as well

as Q rises to their peaks very early at 8:00 and deae rapidly to its lowest values

between 10:00 to 18:00 except,, which was relatively constant between 10:00 to
13:00. HereVPD appears to be dominant in the dynamicggdéccording toQ , which

was about 0.4 on average.
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Figure 4.6:  Daily time courses of the surface cmtance ¢.), aerodynamic roughness lengty, § and decoupling coefficientCY)

53



Inter-annual energy partitioning over the West édn savanna

4.3.4 Sensible and latent heat flux

Figure 4.6 shows the daily average df and AE for the measurement period. The
values are negatively correlated over both theyramd the dry season. During the dry
season E was relatively constant and was about 33 W& im2004 and 41 W fhin
2003 (from available data in February and March300his low level of energy
consumption was related to the low amount of waterspired by the trees due to poor
soil moisture availability. During the same peridd, was high but more irregular
thandE. From December to early February, the weatheo@ and this effect can be
seen in Figure 4.7 showing a decreaseHinfor that period. From February to late
April, H showed an increase trend and was similar to the mi@an temperature, with
an average value of about 158 WA.nin 2003, the average value bf was about 176
W m? (from data of February and March 2003). Compakiath dry seasons, it can be
seen thatAE decreases significantly by 19.5 % aHdincreases by 10 % from 2003 to
2004. After the first rainfall events, the trendsw@versed due to the consumption of
available energy to evaporate water available atstirface of the soil and tree leaves.
Evaporation showed an increase trend as crops &askay grew, but were more
sensitive to the occurrences of rains. SimilaHly,decreased also with high variability
according to the occurrence of rains. Here, theameevalues were 81 W hand 176
W m? for H and AE, respectively. During the same period in 2003, rtfagnitude of

H and AE was 65.5 W rif and 193.5 W M on average, respectively. Comparing both
rainy seasons, it can be seen that the average wvald significantly decreased with
20 %. Similarly, the average value ofE increased with 9 %. This inter-annual
variability is associated with the important dese®f 33 % in rainfall from 2003 to
2004 as noted in section 4.2.1. The importance@$ture availability and the effect of

g. on the energy partitioning also become clear ftbenplot of the Bowen ratiof)

versusqg, .
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Figure 4.7:  Seasonal dynamics of the sensible fhea{dashed line) and latent heat
flux (continuous line), and rainfall for both seasaf measurement

Figure 4.8 shows an inverse decline Bf when g, decreases, with a significant
coefficient of determination (r2=0.93 a@d0, respectively). However, cloudiness
could also have contributed significantly to theqass because of its effect on the
incoming radiation and, especially, on net radmti@he peak values oflE were
associated with clear days, mostly after a peribdignificant rainfall. The scattered

feature of the points for lower values gf denotes the influence of the vapor pressure
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deficit, which controls the dynamics of the candmnspiration during days without

rains.

Bowen ratio

gc (mms™)

Figure 4.8:  Relationship between the Bowen rafig &nd surface conductance,(

The daily time course of the energy partitioningween H and AE are
presented on Figure 9 for 30 July 2003 (rainy sea€i® March 2004 (dry season) and
03 September 2004 (rainy season). Figure 4.8 skimatR  was very abundant during
both dry an rainy season. The maximu®n ranged from 500 to 800 Wt In both
rainy seasons{E was the main consumer of the available energhaars by the daily
average on Figure 4.7. For the days without rathsand AE follows similar pattern
as R, (Figure 4.9-a), which means it contributes effeglyy in the energy partitioning
during daytime. Rains affect significantly the patt of the energy partitioning because
of the low vapor pressure deficit. As shown on Fégd.9-c, effective dynamics are
observed after the rains but bdth and AE remain low even if the available energy is

very abundant.
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Figure 4.9:  Daily time course of the energy piantiing
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In term of water balance, which is more interestiog hydrologist, the
monthly actual evaporation estimated from the mesmklatent heat flux was plotted
against the monthly rainfall for the whole periofliovestigation. During the rainy
season of 2003, the annual rainfall was about 1889 against 351 mm evaporated,
while annual rainfall was about 825 mm against @@8porated during the rain season
of 2004. Therefore, 878 mm had contributed to thdase runoff, infiltration and
percolation to groundwater during the rainy seasb2003. Similarly, 557 mm had
contributed to the surface runoff, infiltration apdrcolation to groundwater during the
rainy season of 2004.These simples water balarm&ssthat more water was gained in
the hydrological system, and could be interestmthe estimation of the total recharge

of groundwater if information is available on thetal surface runoff for the same

period.
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Figure 4.10: Monthly actual evaporation againsnthty rainfall for the whole period
of investigation

Here, there is a causal relationship in the partitig of the available energy
between sensible heat and latent heat flux, whigke it difficult to give priority to the
individual effects of the variables described irstbtudy. However, it is clear that
moisture availability is the starting point of glfocesses, since all variables were

relatively constant during the dry season. Majoanges start with the first rainfall
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event in April, and the situation becomes stableemwtihe soil surface becomes
completely dry again in December. Therefore, it midge useful to compare
correlations between the variables. This comparisamade in section 4.3.5 between
the evaporative fractionHF) and z,,/z, and between the Bowen ratigs () and
VPD. The results of the comparisons lead to updatedetador the estimation oE

andg,.

4.3.5 Principal Component Analysis (PCA) and modeling

a. Principal Component Analysis

The analysis shows that,,, and EF are positively correlated and negatively correlated
with the other variables. The correlation coefitgeare presented in Table 4.2. Figure

4.11 clearly shows that,,, and EF are positively correlated and closed to each ather

the circle of unit radius (which means that theyeha similar pattern). This correlation
is particularly strong during the transition pesodefore crops and grasses reach their

maturity. A similar correspondence betwegh and VPD is also shown. These are
positively correlated, and this correlation is mararly strong during the dry season.
Because of the depletion of soil moisture, modghefavailable energy goes to heating
the ambient air which increases air temperature eoksequently, the vapor pressure
deficit. In contrast,T, contains information that is independent frffRD, 5, EF and
z,, ! z. Subsequently, the rates of increase or decreazg, iand EF from one period
to another were calculated and compared. A sirpilacedure was followed foff and

VPD. It was observed that the ratio of each coupleaniables was similar with a mean

bias error (MBE) of -0.09 for the first pair of vables (z,, and EF) and MBE=
0.0015 for the second pai( and VPD). Therefore, it can be concluded that any
relative change inz,, involves proportional relative changeBf . Similarly, any
relative change i'vPD involves proportional relative change . This conclusion is

particularly relevant and can be easily modeled.
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Table 4.2: Correlation matrix between the diffénegriables
Zom B EF T, VPD
Zom 1 -0.769 0.846 -0.750 -0.808
b -0.769 1 -0.928 0.714 0.893
EF 0.846 -0.928 1 -0.818 -0.917
T, -0.750 0.714 -0.818 1 0.760
VPD -0.808 0.893 -0.917 0.760 1
Variables (axis F1 et F2 : 92.23 %)
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Figure 4.11: (a) Repartition of the variableshe tircle of unit radius showing 92 %

of the variability of the variables on axis F1 aR#. (b) Biplot of the
variables and the corresponding measurement peridas dash circles
shows the correlation betwedsF and z,,, and the period, where that
correlation is stronger. Similar representatioshswn for 5 and VPD

in the continuous circle
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b. Modeling
Roughness for momentum and evaporative fraction

The plot of EF versusz,,, / zshows two trends (Figure 4.12). The first treng @rason
and transition periods) shows an overall linearaase ofEF with increasing,,,/z.
During that period, z,,/z account for about 90 % of the variability of
EF ( p<0.0001). When the crops and grasses mature (July to ®éetd, EF seems to
be constant and independenizgf/ z. EF ranged from 0.59 to 0.79 with a mean value

of 0.73. This is understandable, because the emwieot tends to evaporate at it
potential rate due to the high soil and canopy estn Therefore, the different periods

are treated independently in the model.

0.90
0.80 | Rainy season (EFmean=0.73) A
- 070 - .
2
g 0.60 -
© 050 -
=
g 0.40 ~
g 0.30 - Dry season (r2=0.90)
w
0.20 ~
0.10 -
0.00 ‘ ‘ ‘ ‘
0 0.01 0.02 0.03 0.04 0.05
ZonlZ

Figure 4.12: Plot of the evaporative fraction werthe ratioz,,,/ z

For the maturity period the equation is:

EF = 073 (4.11)
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The evaporative fraction is:

- H)-IFE/]E (4.12)
Combining Eq. (4.11) and Eq. (4.12) results in:
E= 2.704x% (4.13)
The energy balance equation gives:
H=R,-G-AE (4.14)
Eq. (4.13) and Eq. (4.11) give:
E=0733C (4.15)

Eq. (4.15) is similar to the De Bruin (1987) moeldiequation of the Makkink (1957)
formula. The main difference is that the De Bruju&tion is expressed as a function of

R,, whereas Eq. (4.15) is expressed as a functitineohvailable energy. However, Eq.
(4.15) can be easily rearranged and expressedusaetton of R, since there is a close
relationship betweenR, - G) and R..

During the dry season and the transitions periti@sgvaporative fraction is expressed

as follows:
EF =3864522" — 0,201 (4.16)
V4

The statistics for the coefficients show that thielicept (p < 0.0001 and the constant
(p<0.001) are both highly significant.
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Combining Eq. (4.12), Eq. (4.14) and Eq. (4.16)kgiv

E=(38.645Zm— 0.29}&7_G or E:(EF)%; (4.17)
VA

Surface conductance was inferred by comparing £40f and Eq. (4.17), since it is
during the dry season and the transition periodsttanspiration is strongly coupled to
the atmosphere. Therefore, the following equatias abtained:

(38.645% . 0-29}(& -Q)y

= or = 4.18
% P,C,VPD % 0,c.VPD (4.18)

The surface conductance during the rainy seasold cmuinferred from Eq. (4.18) by

replacingEF by 0.73.

Bowen ratio and vapor pressure deficit

Two trends forf versusVPD were also observed (Figure 4.13).
During the rainy season and the transition periadsexponential increase i@ with

increasingvPD (r 2= 0.92) was observed and the equation was expressiedows:

[ = 05VPD+ 028 (4.19)

As such, about 92% of the variability g8 is caused bywPD with an overall
significance of p<0. 0001(SE= 009). This high contribution ofVPD to the
variability of £ is also understandable as they both express wa&ss in a given

environment.

The Bowen ratio is:

p="1 (4.20)
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The combination of Eq. (4.19) and Eq.(4.20) gives:

E= 1 X R1 -G
1.28+ 0.5¥PD A

(4.21)

When vegetation is coupled to the atmosphere, BE4.0Y and Eq (4.21) can be

compared with:

(R,-G)y _ (Rn-Q)y
or g.=
p.c,VPD[1.28+ 0.5%P[] P,c,VPD(1+ j3)

0. = (4.22)

During the dry season (December to April), it waserved thats was independent
from VPD, which can be explained by the scarcity of moesty# was more or less
constant 3= 460o0n average), but an abnormal increase was obsenvédarch

(B = 601). This might be related to dust storms which aédcmost of the Sahelian

countries in West Africa in that period. The storassted for about one week and might
have affected the partitioning of energy flux oe thensitivity of the measurement
devices. The general trend was used for this aisalyerefore:

B = 460 (4.23)

Combining Eq. (4.21) and Eq. (4.23) gives:

E =o.179><%5 (4.24)

This last equation could also be quickly obtainenf Eq. (4.21) by replacingPD by

0. Similarly, surface conductance can be estimal@uhg the dry season from EQ.
(4.22) by replacing8 by 4.60.
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Figure 4.13: Plot of the Bowen ratio versus vapessure deficit

Eq. (4.17) and Eq. (4.21) are two formulations tte be used to estimate
actual evaporation on monthly basis. Both give gesiimations when compared to the
estimation of AE with the Penman-Monteith equation (Figure 4.14)t Bq. (4.21)
seems to be more accurate, although all equateshtolan underestimation. In fact, the
estimation with Eq. (4.17) had a higher absoluteB(BL.23 W nif) than the estimation
with Eqg. (4.21), where MBE=-0.45 W fn Similarly, Eq. (4.18) and Eq. (4.22)

expressedy, as a function of the available enerfD and especially,,,. This means
that the stomatal conductance increases with isdrgea,,, when the available energy

is abundant and decreases with incread®@®p. The overall MBE for both equations

was -1.56 mns™ and -0.84 mns™, respectively (Figure 4.15). Both equations lead
an underestimation but once again the estimatidh 4. (4.22) gives more accurate
results with regard to the absolute bias error.il@8mnesults were reported by Alves and

Pereira (1999), who gave explicit relationshipsaeetn surface resistancé/ (. ) and
R, and between surface resistance &RD. This clearly explains wheiR, governs

surface resistance and wh&t®D becomes determining. Another important aspect is

that g, can also be expressed as a functiofeBfand, which expresses implicitly the

relationship betweey, and moisture availability.
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Figure 4.14: Comparison between the observedtliest flux (continuous line) and
the estimation with the new models. The bold dadimedcorresponds to
the estimation with Eq (4.17), and the light dashed corresponds to
the estimation with Eq. (4.21)

The designed empirical models could be useful aodldc be easily

implemented to estimate actual evaporation in angrenment.R,, G, andVPDare

easily measurable with weather stations, whichwadely available in the region. If a

special device (like an EC station) is not avagatiol accurately measu®, , this value

can be estimated from empirical formulas in ther#iture (see Brutsaert, 198&haw
and Pereira, 1982). In the particular interesthef GLOWA-Volta project, different
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EC’s and scintillometers have been installed actbesVolta basin in different agro-
ecological zones and constitute therefore a netwbrddy flux measurements, which

could be useful to validate the new formulations.

15 -
10 -
5 _
0
12
(b) B MBE associated with Eq. (4.18)
8 MBE associated with Eq. (4.22)

MBE (mms'l)

9% » Q'O(b 4,0”3 (\,OD‘ «,QV \\QV \’Qb‘ > Ov
O
SN
Month of year

Figure 4.15: Comparison between the surface cdadoe (@.) estimated with
inverted Penman-Monteith equation (continuous lire)d the g,

estimated with new models. The bold dashed lingesponds to the
estimation with Eq. (4.22), and the light dashex Icorresponds to the

estimation with Eq. (4.18)
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4.4 Conclusion

This first long-term evaluation of surface fluxestihe West African savanna shows that
there is a clear pattern in the partitioning ofide energy between sensible heat and
latent heat flux. The multiple correlations betwe@niables make it difficult to identify
the exact individual contribution of each varialttawever, the main driving factor is
moisture availability, and all or parts of the atleentributing variables in the process
depend on this main factor.

During the dry season, the main driving factorsupiog the latent heat flux
was vapor pressure deficit, while net radiation was-limiting. A vapor pressure
deficit also has a significant effect on surfaceductance and vice-versa. During the
dry season, the major part of the available engogps into heating the atmosphere, thus
increasing the sensible flux. During the transitjperiods and the rainy season, the
phenomenon is reversed and the latent heat flusrbes the main consumer of the
available energy and soil moisture is no longeiting. During these wetter days, vapor
pressure deficit plays minor role, while net radiatbecomes the main driving factor.
All processes also depend on the abundance andigtréution of rainfall over the
rainy season. Another important finding of thisdstus the clear and pronounced
seasonal dynamic of roughness length for momentUsually, fixed values of
roughness length for momentum are used in landwsermodels, since some studies
have shown that this variable has only minor effemt surface fluxes. This static
treatment of roughness length for momentum seent® tless accurate in the case of
savanna vegetation, where there is a drastic changegetation cover according to the
seasons. Moreover, agricultural activities amplifis change. Similarly, seasonal bush
fires, which completely change the morphology of tregetation cover, could also
significantly affect the roughness length for momoem

The overall results of this study focus on theuag®ions given by Smith and
Jarvis (1998) regarding developed new equations thair estimation of actual
evaporation and surface conductance in the paaticchse of savanna vegetation
submitted to agricultural activities. The new fotations seem to be more consistent.
However, independent data sets are not yet availédbltest the equations more
thoroughly. Therefore, independent testing thisutdhdwe the next step and the recently
established flux network of the GLOWA-Volta Projemuld be useful for that. The
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simpler equations developed here could be an aliemnto many of the sophisticated
models available in the literature. Inclusion oégh equations in some of the well
known Land Surface Transfer Models should be cemedi for weather and climate
models for the West African savanna.
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5 EFFECT OF SEASONAL DYNAMICS OF VEGETATION COVER ON
LAND SURFACE MODELS?®

5.1 Introduction

The performance of most of the land surface mo@edd) is particularly sensitive to
the partitioning of the energy on the earth’s stefalhe LSMs fail when simulating the
real seasonal dynamics of the surface fluxes dweisemi-arid terrain, especially over
the savanna vegetation in West Africa (Schitteme@0d5). The reason for this failure
is that the LSMs are mostly calibrated for tempenagions (midlatitudinal regions),
where the feedback mechanisms in the boundary lag@rmore related to the soil
wetness, whereas in semi-arid regions this feedisaehated to the way stomata release
water into the atmosphere (Niyogi et al., 2002; Bemeyer, 2005). Another reason is
that when these models are based on data of thieaselmegions, the relatively short
observation time leads to a partial modeling oigimsof the process of the dynamics of
the surface fluxes. An illustration of this situati is the HAPEX-Sahel project
(Goutorbe et al., 1994) and the SEBEX project €elet al., 1997). The first project
lasted for only three months of intensive obseoratf the surface fluxes.

In fact, the savanna region is one of the mostittemsareas in the world
because of the climate pattern. This region is adtarized by a relative short rainy
season (May to October) followed by a long dry eaa@November to April), which
implies a complete change in the soil moisture @@rs and the morphology of the
vegetation. During the rainy season, most of th®&&ccurately estimate the surface
fluxes, because the soil wetness is similar to hahe midlatitudinal regions. At the
end of the rainy season, the environment startdytawut and this drying period is not
taken into account in most of the models. Schityem&005) tested the NOAH LSM
in two different regions in Ghana, West Africa, asahcluded that the mean bias error
increased during the drying period due to the Userong values of surface albedo,
temperature, leaf area indekAl ) and Zilintekinvich coefficient. The NOAH LSM is a
joint product of the National Centers for Enviromta Prediction (NCEP), the Oregon

State University, the Air Force and the Hydrologesearch Lab and is based on the

% Material in this chapter is accepted for publisatin Hydrology and Earth System Sciences (HESS)
with S. Yonkeu, and N.C. van de Giesen as co-asthor
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former Oregon State University land surface mo@3$JLSM) (Ek and Mahrt, 1991).
Schittemeyer (2005) modified the equation usedhénniodel for the estimation of the
surface resistance, to adjust it to a real sitnatibsavanna vegetation for the drying
period.

Another important parameter affecting the accum@icthe NOAH LSM is the

ratio z,,/z,,(roughness length for momentum over the roughmesgth for heat).

Most of the authors used a fixed value for thigorawhich could be one for the reasons
of its failure to simulate accurately the surfatexés over the savanna vegetation of
West Africa. In fact, the roughness length for mataen is not constant over time and
variation is more pronounced over a terrain undégnsive agriculture because of the
large change in the vegetation fraction dodll according to season. A seasonal bush
fire, especially during the dry season, also charthes variable in areas without any
agricultural activities. Therefore, the objectivietlus study is to evaluate and to test the
sensitivity of the LSMs to the dynamics of the viagjen cover with respect tg, . The
NOAH LSM is used for this purpose because it comss a typical LSM, which
couples the soil and the vegetation to the atmosply the surface exchange

coefficient for heat C, ). The sensitivity of the NOAH LSM with respect 5, could

illustrate the behavior of most of the LSMs, beeatiey all have a similar conception.

First, the standard form of NOAH LSM (fixed valud @, for all periods) was

evaluated and, the result then compared the restiie one using the seasonal values of

z,,, calculated from the data collected in Kompiengas(Burkina Faso: 11° 07’ N; 0°

31" E) from May 2003 to November 2004. The resudtsrer almost two years,
including one relatively wet (2003) and one relelyv dry (2004) year. They can
contribute to obtaining more insight and to bettederstanding of the real dynamics of
the surface fluxes, and to refining the land swfawdels in this environment. The
research was conducted within the framework ofGh©WA-Volta (van de Giesen et
al., 2002) and VinVal projects.

5.2 Model description

The NOAH LSM model is based on the principle of M@EP meso-scale evaporation

model. There are two major concepts: the multitiaaal and the simple canopy layer
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concept. The multi-layer soil concept is basedh@rmodel of Mahrt and Pan (1984),
and the moisture used for the canopy transpirasi@xtracted from the different layers
using a weighting function including the root deptid a uniform root distribution. The
water and heat budget in the soil is based on tichaRls equation coupled to the
Fourier law of diffusion. The surface skin temparatis determined following Mahrt
and Ek (1984) by applying a single linear surfagergy balance equation representing
the combined ground/vegetation surface. The carapgr concept is based on the
model of Pan and Mahrt (1987), which has been eeg@rby Chen et al. (1996) to
include the complex canopy resistance approach amfhah et Planton (1989) and
Jacquemin and Noilhan (1990). This is an empiycélased approach for canopy
resistance following the original model of Jani9716) and Stewart (1996).

The subgrid variability is taken into account with Reynold’s number-

dependent formulation for the ratio of roughnesgle for momentum#,,,) in [m] and
heat (z,,) in [m]. The formulation proposed by Zilitinkeviqt1995) is used in NOAH

and is expressed as follows:
KB = |n(ﬁj (5.1)

uz
v

0m

with B* =C+VRe andRe =

where kis the von Karman constank &€ O}l is the kinematic molecular viscosity

[], R€ is the roughness Reynolds numbef Ef{, u”is the friction velocity [m $,
and C is the coefficient ranging from 0.2 to 0.4. Acdogito Schittemeyer (2005), a
value of C =0.6 is suitable for the savanna region of Wesicafr

The canopy resistance is modeled as a functioheotmospheric forcing and
the soil moisture availability. The total evapooati(E) is the sum of the direct

evaporation from the bare soit() in [mm], the wet canopy evaporatiok () in [mm]

and the dry canopy transpiratiog,( in [mm]. E, is calculated as follows:

E, :(1_aV)IBbEp (5.2)
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with

1 eWp
%:576_ (5.3)

fc wp

where E is the potential evaporation [mm] calculated basedMahrt and Ek (1984).
©.and ©,,are the soil water content at field capacity antling point, respectively.

a, is the green vegetation fraction for the partitranof the total evaporation.

The evaporation of the water intercepted by thepgins computed as follows:
E. = aE(WEJ (5.4)

where W,is the intercept canopy water content [mngjs the maximum allowed
W, capacity M, = 05mm), andn= 05

The dry canopy transpiration is determined by:

_ (WY
E_%%&%(sj} (5.5)
with
1+ 8
Bc :—RrA (56)
1+RC, + =
RO TR

where C, is the surface exchange coefficient for the hedtraoisture [m 4, A is the

slope of the saturated specific humidity curve [mia], R, is a correction coefficient
and is a function of the surface air temperaturerfi¥ mbar* ], the surface pressure,

and C, . There are two possible formulations@f (Chen et al. 1997). We present here

the formulation based on the Obukhov length exgass follows:
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k?/R

[z edinle el el

where z is the measurement height [ml]js Monin-Obukhov length [m] an®R= 10
Y, and g, are the similarity theory-based stability funcgoior the momentum and

heat, respectively. Paulson (1970) integrated afsahalytical expressions to specify a
non-dimensional wind speed and potential tempegagmadients as a function efr

Following Sun and Mahrt (1995), these stabilitydtions are expressed as follows:

-5
o 2 0<f<l o
Ym = 2'”(1;)()“”(“2)( ]—Ztan_l(X)Jfg _5<g<0 Y

% 0<&<1

Yn = 2In(1+2XZJ -5<¢<0 (-9)

with
&= f and x = (L-16&)"* (5.10)

R.is the canopy resistance and is based on the 8aifj-hpproach developed by NP89

following the original approach of Jarvis (1976 daBtewart (1988). It is computed as
follows:

RC = RCmin (511)
LAl x F, x F, x F, xF,
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where
Fj_ - Rcmin (512)
R ¥ 7,
max 1+ f
with
R
f = 0.55—gi (5.13)
R, LAI

where R and R__is the minimum and maximum canopy resistance[s], m
respectively. R, is the global radiation at the surface [W?m R; is site dependent

parameter [W ], and LAl is leaf area index [-]

F,is based on the new formulation of Schiuttemeyed%2@nd is computed as follows:
F,* =exp(g,VPD) (5.14)

where g, is an optimised parameter for the savanna conditigrkg’] and VPDis the

air pressure deficit [mbarl].
Fy=1-a (Ty - T.) (5.15)

where a; is thermal coefficient [-],T,. is the reference temperature afdis the air

temperature [C].

0 o w<0,
|:4_l = v - ew <w< Oref (516)
Gref _ew
w > eref
1

where w:ZRm, R, is the root density [m Mcalculated according to Zeng et al.

i=1

(1998) andmis the number of soil layers [-P, and ©,, are soil moisture at wilting

ref

point and field capacity [fkg’], respectively.
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The forcing data used in the model are summariaekhble 5.1 together with
the coefficients and parameters. The vegetationa typs set to savanna and the same
vegetation fraction set by Schiuttemeyer (2005)Tf@amale was used. The soil type was
set to sandy loam according to Ungaro et al. (200yre details on the model can be
found in Schittemeyer (2005), Chang et al. (19889, Cheng et al. (1997).

5.3 Method

The NOAH LSM was run off-line and the simulated sble and latent heat flux were

validated with hourly eddy fluxes measured at 1Merght above the ground surface.
The forcing data were obtained from a nearby autienmeeather station, at 2 m above
ground surface. The sample period was 5 secondthareverage value of all variables
was stored every 20 min. The ground heat flux aetlradiation were not directly

measured, therefore the analysis focused on thelbderand latent heat flux on an
hourly basis. The time step for the integration weisto one hour. Eddy fluxes and the
atmospheric forcing data were available from Ma932@ November 2004 with some
gaps because of technical problems with the stafiberefore, the model was run for
those periods, where data was available (the pdraideen downloads). For each

period, the model was run with a corresponding aealsvalue of z, calculated
according to Martano (1999) with a fixed valag, as used in the standard form of
NOAH LSM. This fixed value ofz, was set to 0.216 m, the average of the whole
seasonalz,,. The results for each run were compared on a seh&asis, and on a

daily basis for two selected periods during theirdryperiod (DOY348 to DOY365),
and the rainy season (DOY227 to DOY250). The sedls@iues ofz, are presented in

Table 5.2. In order to test the sensitivity of thedel to the initial moisture in the soil

and to canopy water conteng, and E_were neglected during the completely dry

season (from December to late April), and the tesuere compared to the case when
all components of evaporation were taken into astou

The surface downward longwave radiation was nactly measured. It was
estimated using air temperature and relative huynitbllowing Idso and Jackson
(1969) for clear sky conditions (see Schitteme3@05).
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Table 5.1: Parameters used in NOAH LSM and values

Designation Parameters & coefficients Value Units
General parameters

Vegetation fraction Oy See Table 5.2 [-]
Albedo a [-]
Maximum canopy interception capacity S 0.50 mm
Roughness length for momentum Zom See Table 5.2 m
Roughness length for heat Zon m
Soil moisture at field capacity Otc 0.32 m’ kg™
Soil moisture at wilting point Owp 0.01 m° kg™
Soil porosity %
Maximum canopy resistance Remax 5000.00 sm'
Minimum canopy resistance Rcmin 18.00 smt
Leaf area index LAI 3.00 [-]
RaL 30 for trees and 100 for crops (Jacquemin and Mpjli990) W m’
o 36.7 (Huntingford et al., 1995) for savannah g kgl
Thermal coefficient ar 0.0016 (Ek and Holtslag, 2004) K?
Reference temperature Tref 298 (Jacquemin and NQiltg80) K
Root distribution over 4 layers (Schiuttemeyer, J00&7; 37; 27; 9; 34; 27, 14 %
Atmospheric forcing data

Air temperature Ta K
Relative humidity R, %
Surface pressure Ps mbar
Wind speed u m s’
Surface downward longwave radiation Rs. W m?
Solar radiation R W m?
Precipitation P mm
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Table 5.2: Seasonal vegetation fractiar) ( and albedo ¢ ) and roughness length
for momentum ¢,,,)

Month of the year Vegetation fraction Albedo  zy,
January 0.04 0.22 0.14
February 0.02 0.27 0.13
March 0.05 0.3 0.11
April 0.08 0.25 0.14
May 0.24 0.24 0.22
June 0.4 0.24 0.20
July 0.47 0.26 0.27
August 0.56 0.25 0.42
September 0.61 0.26 0.32
October 0.51 0.22 0.25
November 0.3 0.23 0.14
December 0.12 0.23 0.12

5.4 Results and discussion

The results from the model were compared to thermbs values for sensible heat and
latent heat flux on a seasonal and daily basis.sEmsitivity of the model with respect

to the roughness length for momentum is discussedell as the sensitivity to the

initial soil moisture in the soil layer. Recommetidas are given for refining the model

to a savanna environment under intense agriculture.

5.4.1 Comparison at seasonal basis

a. Latent heat flux

NOAH LSM reasonably reproduces the seasonal patterhE but underestimates it
most of the time as shown by the seasonal patfetreanean bias error (MBE) (Figure

5.1). When a fixed value af, ,=0.216 m was used for the simulation, the averag&M

of -35 W m? and -40 W rif was obtained during the rainy season of 2003 at@d 20
respectively. During the transition period (dryiag and wetting periods), the average
MBE was -5 W rif. Similarly, during the dry period the average M®&s -19 W rif.
The absolute value of the MBE is relatively impattaluring the rainy season in
contrast to the transition period (drying and wettperiod). The model underestimates
AE in the rainy season and might be related to thesomement device. In fact, in eddy

covariance systems, air moisture content is medsmith a Krypton hygrometer, which
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has a pathway of 1 cm between the lenses. Sometumeler rainy conditions, the
lenses can be wetted completely by rain drops, wban lead to an overestimation of
AE. Likewise, dew can cause a similar effect andalao lead to an overestimation of
AE. This fact becomes clear whetkt is analyzed on a daily basis (see section 5.4.3).
The weakness of the MBE in the transition periodghinbe related to the modification
by Schittemeyer (2005), who adjusted the estimatiothe surface resistance to the
climatic conditions of the West African savannaidgrthose periods. However, as the
work of Schittemeyer was limited to only one dryipgriod (from August 2003 to
January 2003), the improvement seems to be limdetthat period and does not take
into account the situation during the dry periodnilary to April), where the MBE
increased again. When all components of the evéporavhere taken into account, the
model led to an overestimation of about 58 % of diserved AEin December
(DOY348 to DOY365). Similar observations were fowma daily basis for the same
period, where the MBE was 34 W™ m(see section 5.4.2). Similarly, the model
overestimated the observedE by 38 % between January and February. This
observation seems to be related to the staticnteatof the initial moisture conditions
in the soil layer. Ek and Holtslag (2004) came itnilar conclusions in their study at
Cabauw, Netherlands. According to those authochaage of moisture in the soil layer
by a few percent can have a notable effect onuHace fluxes, i.e, on observed as well
as modeled. Therefore, more attention should bengto soil moisture conditions.
Instead of a static treatment, a seasonal patterald be taken into account to reduce
this error.

When the analysis using the seasonal valueg of was repeated a relatively
weak improvement of the absolute MBE during theyaind dry season (-28 W7and
-37 W mi?during the rainy season of 2003 and 2004, respsgfiand -16 W i during
the dry season) was obtained. In contrast, thelateswalue of the MBE increased
during the transition periods (MBE=-9 Wn Therefore, it can be conclude that, the

simulation of AE was not very sensitive to the changezjp on a seasonal basis.
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Figure 5.1:  Comparison between the observed andlaied latent heat flux on a
seasonal basis. The stick line corresponds to #esuored latent flux, the
bold dashed line corresponds to the simulated tidteat using a fixed

value of z,,, while the light dashed line corresponds to theuated
latent heat flux using the seasonal valuegnf

b. Sensible heat flux
A similar analysis for the case diE was performed. In the simulation, a fixed value of
z,,=0.216 m was first used and then a season-dependkr@ corresponding to each

period. As shown in Figure 5.2, the simulated fits the observedH quite well. The

MBE is low during the rainy season for both caseth an overall underestimation
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during the rainy season of 2003 (MBE of - 0.82 W amd -1.6 W rif in the case of a

fixed value of z,, and a seasonal value af,, respectively). Similarly, the model led

to an overall overestimation during the rainy seasb2004. This underestimation in
2003 and the overestimation in 2004 could be rél&tethe distribution of the rainfall
during both rainy seasons. In fact, during the yaeason of 2003, the rainfall was
distributed well, so that the value of the surfatteedo and the vegetation fraction was
stable and reflected the real situation in thelfiéh contrast, rainfall was very irregular
during the rainy season of 2004, so that the serédlsedo and the vegetation fraction
changed appreciably between the two rainfall evértisrefore the value of the surface
albedo and the vegetation fraction may not retleetreal field conditions.

The model also underestimated the obsered between October and
November 2003 corresponding to the beginning ofdiyeng period (Figure 5.2) and
might be related to use of incorrect surface albeuid the vegetation fraction value. In
the drying and the completely dry period, the mddélto an overall overestimation of
the sensible heat flux (MBE =4 W frfor both cases). This overestimation could also
be related to the incorrect value of the surfatedd, the vegetation fraction and the
coefficient of Zilitinkevich, which have a directffect on sensible heat flux, net

radiation and latent heat flux though the calcolawf the ratioz,,, / z,,. Therefore, the

simultaneous analysis of these three variablesddogila first step in understanding this
process (Schittemeyer, 2005). In fact, these theebles are related to each other
according to the principle of the energy balanoswate.

Here, it was also observed that the use of theoseasalue ofz, does not

have a strong effect on the simulation of the d#edieat flux. Howeverz, becomes

more relevant when analyzinge and H on a daily basis. This is the focus of the next

section 5.4.2.
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Figure 5.2:  Comparison between observed and sietulaensible heat flux on a

5.4.

seasonal basis. The stick line corresponds to #@suared sensible heat
flux, the bold dashed line corresponds to the satedl sensible heat

using a fixed value of,,, while the light dashed line corresponds to the
simulated sensible heat flux using the seasonakgadf z,,

2  Comparison on a daily basis (drying period)

a. Latent heat flux
The period from DOY348 to DOY365 (December 2003)sveelected to show the

relevance of changes igy,,,. For this, only the dry canopy transpiration wassidered,

and the result was compared to the case all coompor& the evaporation were
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considered. Figure 5.3 shows thE simulated using the season-dependent value of
z,,=0.115 m corresponding to the selected period mesla more accurate estimation
of AE than the fixed value of,, 0.216 m, although both led to an underestimation.
The overall MBE related to the use &f,=0.115 m was -5 W fhand -10 W rif for
z,,=0.216 m. This was found to be related to the serfaxchange coefficient for heat
(C,)- In fact, it was noticed that small values @&f led to higheC, value and,

therefore, to a higher potential evaporation. Ag ttalculation of dry canopy
transpiration is directly related to the potentievaporation by the weighting
coefficients, the small values o, will always leads to higher values of the actual
evaporation during the dry season, while the ottnponents are neglected. This
conclusion is somehow contradictory to the defomtiof roughness length for

momentum.
90
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80 -
«— 70 A
g 60 | —o— Simulated latent heat flux
< with the true seasonal
3 5o value of zZ0m=0.115 m
8 40 - —a— Simulated latent heat flux
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cC 30 - X=X W _
) AN z0m=0.216 m
3 20 -
—o— Simulated latent heat flux
10 with the true seasonal
value of zOm and taking
O T T T ] ] ]
345 350 355 360 365

Day of year

Figure 5.3:  Comparison between observed and siedilatent heat flux on a daily
basis from DOY348 to DOY365 (drying period)

In fact, in the particular case of the vegetatimver, higher values of

z,,mean denser and taller vegetation in contrast w@llsralues ofz,,, which should
correspond to less a dense and lower vegetatidngider z,  should lead, in principle,

to a higher actual evaporation for similar vegeta&nd climatic conditions.
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b. Sensible heat flux

The sensible heat flux produced similar resultshiwse for the latent heat flux. The
season-dependent value @f =0.115 m gives a more accurate estimation of the
sensible heat flux (MBE=8 W 1) than the fixed value of 0.216 m (MBE=13 W’mn

(Figure 5.4). Both overestimate the sensible hiext fThe heat exchange coefficient

also contributed to this overestimation.
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—x— H simulated using the true seasonal value of zZ0m=0.419 m
—o— H observed
O T T T T T T T T

225 228 231 234 237 240 243 246 249 252
Day of year

Figure 5.4:  Comparison between the observed andlaied sensible heat flux from
DOY348 to DOY365

5.4.3 Comparison on a daily basis (wet period)

For this part of the analysis, all components ef dlctual evaporation were considered
in the analysis. As during the dry season, theasedspendent value of,,, gives a
more accurate estimation dft as well asH . For AE, the model underestimates the
observed value for reasons explained in sectionwith MBE of -65 W n¥ for
z,,=0.419 m (seasonal value) and -71 W for Z,,=0.216 m (fixed value) (Figure
5.5).

84



Effect of seasonal dynamics of vegetation covelaod surface models

240 X
X N «x | —2— Simulated latent
220 heat flux using
X the true

& 200 1 / seasonal
= 180 Y z0m=0.419 m
= —o— Simulated latent
= 160 - heat flux using a
o fixed value of
2 140 4 20m=0.216 m
1<
g 120 —x— Observed latent
- 100 X heat flux

80 -

60 T T T T

225 230 235 240 245 250

Day of year

Figure 5.5: Comparison between the observed andlaied latent heat flux from
DOY 227 to DOY 250 (wet period)

With respect to the sensible heat flux, the moderestimates with MBE=0.3
W m? for z,,=0.419 m (seasonal value) and 5 W far z,,=0.216 m (fixed value)
(Figure 5.6). The fact that small valueszf produce a higher evaporation (see section
5.4.1) seems to be compensated by the other comigookevaporation. In fact, during
the rainy season, the major part of the actual @eion is the contribution of direct
evaporation from the soil and the evaporation diewentercepted by tree leaves.

In all cases, there was no significant improvenveinén the simulated fluxes
using seasonal values af,, were compared to those using a fixed value fopatiods.
However, the true value of,  (seasonal value) seems to be necessary to entace t
performance and the accuracy of the land surfactetsoThe MBE was always weaker
when a seasonal value af, was used and appreciably so on a daily basis.eTdrey,
great attention should be paid to this parameted there is a need to take into
consideration the seasonal dynamics in the casa sAvanna area with intensive
agriculture. Even if the area is not subject taadpural activities, a seasonal bush fire
could appreciably change the roughness length fomemtum, which stresses the

relevance of a deeper analysis of the effea gf
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Figure 5.6:  Comparison between the observed andlaied sensible heat flux DOY
227 to DOY 250 (wet period)

5.4.4 Cause of insensitivity and proposed improvement

As previously pointed out, the insensitivity of tNOAH LSM to z,, is probably

related to the formulation of the part of the modeht couples the soil and the

vegetation to the atmosphere. This coupling isheydoefficientB, explicitly expressed
in the dry canopy transpiration (see Eq. 5B)is a function of the surface exchange
coefficient for heat C, ), which in turn is explicitly expressed as a fumctof z,,.
Therefore, B, was calculated step by step to highlight the pathe formulation that
makes it insensitive taz,,. This procedure was started by the surface exghan
coefficient (C, ), which was independently calculated with Eq. (%3ing the seasonal
values of z,,and a fixed value of 0.216 m. Figure 5.7 shows thate is a clear

difference between both cases. The relative

(z,,, = 0.216) - C, (seasonal

C
MBE (="
( C,(z,, =0.216)

x100) was negative during both rainy seasons

and positive during the transition periods and ey season. The higher peaks were
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observed in August (a period of maximum growth amakimum z,.) and were 25 %
and 38 % during the rainy season of 2003 and 2@@pgectively. During the dry season
and the transition periods, the maximum MBE wa$&®bénd in March (the driest period

corresponding to the weakest valuezgf =0.115 m). Similar observations and relative
MBE were found for the surface resistand® X estimated by inverting the Penman-

Monteith equation (Monteith, 1965). The inverteclaipn was preferred because it
gave more accurate estimations than the formuldiased on NP89. This was related to
the use of constant value for moisture in a sg#éidabecause long-term measurements
were not available. In fact, Huntingford et al. 9249 mentioned that in the Sahelian
savanna, nothing is to be gained by using more Goatpd models than a Big Leaf
Model based on inverting the Penman-Monteith equati

When B, was calculated, it was seen that the net differestzserved inC,

and R was significantly reduced. The relative MBE valueray now positive and

weaker during the rainy seasons (0.82 % and 1.2903 and 2004, respectively), and
negative during the dry season and the transitesiogs (the higher absolute value was
7 % and was found in March) (Figure 5.8). The weaknof the relative MBE and its

inversion were found to be related to the prodRck C, in the denominator of the
equation expressiri, . This product annihilates the effect of the ussedsonal values
and the fixed value og,,, on C, and R, (Figure 5.8). Therefore, the produgf xC, is

the major cause of the insensitivity of NAOH LSM1g, .
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Figure 5.7:  Comparison between the surface ex&hangefficients for heat
calculated with the seasonal values Ryf, and with a fixed value of
0.216 m

The proposed formulation is based on a principheilar to that used in the
Penman-Monteith equation. The principle is thatdhecanopy transpiration decreases

with increasing surface resistand®, . Therefore, the new formulation is expressed as

follows:

1+ 2

S— R (5.17)
A
1R +C)* o

where a is the coefficient of adjustment d@_., to B.. The value ofa was set to

cnhew

22.31 [s 1] and the optimum value obtained using the leastas® minimization
approach. This value otr overestimated the originaB during the rainy season
(MBE=0.13 m &) and underestimated during the dry season (MBE49 m &). The
overall MBE was -0.11 mson a season-basis. Important is to notice here is

thatB,,clearly produces differences between the seasasaldz,  and fixed value of
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0.216 m (Figure 5.9). WheB

e Was introduced in the NOAH LSM program, its
performance was improved. The bias error was greatduced when compared to the
bias error of the original model (Figure 5.10). fidfere, the adoption of the proposed

formulation of B, can be recommended.
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Figure 5.8:  Comparison betwed) calculated with the original formulation using a
fixed and seasonal true value Rf;
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Figure 5.9:  Comparison betwed) calculated with the proposed formulation using
a fixed and seasonal true valuezyf

55 Conclusion and recommendations

The first finding in this study was that the NOAKSM was not sensitive to the change
of roughness length for momentum neither on a seddwasis nor on a daily basis.
Therefore, when this model is kept in the standarth, a suitable fixed value of
z,,could be sufficient to simulate reasonably the sealsdynamics of the surface
fluxes over the savanna region in West Africa. Hosve this analysis shows that the
different values ofz, should give, in principle, different outputs foetlurface fluxes.
This was justified by the significant difference sebved in the surface exchange
coefficient for the heat and the surface resistamben applying the seasonal and a

fixed value of z,,,. The results of the investigation show that theensitivity of the
NOAH LSM with respect toz, was related to the formulation of the coefficiBpt
which couples the dry canopy transpiration to timeogphere. In the formulation d_,
the productC, x R, was found to be the main cause for this. A new tdatmon of B, is

proposed to remediate the insensitivity, which apg@bly improves the performance of

the model.
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Further problems arose with respect to the underason of observed latent
flux, especially during the rainy and dry perio@he use of a constant value for soil
moisture, leaf area index and minimum resistangeayed to be the reason of these
findings. It is recommended to introduce a seaswaaation of the variables as a first
improvement. More research should be undertakerfotmulate the relationship
between the minimum resistance and the seasonaturmivariability, because the
savanna vegetation is very sensitive to any vanatin soil moisture. Similar
recommendations are given by Schittemeyer (200%easonal data are not available,
some simplifications could be made for the cassashnna zone submitted to intensive
agriculture. The first simplification could be thebdivision of the annual cycle in three
large ranges: the rainy season (June to Octolwg)transition periods (October to
December, April to June) and the completely dryiqee(January to April), where a
constant value of soil moisture, leaf area indb&,rhinimum resistance, albedo and the
roughness length for momentum could be adequate dach period. This
recommendation is justified by the fact that omrfland, two homogenous situations are
generally encountered. During the growing peridds,terrain dominated by crops and
sparse trees, the crop minimum resistance couigsed, and the leaf area index and the
roughness length momentum can be related to thelamwent stage of crops. Well
defined relationships between crop height, leah arelex and roughness length are
available in the literature (Brutsaert, 1982, Oguate, 2004). The initial moisture
condition of the soil layer can also be kept comsteecause of the regular rain during
that period. The second homogenous period is ¢neg after the harvest. The terrain
is then dominated by bare soil and sparse treesn@that period, the tree minimum
resistance could be used. Roughness length foremiwum, leaf area index and soil
moisture could also be kept constant. For all thpegeods, some point measurements of
the needed variables could be carried out, and ntone consuming long-term
investigations can be avoided. For the transiti@niools, the recommendations of
Schittemeyer (2005) are suitable. Similar recommagoidls are also made fro terrain
without agricultural activities.

Another important point is the use of all composerftthe actual evaporation
during the drying and the completely dry periodisTled to an overestimation of the

observed fluxes when the standard form of the NQA&H but as soon as the direct
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evaporation from the soil and the wet canopy wageawted, some adjustment of the dry
canopy transpiration became necessary. This ovegin was greatly reduced when

the proposed formulation d, was introduced.
The estimation of the canopy resistance of the rtede Penman-Monteith

equation seems to be more realistic, because thrifation based on NP89 leads to an

underestimation during the dry period and to arr@stanation during the rainy season.
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Figure 5.10: Comparison between the performandbektandard (light dashed line)
and the improved NOAH LSM (bold dashed line). Tlatuous line
corresponds to the observed latent heat flux

92



Seasonal and diurnal dynamics of surface albedo

6 SEASONAL AND DIURNAL DYNAMICS OF SURFACE ALBEDO:
IMPACT ON ACTUAL EVAPORATION AND MODELING

6.1 Introduction

Especially during the 1980s and 1990s numerousrtepd rapid and widespread loss
of the vegetation cover in West Africa appearedoatoncerning the biophysical
impacts of deforestation and desertification in tbgion (Gornitz, 1985; Sayer et al.,
1992; FAO, 1993; WRI, 1988). This loss of vegetatio the tropical humid and dry
regions (especially in Burkina Faso) caused by-lase&lsuch as logging, overgrazing, or
intensive cultivation is thought to produce an @ase in the land-surface albedo and a
decrease in surface roughness. Many studies hawengthat this increase and decrease
lead to an increase in the atmospheric turbuleatéise soil surface and in drought in
regions such as the Sahel (Charney et al., 197&)d\on et al., 1998; Douglas and
Ottke, 2002). In the particular case of Burkinad;agricultural activities consisting of
systematic clearing of all unnecessary trees aeentlain cause of the loss of the
vegetation cover. The remaining trees are malfityelaria paradoxa(sheanut tree)
with a cover of 90 % in the dry season. During thiey season, crops (e.§orghum
vulgare) dominate the vegetation cover. This situationhisught to induce a large
seasonal and daily variability of surface albedd anergy flux distribution, and will
ultimately impact the actual evaporation rate antlirn, the regional climate.

Knowledge of the surface albedo is critical in mangdels such as crop
growth models, eco-hydrological models (SVAT) anén€ral Circulation Models
(GCM). An error in the albedo may lead to uncettagin computing net radiation and
energy fluxes, and in the simulation of global aoef temperatures (Sellers et al., 1996;
Yin, 1998). Therefore, a comprehensive understandamd realistic numerical
projection of the surface albedo would represemiagor step forward in improving
climate modeling. Furthermore, knowledge of thdame albedo, as a key parameter of
surface solar radiation and energy budgets, isssacg for the mechanistic accounting
of many lights and temperature-driven processel sscevaporation, photosynthesis,
autotrophic and heterotrophic respiration (Yin, 89Giambelluca et al., 1999; Iziomon
and Mayer, 2002). Hence, there is a necessitydaorately estimate the surface albedo

by ground-based measurement.
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A review of the literature reveals that surfaceedl has been studied carefully
in many parts of the world, but the outcomes ofsthatudies are not comparable
(Oguntunde, 2004). For West Africa, especially $hganna zone, the albedo data are
very rare; the most important studies were condubtte Courel and Rasool (1984),
Douglas and Ottke (2002), Allen et al. (1994) angu@unde (2004). The first two
studies were done at a large scale and were bas#dteaorrelation of long-term term
annual precipitation, land-cover change and surbedo, whereas the second two
gave more insight into the seasonal and daily dycsnof the surface albedo over
natural vegetation or according to the phenologstagie of a crop on a particular site
(Niger and central Ghana, respectively). The ltteeareview also reveals that ground-
based measurements and data on the daily courserfaice albedo are very rare in
West Africa. Most of the measurements are baseegional aircraft flights or satellite
imagery and are limited in time and space. Theldtis consensus about the effect of
cloudiness on the daily albedo or the seasonalseodrherefore, in this study a long-
term investigation of sheanut, bare soil and somgkald surface albedo was conducted
from January to October 2004. These ecosystemsvamg representative of the
ecosystems of the savanna zone of Eastern Burkisa i particular and the savanna
zone of West Africa in general. The first objectofethis research focused on the effect
of the seasonal and daily dynamics of surface alljgcbund-based measurement) and
on the actual evaporation. Furthermore, the dalyrse was measured and its relation
with solar angle, cloudiness and potential effettaotual evaporation was established.
Selected empirical models available in the literatwere adopted so as to simulate the
measured albedo. This research is part of the GLOXuka (van de Giesen et al.,
2002) and VinVal projects

6.2 Trial site

The trial site is located in the East part of BagkFaso (11° 07’ N; 0° 31’ E). The area
is very flat with a slope of about 2 % on avera@griculture is very intensive. The site
is characterized by a Sudan climate and vegetatitna monomodal rainfall pattern.
The soils are mainly sandy (Lixisoils). Sheanuesrevere dominant in the site, had an
average height of 8 m, and were separated by aagwelistance of 15 m. The density

of sheanut trees was about 17 trees/ha. Duringaithg season, sorghum, millet, maize
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and groundnut were cultivated between the sheamas,tand their growth alters the
roughness length for momentum over time. This sysiétrees and crops can be found
everywhere in the savanna in West Africa. Crop tignsas about four plants per
square meter. The field scale uniformity can beeolEd on Figure 6.1 showing the
location of the station on the Landsat image.

11718

1o

BURKINA FASO

11°5'

Sourcs Landsat 7 EThtr, Scene 193052,
7 0ct. 2007, Bands 457

//ﬁhors: L.Tia & F. Bagayoko
Edition: March 2006

Figure 6.1:  Landsat image showing the locatiothefexperimental site and a picture
giving an impression of the field scale uniformity
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6.3 Methods and materials

Surface albedo was measured every three weekselected sheanut tree and the area
around the EC station from January to October 200% technique consisted of
measuring the incoming and the reflected radiaditoh.5m above the selected area with
a pyranometer (model: SP LITE, Kipp & Zonen, Delfthe Netherlands). The
properties of the pyranometer are presented inef@ldl. The pyranometer was mounted
on a rod and the signal read with a multimetereAfeeding, sorghum crop albedo and

growth were monitored.

Table 6.1: Properties and specification of theapgmeter

Specifications Properties
Sensor type Silicon photovoltaic
Field of view 180°
Response time <1sec
Sensitivity 77.QuV/w/mz

Tilt response No error

Non linearity <+t1%
Nominal signal range 0-0.2V
Spectral bande range 0.4 - 1uh
Operating temperature -30to+ 70 °C

Sensitivity to temperature 0.15 %/°C
Source: Kipp & Zonen pyranometer instruction manual

In order to estimate the effect of cloud cover orface albedo, the hourly
surface albedo was measured on selected days (CDYIBY 190, and DOY273) from
7:00 to 18:00 corresponding to different sun angleder both clear and clouded sky
conditions. To estimate the effect of surface atbed the actual evaporation, the
averageEF value over two weeks was plotted against the medssurface albedo. The

evaporative fraction was calculated as follows:

AE
H+AE

(6.1)

where AE and H are latent heat and sensible heat flux [V¥] mespectively. Sensible
heat and latent heat flux were processed from Hw data measured with the

ECstation at 10 m height above the ground surface. ddtails on the setup and the

96



Seasonal and diurnal dynamics of surface albedo

treatment of the raw data are available in Elb@@02). The use of the evaporative
fraction instead of actual evaporation is justifledthe fact that it is easier to compare
two normalized parameters.

Surface albedo was monitored on selected days (8% DOY 190, DOY
273) from 7:00 to 18:00 and was plotted versus gte angle and the evaporative
fraction (EF) to estimate the effect of sun angle on surfabedd, and the effect of
surface albedo O&F .

Finally, two existing models based on Yin (1998)r(heanut albedo) and
Oguntunde (2004) (for crop albedo) were adopteditaulate the seasonal trend of

surface albedo.

6.3.1 Modeling of sheanut albedo

The model proposed by Yin (1998) is of particulaaportance because it takes into
account the characteristics of the canopy, its grpwhe seasonal stress and the sun
angle, all which affect the seasonal and diurnalaglyics of surface albedo. Initially the
model was established to estimate the albedo ddtaegf land surface in the temperate
region where the canopy and the underlying soil sometime covered by melting
snow. As it never snows in the study area, thigetsyas ignored. The principle of this
model is that, in the absence of snow, the albédegetated land may be viewed as the
manifestation of canopy element-determined basiedsproperty after modification by
various factors over time and location. Mathemdiicahis model is expressed by a

series of functional multipliers as follows:

av = aVO X fHF X fa X fSSx fp X fmp (6.2)

wherea, is canopy surface albeda,, is the base albedo and the valuergivhen the
product of the multipliers equals unity,,- is a function of vegetation height, is a
function of the seasonal biological stredg, is a function of relative leaf agd, is a
function of climatic factors and,; is a function of the optical air mass factor aakes

into account the dependence of surface albedolanzenith angle. The later functional

multiplier was reformulated so that the solar Zeamgle is clearly represented.
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a. Definition of base albedo

According to Yin (1998), the base albedo dependshenreflectivity of the reflecting
elements (leaves) and on the surface porosity ef diinopy, which regulates the
penetration and absorption of solar radiation. fefkectivity and porosity of the canopy
have been found to be indexed by leaf life spanleafisize, respectively (Chabot and
Hicks, 1982; Reich et al., 1991; Reich et al., )99nerefore, the formulation of the

surface albedo varies asymptotically with leaf §fean and leaf size as follows:

avO max (6 . 3)

1+(C?W‘X—1jexr{kF [W+ 2.86( t kY- K‘S)]}

vOc

avO =

where Wis relative stem cover (including branch and twigyaries between 0 and 1

with 1 for closed canopies}; is canopy leaf cover, which varies between 0 amdtii

0 if leafless and 1 in full foliage, 2.86 is theioaof average leaf area to stem area

indices for closed canopies,and S are the mean life span and size (cm?) of canopy

leaves, respectivelyg is the asymptoten . value for canopies with large/long-

vOmax

lived leaves,a . is the avalue free of canopyk;, ks and k, are rate coefficients.

vOc
The ratio 2.86 converts the stem and leaf covertheéosame unit in terms of surface
area. Analyzing closely the formulation of this mggotic variation with leaf life span
and leaf size, one can replace the vegetationdeaér (F) by the leaf area index
(LAI'), which seems to be more representative and etasimeasure for a single and
isolated tree as in this work. Likewise, the refatstem coverf; ) can be inferred from
LAl and is taken as 10% of this value (White et alo®@0

Therefore, Eq. (6.3) can be expressed as follows:

avo - avOmax (64)
aV max
1+(673m_1j exgk-[ 0.LAI+ 2.86AI( 2k Y-k$)]
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3.2.1 Definition of functional multipliers

According to Jarvis et al. (1976), the canopy atbddcreases with vegetation height
and levels off as the vegetation reaches a cean&ght and the crown size is stabilized.

Initially, this functional multiplier was expressed follows:

& o5

where H,is forest height [m] andf,, is bound between unity at, =0, k, (the
asymptote withH, approaching infinity or in the absence of foliagey F expressing

canopy leaf cover. Here, this later coefficient wgdaced by theAl .
Therefore Eq. (6.5) becomes:

=k {[ ”TLJN} (6.6)

The leaf age multiplier is given by:

f o=k a +sin[(q -k, max)ZIT+ acog- 0.5/7)}

. =k, (6.7)

where g is the relative age of the leaf (it varies betwéeand 1 with 1 at life
expectancy and O for no lea#, .. is the g value that maximizes the exponent in Eq.
(6.7), andk, is the f, value when the power factor is unity.

The seasonal biological stress is expressed by:

fSS = kgig[(dr_kd max)2”+”/2] (68)

whered, is the relative stress-calendar day (it varies betwO and 1). It is expressed as

follows:
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{(1+ d, - d,)/365 it d_ xd, 6.9)

[1+(1+d,-d,)]/365 if d, <d,

=

where d.is calendar days and, the starting date of the stress calendgmas set to

start at DOY274 (01 October) and to end at DOY 120 April). k,...IS the d. value

d max

that maximizes the exponent in Eq. (B)is the f45 value at unity power factor.

The climate multiplier is defined with a step fuoat | ,, and is a function of theAl :

— 1! po(1-LAI /100)
fp - pr

(6.10)
where |,,denotes severe drought, as indicated by a lackre€igtation for two
consecutive months or longer (0 or 1 with 1 foreddalling within that duration, and 0
otherwise), kg, is the f,value forLAl = 0. Here, | ,, was kept to 1, because the effect
of drought might be taken into account in the seakdynamics of the Al . The trend

of the measured Al confirms this fact.

The optical air mass factor is intended to take imtcount the dependence of surface

albedo to solar zenith angle and is expressedllasvio

o= kml—ma(l— ko) [ 35 T i) | (6.11)

where m is the daytime mean optical air mass at sea &welis a function of the solar
zenith angle (see Yin, 1997)P is the relative station atmospheric pressure

(= exd— A/8000)), A being the elevation of the statiok, is the f, value at the top
of the atmosphere and is set equal to 1 for thereate point oim, =3.55and P, =1,
k,is a coefficient of correction (see Table 6.2).

Yin (1998) gave the best-fit values of the diffdreoefficients used in the
model for two types of canopy (broadleaved and leeledived canopy). Table 6.2
shows these best-fit coefficients, and the gapeespond to the functional multipliers,
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which were statistically insignificant. It was assed that the sheanut tree is a
broadleaved evergreen. Therefore, the seasonalsstied leaf age multiplier, which
were tested to be statistically insignificant foodédleaved deciduous coniferous forest,
must be considered. Some of the best-fit valueniferous forest did not match with

sheanut tree and were recalibrated. Theseagye,, and k.,, which were set to 0.320

and 1.915, respectively.

6.3.2 Modeling of crop albedo

The model proposed by Oguntunde (2004) was useis fhiodel is based on the
original formulation of Uchijima (1976), which wasformulated by Jensen and
Rahman (1987). It takes into account diurnal dymramvariability of crop albedo at
different phenological stages as well as the allEdbe underlying soil surface, and is

expressed as follows:

a,=a.-(a.,-a,)exp(-kLAl) (6.12)
where a, is the albedo of a fully developed crop canopy,is the albedo of the
underlying soil surfacek, is the extinction coefficient antdAl is the leaf area index.
The crop canopy albeds, is given as:

ac = fcatzs + fIall (613)
where a, is the single leaf albeda ¢ represents the albedo of a semi-infinite canopy,

f.and f, are weighting factors for canopy and single leawdsch are also dependent

on the LAl and solar zenith angle as follows:

f=1-f =1- exr{ ~0.5LAl j (6.14)
cosZ
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a. is the combination of the direct and diffuse comgrats of radiation. The direct

component is expressed as follows:

0.5w

[(1— W)+ 03'552 }[1— (1-w) 0'5} coZ

a.q = (6.15)

where w=a, +1, is the scattering coefficient with as single leaf transmittance.

The diffuse component is obtained when the suntlzeamgle ¢ ) equals 60°. It is

expressed as follows:

w

[1+(1- a))o'5T

O, = (6.16)

The underlying soil albedo is a function of soiltmess and sun zenith angle. It is

expressed as follows:
a, =a,,+0.001 exq 0.00388°)- | (6.17)

where a,, expresses the effect of soil wetness. A functioakdtionship describes the

variation of albedo with soil moisture and is rdpdrby McCumber (1980) following
Idso et al. (1975).
The cropLAl was estimated by Jensen et al. (1990) and Alleh €1994) as follows:

LAl = 55+15In(h,) (6.18)

whereh, is crop average height.

Eq. (6.18) was calibrated for short and high geass was not directly applicable to tall
crops as sorghum. Therefore, crop height was divlme 10 to make it comparable to

grass height. The adjusted equation was tested thith Al measured by Oguntunde
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(2004) on maize at different phenological stagee TheasuredLAl was similar to
estimated values but with an overall overestimation

The set of equations (Eqg. 6.12 to Eq. 6.18) wasd tsestimate crop and soill
surface albedo. During the dry season, when there@crops, Eg. (6.11) was reduced

to the soil surface albedar(), and its contribution to the total surface albedas

proportional to the rate of the soil surface, whiedis not covered by a sheanut canopy
(80%). During the rainy season, with the presericeraps, the total contribution of
crop albedo and the underlying soil albedo was 8®ésause the contribution of soil

surface albedo was already taken into account in(@&t1).

6.4 Results and discussions

In this section, the seasonal dynamics of surfdbeda and its effect on actual
evaporation are presented followed by the diurmalrge, its relation with sun zenith
angle and actual evaporation and finally the evalnaf the adopted models.

6.4.1 Seasonal trend of albedo

Figure 6.2 shows that the measured sheanut treelalis higher than the soil surface
albedo, and the relative difference is about 12 Rtaverage. The values are higher
during the dry season and lower during the raimgse with a global decreasing trend.
The relative decrease is about 28 % and 19 % fibrssoface and sheanut albedo,
respectively. The coefficient of varianc€V ) is 10 % and 6 % for soil and sheanut,
respectively. Figure 6.2 clearly shows that surfalbedo varies with the season. This
can be explained by the fact that during the drgsem, the study area has a large
portion of bare soil with little available moisturEhe grasses are also completely dry as
with a color tending to white. Therefore, a biggertion of incoming radiation was
reflected, thus increasing the surface albedo. f@salt agrees with Oguntunde (2004),
who showed a clear increase in the bare soil seiddmedo with decreasing soil wetness
and surface roughness. Idso et al. (1975) and Wedlsst al. (1993) also made similar
observations. Likewise, sheanut leaves become cemesaind most of them are dusty
during the dry season, which reduces their capdoitgbsorb radiation and increases

their albedo.
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Figure 6.2:  Seasonal pattern of sheanut tree allfjgght stick line), soil surface
albedo (dashed line) and sorghum albedo (bold Btielk

In contrast to the dry season, during the raing@edhe surface tends to be
dark due to soil wetness and the green grassdblatrperiod, the soil surface absorbs
more radiation and reflects less, hence the albedoction. For sheanut, the leaves are
renewed and cleaned by the frequent rain, whicimgddheir transmissivity effect by
reducing the reflection. The overall effect is ar@ase in the albedo.

The sorghum albedo was monitored during the groweason (from May to
September), where a gradual increase in surfaegl@alisom seeding to maturity with a
CV = 7 % was observed. The relative total increase ataait 10 % from seeding to

maturity. These results are similar to the obseatof Oguntunde (2004) for maize.

6.4.2 Effect of seasonal dynamics on actual evaporation

The effect of the measured of the seasonal dynaafiesaporation was measured by
plotting the evaporative fractionEfF) versus the weighted value of albedo. The
evaporative fraction is the amount of the availabiergy that goes into the evaporation
and varies between 0 and 1, and expresses the ehandiosphere-atmosphere
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interaction (Oguntunde, 2004). When the evaporatiemand equals 0, all available
energy goes into heating the ambient air. Thisaiba can occur in the Sahara, where
the moisture is very low and the actual evaporataia tends to zero. When this ratio
equals 1, moisture is abundant in such a way th#heravailable energy is consumed
by the evaporation of available moisture. The Gfagure 6.3) shows a linear decrease
with increasing albedo, with a significant deteration coefficient (r2 =0.83). The

equation is expressed as follows:

EF =-11.36r + 3.3 (6.18)

y=-11.36x + 3.37
r* =0.83

o
(o]
\

o
(o]
\

Evaporative fraction
o
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o
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Figure 6.3:  Plot of the seasonal evaporative ifsac{ EF) versus the seasonal
surface albedo (from January to November 2004)

The statistic on this regression reveals that tlelehconstant $D=03p
and the coefficient $D= 13pwas significant ap < 0. 00Q1la accounts for 83 % of
the variability of EF . As net radiation is closely related to surfalteedo, a seasonal
decrease in surface albedo will have a similarcefb®m net radiation. Therefore, the 83
% of the variability of EF due to a will be related to the net radiation. Figure 6.3
shows the very high evaporative fraction during thmy season when the albedo is
relatively low (wet surface), but it decreases pesgively when the environment

becomes dryer. Therefore, increasing surface albwtioimpact negatively on the
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evaporation and might result in local and regiochimate change through the
modification of the boundary layer as mentioned Mgrgolis and Ryan (1997).
Therefore, the effect of albedo on actual evaponais resulted to the interaction
between the atmosphere and the local environmelimaate. High albedo corresponds
to low actual evaporation rate and dryer atmosphedewarm ambient air. Low surface
albedo corresponds to high evaporative fractionlawer boundary layer and relatively

cool environment.

6.4.3 Diurnal trend of albedo

The diurnal trend of surface albedo is in conttasthat of the incoming radiation. It
decreases from morning to noon, where it reactsesninimum value and increases
again until sunset (Figure 6.4-a, b and c). Miretisl. (1997) suggested that dew and
wind speed are the main reason for this variatibsuface albedo with sun zenith
angle. In fact, in the early morning (until 9:00aves are covered by a fine layer of
dew, which increases the reflectance. This incrdaads to an increase in surface
albedo. This effect is even more pronounced whemitind is light (fewer disturbances
in canopy inclination), which is the case in thelyeanorning. Physically speaking,
Pinter (1996) shows that at 15° (sun zenith angte) within the visible red waveband

(0.65-0.69um), reflectance increased significantly when dewered the reflecting

surface. This observation gives better a explanatiothe high surface albedo in the
early morning. As the zenith angle increases, wspded also increases due to the
increase in surface temperature and boundary laybulence, and dew disappears
progressively, while the vegetation absorbs mockraare radiation. Higher absorption

of radiation results in the reduction of surfadeedlo. A contrasting phenomenon
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Figure 6.4:
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From early morning to noon can be observed wherzémith angle starts decreasing
again in the afternoon.

This trend (exponential decrease in surface allvattosun zenith angle) was
disturbed for DOY273 due to the diffuse light besmof the cloud cover. The incoming
and reflected radiation is almost constant througltiee day, which results in a relative
constant albedo.

In all cases, sheanut tree surface albedo wasehitgian bare soil and
sorghum field surface albedo. For DOY189 and DOY1®@ variation of bare soil
albedo and sorghum field albedo was quite simitat did not differ appreciably. In
fact, in July, sorghum field albedo was mostly deieed by the soil surface because it
was low. There was also an asymmetric trend ofvdiee of albedo according to the
morning and the afternoon. The value in the aftennwvas higher than that in the
morning for approximately the same zenith angle. BOY189, the relative increase
was about 10 %, 6 % and 7 % for bare soil, sheandtsorghum field, respectively.
Likewise for DOY190, the increase was even moreaguoced with 15 %, 8 % and 15
% for the bare soil, sheanut and sorghum fieldpeesvely. For DOY273, a similar
phenomenon was observed, where the increase wés 42d 9 % for bare soil and
sheanut tree, respectively. This is assumed t@absed by the wind speed and direction
as mentioned by Minnis et al. (1997), Song (199%8) @guntunde (2004).

a. Effect of sun angle and cloud on diurnal trend balbedo
The effect of sun zenith angle and cloud are glesttbwn in the Figure 6.5. Anderson
(1954) proposed the empirical equation (power fiongt which describes the evolution

of surface albedo with the sun zenith angle anekasessed as follows:

a=az’ (6.19)

wherea andb are the regression coefficients aAdthe sun zenith angle.
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Figure 6.5:
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A similar power function was fitted between the swe&d diurnal surface albedo and
the sun zenith angle. For DOY189 and DOY190, whbee sky was clear and half
clouded, respectively, the regression shows a higbieelation between both variables
and varies between 0.70 and 0.90. For the DOY2*trevthe sky was completely
covered by the cloud, no correlation could be fouk&lmentioned by Brutsaert (1982),
during days with sunshine, the albedo of most sedalepends on the sun zenith angle,
but this dependence decreases with increasing ickesgl which dampens the zenith
angle control on albedo. This situation can be sedhgure 6.5, where there is a weak
decrease in the correlation between surface allbedosun angle from DOY189 and
DOY190 due to the cloud condition during the aftenm of DOY190. For the very
cloudy day (DOY190), no correlation could be fourstause of the diffuse light.

b. Effect of diurnal variation of surface albedo onactual evaporation

Figure 6.6 shows the plot of the albedo of bard sbieanut tree and sorghum field
versus the evaporative fraction for DOY189 and DOX.1No relevant relationship

between surface albedo and evaporative fractionbeafound. Therefore, the diurnal

evaporation seems to be more determined by oth@meamental factors (net radiation

and vapor pressure deficit) than by the reflecpweperties of the evaporating surface.
This situation can be explained by the fact that ékaporative fraction does not vary
appreciably during the day despite some falls asesrduring the early morning and
late afternoon. The diurnal variation of the evap@e fraction is more stable and does
not follow the variation of the surface albedo, @his related to sun zenith angle, cloud
cover, and wind speed and direction. Thereforedtbhmal dynamics of surface albedo
is not relevant in the seasonal dynamics of actwaporation. However, it has been
mentioned in model to account for the time anddleation of measurement through the

solar zenith angle.
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Figure 6.6:  Plot of surface albedo of bare sdieamut and sorghum field versus
evaporative fraction: (a) DOY189 and (b) DOY190

6.5 Model evaluation

6.5.1 Sheanut tree albedo

Equations 3 to 11 were used to simulate sheanatallFigure 6.7 shows the plot of the
measured albedo versus the predicted one. The svalgeee quite well with the
simulated albedo, which accounts for about 76%efrheasured albedo. The MBE and
RMSE are -0.004 and 0.00009, respectively. The thegaalues of the MBE shows
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that the model leads to an overall underestimat®milar situation was observed by
Yin (1998), who tested on several types of vegatatianopies and in different parts of
the world. In each case, a good agreement was fdurtdsome of the factors were
statistically significant according to the typetbe forest. For instance, for deciduous
forest, the seasonal stress multiplier is not eaMvbecause most trees are leafless for
most the year in and around the stressful seadwmrefore, without leaves, there is no
spectral property to speak of, and hence the sahstress multiplier has no relevance.
In this study, some of the best-fit coefficientsirid by Yin (1998) did not match with
sheanut tree canopy. Therefore, there is a neséttihese coefficients in each situation
to improve the accuracy of the simulated albedihisfmodel.

The model can also be used to predict the albedsuidaces covered by grass.
In this case, Yin (1998) noted that the resultsiamgroved when an adjustment of the

leaf size is taken into consideration. In this caseeffective leaf sizeS,) have to be

used in the case of canopy with long and narrowdgaespecially for tall grasses as

found in West Africa. This effective leaf size igpeessed as follows:
S, = Sexp — kx max 0,|~ 3)] (6.19)

where Sis leaf size as previously defined, is leaf length [cm];k is a calibration,

where the coefficient must be set for each typgras$s.
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Figure 6.7:  Graph 1:1 line comparing simulated arehsured albedo of the sheanut
trees

6.5.2 Sorghum albedo

The model proposed by Oguntunde (2004) for maige performed in sorghum field.
Figure 6.8 shows the plot of the predicted agaimstmeasured albedo. The prediction
accounts for more than 90% of the observed albeitto MBE and RMSE of 0.0015
and 0.0001, respectively. The model results in aeraill overestimation of sorghum
albedo. However, the overestimation might comenftbe estimation of th&Al from

Eq. (18), which was found to overestimateltié .
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Figure 6.8:  Graph 1:1 line comparing simulated ar@ésured albedo of sorghum
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6.6 Conclusion

The results of this study showed that the seastyr@dmics of surface albedo had a
negative impact on actual evaporation. This impaes implicitly related to the
seasonal dynamics of vegetation and the climatiedition, which determine soill
moisture availability. This impact was found to ibsignificant on a diurnal basis, but
there is a necessity to represent these diurnadrdigs in seasonal models because of
the close relationship between surface albedo amdzenith angle under clear sky
conditions. These diurnal dynamics were insigniftcduring days with clouded sky
condition. Therefore, the inclusion of a clearngsfex in the models can be useful,
because it will discard the sun angle during daiyls @louds. The models were sensitive
to theLAIl . A small change in thé& Al leads to a large change in the simulated surface
albedo. Therefore, there is a need of the use eftrine LAI according to the crop
growth stage.

The tested models can be a valuable addition toSMAT and General
Circulation Model (GCM) for the savanna zone of WA§ica so as to remedy the
practice of using a fixed average albedo valueabse they can be used to depict the
true value of albedo at a spatial and temporaks@e suggested by Oguntunde (2004),
for a more detailed interaction between land-us&cehange and actual evaporation,
integration of seasonal albedo into the numeritadlys are necessary. Therefore, the

tested models could be relevant in such in-deg#raction studies.
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7 IMPACT OF LAND-USE INTENSITY ON SURFACE RUNOFF:
MEASURED SCALE EFFECT ON THREE SMALL WATERSHEDS

7.1 Introduction

Surface runoff is one of the major components @f llydrological processes in the
inland valleys in West Africa. Inland valleys amaall watersheds defined as the upper
reaches of the river systems. They are an integiaautacteristic of the West African
landscape (van de Giesen et al., 2000). These areasften very fertile and conserve
humidity for a long time even in the case of a pngled absence of rainfall. Because of
increasing peasant farming and the loss of sotilifgrin the upland, a shift of
agricultural activities has been widely observedhese environments and has resulted
in a threat to the natural resources. The conseguehthis widespread environmental
problem is an appreciable change in the land camdrthe herby induced hydrological
effects such as a change in surface runoff coefitciinfiltration rate, evaporation and
rainfall at a large scale. During field work, fammeegularly asked about the storage
time of water in the streams of inland valleys. them, this storage time is today
reduced to only few days where there was permaneratter. The threat to the natural
resource has resulted in reducing the scale effiegs, to the availability of the water
resources, because of the increase of surfacefrmndétriment of the infiltration to the
deeper groundwater. In fact, the scale effectatear reduction of surface runoff with
increasing slope length, and the understandingisfarocess has gained interest in the
past two decades. Many authors have shown evid#rtbés effect in many parts of the
world: Australia (Ben-Hur, 1991), Nigeria (Lal, 1391997a, 1997b), Burundi (El-
hassanin et al., 1993), Israel (Yair and Lavee512®@assi et al., 1985), Cote d’lvoire
(van de Giesen et al., 2000; Masiyandima et abD320and Ghana (Ajayi, 2004). The
spatial variability of the physical soil properti€gair and Lavee, 1985; Bonell and
Williams, 1986; Sivapalan and Wood, 1986; Julied Bfoglen, 1990) and the temporal
dynamics of the rainfall intensity (van de Giesérale 2000) are the main causes for
this scale effect. Furthermore, vegetation covel agricultural land-use can also play
an important role. Therefore, the main objectiveshs study were: 1) to provide the
evidence of the scale effect in a region with a amadal rainfall pattern, 2) to show
that the scale effect decreases with increasinigudtyral activities, and 3) to show that
the scale effect is important in water resourcelab#ity. The results should contribute

to the first specific objective of the VinVal prafe
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7.2 Trial sites

According to the selection criteria required to imde overall objective of the VinVal
project, three small watersheds were selected | phovince of Kompienga
(10°55&11°55 N — 01°25&01°23 E). The watersheds evatl in the same agro-
ecosystem and showed a gradient of agricultural-lese intensity: high, medium and
low land-use intensity. The selected watershede Wwanyele (high land-use intensity),
Bounou (medium land-use intensity) and Samboualth@ut agricultural land-use)
(Figure 7.1). All watersheds have an area of alh6lkm? (Kabore et al., 2003).

These two major land-use types were practiced iesehwatersheds:
Agriculture activities were carried out by the Ibc@mmunities (Gourmantche and
Mossi) during the rainy season, especially in Téngad Bounou, and in all watersheds
transhumance was practiced by shepherds (Fulamg.cfops were rain-fed crops such
as sorghum, millet, maize, sesame and cotton.

According to the phytogeographical classificatidridhite (1983), the south-
east region of Burkina Faso belongs to the Sudamat zone. The annual precipitation
for the study area lies between 900 and 1000 mrbdkeaet al., 2003). A rainfall peak
was observed between May and October with anotre@ropnced peak in August or
September. Temperatures are very high with a péabout 40 °C in March-April.
Lower temperatures were observed in August anddeiviDecember and January (22
°C on average). The region is characterized byeth@emic tree speciégitellaria
paradoxa, which dominates the vegetation cover. Other ingmirtrees ard’arkiia
biglobosa Andansonia digitataandAnea microcarpaFallow vegetation are dominated
is Combretum micrantunand the herbaceous stratum Apdroogon gayanysand
Penninsetum pedicelatum.

In all the watersheds, the up-land and the low-lame characterized by
breastplate mounds and some emergent granite mrckafions, which mark their
crests. The terrains are very flat (slop&8 %.) and the main type of soil is Lexisoill
(more than 60 %) as in the major part of West Afffddemola, 2004). With respect to
the soil texture, in Tanyele, the soil consistsafdy loam (71 % sand, 24 % silt and 5
% clay), in Bounou of loam (34 % sand, 48 % sild 4% % clay) and in Sambouali of
clay loam (25 % sand, 47 % silt and 28 % clay).
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Figure 7.1:
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7.3 Methods and materials

Investigations were made on a plot and watershaié.sc

7.3.1  Monitoring of the rainfall

Rainfall (depth and intensity) was measured at estéh with a HOBO rain gauge
(tipping-bucket) provided with time-stamp data leggvhich was calibrated indoor and
in situ. The data were downloaded every two weekarthermore, three totaling rain
gauges were installed across each watershed tareathie rainfall spatial variability.

The totaling rain gauges were controlled daily:808

7.3.2 Measurement on a plot scale
During the rainy season of 2004, a set of runaftlvas installed in each watershed.
Each set consisted of a 0.80 m x 1.25 m and a 2 5nnx plot. The short plot was
connected to a buried oil drum with a pipe of artéter of 100 mm, while the long plot
was connected to two buried oil drums. The plotsewaiented downhill and had a
slope of 2 %. A graduated bucket was introduceeéfally into each drum in such a
way that the water running off the plots flowedoitthem through the pipes. The drums
were closed with a lid to protect from rainfall. tEsnal surface runoff was prevented
from running into the plots by a thick metal shee20 cm height. After each runoff-
generating rainfall, the volume of the collectedevavas read. The bucket was emptied
and replaced in the oil drum. When the capacitytre bucket is surpassed, the
remaining volume of water in the oil drum was alseasured and the total runoff
collected for that rainfall event was a cumulaifell measurements. In the case of the
long plot with two oil drums, the volume of the leaited runoff was the sum of the
volume in each bucket.

In order to measure the scale effect, the runoéfffawent of the long slope

(C,,) was divided by the runoff coefficient of the shelope (C,), and the result was
compared with the ratio of the area of the shaot p§) and long plot §,). In case

C,,/C, equals 1, there is no scale effect because the aamunt of runoff is collected
from the short, and the long plot. 8/ §,<C,,/C,<1, scale effect is important, and

will mainly depend to the temporal dynamics of thanfall intensity. When
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S/ §,<C,/C,, scale effect is also important and will dependhi® spatial variability
of the physical properties of soil surface. Finalfyequals S/ §,=C,,/C,, the same

absolute amount of runoff is collected from botle tshort and long plots. In fact,

S/ S, is the theoretical minimum that one would expec@g/ C, to be greater or

equal. The indices 10 and 1 correspond to the @firélae long plot and the short plot,

respectively.

7.3.3 Measurement on a watershed scale
In addition to surface runoff from the plot, eaenfall that generated the runoff at the
outlet of the watersheds was detected by a pressnsducer (diver), since the outlets
were not equipped with an adequate discharge measut structure.

Scale effect on a watershed scale was estimatedextsapolating the
observations on a plot scale with the model progpdsevan de Giesen et al. (2000).
The required input variables are the rainfall istgn(P) [mm h?], saturated hydraulic

conductivity (K.,,) [mm HY], soil roughness K_), sorptivity (S) [mm s> and hill
slope length [m] (). Total runoff on a watershed scale was estimbagechultiplying

the sum of the individual runoff from the hill sy the drain density and the area of

the watershed. Values of the input variables arergin Table 7.1.

Table 7.1: Input variable for the estimation of Surface runoff
Tanyele Bounou  Sambouali

Area (ha) 1313 1472 669
Slope length (m) 205 230 238
Drain density (m hd) 13.6 9.4 24.7
MeasuredK ¢, (mm H') 227 195 55
SelecteK ¢, (mm HY) 25.9 13.2 6.8
SelecteK ,, (rainy season) 33 25 25
SelectedK ,, (other periods) 20 13 5

Sorpitivity (S) is a measure of the capillary uptake or removalvater in
porous media (Philip, 19575 was calibrated with the model of van de Gieseal.et

(2000). For this, the calibration begun with thduea of K_,and K, mentioned in

sat
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Table 7.1 and the optimum value o6 was found by trial and error estimating the
observed runoff from the short and long plots facterainfall event. If sorptivity that
simulates accurately the observed runoffs fromsti@t and long plots was not found,

all K, K, and S were varied simultaneously to obtain their optimuxa the short

sat !
plot did not work properly in Tanyele, only the rsaeed runoff from the long plot was
used for the calibration. The accuracy of the estioms of the total runoff on a
watershed scale was check with the discharge nmemasmts at the outlet of the

watersheds. which were estimated with the MannimggEion as follows:
Q=K,SRy"” I (7.1)

where Q is discharge at the outlet frs’], S is wetted section of the stream channel
[m?, R, is hydraulic radius [m], and is slope of the stream channel [-]. Stream

channels of each watershed were assumed to haezitien shape. The characteristics

of each stream channel are given in Table 7.2.

Table 7.2: characteristics of the stream chanhileowatersheds

Characteristic Tanyele Bounou  Sambouali
Width of the stream channel 7 7 10
Width at the bottom 2 1.7 3
Slope of the stream 0.003 0.0005 0.002

Pressure transducer data on the flow at the owtee available for the whole rainy
season in Tanyele and Bounou, and for short periodSambouali. Therefore,
measurements in Bounou were used for the validatdfothe estimations, where all
necessary data were available.

A decrease in the scale effect with increasingasel intensity was shown by
comparing the observation in each watershed. Theltsesvere compared to the
observation in other regions with a bimodal rainpaittern (Cote d’lvoire and Ghana)

7.4 Results and discussions

First, the reduction of the runoff coefficient frothe short and the long plots with
decreasing land-use intensity is discussed. Sectvad,measured scale effect, its
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reduction with increasing land-use intensity amhdr during the whole rainy season is
commented. Finally, the calibration of the sorgjivand the estimation of the total

runoff from the different watersheds are discussed.

7.4.1  Reduction of runoff coefficient

In all sites, a clear reduction in the runoff cagéint from the short and long plots was
observed (Table 7.3). The reduction was about 82 % @h % in Bounou and
Sambouali, respectively. From one site to anotllecrgasing land-use intensity), there
was a significant reduction in the runoff coeffitieThe total rainfall of 825 mm over
the whole rainy season produced 35 % and 14 %eofuhoff from the short plots in
Bounou and Sambouali, respectively. With respecthéolong plots, only 8 %, 5 % and
2 % of the runoff was observed in Tanyele, Bounodi 8ambouali, respectively. The
results are consistent and are similar to the obtiens in Cote d’'lvoire (van de Giesen
et al., 2000) and in Ghana (Ajayi, 2004), all regiovith a bimodal rainfall pattern.
According to Ajayi (2004), rainfall intensity, pomdj time and plot size are the main
reason for the large runoff coefficient observeahfrthe short plot. In fact, high rainfall
intensity during a short time may clog and sealsbié surface and therefore reduce the
infiltration rate and increase runoff. High raidfadtensity also stimulated the ponding
of the short plot in a short time and subsequemdraps after ponding directly
contributed to the runoff. Similarly, the plot bgishort, the water running did not have
much opportunity to infiltrate before reaching tiwtom. All these facts combined may
explain why short plots produce more runoff thanglglots. However, the absence of
an abundant vegetation cover can play an importdatin the rapid surface clogging
and sealing, because similar rainfalls in Tanyelé S3ambouali resulted in a different
runoff coefficient, which cannot be explained witihdéaking into account the vegetation
cover and the difference in soil physical propsttiehe high rainfall depth might result
from a long rainfall duration giving the water marpportunity to infiltrate in both the
short and the long plots. In fact, the short plmsame saturated more quickly than the
long plots. Given that all raindrops contributestarface runoff after saturation, high
rainfall depth can also explain difference betwdenrunoff coefficient of the short and

the long plots.
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Table 7.3: Measured runoff coefficient, rati©,{/ C,) and relative reduction of runoff coefficient.
Date of rainfal Rainfall (mm) Ru. coeff. from short plots (%) Ru. coeffim long plots (%) Ratio (/Cy) Reduction of ru. coeff. (%)
events Tanyele Bounou Sambouali Tanyele Bounou Sambpuali TanyelenoBo Sambouali Tanyele Bounou Sambopali Tanyele Bounou Sambouali
12-Jun-04 16.00 7.14
15-Jun-04 18.60 7.38
16-Jun-04
17-Jun-04 6.80 25.2 13.8 20.25 3181 0.22 3.58 0.18 0.00 82.3100.0d
20-Jun-04 35.2 21.80 2.35 0.11 89.21
22-Jun-04 25 11.58 0.87 0.p7 92|50
30-Jun-04 25.8 10{8 5.77 1827 2.95 0.51 D.00 48.95 100.00
3-Jul-04 9.20 4.81
7-Jul-04 324 2b 22.72 7.87 2.86 0.13 g.00 87.43 1do.00
10-Jul-04 49.6 46.38 6.99 0.15 84.94
11-Jul-04 41.40 31.49
13-Jul-04 14.6 4.91 0.00 100.00
17-Jul-04 29.80 61 30{2 27.95 26|14 19.51 5.81 p.08 0.21 0.08 2179  92.04%
19-Jul-04 32.60 4 39.47 23.59 1.15 0.03 97.08
22-Jul-04 27.8 43.67 5.65 0.13 87.07
24-Jul-04 41.20 70.6 67.60 17.27 16.09 0.24 76.20
27-Jul-04 15.30 0.24
30-Jul-04 39.40 15.8 85.40 2.39 7.62 0.09 91.07
31-Jul-04 7.30 14.2 18|12 12.11 2(89 0.40 6.74 D.60 0.56 0.21 3744. 79.3%
11-Aug-04 7.00 17.9 44 28.51 1246 8.06 3.96 D.26 0.14 0.74 086.1 25.7(
14-Aug-04 13.60 10.52
16-Aug-04 24.00 4.48
22-Aug-04 4.20 3.13
23-Aug-04 18.60 33.9 28 57.37 1363 11.74 6.26 1.82 0.11 0.13 .1089  86.63
24-Aug-04 10.5 52.47 6.50 0.12 87.62
25-Aug-04 22 13.1p 1.83 0.14 86J11
26-Aug-04 14.60 20.3 31.80 1.64 4.29 0.14 86.50
4-Sep-04 0.80 12|12 16.18 21.50 0.00 100.00
8-Sep-04 19.80 37.2 14.2 47.91 18.53 3.47 5.37 0.26 0.11 0.01 7988. 98.6]
9-Sep-04 23.20 18.1 24.45 1.73 3.57 0.15 85.41
14-Sep-04 8 29.41 0.46 0.p2 9845
15-Sep-04 3.60 4.49
17-Sep-04 10.8 10{4 47.25 15|18 6.69 1.00 0.14 0.07 85.85 93.39
20-Sep-04 24.20 15.1 24.83 1.49 2.60 0.10 89.52
21-Sep-04 10.1 10.33 3.71 0.36 64.06
25-Sep-04 20 9.41 0.52 0.p6 94|34
26-Sep-04 13.5 19.76 3.78 0.19 80.87 89.81
30-Sep-04 4.60 5.80
1-Oct-04 13.9 34.76 5.10 0.15 85.33
5-Oct-04 20.00 0.66 81.68
Mean value of runoff coefficient (%) 35 L4 8 5 2

122



Impact of agricultural land-use intensity on suefagnoff

a. Measured scale effect

For most of the rainfall event§;,,/ C, was less tharg / §, in Sambouali, where only

4 rainfall events produced a ratio above 0.1. lrurdm, up to 20 rainfall events

produced a ratio above 0.1 (Figure 7.2). Followihig trend, more ratios above 0.1
could be expected in Tanyele. van de Giesen eR@00) designed theoretical runoff
scenarios over time to show when the spatial véitiaof soil physical properties and

the temporal dynamics of rainfall intensity createscale effect. The first scenario
stipulates that the surface runoff occurs for anlyrief time with a discharge increasing
until the rain stops and the discharge drops badeto. In this case, only a part of the

plots (short and long) contributes to the colleateabff and the ratiaC,,/ C, is smaller

than the theoretical minimum of 0.1. In the seceoénario, the rain lasts long enough
for the rain dropping at the top of the short gimtreach the bottom after which all

infiltration excesses contribute to surface runoffil the rains stops (equilibrium state).
Here, the long plot does not reach this state beddischarge just increases until the
rain stops after which it decreases again. Inhivd scenario, the rain lasts long enough
and the runoff continues for such a long time thatshort and the long plots reach the
equilibrium. According to Julien and Moglen (199@), the first scenario the spatial

variability is the major cause of the scale eff@tterefore, it is also probably one of the
reasons of the scale effect in Bounou and Samhodoetiause 9 % and 72 % of the
ratios were less than 0.1 in Bounou and Samborgapectively. This is also probably
the case in Tanyele. The low annual rainfall obseietthe rainy season of 2004 and
the irregularity of the rains might have enhanckd tole of spatial variability in

creating the scale effect in Sambouali becausehefimnportance of antecedent soil
moisture in the generation of surface runoff. Thd was sometime completely dry

between two successive rainfalls events. Howeves, high importance of spatial

variability in creating a scale effect in Sambousli also more likely related to

vegetation cover and density. In fact, one of thaes of this study was to show the
importance of vegetation cover in the reductionsofface runoff and enhancing the
scale effect. The reduction of surface runoff frome csite to another through the
vegetation cover is quite easy to prove and has begorted by authors (Kincaid and
Williams, 1966; Lane et al., 1988, Albergel et 4988), and in theses studies, it was

concluded that the runoff was negatively relatethwegetation density. In contrast, the
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role of the vegetation cover in creating a scafectfcan be a source of discussions,
because creation of scale effect may greatly depenthe ability of the vegetation to
intercept the raindrops and on the frictional tasise affecting the runoff. Interception
and frictional resistance will be more pronouncedn area with more vegetation and
will create the scale effect. Such a situation whserved in this study, especially in
Sambouali. In fact, in addition to the reduction rimoff coefficient mentioned in

section 7.4.1, the mean value of the raflg/C, decreased as much as 72 % when

comparing the observations in Bounou and Sambotgdpectively. This reduction
corresponds to the same percentage of the increasmle effect from the first to the
second site, which cannot only be the effect ofvidmgability of soil physical properties.
Consequently, the stream flow peak was more pratediin Tanyele and Bounou than
in Sambouali. This confirms the observation on binthds at the watershed outlet
where, the occurrences of stream flow were detdaydtie pressure transducers. Only a
few rainfall events produced a flow at the outteSiambouali in contrast to Tanyele and

Bounou.
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Figure 7.2: RatioC,,/C, compared toS/ S, (dashed line) for Bounou and
Sambouali
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b. Comparison of results with observations in Cotel'lvoire and Ghana

The results obtained here were compared to the \aiig@rs in Cote d’lvoire and in
Ghana. As previously mentioned, the significanucgithn in the runoff coefficient from
the short to the long plots was the common denaminalhe reduction is less
pronounced in Cote d’lvoire than in Ghana and imkiBia Faso, but quite similar in the
later two countries. The difference between the ¢Bdns might be explained by the
difference in soil surface features, vegetationecpvainfall pattern and operating
method. Interesting to point out is the clear impHdhe vegetation cover on the runoff
coefficient in all studies. In Cote d’lvoire, thenoff coefficient for the plots installed
on bare soil produces a quite similar runoff caéét and the scale effect is almost the
same. However, the large difference in the scalecetbetween bare soil and soil
covered with weedy fallow and rice (38%) and frommikr plots is one of the most
striking features of this study. A similar phenomenwas observed in Ghana and
confirms the importance of a vegetation cover ihaacing the scale effect (Table 7.4-
6).
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Table 7.4: Average runoff coefficient observediie d’lvoire (van de Giesen et al., 2000)

Short plot Long plot C,/C; Runoff coeff. reduction(%o)
Tototal runoff (litres)Runoff coeff. (G) Total runoff (liters) Runoff coeff. (Gy)
Al 397 0.37 2156 0.21 0.57 43
A2 495 0.46 2801 0.27 0.59 41
A3 316 0.29 597 0.06 0.21 79

Al: plot installed on bare soil with some fallowgegation and rainfed rice
AZ2: plot installed on bare soil with some fallowgegation and rainfed rice
A3: plot installed on soil with weedy fallow andnied rice

Table 7.5: Average runoff coefficient observedinana (Ajayi, 2004)

Short plot Medium plot Long plot Runoff €6 Reduction(%o)
Total runoff (liters) Runoff coeff. Total runoff (Brs) Runoff coeff Total runoff (literRunoff coeff.
A2 473 0.327 186 0.129 77 0.053 84
B2 306 0.212 225 0.156 77 0.055 74

A2: plot installed in rainfed maize field
B2: plot installed on soil covered with natural g&gion

Table 7.6: Average runoff coefficient observedurkina Faso
Short plot Long plot C10/Rainoff coeff. Reduction(%)
Total runoff (liters)Runoff coeff. (G) Total runoff (liters) Runoff coeff. (G)
A3 N.A N.A 454 0.08
B3 216 0.35 373 0.05 0.14 86
C3 37 0.14 64 0.02 0.14 86

A3: site with high land-use intensity
B3: site with medium land-use intensity
C3: site without agricultural activities and cowereith natural vegetation
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7.4.2  Estimation of annual total runoff on watersheds scie
The estimation started by the calibration of theessary variables in the three

watersheds.

a. Calibration of the input variables

From the result obtained in the section 7.4.1,i&the values ofK_, and K found in

sat
literature are assumed correct, the main physiagdrpeter explaining the significant
decrease in surface runoff comparing Tanyele to Saalbis sorptivity. However, the

calibrated K K, and S show that all parameters play a role accordinghtsr

sat?
variation over time (Figure 7.3, 7.5 and 7.7).

K. and S follows similar pattern, whileK  increased gradually from the

sat

onset to the end of the rainy season. The avekagewas about 28.3, 42.8 and 43.3
mm h' in Tanyele, Bounou and Sambouali, respectively. [ahge difference K,

between Tanyele and the others sites can be rétated minor biological activities and
crust effect in this site, as natural vegetations wat dense than in Bounou and

Sambouali. In contrast t&,, , the average values & _ were higher in Tanyele (34.8)

sat !
and Bounou (32.9) than in Sambouali (24), wherelthiee soil was dominant at the
onset of the rainy season. In fact, in Samboudlvedetation was burnt during the
previous dry season. With respect to the sorptitite average values were 2.50 nim s
5 0.142 mm §° and 0.145 mm'$® for Tanyele, Bounou and Sambouali, respectively.
These values of sorptivity are in the range of #muits of Talsma (1969) and Smith
(1999).

The accuracy of the calibrations is shown by the gamson between the
observed and the estimated runoff from the shadtlang plots. For Tanyele, as the
calibration was based on the measurements frontotige plot, the bias errors (MBE)
are lower (Figure 7.4), where MBE was 0.07 litersawerage. Here, the calibrated

Ko K, andS seem to be very accurate, but should not reflecteal situation in the

sat?

field, as the upscaling from the short to long ploduld not be done.
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Figure 7.3:  (a) Calibrated saturated hydraulic deanivity (K, ), soil roughness
(K,) and sorptivity §); (b) comparing between observed and the
simulated runoff on a plot scale in Tanyele
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Figure 7.4:  Variation of the mean bias error ia @stimation of the surface runoff in

Tanyele (long plot)
For Bounou, the calibrated variables reflect mbeereal situation on the field.

As it can be seen on Figure 7.5 (a and b), théreabdK_,,, K, and S simulate more

accurately the runoff in the short plot (MBE= -0.lit2rs) than the runoff in the long
plot (MBE=-9.13 liters). The average MBE was -0.18 a&13 liters for the short and
long plots, respectively (Figure 7.6). Becausehaf size of the short plot, the spatial
variability can be considered as minor, which carethe case for the long plot. It was
also observed that the calibration was more proatemvhen the scale effect on surface
runoff is less pronounced. For instance, the rdirga 24 July 2004 (70.6 mm)
generated a runoff of about 48 and 114 liters éndfort and long plot, respectively. For
this particular rainfall, a MBE of -6 and -47 litensas observed in the short and long
plot, respectively. The double effect of the tempdgmamics of rainfall intensity and
plots size may explain this observation. In faegards to the high rainfall depth, the
equilibrium state was reached in both short and Iplots before which all rainfalls
contribute to surface runoff. Therefore, as theploere with different widths (0.85 and
2 m for the short and long plots, respectivelyg thtal runoff in the long plot will tend
to double the runoff in the short plot in term abportion. In this case, the optimum

K., and S for the short plot will underestimate the measweets from the long plot.

sat
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Figure 7.5:  (a) Calibrated saturated hydraulic deanivity (K, ), soil roughness

(K,) and sorptivity §); (b) comparing between observed and the
simulated runoff on a plot scale in Bounou
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Figure 7.6:  Variation of the mean bias error ia @stimation of the surface runoff in
Bounou

For Sambouali, similar observation in Bounou wasfh The average MBE
was 0.03 and -0.23 for the short and long plotgpeetively (Figure 7.8). Also, the scale
effect was less pronounced for the rainfall of igéAst 2004 (44 mm), which showed
similar high error with regards to the estimatidntlee runoff in the long plot as in

Bounou for the rainfall of 24 July 2004.
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Figure 7.7:  (a) Calibrated saturated hydraulic deantivity (K, ), soil roughness

(K,) and sorptivity §); (b) comparing between observed and the
simulated runoff on a plot scale in Sambouali
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Figure 7.8: Variation of the mean bias error inésémation of the runoff in sambouali

The results confirm the trend of the decrease dhsarrunoff according to increasing

vegetation cover and decreasing land-use interiBitg.trend of the calibrated_,, and

S somehow follows the calendar of the agricultuiclvéities in Tanyele and Bounou.
The values are relatively lower before tilling, besa the soil was more compact and

less able to absorb or infiltrate water. Afterinidj and seedingK_. and S were

sat

improved and increased before the soil in boths diecame sealed and clogged, which
again reduced the sorptivity. This process was mooaounced in Bounou, wher@
was 0. 06 mm %>, than Tanyele, where the minimuBwas 0.17 mm$° but K_,
was similar in both site (about 16 mrt m Tanyele and 12 mm*hin Bounou). This
was in mid and late July and early August, wheeer#infall is more regular. Hoeing is
reflected in the graph by a peak, and the followimgfall sealed and again clogged the
soil, which resulted in lower sorptivity. For SanatiuK_, and S were relatively
constant from June until mid July. As this site waghout agricultural activities the
sorptivity remained constant until the soil was ebtetely saturated, which was
observed in mid of August. After this decrease,régt rainfall producing a runoff was
observed 12 days later. Therefore, within this nedéit long period, the soil dried out

and its ability to absorb water was restored, wiscbhown an increase iK_, and S.

The following rainfall led to a relative decrease.
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b. Estimation of total runoff

After the calibration of all variables, the totahioff from each watershed and for each
rainfall event was estimated by multiplying the slated runoff from the hill slope with
the drain density and the area of the watershedtiéowhole rainy season, the values
were 18021 m3, 1913 m3 and 753 m3 in Tanyele, BowmaliSambouali, respectively.
Similarly, the measured discharge®)(were 8112 rhand 2129 rhfor Tanyele and

Bounou, respectively.

As mentioned in section 7.3.3, the measurementBownou were used to
check the accuracy of the estimated total runofivatersheds scale. Figure 7.9 shows a
relatively good agreement between the estimatedvaasured discharge, showing that
when calculations are based on appropriate datapthdel of van de Giesen et al.
(2000) can be used to estimate the total runofhamatershed scale. Comparing the
estimated total runoff and total discharge in Bayrnibcan be seen that both are similar.

The estimated total runoff was less than the meedliseharge by 216 hfabout 10%).
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Figure 7.9:  Comparison between the estimated aedsured total runoff on a
watershed scale in Bounou

In Tanyele, the estimated and measured total randiffer significantly. In
this site, as point measurements of surface ruwefe not available, calibration and
estimations were based on the measurements frotorifgeplot (10 M), which is not

appropriate. Therefore, the measured total dischage kept as the model of van
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Giesen et al. (2000) led to an overestimation. Sambouali, calibrations and
estimations were based on both the short and Itotg measurements of the surface
runoff. Therefore, estimations in this site can cd&i®ed as accurate on the light of the
relatively good agreement obtained in Bounou.

Comparing the total runoff at the outlet of the @vaheds and the observation
from the short plots, it becomes clear that 5 %hef runoff observed in the short plot
reached the outlet in Bounou and only 0.1 % wa®mesl at the outlet in Sambouali.
With respect to the observation in the long pl&t§, % of the observed runoff reached
the outlet in Tanyele and this percentage was d%0a68 in Bounou and Sambouali,
respectively. On a watershed scale, the total fundfanyele was 4 times larger than in
Bounou, 11 times than in Sambouali, whereas thenmale was 3 times between
Bounou and Sambouali. The results show that arets Mgh land-use intensity and
lower vegetation cover produced more surface ruthadh the areas with medium land-

use intensity or without agricultural land-use.

7.5 Conclusion

The principal finding of the study is the clear ende of the scale effect on runoff in
the savanna area with its monomodal rainfall patt&he results show that the scale
effect was important in all trial sites but moreopounced in the sites with less
agricultural activities and covered with naturalgettion. Similarly, a significant
reduction of the total discharge at the outlethaf watersheds with decreasing land-use
intensity was observed as well. The results andreasens show that vegetation cover
is important in the process of reduction of surfag@off. Consequently, with the same
amount of rainfall and similar agro-ecosystem, tiater resource availability
(groundwater, storage time in watersheds) will barancritical with higher land-use

intensity if no measures are taken to ensure thegeence of water resources.
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8 SUMMARY AND RECOMMENDATIONS

This chapter presents the summary, conclusion acdm@endations of the whole
research. The effect of land cover change and sah$arming activities on actual
evaporation is investigated from Chapter 3 to 6ilev@hapter 7 deals with the scale

effect on surface runoff.

8.1 Summary
8.1.1 Energy balance closure and footprint analysis
The quality and the representativeness of the limsg-term Eddy Covariance (EC)
measurements ever recorded over the West Africaansa were investigated via the
energy balance closure and the footprint analyi$is. analysis covered four contrasting
periods the complete dry season (January to Ma@gl)2 the dry to wet transition
period (April to May 2004), the rainy season (Jtmé&eptember 2004) and the wet to
dry transition period (October to November 2004).

The results show that the overall energy balanceucbowas satisfactory over
the whole dataset for an eddy covariance study vétfards to the results of other

investigation on this issue. The regression fit leetw R, - G) and (H + AE) was

significant with a coefficient of determinatiorf)(iof 0.80 and a slope of 0.88, while the
intercept was 25 W th The energy balance closure was affected by raimgluhe
rainy season, where r2 = 0.69 and by sampling problduring the transition periods,
where r2 were 0.80 and 0.86, respectively. Durirggrainy season, the measurements of
most of the days with rain were excluded from thalgsis because they did not satisfy
the energy balance closure requirement, which magleh a real evaluation of the
dynamics of surface fluxes during that period. Ttulg also indicated an asymmetric
effect on the energy balance closure on a diuraaisb This seems to reduce the
measurement accuracy during the morning. Attensioould be given to this issue in
future, because the reality of this asymmetry comtd be substantiated since net
radiation and ground heat flux were estimated. Tdwpiint analysis shows that the
fetch ranged between 20 m (daytime) and 800 m f{img&). This range showed that
the fetch was adequate and fluxes sampled weresemative, especially during the

rainy season when the vegetal cover was dominageckdps and grasses with scale
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length of a few meters. During the dry season wihensurface is free of crops and
grasses, the measurements were also representaiabout 60 % of the trees around
the station were contributing to the measured Buxeéowever, during the transition

periods, sampling problems arose, and less tha# 8D the trees were contributing to
the measured fluxes. The study reveals that theitot of the station with regard to the
dominant wind direction is important and can havesignificant effect on the

representativeness of the measurements. Thereliseadpect should be added to the
traditional criteria of selection of the best laoatwhen installing the eddy covariance

system, especially in the savanna vegetation winees are scattered.

8.1.2 Inter-annual energy partitioning

Seasonal variability of the energy partitioning veasilyzed with a combination of eddy
flux and weather data over intensely farmed lanthénTanyele watershed. The analysis
covered one relatively wet year (2004) and ondivelly dry year (2003).

The study shows that there is a clear pattern inp#rétioning of available
energy between the sensible heat and latent heabfi a seasonal basis. The latent heat
flux was the main consumer of the available enafgyng the rainy season (71 %),
while the sensible heat flux was dominant during diny season (77 %). The relatively
wet rainy season of 2003 had higher peak of Idteat flux (194 W nf on average)
than the relatively dry rainy season of 2004 (176m# on average). Similarly, the
sensible heat flux was lower in 2003 (66 W on average) and higher in 2004 (81 W
m? average) for the same period. Surface conductaeaked in 2003 and 2004 during
the rainy season at 39 mrt and 38 mm &, respectively. During the dry season,
surface conductance was strongly coupled to atnesgpldemand but was much
reduced due to low soil moisture availability anghhvapor pressure deficivPD > 4
kPa). During the rainy season, the latent heat fli@s decoupled from atmosphere
demand. The study also shows multiple correlatioasvéen variables making it
difficult to determine the exact individual conuiion. However, the main driving
factor is moisture availability, and all or partstbe other contributing variables in the
process depend on this main factor. During the s#gson, the main driving factors
reducing the latent heat flux were vapor pressefeiti net radiation was non-limiting.

The vapor pressure deficit also has significantotff@n the surface conductance and
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vice-versa. During the dry season, the major parthe available energy goes into
heating the atmosphere, thus increasing the senfitX. During the transition periods
and the rainy season, the phenomenon is reversktharatent heat flux becomes the
main consumer of the available energy, and soiktnge is no longer limiting. During
these wetter parts of the year, vapor pressureitdpfay minor roles while net radiation
becomes the main driving factor. All processes dispend on the abundance and the
distribution of rainfall over the rainy season.

Another important finding of this study is the aleand pronounced seasonal
dynamics of roughness length for momentum. Usufikgd values of roughness length
for momentum are used in land surface models, sstwdies have shown that it has
only minor effects on surface fluxes. The use oixed value of the roughness length
for momentum is less accurate in the case of savaegetation, where there is a drastic
change in vegetation cover according to the seaddaseover, agricultural activities
amplify this change. Similarly, seasonal bush firadich completely change the
morphology of the vegetation cover, could also isicgntly affect the roughness length
for momentum.

The pattern of coupling and decoupling was folloi@dformulation of actual
the evaporation and surface conductance. The imgregeations were based on the
assumptions given by Smith and Jarvis (1998) amined to be consistent. These
simpler equations developed can be an alternadivaany of the sophisticated models
available in the literature for the case of theasea zone of West Africa. Inclusion of
these equations in some of the well-known landasaftransfer models should be

considered for weather and climate models for tlestéMfrican savanna.

8.1.3  Seasonal dynamics of vegetation cover and land sade models
The sensitivity of the NOAH LSM was evaluated widspect to the seasonal dynamics
of the vegetation cover in the savanna area unaensive agriculture in eastern
Burkina Faso, West Africa. The choice of the NOAHM.®/as motivated by the fact
that it has been already tested in different emwitents in West Africa, especially in
Ghana.

Model sensitivity was tested by comparing the sated surfaces fluxes using

fixed values of the roughness length for momentsrtha standard in the model and the
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roughness length for momentum having the true seds@lue. The results show that
the NOAH LSM was not sensitive to the change ofrtheghness length for momentum
on a seasonal basis nor on a daily basis, whichragiots earlier results. The

formulation of the coefficientB,) coupling the canopy transpiration to atmosphesis w

found to be the main cause of this. An improvedniadiation for this coefficient was
given to remediate to this insensitivity and to mne the performance of the model.
The model led to an overall underestimation of theerdt heat flux throughout the
monitoring period. The use of constant value for shwe conditions in soil layer
appeared to be the reason for this underestimaterguse long-term measurements of
soil moisture were not available. The model gavetteb estimation of the sensible heat
flux. Recommendations are also given to enhanc@dh®rmance of the model in the

West African savanna environment.

8.1.4  Seasonal dynamics of surface albedo

Surface albedo is an important parameter in mangehsosuch as crop growth models,
eco-hydrological models, and General Circulationdgle (GCM). The present research
was conducted over the savanna zone of easterofpurkina Faso, West Africa. The

first objective was to investigate the effect oé tbeasonal and diurnal dynamics of
surface albedo on actual evaporation. Also, thendiucourse of the albedo was
measured and its relation with solar angle, cloesinand potential effect on actual
evaporation was established. The measured surfaedaivas simulated with selected
empirical models available in the literature.

The results show that there are a clear seasonalhdygs of surface albedo,
which had a negative impact on actual evaporafitis impact was implicitly related
to the seasonal dynamics of vegetation and clin@imditions, which determine soil
moisture availability. On a diurnal basis, the iipaas found to be insignificant, but
there is a necessity to represent these diurnadrdigs in seasonal models because of
the close relationship between surface albedo amdzenith angle under clear sky
conditions. The diurnal dynamics were insignificdating days with clouds. Therefore,
the inclusion of a clearnex index in the modelsldde useful, because it would discard
the sun angle during days with clouds. The modelsl@yed to simulate the seasonal
dynamics of the sheanut and sorghum surface alhade better estimations, but were
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very sensitive to the Al . A small change in thé& Al resulted to a large change in the
simulated surface albedo. Therefore, the ltleaccording to the crop growth stage
should be used. The calibrated models can be usefelstimate sheanut tree and
sorghum albedo at a spatial and temporal scaléhtoisavanna zone of West Africa.
They can be a valuable addition to the SVAT and @Gdr&rculation Model (GCM) so

as to remedy the practice of using fixed averagedd values, because they can be used
to depict the true value of albedo at a spatial terdporal scale. As suggested by
Oguntunde (2004), for a more detailed interactietwleen land-use/cover change and
actual evaporation, integration of seasonal alb@to the numerical study are
necessary. Therefore, the tested models can beantlév such in-depth interaction

study.

8.1.5 Land-use and surface runoff

Surface runoff was measured with a set of runofftglin three small watersheds
(Tanyele, Bounou and Sambouali) with different agtical land-use intensity in

eastern Burkina Faso, West Africa. Land-use intgnsiTanyele was high, but Bounou
intensity was medium, while Sambouali was not uragniculture but covered with

natural vegetation. Each set consisted of one ghottof 0.80 m x 1.25 m (1 m?) and
one long plot of 2 m x 5 m (10 m?) runoff plot. Tabjective of the research was to
investigate the surface runoff scale effect ingheanna area with monomodal rainfall
pattern, and to show that this effect was more quaced in the area without
agricultural activities and covered with naturalggtation. The surface runoff scale

effect was measured by dividing the runoff coeéfinti from the long plot,,) by the
runoff coefficient from the short plot} ) and then compared to the ratio of the surfaces
(S/9,)- The results show a clear reduction of surfaceffuwith increasing slope

length and with decreasing land-use intensity. Tloé gf 1 m2 did not give confident
data in Tanyele. In fact, the precipitation of 82& mbserved in 2004 generated a 35 %
and 14 % surface runoff from the short plot in Bowrand Sambouali, respectively.
With regards to the long plot, 8 %, 5 % and 2 % whserved in Tanyele, Bounou and
Sambouali, respectively. The scale effect in Samlbaves more pronounced than in
Bounou with a magnitude of 72 %. On a watershedesthe total runoff in Tanyele
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was 4 time larger than in Bounou, 11 times thaBambouali, whereas the magnitude
was 3 times between Bounou and Sambouali. A diffexen the interception and the
frictional resistance of the vegetation was fouodé important in the process of the
scale effect and decrease of the surface runofff @etreasing land-use intensity

8.2 Conclusion and recommendations

The research shows that land-use and seasonal tpauiivities have a clear effect on

the dynamics of surface fluxes, especially on dauaporation, in the savanna zone of
West Africa. This is illustrated by the pronouncedsonal dynamics of the roughness
length for momentum and surface albedo, even if #féect is not the principal cause

of the seasonal dynamics of surface fluxes. Maogstawrailability is the primary cause

and its abundance enhances and stimulates thet effethe roughness length for

momentum and surface albedo. Similarly, land-udensity has a clear effect on

surface runoff as shown by the clear decreasenoffand increasing surface runoff

scale effect with decreasing land-use intensitytifent to the analyses in the different
chapters, some useful and necessary recommendat®gs/en as follows:

1. In order to improve the quality and the représtreness of long-term eddy
covariance measurement on farm land in the savaome, the eddy covariance station
must be well orientated with regard to the dominaimd direction. The location must
also be adequate, so that a higher number of éireesovered by the sensor fetch. This
criterion should be added to the traditional ci@esf selection of the best location of
installation of the eddy covariance station inghganna zone of West Africa.

2. The insensitivity of land surface models withpes to the roughness length
for momentum is less accurate in the savanna emwieot. Therefore, clear
representation of seasonal values of the roughleggh for momentum on eddy
covariance measurement must be taken into accoutiteir formulation. A similar
consideration with respect to surface albedo is atkeded. These data can be useful for
better understanding of the complex feedback mesimanin the biosphere-atmosphere
interaction in the savanna zone of West Africa. ldeer, the used of a fixed value of
roughness length for momentum should be sufficientthe dry season, where all

variables, except surface albedo, appear relato@hgtant.
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3. The proposed formulation of actual evaporatind surface conductance can
be relevant and should be taken into account ftebenderstanding of the feedback
mechanisms in the biosphere-atmosphere interagtiothe savanna zone of West
Africa. The proposed formulations do not need comptepresentation of root
distribution in different soil layers. Moisture ahadbility is implicitly taken into account
by moisture indicators like Bowen ratio and evapiveafraction. However, independent
data sets are needed to test them. Therefore, hbisids be the next step for their
validation, and the flux network of the GLOWA-Voltnd VinVal projects can be
useful for that. The developed models can be amaltige to many of the sophisticated
models available in the literature.

4. With respect to surface runoff models for theassma zone of West Africa,
the surface runoff scale effect must be clearlyrespnted for better prediction of
surface runoff at a watershed scale. Land-use sittemust also be taken into account
and could be done through the surface roughnessallys surface roughness is
expressed through the Manning coefficient in s@wfamoff models. This coefficient
can be expressed as a function of canopy intearepsind vegetation frictional

resistance.
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