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Scientifically sound decisions in sustainable water management are usually based on hydrological mod-
eling which can only be accomplished by meteorological driving information. Especially in regions with
weak infrastructure this task is hampered by limited hydro-meteorological information in sufficient spa-
tial and temporal resolution. We investigated three approaches to provide required meteorological fields
driving the distributed hydrological model: the results of the mesoscale meteorological model MM5
which are available near real time, the TRMM product 3B42 available with approximately one month
delay, and station data available with a delay of one year or more. The study site is the White Volta catch-
ment in the semi-arid environment of West Africa. The results for 2004 show that the meteorological
model is able to provide meteorological input data for near real time water balance estimations. In this
study the TRMM product does not improve the simulation results. Besides missing important meteoro-
logical data, also gridded information on land surface properties (albedo, LAl etc.) is usually difficult to
obtain, albeit it is an essential input for distributed hydrological models. This information is commonly
taken from “static” tables depending on the land use. Satellite remote sensing provides worldwide spa-
tially detailed information on land surface properties which is particularly suitable for large regions in
remote settings. Therefore the MODIS products for albedo and LAI were processed to annual time series
including the identification and replacement of low quality observations by interpolation. The impact
using MODIS data on the spatial distribution of water balance variables occurs mainly on local scale.
The hydrological simulations using MODIS LAI and albedo values result in higher annual evapotranspira-
tion and lower total discharge sums for 2004. Altogether it is concluded that hydrological decision sup-
port systems in regions with weak infrastructure can benefit significantly from the integration of
atmospheric modeling and satellite-derived land surface data.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

tion water supply or running hydro-power strategies. Therefore
other data sources for the meteorological driving information for

Sustainable decisions in water resources management require
scientifically sound information on water availability, which in-
cludes the quantification of the spatial and temporal changes of
water balance variables. Central support in hydrological decision
making arises from hydrological modeling which, in turn, depends
on meteorological input. In poorly gauged basins this task is
hampered by the fact that only little hydro-meteorological infor-
mation is available. Station data are only available with a consid-
erable temporal delay and therefore unsuitable for specific
questions in water resources management, where basin-wide near
real time and short-term monitoring is required to support stake-
holders and water management authorities in operational irriga-
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hydrological simulations have to be used. In this study three data
sources, available with different temporal delay, are applied with
a special focus on precipitation, which is the basic component of
the water balance. For near real time estimations the hydrological
simulations are driven by the output of the mesoscale meteoro-
logical model MM5. The integration of atmospheric sciences and
hydrology for the development of decision support systems in
sustainable water management was performed by Kunstmann
et al. (2007) for the Volta basin. Furthermore, this technique
was applied by, e.g. Marx (2007) and Kleinn (2002) for catch-
ments in Europe. Using joint atmospheric-hydrological simula-
tions, the water balance estimations are available within two
days. The second data source is a product of the Tropical Rain-
fall Measuring Mission (TRMM) which is available with approxi-
mately one month delay. Station data are used as a third
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meteorological data source. Especially in regions with weak infra-
structure, where no automatic data recorders are used, the delay
can increase up to one year or more until data are collected, dig-
itized, and become available to the public.

Independent of the meteorologically driving data, land surface
properties, like albedo and leaf area index (LAI), are essential input
data for distributed hydrological modeling. This information is
usually taken from standard literature values and incorporated
into hydrological modeling through tables depending on the land
use. But standard literature values can be imprecise, especially in
regions with few field measurements. In particular in such regions,
satellite-based data can improve the available information on land
surface properties. Space-borne remote sensing systems such as
MODerate resolution Imaging Spectroradiometer (MODIS) acquire
full global coverage within 1-2 days. A large suite of land surface
properties is made available free of charge as composites of daily,
8-day, or 16-day periods with a spatial resolution of 1000 m or less.
Remote sensing techniques in hydrological studies and water re-
sources management for the quantification of surface parameters
are used in several studies. For example, Chen et al. (2005) used re-
mote sensing data to characterize the distributions of vegetation
types and LAL Sandholt et al. (2003) integrated vegetation dynam-
ics from remote sensing data in a distributed hydrological model
for the Senegal river basin. In this study the MODIS products of
the leaf area index (LAI, MOD15A2) and albedo (MOD43B3) are im-
ported into the hydrological model and simulation results using
tabulated literature- and MODIS values are compared.

This work will show the application and performance of hydro-
logical simulations driven first by different meteorological input
data sources which are available with specific delays and second
by different land surface data sources derived from standard liter-
ature and multi-temporal MODIS remote sensing data. The study
site is the White Volta catchment in Western Africa and the simu-
lations were exemplarily carried out for the year 2004.

2. The White Volta catchment

The study area is one of the main tributaries of the Volta basin,
the White Volta catchment (94,000 km?) situated upstream of Lake
Volta in northern Ghana and Burkina Faso (Fig. 1). Lake Volta is one

of the largest artificial lakes in the world, and hydropower genera-
tion at the Akosombo dam is the major energy source in Ghana. In
the basin rain-fed agriculture is the major source of livelihood. Due
to increasing demographic pressure, the demand for water, food
production, and energy increases continuously, which intensifies
the competition for water resources. However, not the precipitation
rate itself but also its variability determines the living in this area.

In general, precipitation intensities and total annual rainfall
show a strong inter-annual and inter-decadal variability in Wes-
tern Africa (Hayward and Oguntoyinbo, 1987). Mean annual pre-
cipitation in the White Volta catchment ranges from less than
500 mm (North) to more than 1500 mm in the South, of which
around 80% occurs between July and September. The spatial pre-
cipitation distribution in the White Volta catchment is character-
ized by a strong latitudinal dependence. Furthermore, small-scale
rainfall variability is very high. Friesen (2003) estimated the coef-
ficient of variation of 9 x 9 km? intra-scale rainfall variability to be
between 0.25 and 0.4 in northern Ghana. The main agro-ecological
zones of the White Volta catchment include the Sudan Savannah
(400-1000 mm year~! precipitation) in the northern and Guinea
Savannah (around 1200 mm year~! precipitation) in the southern
part of the catchment, both with a rainy season from May to Octo-
ber. Climatologically, the White Volta catchment is situated in the
semi-arid climate zone with a mean annual temperature between
27 and 36 °C. The mean annual potential evaporation ranges be-
tween 2500 mm in the North and 1500 mm in the South. Approx-
imately 80% of the precipitation is lost to evapotranspiration
during the rainy season (Oguntunde, 2004).

The topography of the White Volta catchment is very flat, in
particular in the southern part (<0.1%). The main geological sys-
tems of the catchment are a Precambrian platform and a sedimen-
tary layer. The predominant soil types are lixisols in the southern
and arenosols in the northern part (VBRP, 2002). Since 1993, the
natural flow regime of the White Volta catchment has been dis-
turbed by a dam and hydropower generation in Bagré in southern
Burkina Faso. Due to the strong dependence of downstream hydro-
graphs on the management strategies of the Bagré dam, the simu-
lated runoff was replaced by the measured runoff at the next
gauging station in Yarugu to avoid the transmission of errors to
the downstream catchments. For this reason and data availability,
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Fig. 1. Nesting strategy for the meteorological modeling (left), location of the 22 available meteorological stations (centre) and set-up of the White Volta catchment for the

hydrological simulations (right).
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the study focuses on the Ghanaian part of the White Volta
catchment.

3. Hydrological model - WaSiM-ETH

For the hydrological simulations the water balance simulation
model WaSiM-ETH (Schulla and Jasper, 2000) was used. It is a
deterministic, fully distributed modular model for the simulation
of the terrestrial water balance using physically-based algorithms
for the vertical fluxes. For instance, soil moisture in the unsatu-
rated zone is calculated with the Richards equation (Richards,
1931) and the potential evapotranspiration according to Pen-
man-Monteith (Monteith, 1975). Actual evapotranspiration is esti-
mated using a relation between soil moisture and actual capillary
pressure. Groundwater fluxes are calculated by a two-dimensional
flow model which is dynamically coupled to the unsaturated zone.
Other lateral fluxes like direct runoff and interflow are treated in a
lumped manner. Surface runoff is routed to the sub-catchment
outlet using a subdivision of the catchment into flow time zones.
For considering retention, a single linear storage approach is ap-
plied to the surface runoff in the last flow time zone. Translation
and retention of interflow is treated accordingly. Discharge routing
in the river bed channel is based on a kinematic wave approach.

For the simulations, the White Volta catchment was subdivided
into 15 sub-catchments. The outlets of the sub-catchments are
mainly located at hydrological stations, such that simulated dis-
charges can be compared with measurements, if available. The out-
let of the model set-up is the station Nawuni, the last available
station before the White Volta flows into Lake Volta. The spatial
resolution of this study is 1 x 1 km? which results in a regular grid
of 411 x 631 grid points. Vertically, the soil is represented by 20
layers with a thickness of 1 m each. The model requires digital ele-
vation data, gridded soil properties (derived from the global FAO
soil map), land use, and hydrogeological information (Martin and
van de Giesen, 2005).

The model was calibrated and validated with historical observa-
tion data on a daily time step. Due to the fact that WaSiM-ETH was
so far not used in a semi-arid environment, long time series of
meteorological and hydrological were required for the climatic
adaptations and calibration/validation process (see Wagner et al.,
2006 and Jung, 2006).

4. Meteorological data sources

If near real time estimations are required, the output of a regio-
nal meteorological model is often the only possible data source,
especially in poorly gauged basins. For the meteorological simula-
tions the mesoscale meteorological model MM5 (Grell et al., 1994)
was applied in non-hydrostatic mode to dynamically downscale
the global atmospheric fields stepwise using three domains with
horizontal resolutions of 81 x 81km? (61 x 61 grid points),
27 x 27 km? (85 x 67 grid points) and 9 x 9 km? (157 x 121 grid
points) (Fig. 1). For the vertical resolution 25 layers from the
surface up to 30 hPa were chosen. Jung and Kunstmann (2007)
determined an adequate configuration of the available parameter-
izations for the Volta basin which was used for this study. These
are the OSU-Land-Surface Model (Chen and Dudhia, 2001), the
MRF-PBL scheme (Hong and Pan, 1996) for the planetary boundary
layer, the convective (i.e. cumulus) parameterization according to
Grell et al. (1994), the microphysics according to Reisner et al.
(1998) (Mixed Phase Graupel) and the cloud-radiation scheme
according to Grell et al. (1994). For this study the MM5 version
3.6 in the one-way nesting approach was used.

The second data source is a product of the Tropical Rainfall
Measuring Mission (TRMM) which is available with approximately

one month delay but only provides precipitation data. TRMM is a
joint mission between NASA and the Japan Aerospace Exploration
Agency (JAXA) dedicated to measuring tropical and subtropical
rainfall through microwave and visible infrared sensors, and in-
cludes space-borne rain radar. The average operating altitude of
TRMM is 403 km since August 2001. In this study the TRMM prod-
uct 3B42 (V6) - TRMM merged high quality (HQ)/infrared (IR) pre-
cipitation - is used (e.g. http://trmm.gsfc.nasa.gov/3b42.html;
Huffman et al., 1995). These gridded estimates are on a 3-h tempo-
ral resolution and a 0.25° by 0.25° spatial resolution in a global belt
extending from 50° South to 50° North latitude. The 3B42 esti-
mates are produced by first a combination of the microwave and
IR estimates. In a second step these estimates are scaled to match
the monthly rain gauge analyses used in another TRMM product
3B43. The 3B43 product combines the estimates generated by
3B42 and global gridded rain gauge data from the Climate Assess-
ment and Monitoring System (CAMS), produced by NOAA’s Climate
Prediction Centre and/or global rain gauge product, produced by
the Global Precipitation Climatology Centre (GPCC). The output is
gridded rainfall with a spatial resolution of 0.25° for each month.
The scaling of the 3-h product 3B42 to match the monthly rain
gauge analyses product leads to a delay of at least one month until
this product is available as data source for precipitation.

Station data are used as third meteorological data source. Espe-
cially in regions with weak infrastructure, where no automatic
data recorders are used, the delay can increase up to one year or
more until data are collected, digitized, and made available. The
simulation period for this study is the year 2004. For 2004 station
data from the Meteorological Services Department in Ghana and
the GLOWA-Volta project are available at 20 locations in Ghana.
In Burkina Faso observations of only two stations of the GLOWA-
Volta project are available. Fig. 1 shows the location of the stations.

4.1. Comparison/validation of the different meteorological data
sources

Fig. 2 shows the spatial distribution of the annual precipitation
for 2004 resulting from the meteorological simulations for domain
2 (27 x 27 km?) and domain 3 (9 x 9 km?) and the TRMM product
3B42. The general spatial distribution of annual precipitation of the
meteorological simulations with domain 2 and domain 3 are com-
parable and show a strong North-South gradient and an additional
minimum along the shore South of Lake Volta. Compared to the re-
sults of domain 2, the patterns are refined in domain 3. The pat-
terns are in good agreement with the mean annual rainfall
(1951-1989) map from ORSTOM (1996). The spatial distribution
of the TRMM product (0.25° x 0.25°) is comparable with the re-
sults of domain 2, which is approximately on the same scale. But
North of Lake Volta and in Burkina Faso the annual precipitation
of the TRMM product is approximately 25% higher. For validation
of the meteorological simulations scatter plots of the monthly pre-
cipitation amount for domain 2, domain 3 and the TRMM product
3B42 versus the observed monthly sums at 22 available stations
are shown in Fig. 3. The 22 stations are subdivided into four
regions: the coast (blue triangles), between latitude 7.5° and 8°
(green stars), North of Lake Volta between latitude 8.5° and 9.5°
(brown squares) and North Ghana and South Burkina Faso between
latitude 10.0° and 11.5° (grey diamonds). For the calculation of the
simulated precipitation at each station, the results of four neigh-
boring grid points were interpolated using the inverse distance
weighting method. The scatter plots of the MMS5 simulations
(Fig. 3a and Fig. 3b) show a fairly well agreement with partly un-
der- and overestimations of the monthly precipitation sums. Com-
pared to domain 2, domain 3 tends toward overestimating rain
intensive months. However, in total domain 2 underestimates
the monthly sums about 25% (regional range: —35% to —5%), and
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Fig. 2. Annual precipitation (mm) for 2004 using: (a) the meteorological model for domain 2 (27 x 27 km?), (b) domain 3 (9 x 9 km?) and (c) the TRMM product 3B42.

for domain 3 the regional differences between —15% and 20% com-
pensate each other to an overestimation of 1%. The mean coeffi-
cients of determination R? (square of Pearson correlation
coefficient) for all four regions, which are given in Table 1, indicate
a better simulation result for domain 3 in the northernmost region,
but for the remaining area domain 2 provides better performance.
The scatter plot of the scaled TRMM product 3B42 shows a good
performance with a total overestimation of 12% (regional range:
—7% to 29%) compared to observations. Compared to the MM5 re-
sults, the coefficients of determination given in Table 1 are better.
For the hydrological simulations in the White Volta catchment
especially the results in Burkina Faso and northern Ghana are
important. Comparing simulation results derived from meteoro-
logical models with point measurements (stations), it has to be
considered that models are only able to simulate precipitation
averages on a scale that is two to four times the model resolution
(Pielke, 2002). This is particularly relevant for regions with a high
spatial variability such as the White Volta catchment.

4.2. Hydrological simulations

The second step is the application of the above described dif-
ferent meteorological data sources in hydrological simulations on

a daily time step. Results of the hydrological simulations for the
three different meteorological input data sources are given in
Figs. 4-6, which show the time series of precipitation (upper plot)
and the time series of routed and measured discharge (lower
plot) for the station Pwalugu in North Ghana for each meteoro-
logical data source. The discharge hydrographs available at near
real time (Fig. 4) show comparable and satisfying results for both
domains. Similar differences as in the precipitation time series of
domain 2 and domain 3, can also be found in the discharge
hydrographs. Compared to MM5 driven simulations, the simula-
tion results of the TRMM product 3B42 (Fig. 5) show a different
course of the precipitation time series, e.g. the precipitation max-
imum is in June, which hampers a correct simulation of the dis-
charge hydrograph. The performance of the hydrological
simulations driven by station data is satisfying and comparable
to the results achieved with the meteorological model output.
The main differences are the event in May which is less pro-
nounced in the simulations driven by meteorological model out-
put and the maximum peak end of August which is slightly
overestimated respectively underestimated depending on the
meteorological input data source. To compare the performance
of the hydrological simulations of the applied meteorological in-
put data sources, Nash-Sutcliffe model efficiencies are calculated
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Fig. 3. Scatter plots of simulated vs. observed monthly precipitation for 2004. The 22 stations are subdivided into four regions: the coast (blue triangles), between latitude
7.5° and 8° (green stars), North of Lake Volta between latitude 8.5° and 9.5° (brown squares) and North Ghana and South Burkina Faso between latitude 10.0° and 11.5° (grey
diamonds). The plot show the results of the meteorological model for domain 2 (a) and domain 3 (b), and the results of the TRMM product 3B42 (c).

Table 1

Mean coefficients of determination (R?) of the investigated meteorological data
sources: meteorological model output for domain 2 and domain 3 and the TRMM
product 3B42 with respect to observations for 2004

Latitude (°) Domain 2 Domain 3 TRMM 3B42
10.0-11.5 0.75 0.83 0.86
8.5-9.5 0.72 0.68 0.67
7.5-8.0 0.71 0.69 0.84
5.5-6.5 0.83 0.74 0.92

The stations are subdivided into four regions.

with the logarithms of the runoff values, because the objective is
to simulate the entire discharge hydrograph without special
emphasis on peak flows. For Pwalugu the Nash-Sutcliffe coeffi-
cients for the simulations driven by the meteorological model
output are similar: 0.67 for domain 2 and 0.69 for domain 3.
The performance of the TRMM product as meteorological input
data source is low (0.20). The Nash-Sutcliffe coefficient for the
simulations driven by station data is 0.60, which is slightly less
than the performance of the simulations with the meteorological
model output, mainly due to the overestimation of the event in
May. Additionally to Pwalugu only two further sub-catchments
are available: the headbasin Nasia and the outlet of the complete
catchment Nawuni. The Nash-Sutcliffe coefficients range for the
simulations driven by (a) the meteorological model outputs be-
tween 0.31 and 0.72, by (b) the TRMM product 3B42 between
0.20 and 0.67, and by (c) station data between 0.60 and 0.88. In
this study the TRMM product 3B42 does not improve the results
of the hydrological simulations compared to the simulations dri-
ven by meteorological model outputs, although the coefficients of
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Fig. 4. Time series of precipitation and simulated vs. measured (black) discharge at
Pwalugu for 2004 using the results of the meteorological model for domain 2 (blue)
and domain 3 (green) as meteorological input data source which is available at near
time.

determination of the monthly precipitation are better. The main
reason of the discharge overestimations is the higher precipita-
tion amounts of the TRMM product 3B42 compared to the MM5
results in Burkina Faso. This overestimation is not considered in
the coefficient of determination values due to missing obser-
vations.
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Fig. 5. Time series of precipitation and simulated vs. measured (black) discharge at
Pwalugu for 2004 using the results of the TRMM product 3B42 as meteorological
input data source which is available with approximately one month delay.
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Fig. 6. Time series of precipitation and simulated vs. measured (black) discharge at
Pwalugu for 2004 using station data as meteorological input data source which is
available with approximately one year delay in this region.

5. Land surface data sources

In the second part, the influence of satellite-derived land sur-
face data on hydrological simulations is investigated. Commonly
tabulated standard literature data depending on land use classes
are incorporated into the modeling process through the land use
grid. In this study we substitute the static parameterization of
the land surface parameters albedo and leaf area index (LAI) by dy-
namic estimates based on land surface products from the MODIS
instrument. Station data are used as meteorological data source.

5.1. MODIS LAI and albedo products

The MODerate resolution Imaging Spectroradiometer (MODIS)
instrument launched onboard Terra (EOS-AM1) and Aqua (EOS-
PM1) in 2000 and 2002, respectively, is a part of NASA’s Earth
Observing Systems (EOS) (Justice et al., 2002). A near-polar sun
synchronous orbit at 705 km and a swath of 2300 km allow global
coverage within one to two days. Each instrument has 36 spectral
bands ranging from the visible to the thermal infrared with near-
nadir spatial resolutions of 250, 500, and 1000 m (Guenther

et al., 2002; Wolfe et al., 2002). To investigate terrestrial ecological
processes, the MODIS Land (MODLand) science team offers a wide
range of value-added products based on MODIS calibrated radi-
ances (Justice et al., 1998). This study employed 8-day products
of the LAl (MOD15A2) and 16-day standardized albedo composites
(MOD43B3) of MODIS collection 4.

The LAI is defined as total one-sided leaf area per unit ground
surface (Privette et al., 2002). The standard procedure uses look-
up-tables of simulated values generated by radiation transfer mod-
els (Knyazikhin et al., 1998). For collection 4, processing is sepa-
rated in six biome-classes representing the most dominant
vegetation types on a global scale because the retrieval of the LAI
from spectral radiances strongly depends on leaf properties and
vegetation structure (Myneni et al., 1997). Even though designed
to include the first seven MODIS channels ranging from the visible
blue to the short wave infrared (Knyazikhin et al., 1998), current
collection 4 data only consider red and near infrared wavelengths
due to several difficulties such as noise in the blue channel
caused by atmospheric influences. If the standard routine fails be-
cause of insufficient cloud-free observations a back-up algorithm
estimates LAI utilizing known empirical regressions between nor-
malized difference vegetation index (NDVI) and LAI (Myneni
et al., 2002).

The MOD43B3 product belongs to the group of bidirectional
reflectance distribution function (BRDF)/albedo products and con-
tains black-sky (directional hemispherical) and white-sky (bi-
hemispherical) albedo for the first seven MODIS channels (Schaaf
et al., 2002). A constant situation of the earth surface is assumed
for the 16-day compositing period, and values are adjusted to local
solar-noon angles. The so-called RossThickLiSparse-Reciprocal mod-
el, a linear kernel function, is used for the derivation of single band
albedos (Lucht et al., 2000). In addition, a broadband albedo from
0.3 to 4.0 um is computed by integrating narrow band albedos
(Liang, 2000). This study employed broadband white-sky albedo
composites.

MOD15A2 and MOD43B3 products are distributed as gridded
1 km spatial resolution datasets in the Sinusoidal projection and
were reprojected to UTM zone 30N in this study. The unique con-
cept of quality assurance and MODIS product validation (Roy et al.,
2002) allowed the generation of science-quality time series.

5.2. MODIS time series generation

All MODIS products comprise additional so-called quality
assurance science data sets (QA-SDS) for error estimation, atmo-
spheric inferences, algorithms, or important surface characteris-
tics (Roy et al., 2002). MODIS quality layers indicate crucial
information such as cloud coverage, which is not reflected in
the actual dataset (Colditz et al., 2006). Besides a so-called man-
datory flag, a general quality indicator available for all products,
additional product-specific quality assurance flags specify the
usability of each dataset. The QA-SDS of the MOD15 product
indicates potential cloud coverage, the algorithm used for LAI
estimation, and possible detector failures. An additional QA-SDS
provides important surface state information, which were gener-
ated by upstream data production (level 2 and 3) including a
land/water mask, more specific cloud information including
cloud shadow, and aerosol retrieval (Myneni et al., 2002). Simi-
larly, detailed quality estimators are contained in the albedo
product, in which the first part focuses on general issues such
as mean solar angle, land/water, or snow, and the latter part
on band-specific error estimates (Schaaf et al., 2002).

The time series generator (TiSeG, Colditz et al., in press) was
used to analyze the QA-SDS of gridded MODIS products (Level
2G, 3, and 4). The interactive software computes and visualizes
the data availability according to user-defined quality specifica-
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tions. Two critical indices, the number of invalid pixels and the
maximum gap length, are computed and displayed spatially
and temporally. The number of invalid pixels is a general indica-
tion of data availability. The maximum gap length computes the
longest period of invalid data. Next, pixels indicated as invalid
data can be either masked or interpolated with spatial or tempo-
ral approaches. A thorough discussion of TiSeG, its functional-
ities, design, and performance is provided in Colditz et al. (in
press).

As an example LAI time series processing is shown. The LAI
time series generation with TiSeG involved a quality analysis fol-
lowed by a linear temporal interpolation of all pixels which did
not have good or acceptable quality. In total, the selected settings
resulted in 70% pixels acceptable for interpolation. All pixels
belonging to an internal mask of water, urban, and non-vegetated
pixels are excluded from LAI processing. For a single pixel the
respective time series contains between 0 and 25 invalid values
(Fig. 7). Except for better conditions in the northernmost portion
the spatial distribution of invalid pixels is nearly homogeneous
throughout the White Volta catchment (Fig. 8a). The temporal
analysis reveals that most invalid pixels occurred in the wet sea-
son between March and September (Fig. 9). The latter shows the
seasonality with a long-lasting rainy period and substantial cloud
coverage throughout the summer. The frequent drops in the
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Fig. 7. Histogram of maximum gap length (bright filled area) and number of invalid
pixels (dark columns) for LAI time series.

P =20

[ Mask of MOD15
. <= 5

B - 10

i 0

Fig. 8.

a) Number of invalid LAI values 2004

Collection 4 LAl Products

b) Maximum gap length

231

100
90 i
80 i

- A
60 .

50
40 +

30 A
20 A
10 1

0 e

1 41 a1 121

Number of invalid pixels [%]

161 201
D ay of year

241

281

TTTTTT T

Erdl 361
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graph, however, indicate that the resulting data gaps are compar-
atively short. The maximum gap to be interpolated is lower than
eight composites for more than 85% of the entire catchment
(Fig. 7) and the spatial view depicts a decreasing trend of the
maximum gap towards less cloudy conditions in the northern
area (Fig. 8b).

For the dominating biomes, savannas in the South as well as
grassland/cereal crops and broadleaf crops in the northern part of
the catchment (Fig. 10a), the average LAI time series are depicted
in Fig. 10b. Changes resulting from temporal interpolation with re-
spect to original data are highlighted. The dashed lines, represent-
ing the original data, clearly show inaccuracies which were
excluded with the quality analysis using TiSeG (solid lines). Outli-
ers in the late wet season are eliminated. The interpolated LAI pro-
files represent the expected phenological development starting to
increase with the beginning of the wet season.

5.3. Results of water balance estimations using satellite-derived land
surface data

The MODIS albedo and LAI time series are aggregated to
monthly means for the hydrological simulations. Comparisons be-
tween standard literature tabulated- and MODIS values are shown
for LAl in Fig. 11 and for albedo in Fig. 13, where monthly MODIS
data are averaged to quarterly mean.

[]Mask of MOD15
Collection 4 LAl Products

Spatial quality analysis with TiSeG, (a) number of invalid LAI values, (b) maximum gap length.
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Fig. 10. (a) The biome map of the White Volta catchment and (b) original (dashed lines) and TiSeG-corrected (solid lines) average LAI (multiplied by factor 10) plots for

dominating biomes savannah, broadleaf crops, and grassland/cereal crops.

5.4. LAI data comparison

For the LAI two seasons were defined for the hydrological sim-
ulations with tabulated land surface parameter values: a dry sea-
son between November and April with LAI values of mostly 0.5
in the northern and 1.5 in the southern part of the catchment
and a rainy season between May and October with corresponding
LAI values of 1.5 and 2.5 (see Fig. 11a) (Fensholt et al., 2004; Asner
et al,, 2003). The 3-month averaged LAI values of MODIS (Fig. 11b)
are relatively constant around 0.5 between January and March
within the entire basin. The LAI values start to increase according
to expected phenological development beginning with the rainy
season starting from the South (see also Fig. 10b). During the rainy
season between July and September the LAI values reach their
maxima. With the beginning of the dry season between October
and December the LAI values decrease from the North. The tempo-
ral development of the LAI values is more distinctive in the south-
ern and central part of the catchment. The comparison of Fig. 11a
and b shows that the temporal development of the LAI is not suf-
ficiently represented by two seasons with static values. In compar-
ison to MODIS LAl the tabulated values overestimate the LAI
during the dry season basin-wide around 50% and underestimate
it during the rainy season about 10% in the southern part of the
basin.

5.5. Impact of MODIS LAI on water balance estimation

Results of the hydrological simulations using static and
dynamic LAI data sources are shown as annual differences of ac-
tual evapotranspiration and total discharge in Fig. 12. The differ-
ences are defined as the results obtained by the hydrological
simulations using tabulated values minus the results using
MODIS values. The corresponding differences calculated as (a)
relative root mean squared error (RMSE) and (b) relative annual
differences are given for both variables in three different scales:
total catchment-, sub-catchment- and local scale (10 x 10 km?)
in Table 2.

Fig. 12 shows that the differences of actual evapotranspiration
are very heterogeneous in space with positive and negative dif-
ferences in almost all sub-catchments. Because these differences
compensate each other on catchment scale, the relative RMSE

amounts to 5% for the total catchment. For the total discharge
the spatial distribution of the differences is similar but opposite
signs and larger magnitudes of relative differences on all three
scales were calculated. The relative annual difference for the to-
tal catchment is +3%, but the relative RMSE amounts to 10%. In
general, the hydrological simulations using MODIS LAI values re-
sult in higher annual evapotranspiration which finally leads to
lower total discharge sums for 2004. Variations mainly occur in
the South where literature values underestimate the vegetation
cover and leaf area during the rainy season consequently result-
ing in lower evapotranspiration.

5.6. Albedo comparison

In WaSiM-ETH the albedo is time-invariant which results in
one value per land use class (Grell et al., 1994). Fig. 13a and b
shows a North-South gradient of the albedo values. For the
MODIS albedo grid the gradient is larger and also more heteroge-
neous in the spatial dimension. During the rainy season (July-
September) the MODIS albedo grid is more homogenous
compared to the rest of the year. However, all seasonal aggrega-
tions depict similar spatial patterns of MODIS albedo which
shows the stability of the parameter confirming the time-invari-
ance of the albedo assumed in WaSiM-ETH. The spatially (White
Volta basin) and temporally (year 2004) averaged MODIS albedo
value is 0.19 compared to 0.23 using standard literature values. A
further benefit of MODIS data is the increased level of detail in
the spatial dimension.

5.7. Impact of MODIS albedo on water balance estimation

Results of the hydrological simulations using the two different
albedo data sources are shown as annual differences of actual
evapotranspiration and total discharge in Fig. 14. The correspond-
ing RMSE and relative annual differences are given for both vari-
ables in the three different scales in Table 3.

Fig. 14 shows that the differences are again very heteroge-
neous in space. In almost all sub-catchments positive and nega-
tive differences occur which compensate each other to slightly
negative values on sub- and catchment scale. The relative RMSE
with 3% for the total catchment is also quite small. For the total
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Fig. 11. LAI grid of the White Volta catchment using (a) static tabulated values and
(b) dynamic MODIS estimates averaged to 3-month means.

discharge the spatial distribution is similar but opposite signs
and larger magnitudes of the relative differences on all three
scales were calculated. The relative annual difference for the to-
tal catchment is +6%, and the relative RMSE amounts to 11%. In
general, the hydrological simulations using MODIS albedo values
result in higher annual evapotranspiration and lower total dis-
charge sums for 2004.

In summary, this study indicates that satellite-derived LAI
and albedo impact the simulation results of water balance esti-
mations. Furthermore, results of this study suggest that satel-
lite-derived land surface information is of particular
importance if local scale water budgets are required for decision
making. However, if catchment or sub-catchment aggregated
water balance estimates are sufficient, the impact is of minor
importance.

3 2 R 0 -0

Fig. 12. Annual differences of (a) annual actual evapotranspiration (mm) and (b)
total discharge (mm) for 2004 defined as results obtained by the hydrological
simulations using tabulated values minus the results using MODIS LAI data.

Table 2
Percentage of relative RMSE (a) and relative annual differences (b)

a ET (%) Total Q (%)
(a)
Total catchment +5.0 +9.8
Sub-catchment +3 to +8 +3 to +19
Local scale (10 x 10 km) +1 to +13 +1 to +48
(b)
Total catchment -0.2 +3
Sub-catchment —7 to +3 0to +17
Local scale (10 x 10 km) —11 to +7 —14 to +30

The results were obtained by hydrological simulations using tabulated LAI values
minus the results using LAI of MODIS data for 2004.

6. Conclusions

Water balance estimations were performed for the White Volta
catchment applying three different meteorological input data
sources: (a) the results of a mesoscale meteorological model which
are available near real time, (b) the TRMM product 3B42 with
approximately one month delay and (c) station data with a delay
of one year or more in this region. For the validation of meteorolog-
ical model output and the TRMM product, monthly scatter plots
and coefficients of variation were analysed. In this study the TRMM
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Fig. 13. Albedo grid of the White Volta catchment using (a) static tabulated values
and (b) dynamic MODIS estimates averaged to 3-month means.

product 3B42 does not improve the results of the hydrological sim-
ulations compared to the simulations of meteorological models.
This issue will be analysed further for the coming years. It is con-
cluded that the meteorological model is able to provide the re-
quired meteorological input data for near real time hydrological
simulations in reasonable quality. These simulations, however, re-
quire substantial CPU and storage capacities. This is not the case
for the TRMM products, which, however, only provide precipita-
tion data for the hydrological simulations, and no additionally re-
quired meteorological fields.

In the second part of the study, water balance estimations were
performed using two different land surface data sources for albedo
and LAI: (a) tabulated, standard literature values and (b) MODIS
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Fig. 14. Annual differences of (a) annual actual evapotranspiration (mm) and (b)
total discharge (mm) for 2004 defined as results obtained by the hydrological si-
mulations using tabulated values minus the results using MODIS albedo data.

Table 3
Percentage of relative RMSE (a) and relative annual differences (b)

a ET (%) Total Q (%)
(a)
Total catchment +2.6 +11
Sub-catchment +1 to +4 +4 to +15
Local scale (10 x 10 km) 0 to +8 +2 to +42
(b)
Total catchment -2 +6
Sub-catchment —-2to0 0 to +14
Local scale (10 x 10 km) —7 to +2 —10 to +30

The results were obtained by hydrological simulations using tabulated albedo
values minus the results using albedo of MODIS data for 2004.

products. The MODIS products for LAl (MOD15A2) and albedo
(MOD43B3) were processed to annual time series. Low quality
observations were identified using the accompanying pixel-level
quality assurance dataset and interpolated with linear temporal
interpolation. The results of the hydrological simulation show that
differences in the spatial distribution of water balance variables oc-
cur on local scale, but they decrease on sub-catchment and catch-
ment scale. Furthermore, remote sensing products incorporate
land surface processes, in particular vegetation dynamics, into
hydrological simulation.

This study showed that the integration of atmospheric model-
ing and satellite-derived land surface data can significantly en-
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hance the quality of water balance estimations in the West African
White Volta Basin. The suggested approach can be generally con-
cluded as valuable input for hydrological decision making in re-
gions with few meteorological field measurements and sparse
information on vegetation- and soil-dependent properties.
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