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Abstract

Accurate and up to date information on the status and trends of water balance is
needed to develop strategies for conservation and the sustainable management of wa-
ter resources. The purpose of this research is to estimate water balance in a semi-arid
environment with limited in-situ data by using a remote sensing approach. We focus on5

the Lake Manyara catchment, located within the East African Rift of northern Tanzania.
We use remote sensing and a semi-distributed hydrological model to study the spatial
and temporal variability of water balance parameters within Manyara catchment. Satel-
lite gravimetry GRACE data is used to verify the trend of the water balance result. The
results show high spatial and temporal variations and characteristics of a semi-arid cli-10

mate with high evaporation and low rainfall. We observe that the Lake Manyara water
balance and GRACE equivalent water depth show comparable trends a decrease af-
ter 2002 followed by a sharp increase in 2006–2007. Despite the small size of Lake
Manyara, GRACE data are useful and show great potential for hydrological research
on smaller un-gauged lakes and catchments in semi-arid environments. Our modelling15

confirms the importance of the 2006–2007 Indian Ocean Dipole fluctuation in replen-
ishing the groundwater reservoirs of East Africa. The water balance information can
be used for further analysis of lake variations in relation to soil erosion, climate and
land cover/land use change as well as different lake management and conservation
scenarios. We demonstrate that water balance modelling can be performed accurately20

using remote sensing data even in complex climatic settings.

1 Introduction

Quantifying the hydrological budget in arid and semi-arid regions is important as
scarcity of water and climatic variability lead to conflicts regarding water use (Troch,
2000; Güntner et al., 2004). Water resources in semi-arid regions have received slight25

consideration principally due to complexity and a lack of in-situ data (Andersen, 2008).
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However, the advent of satellite derived hydrological measurements and increased
stress on water resources has triggered more interest in such research (Troch, 2000;
Andersen, 2008). The hydrological behaviour of a semi-arid catchment basin as ex-
pressed by both direct and base flow is affected by a number of factors. These in-
clude the spatial variation of topography, soils, vegetation, land use, river topography,5

structural geology and the spatial temporal variation of climate (Güntner and Bronstert,
2004). In many semi-arid regions of the world surface water provides the major source
of water (Güntner et al., 2004). In this study we investigate a simulation of water bal-
ance for a lake and its catchment basin, located in a semi-arid hydrological setting.

Lakes are dynamic entities and sensitive to climatic and environmental change. In10

the East African Rift the topography of the rift escarpments and volcanic highlands
plays an important role in controlling local climate and thus the lake basins (Yanda and
Madulu, 2005; Goerner et al., 2008; Böhme et al., 2006). Lakes are sensitive indicators
of changes in the balance between precipitation, water flow into the lake, water loss
from the lake through evaporation, seepage and drainage (Simonsson, 2001). Lake15

level fluctuations vary with the water balance of the lake and its catchment and may
in certain cases reflect changes in rainfall, evaporation and shallow groundwater re-
sources (Awange et al., 2008; Swenson and Wahr, 2009; Becker et al., 2010). Lake
Manyara is an example of a lake that has fluctuated considerably in depth and area
over recent years (Simonsson, 2001). The Lake Manyara water balance is unknown20

as the largest part of its catchment is un-gauged and the inflow is unknown.
In this study, we use remote sensing (RS) observations to approximate the spatial

and temporal variation of hydrological parameters over Lake Manyara and its catch-
ment which are used as inputs for the J2000g model (Krause and Hanisch, 2009).
Some ground measurement and Gravity Recovery and Climate Experiment (GRACE)25

satellite gravimetry equivalent water thickness data (Swenson and Wahr, 2006) has
been employed to verify the trend of the Lake Manyara water balance. Over recent
years several studies have applied remote sensing observations and GRACE to study
the hydrological cycles of lakes, rivers and associated basins in the East African Rift
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and elsewhere (Milzow et al., 2011; Khan et al., 2011; Becker et al., 2010; Hwang et
al., 2011; Swenson and Wahr, 2009). Changes in a basin’s water budget are directly
linked to local gravity variations (Awange et al., 2008). GRACE satellite gravity data can
provide an estimate of terrestrial stored ground water and has the potential to deliver
a better understanding of the properties and significance of groundwater (Hildebrand,5

2005). The purpose of this work is to utilize remote sensing and GRACE data with
the following objectives: (a) to quantify the water balance components in the lake and
the overall basin; and (b) to test the applicability of the J2000g hydrological model in
a data poor semi-arid lake basin, and (c) test the utility of GRACE satellite gravimetry
total water storage (TWS) data on a smaller un-gauged lake catchment basins and10

minor lakes that are not included in the global satellite altimetry mission network.

2 Description of the study area

2.1 Setting

Lake Manyara is the southernmost lake within the eastern arm of the Gregory Rift Val-
ley System, an widespread volcanicity (Yanda and Madulu, 2005; Simonsson, 2001).15

Quaternary rifting and volcanism has exerted a strong control on surface morphol-
ogy (Casey et al., 2006; Keranen et al., 2004; Kurz et al., 2007). The lake is shallow
and saline, 126 km west of Arusha, Northern Tanzania (3◦25′–3◦48′ S, 35◦44′–35◦53′ E,
960 m a.s.l., Fig. 1).

The lake varies from 410 km2 to 480 km2 in depth and has at times dried up com-20

pletely (Yanda and Madulu, 2005). The present Lake Manyara is the residual portion
of a much larger palaeolake that was 300 m deeper. Somi (1993) reconstructed Lake
Manyara palaeo-shorelines based on evidence from shore marks, algal stromatolites
and beach deposits. A May/June 2010 bathymetry survey indicates the average water
depth is just 1.18 m. The Lake Manyara catchment area covers about 18 763 km2 and25

lies between 885 m and 3618 m a.s.l. It is a closed basin with no outlet (Yanda and
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Madulu, 2005). The western side of the lake is flanked by a deep escarpment, while
in the east an undulating plain with isolated volcanic cones gives way to a peneplain.
Several springs and streams, both perennial and seasonal, drain into the Lake Manyara
(Yanda and Madulu, 2005).

2.2 Climate5

The climate of East Africa is principally influenced by the seasonal shift of the Intertrop-
ical Convergence Zone (ITCZ) (Kaspar et al., 2008; Khan et al., 2011). The Lake Man-
yara basin lies within a semi-arid to semi-humid tropical climate zone characterized by
high evaporation rate and low rainfall. In semi-arid regions rainfall events are of short
duration and high intensity and often characterized by a large degree of spatial het-10

erogeneity (Wheater et al., 2007; Pilgrim et al., 1988; Andersen, 2008). Lake Manyara
has highly seasonal and annually variable rainfall that totals approximately 600 mm yr−1

(Fig. 2). In general, the rainy season lasts from November to May with a short and a
long rainy season. The short rains (Vuli) occur between November and January. These
rains can be interrupted by a short dry season in January and February. The long rains15

(Masika) occur between February and May. The dry season from June to October is
consistent and lengthens when the short rains fail (Copeland, 2009; Prins and Loth,
1988).

Atmospheric temperatures at the lake range from 14 ◦C to 30 ◦C, with peaks from
December to February (Fig. 3). Figure 3 shows the relations of both mean temperature20

variability and diurnal variability throughout the two distinct seasons over the study
period (2001–2009).
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3 Data and parameters

3.1 Data sets

In-situ data availability for Lake Manyara and its surroundings for hydrological mod-
elling is a great challenge. Limited information is available concerning the Lake and
its catchment in general as the lake is un-gauged and the basin poorly gauged. The5

hydrological observation network is very sparse and the number of gauging stations
has been decreasing since the 1990s. Satellite-based techniques provide us with po-
tential continuous hydrological data required by hydrological models when we have a
limited network to make in-situ measurements for model calibration and validation. In
this study we have applied different types of data based on ground and remote sens-10

ing measurements as J2000g hydrological model inputs. The data sets include rain-
fall, temperature, humidity, wind speed, sunshine duration, runoff, evaporation, land
use/land cover, soil, geology and topography (elevation, aspect and slope).

3.1.1 Remote sensing observation

Rainfall15

Rainfall is the most essential component in water balance estimations. It is a key forc-
ing variable in hydrological models and hence spatially and temporally correct rainfall
measurement is critical in hydrologic modelling processes and the management of wa-
ter resources, especially in semi-arid regions (Sorooshian et al., 2005; Gebremichael
et al., 2006; Khan et al., 2011). We utilize both in-situ precipitation and Tropical Rain-20

fall Measuring Mission (TRMM) amalgamated rainfall product (3B43-V6) with a spatial
resolution of 0.25◦ ×0.25◦ to characterize the main inflow parameter in the Manyara
basin (Kummerow et al., 1998). TRMM 3B43 product is created by combining TRMM
data with SSM/I, VIS/IR and rain gauge data (Huffman et al., 2007). We acquired the
TRMM 3B43 V6 monthly rainfall estimate from January 2001 to December 2009, using25
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the GES-DISC interactive online visualization and analysis infrastructure (Giovanni) as
part of NASA’s Goddard Earth Sciences (GES) Data and Information Services Centre
(DISC) from http://disc2.nascom.nasa.gov/Giovanni/tovas/. TRMM data are suitably
accurate even for mountainous areas (Andermann et al., 2011). We checked the suit-
ability of the TRMM data in the Manyara basin with a comparison of TRMM 3B43 V65

accumulated precipitation product with in-situ data. TRMM displayed a Pearson’s cor-
relation coefficient (R) of 0.82 (Fig. 4).

The Global Precipitation Climatology Project (GPCP) precipitation product for the
field area gives a Pearson’s correlation coefficient of 0.84 (Fig. 4). Both TRMM 3B43 V6
and GPCP rainfall products underestimate precipitation in the catchment. GPCP rain-10

fall product amalgamates microwave and infrared satellite observations as well as
rain gauge data. GPCP provides a record of almost 30 years of global monthly
precipitation and daily rainfall starting in 1979 (Huffman et al., 1995; Adler et al.,
2003; Prigent, 2010). The data used are derived from the GPCP database http:
//disc2.nascom.nasa.gov/Giovanni/tovas/ground.GPCC.shtml.15

Temperature

We used MODIS/Terra (Earth Observing System (EOS) AM-1 platform) day and night
time MOD11C1 V4 and V4.1 land surface temperature (LST) product at a spatial reso-
lution of 0.05◦ ×0.05◦ (Wan, 2008). MOD11C1 V4 product is available from March 2000
to the end of 2006 and MOD11C1 V4.1 dataset covers the time period starting from20

the end of 2006 to 2010. MOD11C1 daily global LST product estimates are derived by
re-projection and averaging of the values in the daily MODIS LST product (MOD11B1)
at 6 km equal area climate modelling grids in the sinusoidal projection. MOD11B1 LST
product is derived with the results produced by the day/night LST algorithm (Wan and
Li, 1997) from pairs of day-time and night-time observations in seven MODIS TIR bands25

(bands 20, 22, 23, 29, and 31–33) only in clear-sky conditions so that LST is not mixed
with cloud-top temperature. LST is defined by the radiation emitted by the land surface
observed by MODIS at instant viewing angles (Wan et al., 2004). The MODIS/Terra
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scans in 36 spectral bands, with bands 1–19 and 26 in the visible and near infrared
(IR) range and the remaining bands in the thermal IR (TIR) from 3 to 15 µm (Wan et
al., 2002; Barnes et al., 1998; Guenther et al., 1998).

LST is one of the key parameters in the physics of land surface processes on regional
and global scales. It combines the results of all surface atmosphere interactions and5

energy fluxes between the atmosphere and the ground (Wan et al., 2004). Wan et
al. (2004) validated the accuracy of daily MODIS LST products in more than 20 clear-
sky cases with in-situ measurement. They found that MODIS LST accuracy is better
than 1 ◦C in the range from −10◦ to 50 ◦C. We compared a combination of MOD11C1 V4
and V4.1 LST product on the study area using a dataset covering 2003–2009 (Fig. 5).10

We found that the monthly daytime LST closely fits in-situ temperature data with a
coefficient of determination (R2) of 0.52. The monthly night-time LST product fits in
the area of interest with a lower coefficient of determination (R2 =0.32) compared to
the day temperature product. The averaged day and night time MODIS LST shows
the coefficient of determination, R2 of 0.44. On examination of the linear fitting trend15

(Fig. 5) it can be observed that MODIS day temperatures overestimate and MODIS
night temperature underestimate the in-situ temperature values.

Land cover

Variation in land cover affects soil properties and infiltration rates, and by extension
soil erosion processes and the hydrological cycle of the basin. We used Land cover20

types extracted from MODIS Land Cover Product (MOD12Q1) based on the Interna-
tional Geosphere-Biosphere Programme (IGBP) classification scheme (Loveland and
Belward, 1997). MOD12Q1 global land cover product correction 5 includes a set of in-
ternally consistent layers depicting different land cover classifications at a spatial reso-
lution of 500 m. In Manyara we identified thirteen land cover classes: Water, evergreen25

broadleaf forest, deciduous broadleaf forest, mixed forests, closed shrub land, open
shrub land, woody savannahs, savannahs, grasslands, permanent wetlands, urban
and built-up, cropland-natural vegetation mosaic, and barren or sparsely vegetated.
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The data was downloaded from NASA’s Earth Observing System (EOS) data archive
through https://wist.echo.nasa.gov/wist-bin/api/ims.cgi/.

Topography (elevation, slope and aspect)

Topography has a great impact on the manner by which the hydrologic cycle impacts
the earth surface. Surface runoff causes soil erosion. When water infiltrates the soil it5

can accumulate into base flow that may eventually join the river system. The removal
of rainfall into via evaporation increases at lower elevations. We used SRTM (Shuttle
Radar Topography Mission) Digital Elevation Model (DEM) for the topography with 90 m
resolution (Jarvis et al., 2008). The data was downloaded from http://srtm.csi.cgiar.org.

GRACE equivalent water thickness10

The Gravity Recovery and Climate Experiment (GRACE) satellite project is adminis-
tered by the US National Aeronautics and Space Administration (NASA) and its Ger-
man Aerospace Centre (DLR). The mission was launched in March 2002 to provide
spatial-temporal variations of Earth’s gravity field over various time scales (month to
decadal). Changes of gravity are mainly due to the relocation of water over the earth.15

Gravity data can be used to derive global estimates of total water storage (TWS) with
a spatial resolution of 100 km and above, with higher accuracies over larger spatial
scales (Swenson and Wahr, 2009; Wahr et al., 2004).

Monthly gravity field solutions are computed at the University of Texas at Austin
Center for Space Research (CSR), the German Research Centre for Geosciences20

Potsdam (GFZ), the Jet Propulsion Laboratory (JPL), the Groupe de recherche de
geodesie spatiale (GRGS), and the Delft Institute of Earth Observation and Space
Systems (DEOS) as well as at Delft University of Technology, among others. In this
study we used the most recent land mass grid of GRACE data release (RL04) from
CSR (Swenson and Wahr, 2006). The data are available as monthly 1◦ ×1◦ grids TWS25

over land, expressed in units of equivalent water thickness. We used a dataset of
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89 months covering the period from August 2002 to December 2009. One month is
missing: June 2003. This dataset is accessible from http://grace.jpl.nasa.gov./data/
gracemonthlymassgridsland/.

Altimetric lake height

The principal focus of a satellite altimeter is to map oceanic sea surface heights. How-5

ever, over recent decades they have also been used to detect water level changes in
lakes and inland seas (Crétaux and Birkett, 2006; Birkett et al., 1999). We investi-
gate lake levels for two lakes in the vicinity of Lake Manyara-Lake Victoria and Lake
Rukwa. The data is provided by LEGOS/GOHS (Laboratoire d’Etudes en Geodesie
et Oceanographie Spatiales, Equipe Geodesie, Oceanographie, et Hydrologie Spa-10

tiales), part of the French space agency CNES, from http://www.legos.obs-mip.fr/soa/
hydrologie/hydroweb/. The LEGOS/GOHS time series are based on data from a com-
bination of satellites: Topex/Poseidon, ERS-2, GFO, Jason-1, and ENVISAT. We use
altimetric height levels from January 2002 to December 2009.

3.1.2 In-situ datasets15

We use different types of ground measurement and geographical information system
(GIS) data to extract model parameters, simulation and validation of remote sensing
observations and results. The meteorological dataset (Fig. 6) includes monthly records
of rainfall, temperature (maximum, minimum and mean), evaporation, relative humidity,
sunshine duration, wind speed and discharge data. There are about five rain gauges20

within the catchment, two discharge stations and one meteorological station around
Lake Manyara that provide reliable data.

We use two GIS maps used to extract soil and hydrogeological parameters. Sev-
eral different soil groups are found in the field area: Vertisols, Phaeozems, Leptosols,
Solonetz, Luvisols, Chernozems, Nitisols and Andosols. Fluvisols and luvisols have a25

silty-clay texture and are moderately-to well-drained. Leptosols consist of clay-loam to
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clay, are drained moderately deep, and have a lower water holding capacity than fluvi-
sols and luvisols. Nitisols have a silty clay to clay texture and are well-drained. Vertisols
are clay soils with a poor drainage capability. Soils information is taken from the har-
monized world soil database (HWSD) (FAO et al., 2009). The database was accessed
from http://www.iiasa.ac.at/Research/LUC/External-World-soil-database/. Lake Man-5

yara lies within on a plateau of sedimentary, metamorphic and volcanic rocks. This geo-
logical information was digitized from a 1:2 000 000 geological map of Tanzania (2004).

3.2 Model input parameters

The J2000g model requires two types of input values: temporally varying and constant.
The time series climate data is the first input and this includes absolute and relative10

humidity, sunshine duration, maximum, mean and minimum temperature, wind speed,
precipitation and observed runoff. The second input is what we refer to as parame-
ters. These are Hydrological Response Unit (HRU) grid-based parameters related to:
(1) land use/land cover such as albedo, stomata conductance (Rsco), maximum plant
height (Hmax), leaf area index (LAI), maximum root depth (RDmax) and minimum surface15

resistance for water-saturated soil (Table 1), (2) soil thickness and useable field capac-
ity per decimetre of profile depth, (3) the maximum possible percolation rate (ground
water recharge rate) per time interval in mm per time unit, (4) mean elevation, slope
and aspect. Albedo is the ratio of reflected to incident radiation from the sun. Accu-
rate parameterisation of surface albedo is important in modelling energy balances of a20

given land cover (Iqbal, 1983). We adopted albedo values from Strugnell et al. (2001).
Stomata conductance is a fundamental factor in many ecological models and plays a
significant role in the plant-atmosphere water exchange (Chen et al., 1999). We used
stomata conductance values based on Lambin (1999) and Yucel (2006). In hydrology,
the maximum plant height Hmax is used to determine the aerodynamic resistance of the25

vegetation, which in turn may be used to calculate potential evapotranspiration. We
adopted typical values for the maximum plant height of different species from Breuer et
al. (2003). LAI is used to calculate the surface resistance of the soil cover. The rooting
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depth of plants determines the maximum depth of water and nutrient uptake from the
soil profile. We acquired LAI values from Ge et al. (2007) and Breuer et al. (2003).
Maximum root depth RDmax depends largely on soil texture, compaction, underlying
bedrock, clefts, and further physical and chemical properties of the soil (Breuer et al.,
2003). We employed rooting depth values from Zeng (2001).5

4 Approaches

4.1 Water balance

In this study the spatially distributed conceptual water balance model has been se-
lected to simulate and quantify the main water budget parameters for Lake Manyara
and its surroundings (Krause and Hanisch, 2009). The model is implemented in the10

Jena Adaptable Modelling System (JAMS) framework (Kralisch and Krause, 2006). A
water balance model is a mathematical expression that describes the flow of water in
and out of a hydrological system such as a drainage basin or lake. It is based on the
mass and energy conservation principle within an identified domain and specified time
period. Dingman (2002) explained that water balance is the change in water quantity15

for a specific control volume over time. The catchment water balance (Thornthwaite,
1948; Willmott et al., 1985) is expressed as:

dS
dt

= Inflow − Outflow (1)

dS
dt

= P − ET − Q (2)

where dS
dt is the change in storage for a certain interval of time, P is precipitation, Q is20

runoff and ET is evapotranspiration. For long periods, the change in storage can be
considered negligible (Eq. 3), such that Q is articulated as a remainder of P and ET
(Eq. 4):
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dS
dt

= 0 (3)

Q ∼= P − ET. (4)

However, for the lake catchment water balance, estimations of both aquatic and terres-
trial processes must be considered. Given the values for the amount of precipitation,
lake evaporation (E ) and evapotranspiration while assuming a homogeneous substrate5

throughout the lake’s catchment, the water balance of the entire catchment can be ex-
pressed as a sum of the water balance from the terrestrial part of the lake catchment
(LT) and that of the lake surface area (LA) (Cardille et al., 2004). With an averaged
condition over time the change in storage becomes negligible such that Eq. (4) holds.
In groundwater systems, outputs from a catchment occur through underground water10

flow from the lake (U) or base flow (subsurface runoff) and overland flow (Q) or surface
runoff and balance the inputs to the catchment as in Eq. (5):

U + Q = LT (P − ET) + LA (P − E ). (5)

The input and output components of the water balance of a lake depend not only
on the physical dimension of the water body, but also on the climatic, hydrological15

and geological factors affecting the water body and its surrounding areas (Awulachew,
2006). For lakes surrounded by a small catchment basin area the water balance is
more strongly driven by evaporation than by evapotranspiration. On the other hand
lakes with a large catchment basin area relative to the lake surface area reflect a water
balance more closely linked to the value of precipitation minus evapotranspiration such20

that the lake water balance is driven by a weighted combination of P −ET and P −E
(Cardille et al., 2004). For Lake Manyara, by neglecting the change in storage over a
long period we identify the principal component of the water balance to be precipitation
on the lake, inflow (Qin) to the lake and lake evaporation. Thus the lake water balance
(WB) can be expressed as:25

WB = P − E + Qin. (6)
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Qin can be further decomposed in to

Qin = Qdirect + Qbaseflow (7)

where Qdirect and Qbaseflow represent surface and subsurface runoff respectively. Each
term describes the spatial average taken over the entire lake area.

4.2 Evapotranspiration5

Evapotranspiration (ET) is the largest component of water balance computations for a
semi-arid climate (Wilcox et al., 2003). It is a crucial factor between land, water sur-
face and the atmosphere. In semi-arid regions evaporation from bare soil assumes a
greater importance relative to transpiration from plants, due to the larger area of bare
soil and the frequency of small rainfall events (Pilgrim et al., 1988; Andersen, 2008). A10

broad analysis of the ET processes and determination of spatial and temporal ET and
P estimates are required to obtain reliable estimates of water balance, as the differ-
ence between P and ET defines what is left for recharge and runoff. We calculate both
actual and potential using the J2000g model based on Penman-Monteith (Allen et al.,
1998) (Eq. 8). The Penman-Monteith equation refines weather-based potential evap-15

otranspiration (PET) estimates for vegetated land areas and it is widely regarded as
one of the most accurate models, in terms of estimates based on physical background.
The model requires daily mean temperature, wind speed, relative humidity, and solar
radiation to predict net ET. Actual evapotranspiration (AET) is regarded as the amount
of water that is evaporated until no more water exists in the soil water module implying20

that the PET cannot be reached.
To compute evaporation from the lake we use the approach of Penman (1948). Evap-

oration from lakes is a key constituent of the water balance; hence its accurate deter-
mination is essential for a reasonable estimate of the water balance. The Penman
method has been found suitable for evaporation estimation under any climatic condi-25

tions and for a time scale of up to one month (Jensen et al., 1990). The Penman
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approach combines the fact that evaporation is a diffusive process and that energy can
be expressed in terms of mass (Kebede et al., 2006).

PET =
1
Ld

×
S × (Rn − G) + ρ × Cp × es − ea

ra

S + γ ×
(

1 + rs
ra

) [
mm
day

]
(8)

where Ld: latent heat of evaporation [MJ kg−1], S: slope of the vapor pressure curve
[kPa K−1], Rn: net radiation [MJ m−2 d−1], G: soil heat flux [MJ m−2 d−1], ρ: density of5

the air [kg m−3], Cp: specific heat capacity of the air (=1.031×10−3 MJ kg−1 K−1], es:
saturation vapor pressure of the air [kPa], ea : actual vapor pressure of the air [kPa], γ:
psychrometer constant [kPa K−1], ra: aerodynamic resistance of the land cover [s m−1],
rs: surface resistance of the land cover [s m−1].

5 Model setup, calibration and validation10

5.1 Model setup

The performance of a model in terms of prediction depends on the setup and parame-
terization. The J2000g water balance model setup involves catchment and parameter
discretization into a spatially distributed format, selection of initial calibration parameter
values and time setup. The model is simplified to temporally aggregate and spatially15

distribute the hydrological targets to be calculated. The representation and calcula-
tion of the hydrological processes in the model is carried out in one-dimension for any
number of points in space. We applied grid cell as a distribution concept throughout
the model. The catchment basin was discretised into grid cells, each with a spatial
resolution of 1 km. All physical parameter layers were translated to same extent ex-20

actly in terms of projection and re-sampled to pixels of 1km by 1km so as to overlay
the parameters belonging to the same grid entity correctly. This implies that inside one
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modelling grid there is one value parameter for each land cover type, soil, permeability,
slope, aspect, and elevation (Fig. 7).

We performed the temporal discretization of the modelling step on a monthly basis.
During modelling we computed the following processes for each time step: the region-
alization of climate data to the modelling units, calculation of global and net radiation5

as inputs for the evaporation calculation, calculation of land cover specific potential
evaporation according to the Penman-Monteith equation (Eq. 8), soil water balance,
groundwater recharge and discharge delay.

5.2 Model calibration and validation

The reliability of model predictions depends on how well the model structure is de-10

fined and how well the model is parameterized (Liu et al., 2005). Estimation of model
parameters is normally sensitive and challenging due to uncertainties associated with
the determination of parameter values that cannot be obtained straight from the field.
Due to the lack of long term discharge observations and lake volume data we did
not calibrate the model over the study period (2001–2009). We adopted parameters15

obtained from a model that was calibrated using a two month daily observed runoff
dataset that was acquired in April–June 1980 (Fig. 8a,b). We selected the best calibra-
tion parameters for this model based on the Nash-Sutcliffe model efficiency coefficient
of 0.60, coefficient of determination, R2 =0.67, absolute volume error(AVE) of 12.5 %,
root mean square error of 3.5 and a relative volume error (PBIAS) of −2.915.20

We evaluated the goodness-of-fit of the observed and simulated data sets based on
a visual comparison and Pearson’s product moment correlation coefficient (Eq. 9) to
support the judgement. Having a series of n, x observations and n, y model values at
time i , the Pearson correlation coefficient was used to measure their linear relationship.
The correlation, R is +1 in the case of a perfect increasing linear relationship, and −1 in25

case of a decreasing linear relationship, and the values in between indicate the degree
of linear relationship between observed and simulated dataset. A correlation coefficient
of 0 means the there is no linear relationship between the variables. The coefficient of
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determination, R2, describes how much of the variance between the two variables is
described by the linear fit.

R =

n∑
i=1

(
xi − x

)
·
(
yi − y

)
√

n∑
i=1

(
xi − x

)2 ·
n∑

i=1

(
yi − y

)2

. (9)

To assess the model prediction efficiency we applied the Nash–Sutcliffe coefficient
(Nash and Sutcliffe, 1970). The Nash-Sutcliffe model efficiency coefficient (NS) is usu-5

ally employed to measure the predictive power of hydrological models. It can also
be used to quantitatively describe the accuracy of model outputs. It is computed as
(Eq. 10):

NS = 1 −

n∑
i=1

(
Xobs,i − Xmodel

)2

√
n∑

i=1

(
Xobs,i − Xobs

)2

(10)

where Xobs is observed values and Xmodel is modelled values at time i . Nash-Sutcliffe10

efficiencies can range from −∞ to 1. A value of 1 corresponds to a perfect match
between modelled and observed values while 0 shows that the model predictions
are as accurate as the mean of the observed dat. An efficiency of less than zero
(−∞<NS<0) occurs when the observed mean is a better predictor than the model.
The closer the model efficiency is to 1, the more accurate the model is.15

Model validation is a process of demonstrating that a model is capable of making
accurate predictions for periods outside a calibration period (Refsgaard and Knudsen,
1996). We validated the model using a nine year (2001–2009) evapotranspiration (ET)
data set from one station in the north eastern part of the basin (Fig. 9a and b). Based
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on the Pearson correlation, observed and simulated actual evapotranspiration are in-
terrelated with a correlation coefficient, R =0.82 and the coefficient of determination,
R2 =0.7. We observed that the model slightly underestimates ET during periods with a
low ET rate. This might be attributed to the accuracy of satellite observation data used.

6 Modelling results and discussion5

6.1 Basin water budget components

Unfortunately the Lake Manyara water balance has never been calculated. Such cal-
culation is currently essential for the management and sustainable conservation of the
lake, and to quantify the effect of human activities and climate change. We simulated
the spatial-temporal variation of the water balance components based on the mod-10

elling grid cell resolution. For the study period, a mean air temperature of 20 ◦C was
simulated for the Manyara basin. The annual air temperature ranges from a mean min-
imum monthly air temperature of 14.4 ◦C to a mean maximum of 25.8 ◦C. In smaller
lakes and their catchments, temperature is significant with respect to changes in hy-
drological quantities and water budget estimations. A temperature rise may cause an15

increase in both lake evaporation and catchment evapotranspiration. Relative humidity
was computed as 82 % in a long term mean ranging between 68 and 92 %. Monthly
variations in the time series results of the hydrologic water balance variables are pre-
sented in Fig. 10. Figure 11 depicts spatial variability of water balance components
over the Lake Manyara catchment basin during wet and dry seasons. We observe20

that runoff and ground water recharge portray a similar trend and fluctuate with rainfall
occurrences throughout a year. Figure 12 presents the mean monthly water budget
elements in Lake Manyara basin over the study period. In simulations for lakes with
a larger relative catchment size, almost half of rainfall in the catchment returns to the
atmosphere through evapotranspiration (Cardille et al., 2004). For the Lake Manyara25
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catchment basin about 108 % of the total inflow to the catchment was lost through
evapotranspiration during the study period (Table 2).

6.1.1 Precipitation

In the Manyara basin, as in other semi-arid regions, precipitation events are of short
duration and high intensity and normally characterized by high spatial and temporal5

variability. We employed the TRMM 3B43 V6 dataset to characterise the water bal-
ance elements in the study. The monthly distribution of TRMM data displays a compa-
rable trend with the observed rainfall (Fig. 4). The mean annual rainfall was estimated
as 611.6 mm yr−1 ranging between 379 and 927 mm yr−1. The mean monthly rainfall
is computed to be 51 mm month−1 over the study period. The spatial distribution of10

annual precipitation varies between 545 and 645 mm yr−1 (Fig. 12), with most rainfall
events occurring during the wet season. During the wet season a maximum of 87 mm
average monthly precipitation per season is observed to rain on the southern part of
the lake and this decrease to the northern part of the catchment. The catchment re-
ceives average rainfall ranging from 7 mm to 11 mm per month during the dry season.15

Trend analysis of rainfall results indicates that much rainfall occurred in November and
December 2002 and the November 2006 to May 2007 rainy season (Fig. 10). We ar-
gue that these events could be due to forcing by the strong Indian Ocean Dipole (IOD)
as noted by Becker et al. (2010).

6.1.2 Evapotranspiration (ET)20

Evapotranspiration is often the largest percentage component of the water balance
outflow parameter and hence its accurate determination is crucial for realistic water
budget estimation. Around 90 % or more of annual rainfall in semi-arid regions can be
lost through evapotranspiration (Wilcox et al., 2003). Estimation of evapotranspiration
provides a better understanding of the relationships between water balance and cli-25

mate. It is predictable that climate change will impact the global hydrologic cycle and
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intensify evapotranspiration globally and hence influence water resources (Khan et al.,
2011; Meehl et al., 2007; Huntington, 2006). From our work, the mean annual poten-
tial evapotranspiration (PET) of the Lake Manyara catchment is 1120 mm yr−1, varying
between 1004 and 1221 mm yr−1. This indicates that potential evapotranspiration is
nearly twice the mean annual and monthly precipitation in the catchment. The mean5

monthly potential evapotranspiration is computed to be 93 mm month−1. The spatial
distribution of annual potential evapotranspiration ranges from 669 to 1992 mm yr−1

(Fig. 12). The highlands give a minimum potential evapotranspiration in the catchment
compared to the lowlands where the maximum potential evapotranspiration values oc-
cur (Fig. 12).10

In semi-arid regions actual evapotranspiration (AET) is a key component in the hy-
drological cycle and may account for more than 90 % of precipitation (Pilgrim et al.,
1988). We estimate the actual evapotranspiration to be 665 mm yr−1, ranging between
573 and 702 mm yr−1, and a mean monthly AET of 55 mm month−1. The actual ET
contributes 98.12 % of the outflow parameter in the catchment (Table 2). Spatial dis-15

tributions of the annual actual ET vary between 421 and 1384 mm yr−1 (Fig. 12) with
an average of 45 to 141 mm month−1 during the wet seasons. During the dry season
the actual evapotranspiration ranges between 17 and 109 mm month−1 over the study
period. The potential evapotranspiration is higher in the dry season. Conversely, the
actual evapotranspiration values are almost identical for both dry and wet seasons. In20

general, evapotranspiration does not vary much as rainfall.

6.1.3 Runoff

Runoff is a unique hydrological variable and the last outcome of a large number of
flow processes both vertical and horizontal within the entire catchment. Significant
amounts of surface runoff occur in the highlands compared to lowlands. The runoff25

distribution increases in relation to the catchment altitude variation. The mean annual
runoff is estimated to be 12.73 mm yr−1 varying between 0.261 and 74.94 mm yr−1. A
monthly mean runoff of 1.06 mm month−1 was calculated for the Manyara catchment.
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The mean wet season runoff was calculated as 12.23 mm month−1 and for the dry
season 0.489 mm month−1. The spatial distribution of annual runoff varies from 0 to
260 mm yr−1 (Fig. 12) and most runoff occurs during the wet season. Wet season
runoff values range from 0 to 242 mm month−1 and the dry season from −0.1 to
12 mm month−1. Discharge from the catchment contributed 2.07 % of the total annual5

outflow water balance component over the study period (Table 2). A huge quantity of
runoff was calculated for January 2007 (Fig. 10). We argue that this might be attributed
to forcing by the strong 2006 Indian Ocean Dipole (IOD).

We used an annual hysteresis loop based on concentration-discharge hysteresis
analysis to check the rain-runoff relationship in the catchment and perform a linear10

fitting (Evans and Davies, 1998; Chanat et al., 2002). We observed a yearly anti-
clockwise hysteresis loop (Fig. 13), which indicates that the discharge values respond
to precipitation events occurring across the catchment. The annual cycle shows that
runoff values for the rainy season (November–May) are relatively high compared to
the dry season (June–October), with the lowest mean monthly discharge values de-15

tected in October. The positioning of precipitation and specific discharge along the
line of fit indicates a direct relationship of rainfall and discharge. A shift of any of the
precipitation-discharge pairs to an increase of precipitation indicates a storage or re-
tention while a shift toward discharge increase indicates the release of water from the
catchment. We identify that there is no direct dependency between precipitation and20

discharge. As visible in Fig. 13 there is a shift towards more precipitation. This means
that most of the incoming water from precipitation is either stored in the catchment or
lost through evapotranspiration during both wet and dry seasons. We suspect the lat-
ter, based on the fact that evapotranspiration accounts for 98.13 % of the total outflow
from the catchment basin.25
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6.1.4 Ground water recharge and storage

In a semi-arid environment groundwater is the only water resource that is available
throughout the year and hence its calculation is crucial for catchment water balance
estimation and sustainable management. Groundwater recharge and storage are im-
portant in water budget evaluation but challenging to quantify. Recharge cannot be5

measured directly and is a component of the hydrological budget that is difficult to pre-
dict. This is predominantly true for semi-arid regions where recharge may be as low
as 1 % of the precipitation (Bouwer, 1989; Andersen, 2008). In semi-arid areas ET
captures most of the water entering the soil, and recharge occurs only during extreme
rainfall events (Pilgrim et al., 1988).10

We estimate a mean yearly ground water recharge and storage of 1.67 and
9.6 mm yr−1 respectively. The mean annual ground water recharge accounts for 0.05 %
of the total inflow to the catchment (Table 2). Figure 12 presents a spatial distribution
of the groundwater recharge and storage in the catchment over the study period. The
annual ground water recharge fluctuates between 0 and 47 mm yr−1. The annual catch-15

ment ground water storage ranges from −3 to 271 mm yr−1. During the wet season the
catchment ground water recharge ranges from 0 to 10 mm while the storage lies be-
tween 0 and 37 mm per month. In dry seasons the catchment basin is completely
dry with no ground water recharge; however during this period ground water storage
varies from −0.09 to 11.1 mm month−1. As depicted in Fig. 10, groundwater recharge20

typically increases as runoff increases. Both temperature and rainfall have an impact
on groundwater recharge. Based on Figs. 10 and 13, it appears that the temporal vari-
ation of soil and moisture in terms of relative soil water, ground water recharge and
storage is caused by climate variability, whereas their spatial variation depends on the
soil, land cover and topography.25
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6.2 Lake water balance and comparison

Water stored in a lake is a function of surface water, ground water and soil moisture.
Changes in the lake level are directly related to the variation of the water stored in its
basin. Due to the fact that the lake is supplied both by rainfall and stream inflow, a
reduction in basin water storage causes a lake level decrease (Awange et al., 2008).5

An examination of the stored water in Lake Manyara provides water resource managers
and planners with information about the water stored within the basin.

Lake morphometry influences a lake’s water balance by affecting the evaporating
surface area for a given lake volume and the portion of the lake bed that transmits
ground water flow in and out of the lake (Cardille et al., 2004). Since Lake Manyara is10

un-gauged we estimated the lake capacity using the lake surface area-volume relation-
ship at different depths by applying lake bathymetry measurements surveyed in 2010
as:

V =
1
2
H (A1 + A2) (11)

where V = volume of water; H =difference in depth between two successive depth con-15

tours; A1 =area of the lake within the outer depth contour being considered; A2 =area
of the lake within the inner contour line under consideration. The procedure consists
of determining the volumes of successive layers of water and then summing these vol-
umes to obtain the total volume of the lake (Taube, 2000). Lake bathymetry is the
study of underwater depth. The Lake Manyara bathymetric map (Fig. 14a) has been20

generated using an echo sounder, which measures the depth of the lake floor. The
echo sounder was attached with a Global Positioning System (GPS) device to capture
the horizontal position of specific points. The depth of the deepest point was 1.18 m
(Fig. 14b) and the height above the mean sea level at this point is 957 m. The hori-
zontal datum for mapping is the global datum, based on the World Geodetic Reference25

System 1984 (WGS84) reference ellipsoid. Figure 14a–c present a bathymetric map,
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lake morphology and a relation between lake surface area and volume computed at
different lake levels respectively.

Figure 15 shows water storage change in the lake in relation to the distribution of
seasonal precipitations. The mean monthly lake storage change is estimated to be
−0.02 km3 with a range of −0.04 to 0.04 km3 over the study period. Seasonal pre-5

cipitation influences lake storage for lakes without outflow. As shown in Fig. 15, the
Lake Manyara storage volume is directly proportional to rainfall, thus lake storage de-
creases as the amount of rainfall decreases during dry seasons. Changes in lake level
or relative water depth, which are both functions of Lake surface and volume, provide
information about changes in water balance.10

The mean annual values of the key water balance parameter for the lake from 2001
to 2009 are given in Table 2. We calculated the annual mean rainfall over the lake to
be 0.216 km3 yr−1, evaporation was estimated as 0.424 km3 yr−1 and inflow to the lake
was estimated as 0.24 km3 yr−1. Inflow consists of a contribution from streams and
underground springs. Rainfall contributes 47 % to the total inflow while evaporation15

from the lake was the largest component of the water balance, accounting for 100 % of
total water loss. Inflow to the lake contributes 53 % of the total inflow parameter. For
Lake Manyara only 7 % of the total inflow did not evaporate during the study period.
Figure 16 illustrates the mean monthly water balance components for Lake Manyara
over the study period. Figure 17 presents the catchment water balance as a weighted20

combination of P −ET and P −E curves. Cardille et al. (2004) pointed out that the
water balance of a lake catchment of large area relative to the area of the lake is more
linked to precipitation minus evapotranspiration.

Lake water balance and GRACE equivalent water thickness comparison

We have compared the GRACE total water storage (TWS) as equivalent water thick-25

ness (EWT) with the simulated water balance. Rodell and Famigliet (2001) pointed
out that the data resolution of GRACE is not sufficient to study basins smaller than
200 000 km2. Lake Manyara basin covers 18 763 km2, with Lake Manyara occupying
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465.96 km2. Nevertheless, the latest GRACE data has improved precision and reso-
lution and permits the study of smaller basins (Becker et al., 2010). We extracted a
time series of GRACE equivalent water thickness for a single pixel on the Lake from
the land mass grid and applied the scale factor. Figure 18a shows the lake water
balance volume superimposed on to the GRACE equivalent water thickness. Due to5

frequent fluctuations in GRACE data we applied a 12 month exponential moving av-
erage (EMA) to smooth the dataset and elude small scale noise. Exponential moving
average is a kind of infinite impulse response filter that applies weighting factors that
decrease exponentially. The weighting for each older data point decreases exponen-
tially, never reaching zero. The exponential moving average formula gives more weight10

to recent data in the series and less weight to older data. Figure 18b presents the Lake
water balance volume overlaid by the smoothed GRACE equivalent water thickness.
The exponentially smoothed GRACE equivalent water thickness portrays a Pearson’s
correlation coefficient of 0.68 (Fig. 19).

We observe abrupt change in GRACE equivalent water thickness and in the lake wa-15

ter balance volume between 2006 and 2007. Similarly, Becker et al. (2010) discovered
sudden changes in GRACE total water storage and water surface volume for several
lakes in East Africa for the same period. The variations are directly correlated to the
strong positive and negative episodes of the Indian Ocean Dipole (IOD) in 2006–2007.
The Indian Ocean Dipole is an ocean-atmosphere interaction, over the Indian Ocean,20

creating alternating positive and negative Sea Surface Temperature (SST) anomalies.
During the positive phase there is flooding in East Africa. The the Indian summer mon-
soon is more intesnse than normal and there is drought in Indonesia and in several
regions of Australia (Becker et al., 2010; Birkett et al., 1999; Reason, 2002).

We used a trend analysis to compare the simulated lake water balance with GRACE25

equivalent water thickness. To quantify whether trends are significant or not a signal
to noise ratio (SNR) was calculated as the ratio between the estimated trend and the
standard deviations of the anomalies. Signal to noise ratio values ≥1 indicate a sig-
nificant trend (Krause et al., 2010; Bormann, 2005). Unfiltered GRACE equivalent
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water thickness data gave a trend that was not significant (SNR=0.16). By con-
trast, smoothed GRACE equivalent water thickness exhibited a significant linear trend
(SNR=3.49). The monthly anomaly was calculated by subtraction of the 2001–2009
monthly mean from the monthly EWT data.

Using satellite altimetry we compared Lake Manyara water level fluctuations with5

with two lakes in the vicinity: Lake Victoria and Rukwa (Fig. 20). Satellite altimetry has
been employed to monitor water levels of lakes, flood plains and wetlands over the last
two decades (Becker et al., 2010; Hwang et al., 2011; Frappart et al., 2008; Calmant
et al., 2008; Crétaux and Birkett, 2006; Birkett et al., 1999; Swenson and Wahr, 2009;
Mercier et al., 2002). As it can be observed in Fig. 20, the Lake Manyara water level10

varies in similar fashion to other lakes in the region.

7 Conclusions and outlook

In this paper we presented the result of a water balance modelling of a semi-arid lake
catchment. We used remote sensing measurements combined with ground data to
attain a reasonable simulation of the surface water cycle over the study period. The re-15

sults were validated by comparing evapotranspiration and the lake water balance with
observed evapotranspiration and satellite gravimetry GRACE equivalent water thick-
ness data respectively. The overall agreement between prediction and measurement
from in-situ and satellite observations confirm the validity of the annual water balance
of Lake Manyara basin obtained from the averaged monthly values. The changes in20

water balance including the dramatic rise in 2006–2007, are attributed to changes in
climatic forcing parameters. We conclude that the most crucial factor controlling the
water balance and lake level is precipitation.

We show that an estimation of water budget elements for a lake catchment in a semi-
arid region with scarce existing data is possible using remote sensing approach. Our25

hydrological model reasonably captured the spatial and temporal variability of the water
balance parameters in the catchment. Therefore, the model is suitable for hydrological
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modelling in data scarce semi-arid basins due to its capability to incorporate both
ground and remote sensing measurements. There is a great potential to make use
of GRACE equivalent water thickness land mass grid datasets in smaller un-gauged
lakes and basins in semi-arid environments.

In the future in-situ runoff data for model validation might be available, and this will5

help us to re-analyse the model structure and parameterization. Additionally, there is a
need for explorative ground water studies in the Lake Manyara basin.
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Table 1. Adopted Albedo, LAI, Rsco, Hmax and RDmax values for each IGBP land cover type
(Source: Strugnell et al., 2001; Yucel, 2006; Lambin, 1999; Breuer et al., 2003; Zeng, 2001;
Ge et al., 2007).

Land Cover Type Albedo (%) RSC0 (s m−1) LAI Hmax (m) RDmax (dm)

Water 0.08 NA* NA* NA* NA*
Evergreen broadleaf forest 0.14 100 6 3 22
Deciduous broadleaf forest 0.16 100 6 3 20
Mixed forests 0.16 125 2 10 22
Closed shrub land 0.22 100 5 3 22
Open shrub lands 0.22 100 1 3 22
Woody savannahs 0.15 100 6 2 17
Savannahs 0.18 100 4 2 22
Grasslands 0.22 50 2 1 15
Permanent wetlands 0.16 150 1 0 1
Urban and built-up 0.18 200 3 2 15
Cropland-natural vegetation 0.17 50 4 1 15
Barren or sparsely vegetated 0.27 1 1 0 22

* NA=Not Applicable.
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Table 2. Annual mean modelled water balance for the entire catchment (period 2001–2009).
All units are in mm yr−1 per year and for the lake water balance elements are estimated in
km3 yr−1.

Catchment basin Lake Manyara

Component Inflow Loss Inflow Loss

Precipitation 611.587 (99.73 %) – 0.216 (47 %) –
ET/E – 664.234 (98.13 %) – 0.424 (100 %)
Runoff – 12.731 (2.07 %) – –
Inflow – – 0.240 (53 %) –
Ground water 1.675 (0.27 %) – – –

Total 613.261419 676.9647 0.456 0.424

Water balance −63.703 0.032
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 827 

Figure 1Figure 1Figure 1Figure 1: Lake Manyara and its catchment basin in northern Tanzania 828 
Fig. 1. Lake Manyara and its catchment basin in northern Tanzania.
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 829 

 830 

Figure 2: Figure 2: Figure 2: Figure 2: Lake Manyara seasonal rainfall pattern January 1st, 2001, and December 31st, 2009; created 831 

based 11-day groups, starting in January. The upper-left frame is the normalized sum of daily 832 

precipitation rates for each case and annum pair, which sum row-wise to the upper-right frame to 833 

present annual precipitation totals; the lower-left frame is sorted vertically to represent the sample 834 

quantiles, and is contoured; the lower-right frame is the row-wise sum of sample quantiles; the vertical 835 

(red) line indicates the median of the annual sums, and the horizontal line represents the seasonal 836 

‘normal’ that has the same annual amount.   837 
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Fig. 2. Lake Manyara seasonal rainfall pattern 1 January 2001 and 31 December 2009; cre-
ated based 11-day groups, starting in January. The upper-left frame is the normalized sum of
daily precipitation rates for each case and annum pair, which sum row-wise to the upper-right
frame to present annual precipitation totals; the lower-left frame is sorted vertically to represent
the sample quantiles, and is contoured; the lower-right frame is the row-wise sum of sample
quantiles; the vertical (red) line indicates the median of the annual sums, and the horizontal
line represents the seasonal “normal” that has the same annual amount.
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 839 

Figure 3:Figure 3:Figure 3:Figure 3: Lake Manyara temperature normals. Boxplots are from daily mean values and thick vertical lines 840 

represent diurnal variability as derived from median daily maximum and minimum temperatures.  841 
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Fig. 3. Lake Manyara temperature normal 2001–2009. Boxplots are from daily mean values
and thick vertical lines represent diurnal variability as derived from median daily maximum and
minimum temperatures.
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 843 

Figure 4Figure 4Figure 4Figure 4: (a) Comparison of GPCP precipitation and rain gauge data. (b) TRMM 3B43 V6 accumulated 844 

precipitation and rain gauge data.  845 
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Fig. 4. (a) Comparison of GPCP precipitation and rain gauge data. (b) TRMM 3B43 V6 accu-
mulated precipitation and rain gauge data.

8776

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 8737–8792, 2011

Water balance
modelling in a

semi-arid
environment

D. Deus et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

29 

 

    846 

Figure 5Figure 5Figure 5Figure 5: Comparison of (a) monthly day time MODIS LST and in-situ temperature: (b) MODIS average 847 

monthly LST and in-situ temperature: (c) Monthly night time MODIS LST and in- situ data. 848 
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Fig. 5. Comparison of (a) monthly day time MODIS LST and in-situ temperature; (b) MODIS
average monthly LST and in-situ temperature; (c) monthly night time MODIS LST and in- situ
data.

8777

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 8737–8792, 2011

Water balance
modelling in a

semi-arid
environment

D. Deus et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

30 

 

 849 

    850 

Figure 6Figure 6Figure 6Figure 6: Observed meteorological datasets in Manyara basin   851 
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Fig. 6. Observed meteorological datasets in Manyara basin.

8778

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 8737–8792, 2011

Water balance
modelling in a

semi-arid
environment

D. Deus et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

31 

 

 852 

Figure 7Figure 7Figure 7Figure 7: J2000g model input climate data and spatial distributions of physical parameters  853 Fig. 7. J2000g model input climate data and spatial distributions of physical parameters.
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 854 

Figure 8Figure 8Figure 8Figure 8:(a) Observed and simulated runoff for calibration period April-June 1980: NS=0.60, RMSE=3.5, 855 

PBias=-2.9%, AVE=12.5. (b) Relationship between observed and simulated runoff as depicted using 856 

linear regression. 857 
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Fig. 8. (a) Observed and simulated runoff for calibration period April–June 1980: NS=0.60,
RMSE=3.5, PBias=−2.9 %, AVE=12.5. (b) Relationship between observed and simulated
runoff as depicted using linear regression.
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    860 

Figure 9Figure 9Figure 9Figure 9: (a) Relationship between simulated and observed Evapotranspiration for validation period 861 

(2001-2009). (b) Scatter plot displaying a coefficient of determination, Rv=0.66.  862 
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Fig. 9. (a) Relationship between simulated and observed Evapotranspiration for validation
period (2001–2009). (b) Scatter plot displaying a coefficient of determination, R2 =0.66.
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 865 

 866 

Figure 10Figure 10Figure 10Figure 10: Monthly variation of the components of water balance in Lake Manyara basin during the study 867 

period 2001-2009.   868 
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Fig. 10. Monthly variation of the components of water balance in Lake Manyara basin during
the study period 2001–2009.
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 869 

Figure 11Figure 11Figure 11Figure 11: Mean monthly annual water balance parameter variation for Lake Manyara catchment (2001-870 

2009) 871 
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Fig. 11. Mean monthly annual water balance parameter variation for Lake Manyara catchment
(2001–2009).
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 872 

Figure 12Figure 12Figure 12Figure 12: Spatial distributed annual water balance parameters over the study period (2001-2009). On 873 

top, the spatial distributions are: Precipitation, runoff and potential evapotranspiration. Bottom: Actual 874 

evapotranspiration, ground water recharge and storage. All units are in mm per month.  875 
Fig. 12. Spatial distributed annual water balance parameters over the study period (2001–
2009). On top, the spatial distributions are: Precipitation, runoff and potential evapotranspira-
tion. Bottom: actual evapotranspiration, ground water recharge and storage. All units are in
mm per month.
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Fig. 13. Annual precipitation-discharge hysteresis. (a) Monthly precipitation-simulated runoff.
Numbered centres represent monthly mean values for individual months over the study period.
Bars represent 5 % and 95 % quantiles. The dashed line refers to the direct relationship of pre-
cipitation and resulting discharge. (b) A mean yearly precipitation-simulated runoff hysteresis
loop. Arrows indicate direction of rotation.
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    882 

Figure 14:Figure 14:Figure 14:Figure 14: (a) Bathymetric map, (b) Lake Morphology, (c) Relative volume vs. relative area of the lake 883 
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Fig. 14. (a) Bathymetric map, (b) Lake Morphology, (c) relative volume vs. relative area of the
lake.
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 886 

Figure 15Figure 15Figure 15Figure 15: Relation between Lake Manyara storage change and precipitation over the study period 2001-887 

2009.  888 
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Fig. 15. Relation between Lake Manyara storage change and precipitation over the study
period 2001–2009.
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 890 

Figure 16Figure 16Figure 16Figure 16: Mean monthly yearly water balance parameter variation for Lake Manyara (2001-2009) 891 
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Fig. 16. Mean monthly yearly water balance parameter variation for Lake Manyara (2001–
2009).

8788

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8737/2011/hessd-8-8737-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 8737–8792, 2011

Water balance
modelling in a

semi-arid
environment

D. Deus et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

41 

 

 892 

 893 

Figure 17Figure 17Figure 17Figure 17: Monthly means water balance parameter of Lake Manyara (2001-2009): Precipitation-894 

Evapotranspiration (P-ET), Precipitation-Evaporation (P-E) and their weighted combination Lake Water 895 

balance.  896 
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Fig. 17. Monthly means water balance parameter of Lake Manyara (2001–2009): precipitation-
Evapotranspiration (P −ET), Precipitation-Evaporation (P −E ) and their weighted combination
Lake Water balance.
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    897 

Figure 18:Figure 18:Figure 18:Figure 18: (a) Lake water balance trend as compared to satellite gravimetry GRACE equivalent water 898 

thickness data. (b) Lake water balance and GRACE EWT; GRACE data are smoothed with a  12  month 899 

exponential moving average window. 900 
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Fig. 18. (a) Lake water balance trend as compared to satellite gravimetry GRACE equivalent
water thickness data. (b) Lake water balance and GRACE EWT; GRACE data are smoothed
with a 12 month exponential moving average window.
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 901 

Figure 19Figure 19Figure 19Figure 19: Scatter plot of simulated lake wate balance nad GRACE EWT showing a coeffiecient of 902 

determination, R2 =0.46. Each point represent extracted mean monthly GRACE equivalent water 903 

thickness. 904 
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Fig. 19. Scatter plot of simulated lake wate balance nad GRACE EWT showing a coeffiecient
of determination, R2 =0.46. Each point represent extracted mean monthly GRACE equivalent
water thickness.
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Figure 20Figure 20Figure 20Figure 20: Lake Manyara simulated water surface height variation as compared to neighbouring lakes in  907 

East African region. The data for Lake Victoria and Rukwa are based on Satellite altimetry measurement. 908 
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Fig. 20. Lake Manyara simulated water surface height variation as compared to neighbouring
lakes in East African region. The data for Lake Victoria and Rukwa are based on Satellite
altimetry measurement.
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