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dynamics affect the distribution of rain and temperature in which can change river flows and 

reduce rates of groundwater recharge. Recently, the groundwater (GW) has been the primary 

source of water for drinking and irrigation in low rainfall and semi-arid areas where temporal 

and spatial surface water sources are too limited due to changes in climate (Kemper, 2004). 

Climate is a very crucial factor in recharge of the groundwater apart from slope, soil and 

elevation (Konikow & Kendy, 2005) reliable rainfall amount, intensity and frequency play a 

significant role in groundwater recharge. Therefore, changes in rainfall frequency, intensity 

and patterns as well as temperature have the direct and indirect impact on groundwater 

resource.  

Various studies reported that the decrease of mean annual rainfall contributes much of the 

reduction of groundwater recharge, especially in the semi-arid area (Cavé et al., 2003). The 

decline of the groundwater recharge is due to various reasons, including the delaying 

response of groundwater to the saturated zones. The detection on the response of groundwater 

to climate change can takes days to ten years or more due to the groundwater-residence time 

that interrupts and disperses the effects of climate (Meerkhan, 2015). However, the modelling 

approaches can quickly detect the response of groundwater to climate change. In Tanzania, 

little has been done on the groundwater responses to climate change at the catchment scale 

due to data unavailability to many areas. Therefore, the model applications to study 

groundwater response to the climate change is inevitable in order to have spatial and temporal 

distribution of groundwater. Different studies proved the applicability of the Geographical 

Information System (GIS) based hydrological models, WetSpass in detecting the 

groundwater response to climate change in different parts of the globe, including sub-Sahara 

Africa (Gebremeskel, 2015; Meresa & Taye, 2019). The availability of GIS-based models 

like WetSpass provides a possibility of conducting the hydrological researches even in poorly 

gauged catchments through fundamentals processes in the hydrological cycle. Therefore, this 

study used WetSpass model in determining the impact of climate change on the groundwater 

in Lake Manayara catchment, Northern Tanzania. 

Tanzania experiences a heterogeneous climate condition due to the complicated 

topographical patterns, numerous inland water bodies, variation in vegetation types and land-

ocean contrasts (Kijazi & Reason, 2009). The complexity leads to the modification of climate 

among different areas even within a relatively small distance depending on the sensitivity of 

the hydrological response and processes towards the different geophysical feature of the area 
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1.3 Rationale of the Study 

Groundwater is one of the main reliable water resources in many areas of the world 

particularly semi-arid areas of sub-Saharan Africa where water resources depleted and 

become scarce mainly due to climate change. In this condition of depletion of water resources 

and climate change sustainable water resource management is essential and urgent. Moreover 

the development of sustainable water resource management plans need a good understanding 

of the available water resources, climate change and their interaction. This study analyses the 

impact of climate change on groundwater in Lake Manyara catchment to develop the required 

understating for the sustainable water resources in the area. Lake Manyara is one of the 

essential tourist site, which support the economy of the country and generate many 

employments due to attraction of the existing biodiversity overt the area. However, the 

sustainability of the Lake Manyara biodiversity and tourist attraction depend on availability 

of water resources. Therefore, this study is essential, as the output from this study would be 

used to develop water resources management policy frameworks and climate change 

adaptation plan at a catchment level. 

1.4 Objectives of the Study 

1.4.1 General Objective 

To examine the impact of climate variability and climate change on groundwater recharge in 

the Lake Manyara catchment. 

1.4.2 Specific Objectives 

(i) To understand the changing patterns of the rainfall and temperature over the past 

years.  

(ii) To assess the future climatic condition within the Lake Manyara catchment. 

(iii)  To understand the impact of climate change and variability on groundwater recharge 

and identification of potential recharge zones at Lake Manyara catchment. 

1.5 Research Questions 

(i) What are the present and future climatic conditions in the Lake Manyara catchment? 



5 
 

(ii) What are the spatial and temporal patterns of groundwater recharge in response to 

future climate change in the catchment? 

(iii) What is the impact of climate change and variability on groundwater recharge and 

where are the potential recharge zones within the catchment? 

1.6 Significance of the Study 

Lake Manyara sub-basin is one of the essential tourist centres with economic potential as it 

generates income and provides employment. The implementation of these activities comes at 

an expense to water resources and recently, groundwater has become primary reliable water 

sources due to insufficiency of surface water resources resulted from population rise and 

climate change and variability stresses. In this regard, the mentioned economic activities 

depend on the availability of groundwater resources as adaptation measures to climate 

change. However, the sustainability of this groundwater resource depends on a good 

understanding of the factors influencing its availability in the catchment, including the 

potential impact of climate change. This understanding can lead to the development of 

appropriate mechanisms for groundwater resources assessment and management.  

1.7 Delineation of the Study 

Based on the site visit, topographical maps of the Internal Drainage Basin (IDB) and the 

application of Digital Elevation Model (DEM) in the GIS software; the study area were 

delianed from lake Manyara sub-basin into districts catchments including the study area 

(Lake Manyara catchment). The study analyses rainfall and temperature trends for Lake 

Manyara catchment for the historical (1988-2018) and near-future (2021-2050) periods.  In 

the study, temporal and spatial pattern analysis for rainfall and temperature (Maximum and 

minimum) were performed. In addition, the study analyses the Specialized Precipitation 

Index to detect the occurrence the wetness or dryness in the study area. On the groundwater 

modelling, the study made an application of WETSPAS model to estimate recharge amount 

and identify recharge potential zones. This analysis also involved the impact of changes in 

climate parameters on the groundwater recharge amount to the study area. This study provide 

a useful information for water resource management policy framework and climate change 

adaptation plan for the study area and other areas with similar characteristics. 
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societies through the underground storage capability. Groundwater recharge in a broad sense 

is an addition of water to a groundwater reservoir. Groundwater recharge estimation is 

essential for the efficient and sustainable management of groundwater systems. Primary 

sources of recharge are rainfall, surface water bodies (ephemeral or seasonal rivers, lakes, 

estuaries) and irrigation losses. For estimating groundwater recharge, a variety of methods 

exists. 

Different techniques have been used to estimate recharge amount in the region depends on 

different factors, including data availability and simplicity of the method. A different 

approach considers precipitation amount, soil moisture content, geological formation, soil 

properties, depth of water table and aquifer properties, vegetation, land use, topography and 

land slope (Obuobie, 2008). Consideration of these characteristics is a prerequisite in 

groundwater recharge estimation. Groundwater recharge estimation method has been 

classified according to the hydrological zones from which recharge can be obtained, 

including from surface water, unsaturated zone and saturated zone. However, the 

identification of the groundwater recharge potential zones are still challenging due to data 

scarcity and technological gap (Hughes, 2004). Recently, the development of the modelling 

technique emerges as a solution for the identification of recharge zones and groundwater 

recharge estimations. Several studies (Yang et al., 1999; Hughes, 2004; Pereira et al., 2009) 

have applied the modelling techniques for recharge estimation at the regional and local level 

however, the groundwater recharge potential differs from one locality to another. This 

condition necessitates a need for determining recharge potential and recharge amount to 

catchment level, which was the basis of this study. 

2.1.2 Groundwater Modelling 

Hydrological models are the most recent technique used to estimate both surface and 

groundwater amount based on time series data from hours to years. Nowadays, the 

hydrological models are considered as an essential and necessary tool for water and 

environmental resource management. The hydrological modelling techniques are potential in 

predicting present and future groundwater in the groundwater systems (Obuobie, 2008). 

There are several categories of hydrological models based on their physical parameterization 

and model structure. The types of hydrological models include conceptual, distributed, 

undistributed or stochastic (Kollet & Maxwell, 2008). Nevertheless, the existence of several 

approaches in determining the groundwater recharge amount, such as physical techniques, 
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tracers within each of the hydrologic zones, modelling is a simplified representation of the 

real-world system (Gull et al., 2020).  

The best model is the one that gives results close to reality with the use of least parameters. 

Usually, the hydrological model is among the trusted technique that offers approximately to 

the fact.  The essential inputs required for many groundwater models are hydro-

meteorological parameters, watershed characteristics like soil properties, vegetation cover, 

watershed topography, soil moisture content, attributes of groundwater aquifer are also 

considered  (Behrangi et al., 2008). Among the globally applied models for the groundwater 

recharge, WetSpass model plays a crucial role in estimating the recharge amount of 

groundwater resource. This model has a competitive advantage over many hydrological 

models it can simulate the recharge under the presence of a few amounts of data in the 

catchment. Also, several studies have reported that the results obtained from WetSpass model 

have a strong relationship with other model results simulated in different areas (Meresa & 

Taye, 2019). 

2.3 Impact of Climate Change on Groundwater 

Climate change and variability can affect groundwater resources in both water quality and 

quantity directly or indirectly. Various studies reported that human activities and climatic 

stresses as some of the main factors influencing the availability and sustainability of 

groundwater (Alley et al., 2002; Brekke et al., 2004). Although understanding the potential 

effects of climate variability and change on groundwater is more complicated compared to 

surface water. Though, the knowledge of the impact of climate variability and change on 

groundwater at the local scale is vital for the development of water resource management 

plans (Holman, 2006).  

The direct impact of climate change on groundwater is in recharge rates, although little 

attention has been given  (Cai & Ofterdinger, 2016). Since the rainfall is the primary source 

for the groundwater recharge hence, the consideration of rains in the quantification of 

groundwater recharge needed to take in the account. However, it is not easy to study the 

impact of climate change on groundwater using traditional methods due to the different scale 

studies. Therefore, a better option to explore the climate change impacts on the groundwater 

at different scales remains to be model simulations. 
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2.5 Conceptual Framework  

In this study, WetSpass used to analyze the average groundwater recharge to the sensitivity of 

climate variability through sub-surface heterogeneity within the catchment. In Fig. 1, showed 

the schematic diagram of the inputs data in the WetSpass model. It is a physical based model 

for the estimation of long-term average spatial patterns of groundwater recharge, surface 

runoff and evapotranspiration by employing physical and empirical relationships. The model 

can predict hydrological processes at a seasonal and annual time step. The model also helps 

to identify the potential recharge zone for the sustainability of wells and proper protection of 

the aquifer zone for groundwater. From this study, potential groundwater recharge zones 

showed by using GIS-based method as the component in the WetSpass model. Various 

studies applied WetSpass in a different country for annual and seasonal groundwater spatial 

variation estimation, and the results were successfully estimated when compared to other 

methods (Al Kuisi & El-Naqa, 2013).  
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Figure 1: Schematic representation of the input data in the WetSpass model 
  





14 
 

 

Figure 2:  (a) A map of Tanzania indicating (b) Study area (c) Lake Manyara catchment 

3.2 Data Availability  

3.2.1 Meteorological and Hydrological Data  

Daily rainfall and temperature data from 32 weather stations were used in this study (Table 1) 

however, only three stations (Mbulu District Office, Monduli and Babati) had observed data. 

The available rainfall data covering the period 1988 to 2018 were collected from the 

Tanzania Meteorological Authority (TMA). Due to the lack of observed stations data for the 

rest of the weather stations outlined in Table 1, satellite-based rainfall and temperature 

products for the same period were collected and utilized. The satellite-based rainfall and 

temperature data were obtained from the NASA Langley Research Center (LaRC) POWER 

project. The NASA POWER data has the ability in reproducing well the climate pattern of 

stations data have been previously demonstrated (Larbi et al., 2018).  All data were then 

quality controlled to check outliers and negative rainfall values. This accomplished by find 

the mean of the data sets at a particular time interval.  
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3.2.2 Physical Data Availability 

Several GIS-based data were required in hydrological modelling, including the Digital 

Elevation Model (DEM), Slope, Land Use/Land Cover (LULC) maps and soil texture. The 

DEM at 30 m resolution was downloaded from http://srtm.csi.cgiar.org/ SELECTION/ 

inputCoord.asp; The DEM data was used for the computation of the slope data required for 

the model used in present study.  Land Use/Land Cover map of 20 m resolution from the 

Sentinel-2A, 1-year observation (December 2015 to December 2016) was downloaded from 

http://2016africalandcover20m.esrin.esa.int/ download.php; and soil texture type was 

obtained from http:// www.waterbase.org/ download_data.html. 

3.3 Methods 

The present study involves three phases; one was to analyze the current climate status of the 

catchment from 1988-2018, second was future projections of the catchment in the near future 

2021-2050 and lastly hydrological modelling for groundwater recharge estimations. The 

climatic analysis consideration was given to the one that shows the corresponding 

relationship to the water resources. These climate analyses include annual trends, spatial 

distribution and temporal analysis, Standardized Precipitation Index (SPI) to identify drought 

indices and length of seasonal rainy. Downscaling of the near future climatic projections of 

the catchment from 2021-2050 followed. The future data were required as the inputs in the 

WetSpass model to estimate future recharge of the catchment.   

In the case of groundwater, recharge estimation, WetSpass model employed in this present 

study. The model makes use of remote sensing and GIS fundamental technique in which the 

inputs data include meteorological data, topographical data and soil data to estimate recharge 

of groundwater. WetSpass model developed purposely for the temperate condition area 

whereby the dry and wet seasons used to provide annual recharge. As stated previously, 

Tanzania has intricate topographic patterns with complicated weather systems in both time 

and space. Moreover, the country experiencing about six months of the dry season and six 

months of the wet season in most of the area, however, some parts experience two rain 

seasons per year. 

 

http://srtm.csi.cgiar.org/%20SELECTION/%20inputCoord.asp
http://srtm.csi.cgiar.org/%20SELECTION/%20inputCoord.asp
http://2016africalandcover20m.esrin.esa.int/%20download.php
http://www.waterbase.org/download_data.html
http://www.waterbase.org/%20download_data.html








20 
 

Very dry -1.50 to -1.99 

Extremely dry - 2.00 and less 

 McKee et al. (1993) 

 

 

(v) Onset and Cessation of the Seasonal Rainfall 

The onset and cessation dates were computed for the Babati, Monduli, Karatu and Mbulu 

District office stations for each year based on a modified method defined by Stern et al. 

(1981). In the present study, the rainfall onset date is defined as the date with the total of at 

least 20 mm of rainfall within two consecutive days, in which the starting day must be wet (at 

least 0.85 mm rainfall recorded), followed by a no dry period of seven (7) or more 

consecutive days occurring in the following 30 days. The cessation date was computed based 

on the Instat© concept of the water balance (i.e. the first date the soil profile is empty after a 

given date) which is calculated for each year. The length of the rainy season (LRS) was then 

obtained from the difference between the rainfall onset and cessation date. 

3.3.2 Future Scenarios Data 2020-2050 

Future climatic data used in this study was obtained from the ensemble model downloaded at 

http://www.cordexesg.dmi.dk/esgf-web-fe/ Africa data sets. In this study, the Coordinated 

Regional Climate Downscaling Experiment (CORDEX) Africa simulated data from four 

regional climate models were used to obtain the future climatic data over the Lake Manyara 

catchment (Table 2). The simulated data used were for the historical period (1971-2005) and 

the near future (2021-2050) for representative concentration pathway (RCP 4.5 and RCP 8.5) 

scenario of climate change. The obtained data of the future climate of the Lake Manyara 

catchment were used as the inputs in the WetSpass model to estimate future groundwater 

recharge of the catchment. 

 

 

 

 

 

 

http://www.cordexesg.dmi.dk/esgf-web-fe/
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Table 3: Characteristics of the Ensemble models of the CORDEX  

 (Luhunga et al., 2018) 

3.3.3 Groundwater Modelling and WetSpass Model Description 

WetSpass stands for Water and Energy Transfer between Soil, Plants and Atmosphere under 

quasi-steady State. The application of this model is compatible and integrated with ArcGIS 

software during the simulation process. The inputs required in asci formats from the spatial 

maps prepared from the averaged meteorological data in which interpolation by ArcGIS 

(version 10.5) were carried out. WetSpass model in the present study used long-term average 

climatic data 1988-2018, together with topography, land cover and soil map, to estimate 

average spatial patterns of surface run-off, actual evapotranspiration and groundwater 

recharge (Batelaan & De Smedt, 2001). In WetSpass, the spatial distribution of water balance 

performed at raster level (Fig. 3) and the summation of individual raster water balance gives 

independent water balances for the vegetated, bare soil, open- water and impervious fraction 

of a raster cell. The model needs, the rainy and summer spatial distribution maps for hydro-

meteorological parameters, physical parameters and tables formats. The groundwater amount 

calculated for the rainy season and dry season (Batelaan & De Smedt, 2001). 

No. RCM Model center Short name of 
RCM GCM 

1 CLM com COSMO-
CLM (CCLM4) 

Climate Limited- Area 
Modelling (CLM) 
Community 

CCLM4 MPI 
ICHEC 
CNRM 

2 DMI HIRHAMS Darmarks 
Meteorologiske 
Instut (DMI) 
Danmark 

HIRHAMS  
ICHEC 

3 SMHI Rossby 
Atmosheric Climate 
Model (RCA4) 
 

Sveriges 
Meteorologiske 
Och Hydrologisks Instut 
(SMHI) Sweden 

RCA4 MPI 
ICHEC 
CNRM 

4 KNMI 
Atmospheric Climate 
Models, version 2.2 
(RACMO2.2T) 

Konkinklijk 
Nederland 
Instituut (KNMI) 
Netherlands 

 
RACMO2.2T 

 
ICHEC 
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The results consequently summed to obtain the annual values. The water balance 

computation performed at a raster cell level. Groundwater recharge obtained by summation 

of each raster of independent water balances for the vegetated, bare soil, open-water and 

impervious fraction. The total annual groundwater recharge amount of the Lake Manyara 

catchment calculated as the summation of the recharge in the rainy season and dry season of 

each raster cell. Finally, the model output gave the water balance components including the 

recharge, runoff, actual evapotranspiration and interception for rain season and dry season. 

The inputs data for WetSpass includes maps in  ASCII files and table file format (Meresa & 

Taye, 2019).  













http://2016africalandcover20m.esrin.esa.int/download.php
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Land-use type Area (km2) Area (%) 

Buildings 24.47 0.31 

Agriculture 1490.34 18.82 

Deciduous forest 4.99 0.06 

Mixed forest 550.50 6.95 

Shrub 2109.03 26.63 

Bare land 62.77 0.79 

Wetland 15.72 0.20 

Lake 526.66 6.65 

Grass 3135.55 39.59 

Soil 

The soil data used in this study is based on the soil texture classification developed by the 

United States Department of Agriculture (USDA) as shown in Appendix 5. Soil source 

obtained at https://data.isric.org/geonetwork/srv/eng/catalog. Data in Appendix 5 are 

characterized by clay, silt, sand and loam ranging from the fine textures (clay), through the 

intermediate textures (loam). Later the soil data adopted according to the WetSpass soil 

classifications. The input soil type from FAO indicates the catchment was dominated by 46% 

of silt, 19% of sandy loam, 13.86% loamy sand, 13.65% sand, 4%, sandy clay loam, 0.19% 

silt clay loam, 0.05% silt and 0.02% loam as indicated in Table 4. The area is dominated by 

silt soils, which have high water retention capacity and air circulation and not much 

conducive for recharge capability.  

Table 5: Soil type and area coverage in the Lake Manyara catchment (FAO) 

Soil type Area (km2) Area (%) 
Sand  1081.71 13.65 
Loamy sand 1098 13.86 
Sandy loam 1581.39 19.96 
Silt loam 3696.03 46.64 
Silt 4.14 0.05 
Loam 1.71 0.02 
Sandy clay loam 57.24 0.72 
Silty clay loam  15.39 0.19 
Water  388.8 4.91 

The spatial distribution of future climatic projections (Appendix 3) showed the inputs 

parameters used for WetSpass model.  

https://data.isric.org/geonetwork/srv/eng/catalog
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3.3.4 WetSpass Model Calibration and Validation 

Model calibration and validation were performed by comparing the simulated and the 

calculated groundwater recharge using the water balance equation for the period of 2010 to 

2015. The calibration process involved the repeatedly model run in adjusting model 

parameters within the calibration range to minimize the differences between model output 

and the calculated results. The model was then evaluated by assessing goodness of fit using 

the scatter plot and coefficient of determination (R2) before applied the model for the 30 years 

(1988-2018) groundwater recharge estimation.  
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amount of about <600 mm is noticed in the eastern part of the catchment. This observed 

difference in spatial rainfall might be due to the high elevation in the north where orographic 

effect seems to be more dominant compared to other regions. In case of temperature (Fig. 8), 

the spatial distribution revealed an annual average of both maximum and minimum 

temperature is high in the eastern part (around Monduli) and low in the northern regions 

(Ngorongoro and Karatu). This study reveals a strong spatial variation of temperature and 

rainfall (Fig. 7 and 8). This may be attributed to the high elevation of Ngorongoro and Karatu 

at the northern part of the catchment. This variability in climate has implication in various 

field including hydrology and agriculture due to over-dependence on rainfed agriculture and 

livestock keeping in the catchment. 

 
Figure 5: Annual rainfall for (a) Babati (b) Monduli (c) Mbulu District Office (d) Arithmetic 

mean of the catchment 1988-2018 

 








































































