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Abstract:  This paper presents a preliminary map of average annual runoff of Tanzania using a conceptual rainfall runoff model 
to predict the amount of water directed to base flow of the rivers with the application of Geographic Information 
System (GIS). Average annual runoff is a fundamental hydrological variable which serves many purposes in 
hydrological research particularly in stream flow estimation for hydropower plant allocation and development. Still 
the runoff data can serve during irrigation and flood control situation. The Pacific Southwest Inter-Agency Committee 
(PSIAC) model was utilized to rate the surface geology, soil-infiltration rate, topography, ground cover, land use, 
upland and channel erosions parameters which have been applied to estimate the Curve Number (CN). Subsequently, 
CN and rainfall data have been employed in the Soil Conservation Service (SCS) runoff equation to estimate the 
direct runoff data. The results of the study show the combination of PSIAC and SCS models were useful in studying 
of runoff response of the Tanzania’s catchments. Once the preliminary runoff map was evaluated depends on the three 
climate zones of Tanzania indicated to have high annual runoff in wet zone compared with moderate and dry zones. 
The runoff map can be applied during preliminary study, however the author acknowledged the primary source of 
data for the average annual runoff estimation is preferable to be taken at the gauged river flow stations. 
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1. INTRODUCTION 

Significant variation of hydrological characteristics in time and space raises the need of 
estimating the runoff seasonal fluctuations. Mapping spatial and temporal variability of runoff have 
increased the understanding of the water fluxes at scales from individual catchment to whole 
continents. However ungauged catchments physiographic data can be found in many parts of the 
world, but particularly in sub-Saharan Africa (Mul, 2009). Most of the physiographic data include 
area, shape, elevation, slope, orientation, drainage, type of soil and land use of the catchment which 
affects the runoff characteristics of any drainage catchment (Duggal and Soni, 2005). In Tanzania, 
small portion of the potential catchments especially for irrigation and hydropower are gauged and 
larger portion remain ungauged (Mul et al., 2009; Ayeng’o and Ndomba, 2012). The amount of 
water on the land within catchment drained into a river at a given location, and named runoff is the 
paramount of determining the capacity of the rivers with respect to normal base flow. Still 
information collected in a gauged catchment is crucial for water resources assessment especially of 
the farmers, dwelling areas, dam construction and hydropower development. 

Different recommended hydrologic methods have been used to estimate runoff data at peak rate, 
volume and the time flow distribution. The hydrologic methods include rational, regression and 
other statistical tools, Colorado Urban Hydrograph Procedure (CUHP) for generating hydrographs 
from catchments, and Soil Conservation Service (SCS) methods. However the SCS rainfall- runoff 
method is the simple to apply from different catchments. Still the application of Geographic 
Information Systems (GIS) to facilitate the estimation of runoff from ungauged catchments has 
gained increasing attention in recent years. GIS software has been applied to the rainfall-runoff 
models include both spatial and geomorphologic variations of the ungauged catchment to estimate 
runoff (Reynard et al., 1996; Melesse and Shih, 2002). The modelling process requires highly 
intensive of inputs data, still can be applied to reflect the real situation of runoff characteristics. 
Different points in a catchment possessed different runoff depth as well as storage capacities and 
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that the spatial variation of runoff can be possible described by a Soil Conservation Service (SCS) 
model (SCS, 1975; Fennessey and Hawkins, 2001; Melesse and Shih, 2002; Zakaria et al., 2013). 
The SCS runoff model has been applied to estimate the runoff within small catchment, however for 
large ungauged catchments the model accuracy for peak runoff rate should be taken into 
consideration and be ±30% (Fennessey and Hawkins, 2001). The study utilized the PSIAC model to 
estimate the environmental variables for Curve Number (CN) prediction. Still the PSIAC model is 
the simple to apply and inexpensive method which has been utilized in Tanzania for sediment yield 
estimation (Ndomba, 2013).  

The amount of rainfall which is flowing across the catchment surface can become a runoff under 
the assumption and experimental procedures. The United States Department of Agriculture (USDA) 
for Natural Resources Conservation formerly called Soil Conservation Service (SCS) developed a 
basic equation for computing the direct runoff. The hypothesis of the SCS stated the ratio of given 
the additional depth of water retained in the catchment (F) and the maximum potential soil water 
retention (S-factor) in mm, is equal to runoff in mm and annual rainfall data (P) in mm minus some 
amount of rainfall Ia before ponding for which no runoff will occur (SCS, 1975) as shown in 
Equation 1.  

              
F
S

 =  
Qr

P - I a
                                                                                                                                                      (1) 

     However the SCS took the continuity principle such as P = Qr + Ia + F and be substituted into 
Equation 1 to develop the Equation 2. 

           Qr=  
(P – Ia)2

P - I a+ S
                                                                                                                                                 (2) 

     Through the experimental analysis conducted, the Ia is equal to 0.2S, and gave the Equation 3. 

      Qr=  
(P – 0.2S)2

P + 0.8S
 for P ≥ 0.2S                                                                                                                          (3) 

     Although the SCS developed the empirical equation of solving S, as shown in Equation 4. 

            S     =      $
1000
CN

  − 10* ∗ 25.4                                                                                                                                                                                                                                                              (4) 

where the CN is named as the curve number with the range from 0 to 100 and is a dimensionless 
runoff index. 
     Therefore, the main objective of this research is to develop a spatial runoff map of Tanzania 
which can be used during preliminary study of the determination of water flow within the ungauged 
catchments for small hydropower development and agricultural activities. Still the paper customized 
the simple way of estimating the runoff data by using a SCS method within the study area based on 
GIS tool. 

2. MATERIAL AND METHODS 

2.1 Study Area Description 

Tanzania is located in the eastern part of Africa continent and lies between the latitude 0 0S and 
13 0S, and longitude 28 0E and 42 0E. It lies between the area of the great lakes – Victoria 
(Northern), Tanganyika (Western) and Nyasa (South-West) – and the Indian Ocean (Eastern). 
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Tanzania contains a total area of 945,087 km2 including 59,050 km2 of the inland water indicated in 
Figure 1. The study area covers the main three climatic zones of Tanzania: the wet climatic zone 
stretches from western part of Tanzania along with Lake Tanganyika and Nyasa, the moderate 
climatic zone covers the largest part of Tanzania which has inscribed the dry climatic zone toward 
northern-east of Tanzania.  

 

Figure 1: Location of the study area. 

All nutrients in the climatic zones are liable to leaching loss from the mineral store in the soil 
solution through erosion rate offered by the runoff water. Vegetative land hedges substantially 
reduce runoff and increase infiltration whilst their permeability prevents destruction during 
occasional of high intensity of rainfall. Still land with trees and shrubs serve and stabilize earth 
structures through their root systems and make productive use of the land. The values of the erosion 
rates of land use in Tanzania for natural rain forest, tropical forest fallow in shifting cultivation, tree 
gardens or forest plantations, undisturbed or mulch is less than 0.02 t/km2/yr; for cropping period in 
shifting cultivation is 0.02 – 0.1 t/km2/yr and; for tree plantation crops, clean weeded, litter removed 
or burned is greater than 0.1 t/km2/yr (Young, 1989). However, the erosivity rate was presented in 
t/km2/yr of the Tanzania’s land was estimated by Fournier (1974). 

2.2 Data Type and Analysis 

Two major types of data used for estimating spatial runoff of ungauged catchments include 
environmental variables based on SCS method and secondary runoff data. The secondary runoff 
data are reported from Reynard et al. (1997) for Southern Africa using annual rainfall data from 
year 1961 to 1990 after analysed through Probability Distribution Model (PDM) and validated by 
using data from Southern Africa Flow Regimes from International Experimental and Network Data 
(FRIEND) project. The environmental variables utilized in estimating the spatial runoff involved 
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the collection of the surface geology, soil-infiltration rate, rainfall, topography, ground cover, land 
use, upland erosion and channel erosions spatial maps.  

The surface geological map of Tanganyika with scale of 1:250,000 was adopted from GST, 
(1959). Soil-infiltration rate was assigned and filled as per soil features based on the available FAO 
soil map of Africa acquired from global data sets that are available online. The estimation of rainfall 
(mm/year) was based on available data from 1971 to 2000 to give annual mean rainfall map of 
Tanzania (SUA, 2007). Topography factor was determined based on average percentage of slope 
steepness through Digital Elevation Model (DEM) of Africa acquired from global data sets that are 
available USGS online. The ground cover was evaluated based on Fractional Cover (FC) as adopted 
from Gutman and Ignatov, (1998) in Equation 5 below. The global datasets for Normalized 
Difference Vegetation Index (NDVI) map was obtained from NOAA, (2013).  

	  	  	  	  	    FC=1.284*NDVI+0.114                                                                                                                                                                                                                                                                                                  (5) 
 

Land use, ground cover, upland and channel erosions were estimated based on activities 
conducted on the land such as agriculture, grazing, deforestation, small scale mining, buildings or 
roads through the severity status under Global Assessment of Soil Degradation (GLASOD) map 
(Oldeman et al., 1991). The severity of the process is characterized by degree in which the soil is 
degraded and by relative extent of degraded area within delineated physiographic of land use, 
ground cover, upland and channel erosions. 

3. ENVIRONMENTAL VARIABLES 

The hydrology of a region has been determined by its weather patterns and by environmental 
factors such as geology, topography, vegetation and human activities on the natural water which are 
altered the dynamic equilibrium of the hydrological cycle (Chow et al., 1988). The environmental 
factors are used to estimate the Curve Number (CN). SCS method utilized the CN to estimate the 
maximum potential soil water retention. The maximum potential soil water retention (S-factor) and 
the annual mean rainfall are applied to estimate the annual runoff data. According to the SCS, the 
CN was classified by using land use and soil types. In this study the CN was estimated with more 
than two variables such as surface geology, topography, ground cover, upland and channel erosion. 
The illustration of these six environmental variables include land use factor with their 
characteristics and rating limits within the specified catchment area based on PSIAC model were 
summarized in Table 1. A large proportion of the rainfall contributes to surface storage, as water 
infitrates into the soil and soil moisture storage. The storage can be held for long time and depleted 
by evaporation or held for short period of time and depleted by the flow away from the storage 
location with infiltration processes take place.Infiltration is a very complex processes of water 
penetrating from the ground surface into the soil and can be influenced by many factors like ground 
cover and properties of the soil such as its porosity, hydraulic conductivity, and the current moisture 
contents (Chow et al., 1988).  

Based on SCS method, the soil types were explained by using infiltration rate. The rate at which 
water enters the soil at the surface and can be expressed in inches per hour or millimiter per hour 
and named infiltration rate. However the amount of infiltrating into soil depends on the influenced 
factors of the physical properties of the soil.  

3.1 Curve Number 

The author acknowledges different formula used to estimate CN values for different 
subcatchments. However in this study the CN values in Tanzania were estimated depending on the 
environmental characteristics summarized in Equation 6. According to the SCS method, the runoff 
CN was estimated by using the hydrologic soil group with infiltration rate as indicated in Table 2. 
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Table 1: PSIAC Sediment Yield Factor Rating Sheet (PSIAC, 1968) 

Surface Geology 
High (10) Moderate (5) Low (0) 

Marine shales related mudstone 
and silt stones 

Rocks of medium hardness, moderately 
weathered or fractured Massive, Hard formation 

Topography 

High (20) Moderate (10) Low (0) 
Steep upland slope (> 30%); 
High relief; little or no flood 

plain development 

Moderate upland slopes (less than 20 %); 
Moderate fan or floodplain developments 

Gentle upland slopes less 
than 5 % 

Extensive alluvial plains 
Ground Cover 

High (10) Moderate (0) Low (-10) 

Ground cover does not exceed 20 
%, 

Vegetation sparse, litter or no 
litter, No rock in surface soil 

Cover not exceeding 40 %, Noticeable litter 
if trees present understory not well 

developed 

An area completely protected 
by vegetation and rock 

fragments; Little opportunity 
for rainfall to reach erodible 

material 
Land use 

High (10) Moderate (0) Low (-10) 
More than 50 % cultivated 

Almost all of area intensively 
grazed 

All of area recently burned 

Less than 25 % cultivated, 50 % or less 
recently logged, less than 50% intensively 

grazed, Ordinary load and other 
construction 

No cultivation 
No recent logging 

Low intensity grazing 

Upland Erosion 
High (25) Moderate (10) Low (0) 

More than 50 % of the area 
characterized by rill 

and gully or landslide erosion 

About 25 % of the area characterized by rill 
and gully or landslide erosion 

Wind erosion with deposition in str. 
Channels 

No apparent signs of erosion 

Sediment Transport/Channel erosion 
High (25) Moderate (10) Low (0) 

Eroding banks continuously or at 
frequent intervals 

with large depth, long flow 
duration 

Moderate flow depths, Medium flow 
duration with occasionally eroding banks or 

bed 

Wide shallow channels with 
flat gradients, short flow 

duration 
Channels in massive rock, 

large boulders 
 

Table 2: Soil-Infiltration rate (SCS, 1975) 

Soils Soil Texture Infiltration rate 
(mm/hr) Runoff Status 

Group A Sand, loamy sand, or sandy loam > 7.62 Low 
Group B Silt loam or loam 3.81 – 7.62 Moderate 

Group C Sandy clay loam 0.381 – 3.81 Moderate to 
High 

Group D Clay loam, silty clay loam, sandy clay, silty 
clay, or clay 

 
0 – 0.381 High 

          CN =  sum of 

⎩
⎪⎪
⎨

⎪⎪
⎧

             Surface geology
     Topography

        Ground cover
Land use

          Upland erosion
            Channel erosion

                  Soil-Infiltration rate

� �

                

1 ⎭
⎪⎪
⎬

⎪⎪
⎫

                                                                             (6) 
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3.2 Data Analysis 

A Geographic Information System (GIS) is a computer-based tool for mapping and analysing 
vector (point, line and polygon) and raster (i.e cells) data of existing and occurrence of events on 
earth. GIS technology integrates common database operations such as query and statistical analysis 
with the unique visualization and geographic analysis benefits offered by maps (GIS, 2008). The 
surface geology and rainfall maps were scanned and imported to ArcGIS package for pre-
preparation processes before extracting characteristics. The pre-preparation includes the process of 
georeferencing, digitizing and an addition of fields to attribute table for assigning rating limits. The 
characteristics of the soil textures and topography inputs were obtained from the FAO soil map of 
Africa and USGS Digital Elevation Model map within the Tanzania boundaries respectively. The 
rating limits of surface geology, soil-infiltration rate, rainfall, runoff, land use and channel erosion 
which are contributed to runoff at any point within each catchment are obtained through 
interpolating the percentage ranges of characteristics based on PSIAC model environmental 
variables. The characteristics were acquired from the spatial maps and interpolation was described 
by RCD, (1998) and guided by PSIAC, (1968) model.  

The topography variable is based on the percent slope estimated from the Digital Elevation 
Model (DEM) and the soil features were reclassified to define the infiltration rate and thereafter 
were given the rating limits. However, the characteristics of the land use, ground cover, upland and 
channel erosions within Tanzania boundaries were obtained from the GLASOD map in the format 
of features/string data, and only the attribute columns are inserted and assigned the rating limits. 
Both the activities of assigning and reclassifying under ArcGIS package were conducted in order to 
define the rating limits as shown in Table 3 of the seven environmental variables as used to estimate 
the CN (except rainfall map) based on PSIAC model as indicated in Table 1. For comparison and 
dispersion purposes, mostly the Coefficient of Variation (CV) is used and expressed the standard 
deviation as a proportion of the arithmetic mean. 
 

Table 3: Environmental parameters 

Environmental variables 
Statistical data 

Minimum Mean Maximum Standard 
Deviation CV (%) 

Surface geology 0 2.5 10 1.87 74.8 
Topography 0 7.14 20 7.03 98.5 

Ground cover -10 -1.25 10 6.57 -525 
Land use -10 1.5 10 6.77 452 

Upland erosion 0 9 25 7.75 86.1 
Channel erosion 0 8 25 6.32 79.1 

Soil-infiltration rate 0 6.87 10 2.99 43.5 
  

The maximum potential soil water retention (S-factor) generated based on the CN obtained by 
applying in Equations 4. Still the value of CN was based on the rating values of the PSIAC model 
application. The substantial values of S and environmental parameters of CN were tabulated in 
Table 4. The S-factor was estimated by using Equation 4 and summarized in Table 4. The 
estimation of rainfall (mm/year) was based on available data from year 1971 to 2000 to give annual 
mean rainfall map of Tanzania based on SUA (2007) estimation. 

 
Table 4: Rainfall Runoff parameters 

Rainfall runoff parameter 
Statistical data 

Minimum Mean Maximum Standard 
Deviation CV (%) 

Curve Number 0 28.72 100 12.14 42.27 
Annual Rainfall (mm/year) 500 1031.5 2900 419.5 40.7 

S-factor (mm) 93.95 862.9 25,146 1297.99 150.42 
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3.3 Performance Evaluation Techniques 

Model evaluation techniques should include at least one dimensionless statistic, one absolute 
error index, and other information such as the standard deviation of measured data (Legates and 
McCabe, 1999; Moriasi et al., 2007). The model efficiency named Nash-Sutcliffe efficiency (ME) 
was developed by Nash and Sutcliffe, (1970) and is expressed in Equation 7. It is a normalized 
statistic that determines the relative magnitude of the residual variance compared to the measured 
data variance and ranged from −∞ to 1. Essentially, the closer the model efficiency to 1, the more 
the model is accurate. It indicates how well the plot of runoff data simulated by using SCS method 
versus secondary data. 

            ME = 1 −  '
∑ (mi − Pi)2n
i=1

∑ (mi − m)2n
i=1

0                                                                                                                               (7) 

where n is the number of cells of simulated / estimated runoff data, mi
 = secondary runoff data, m is 

the average runoff data of the secondary data, and Pi is the estimated runoff data based SCS method. 

4. RESULTS AND DISCUSSIONS 

The spatial distribution of runoff depth was estimated by using SCS method under ArcGIS 
package. Figure 2 shows the runoff data with the mean of 499.1 mm and coefficient of variation of 
77%. Based on the climatic zones, the runoff percentage value in dry zone is 11.6%, moderate is 
34.9%, and wet is 53.5%. 

4.1 Model Perfomance Evaluation 

Simulated runoff data was evaluated with runoff data based on Probability Distribution Model 
(PDM) to validate the performance variation of the SCS method in Tanzania. The PDM was applied 
by researcher to estimate the runoff data in southern part of Africa include Tanzania (Reynard et al., 
1997). Runoff data were analyzed in ArcGIS package and indicated in Figure 3 with minimum and 
maximum annual runoff of 17.5mm to 1250 mm.  

Model efficiency was utilized to compare the runoff data obtained based on the PDM and the 
SCS method, indicated to vary from 0 to 99.99% significant as shown in Figure 4. Based on 
Moriasi et al., (2007), the model efficiency values of greater than 50% are considered satisfactory 
and values ≤ 0 indicate the mean secondary runoff values simulated by using PDM is better than 
SCS runoff data. However ME values greater than 50% covered the 50.3% of Tanzania’s area and 
greater than 75% is only 36.3% of the total area of Tanzania when analyzed under ArcGIS package.  

5. CONCLUSIONS AND RECOMMENDATIONS 

The results of the study demonstrated the SCS method can be utilized to the area of Tanzania 
which indicated the significant variation with the secondary data based on the Probability 
Distribution Model (PDM). Both methods can be applied but the PDM is more complex compared 
with the SCS method which was based on the environmental variables to estimate runoff data. The 
spatial distribution of CN and runoff depth reflects the change in the land response due to change in 
environmental variables. However, the actual value of the runoff can be direct measured from the 
gauge stations. Still the runoff data can be estimated by comparing the physical features of the 
gauged sites to ungauged sites. But also in case of the ungauged catchments runoff can be estimated 
by using the SCS method for preliminary stage of estimate runoff. 
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Figure 2: Runoff data based on the SCS method. 

 

Figure 3: Runoff data based on PDM (Reynard et al., 1997). 
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Figure 4: Model Efficiency data. 

The author acknowledged the presence of local anomalous and the regularity of the regime types 
from point to point which can improve the study but currently are ignored. Still the study presents a 
new way of estimating the CN which was used in the determination of maximum potential soil 
water retention data as the conversion factor of rainfall to runoff data. A further development should 
be based onto supplementing the procedures by taking the river flow regimes into account and 
generate a corresponding map to improve reliability of runoff data. 
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