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Abstract - Quénéhervé G., Bachofer F., & Maerker M., Experi-
mental Assessment of Runoff Generation Processes on Hillslope Scale in 
a Semiarid Region in Northern Tanzania. (IT ISSN 0391-9838, 2015).

In runoff modelling often saturated conductivities or infiltration 
rates for saturated surfaces are used to calculate the soil water balance 
and subsequently surface runoff. These infiltration rates are often too 
high and thus no or very little runoff is generated. However, after long 
dry periods even with small precipitation events surface runoff is ob-
served. In this study we focus on the infiltration rates at different ten-
sions to study their effect on surface runoff generation on a typical soil 
catena of northern Tanzania. The area is characterized by very little 
information on surface runoff and soil characteristics. Therefore, we 
measured soil infiltration and texture at the surface as well as overland 
flow volumes for individual rainfall events between October 10, 2010 
and December 6, 2010 using a simple experimental setting. We exam-
ined rough water balance quantities for single rainfall events. A sim-
plistic hydrological modelling of the surface runoff and accumulation 
was performed and compared to measured surface runoff. The study 
shows that infiltration at 0 water tension clearly overestimates infiltra-
tion quantities. However, even when soil characteristics like crusting of 
sealing are not considered, our simple approach yield much better sur-
face runoff volumes using infiltration rates at higher soil water tensions 
instead of saturated infiltration conditions. The interaction between 
rainfall and soil surface conditions is relevant for understanding the 
hydrology of semiarid savannas with gentle slopes. However, we show 

that our approach integrating simple field measurements and basic hy-
drological budget models yield much better results than conventional 
approaches. 

Key words: Surface Runoff; Hydrological Modelling; Rainfall-Run-
off; Hillslope Scale; Tanzania; Surface Runoff Detectors.

Introduction

Runoff generation in direct response to a precipitation 
event triggers soil particle detachment and accordingly soil 
erosion phenomena which are a major threat in sparsely veg-
etated regions. The factors affecting runoff for event-based 
analyses are i) rainfall characteristics and climatic conditions 
(rainfall intensity, duration and distribution), ii) the soil 
type (soil evaporation, infiltrability, hydraulic conductivity, 
antecedent condition of the soil moisture, water repellent 
characteristics, bulk density, surface crusting and surface 
roughness), iii) vegetation (vegetation cover, organic matter, 
macropores and root systems), and iv) the catchment area 
(slope steepness, slope length, landscape position) (after 
Critchley & Siegert, 1991; Borselli & alii, 2001; Bracken & 
Croke, 2007; Ritter & alii, 2011).

However, for a detailed surface runoff assessment es-
pecially the soil parameters are often not available or only 
hardly obtainable requiring sophisticated instruments, 
trained personnel and the economic resources to measure 
them. Particularly, semiarid areas around the globe are 
often characterized by scarce infrastructure and rural en-
vironments with no or sparse information on the spatial 
distribution of soils or related parameters on institutional 
levels. Moreover, semiarid regions generally show low pre-
cipitation that is highly variable (Sala & Lauenroth, 1982; 
Mualem & Assouline, 1996). Hence, simple low budget ap-
proaches are needed to overcome these problems.

In order to assess surface runoff processes in semiarid 
areas, precipitation events have to be addressed as pulses, 
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isolated in time (Huxman & alii, 2004). Small rainfall pulses 
falling on dry soil surfaces wet only the uppermost part of 
the soil and a great amount of the soil moisture is according-
ly lost by direct evaporation of the bare soil (Sala & Lauen-
roth, 1982). The soil evaporation front, deepening over time 
into the soil profile following the topsoil drying, is based on 
the solar energy reaching the soil surface as well as soil hy-
draulic properties and root densities (Wallace & alii, 1999; 
Schwinning & Sala, 2004). Rainfall on bare soils change the 
properties at the vicinity of the soil surface due to physical 
and chemical processes (Mualem & Assouline, 1996).

When overland flow in sparsely vegetated semiarid re-
gions is generated, it occurs on stretched slopes as preva-
lent laminar sheetflow. When runoff concentrates further 
down the slope it becomes turbulent and promotes sedi-
ment detachment that leads to linear depressions called 
rills that are consequently deepened into gullies (Ritter & 
alii, 2011; Wainwright & Bracken, 2011). The runoff on 
dryland slopes may be highly discontinuous because of spa-
tial and temporal variability in precipitation and in surface 
properties. The surface roughness significantly affects the 
pathways and rates of flow transfer. In general, runoff after 
small precipitation events can only be short distance run-
off (Lauenroth & Bradford, 2006). The authors also stated 
that the common assumption for semiarid regions is that the 
runoff part of the water balance is close to zero, and hence 
it is often ignored. Jensen et al. (1990) reported that runoff 
depends on the characteristics of precipitation and can only 
be neglected for a particular type of soil, i.e. coarse textured 
(sand and loamy sand) and moderately coarse textured soils 
(sandy loams). However, at the event scale there can occur 
remarkable amounts of surface runoff on top of all kinds of 
soil texture types (Zema & alii, 2012) especially after dry 

periods, as also experienced by the authors. Figure 1 shows 
a surface runoff immediately after a 15 mm (in 40 min) event 
close to the Makuyuni village.

The rate at which water enters the soil is called infil-
tration rate or infiltration capacity, typically measured in 
mm/h. Most dryland soils are rarely saturated (Wainwright 
& Bracken, 2011), therefore the infiltration rate has nor-
mally a high initial value that decreases with time until it 
becomes fairly steady, called final infiltration rate. When 
rainfall exceeds the rate at which water can infiltrate the 
ground, surface runoff will be produced, accordingly 
called Hortonian overland flow (Bracken & Croke, 2007). 
Generally, as shown by various authors (Mualem, 1976; 
van Genuchten, 1980; Kutílek & Nielsen, 1994), infiltra-
tion rate (Q) is a function of soil water content (Θ) and 
soil water tension (Ψ). When water is applied into a dry 
soil, initially, most of the water is absorbed by the capillary 
potential of the soil matrix. The capillary force triggers the 
initial water infiltration process. Subsequently, as infiltra-
tion proceeds, the gravitational force becomes dominant 
(Philip, 1957). The critical matrix potential at which air 
enters the largest pores of a saturated soil is expressed as 
air entry value. As shown by Regner & alii (1999) infil-
tration processes consist of a soil matrix triggered micro-
pore flow and a soil structure dependent macropore flow. 
In soils with dominant matrix driven processes, such as 
coherent soils, the infiltration from 0 tension up to the 
air entry value normally decreases. When macropores are 
present, water penetrates the soil mainly by these. The soils 
dominated by macropores show an immediate increase in 
infiltration when water tension is rising (Renger & alii, 
1999; Schwärzel & Punzel, 2007). Apart of other factors 
like slacking, clogging, drop impact and air entrapment 

Fig. 1 - Surface runoff shortly after a precipitation event of 15 mm (in 40 min) in the Lake Manyara region (2013-03-16; photo G. Quénéhervé).
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that we do not consider in this study, infiltration and thus, 
surface runoff processes are strongly related to the soil’s 
micro- and macropore distribution. Infiltration equation 
as stated of Philip (1975): 

 I = S ∙ t −1–
2 ± A ∙ t                              (1)

where  is infiltration rate;  is sorptivity;  is infiltration 
interval; and  is a constant, depending on water content 
(Θ) and soil water tension (Ψ).

The main objective of this study is to propose a simple 
approach to assess surface infiltration and runoff generation 
processes under semiarid climate conditions on hillslope 
scale. Especially we are interested in the infiltration rates 
and potential surface runoff at the end of the dry season. 
This goal is achieved using basic low budget, non-invasive 
methods that are easily applicable. We focus on the runoff 
generation mechanisms at hillslope scale with a characteris-
tic soil catena for specific rainfall events. We do not tackle 
effects such as surface sealing, clogging or crusting since in 
the described conditions of semiarid environments a sophis-
ticated measurement of these parameters is often not feasi-
ble. Instead, we concentrate on infiltration rates triggered 
by water content and water tension. The hypothesis is that, 
especially after the dry seasons soils have high water ten-
sions and hence, the isolated rainfall events produce high 
amounts of surface runoff especially on fine-grained soils. 
Thus, water conduction is lower than in saturated condi-
tions and consequently the overall infiltration rates quite 
low. Therefore, we performed detailed surface infiltration 
measurements using a tension infiltrometer and gained in-
formation about surface soil texture distribution. We moni-
tored rainfall events over a three years period and estimated 
the evapotranspiration dynamics and land cover patterns 
and validated overland flow volumes with automatic surface 
runoff detectors. 

Materials and Methods

Study Area

The study area is located in Northern Tanzania in the 
eastern branch of the East African Rift System. It is drained 
by the Makuyuni River (catchment area ~3080 km²) which 
is flowing into the endorheic Lake Manyara. The prevailing 
savannah climate is characterized by bi-modal rainy seasons 
(Sep – Dec and Mar – May) with mean annual rainfall of 
ca. 500 mm and a strong inter-annual variability. The mean 
annual temperature is about 27°C, during short dry sea-
son (Jan – Feb) 30°C, during long rain season (Mar – May) 
26°C, during long dry season (Jun – Sep) 22°C, and during 
short rain season (Oct – Dec) 27°C.

The study area has an extent of ca. 50 hectares and is 
located at the Manyara Ranch Conservancy. The morphol-
ogy is characterized by a low angle stretched slope between 
0 – 2.7° dipping towards north west (fig. 2). On the upper 
slopes Cambisols occur that are developed on tephra de-
posits and have therefore remaining andic properties (FAO, 
2014). They also show leaching of carbonates towards the 
subsoil where CaCO3 concretions are forming. On the mid-
slope Rhodic Luvisols are located with loamy testure. The 
soil types in these localities are characterized by a high silica 
skeleton content with an average quartz mineral diameter 
of 1 cm. The Luvisol grade laterally into vertic horizons in 
lower landscape positions, the clay content is increasing and 
more active layer clays are accumulated. Thus, in the lower 
slope positions normally Vertisols are found. 

Field data and remote sensing analysis

To test the hypotheses, we conducted detailed surface 
infiltration measurements and gained information about 
surface soil texture distribution. Moreover, we monitored 
rainfall events over a three years period and estimated the 
evapotranspiration dynamics and landuse patterns. Over-
land flow volumes were assessed with automatic surface 
runoff detectors. The calculation of the runoff volumes 
were performed for single precipitation events. Moreover, 
we measured the relevant parameters (described below) in 
the field and in the laboratory or estimated these using re-
mote sensing techniques as outlined below.

DGPS survey

We used a ProMark-3 differential GPS (DGPS) system 
in order to get very high-resolution digital topographic in-
formation. About 36,400 kinematic point measurements 
were measured and then post processed to orthometric 
heights (EGM96). The kinematic survey performance of the 
equipment is 0.012 m + 2.50 ppm (horizontal) and 0.015 
m + 2.50 ppm (vertical) (ashtech, 2010). As the rover de-
vice was installed on a pole and variations occurred while 
it was carried over different landforms, we expect a vertical 
accuracy < 0.1 m + 2.50 ppm. Data acquisition took place 
in early March 2012, at the end of a short dry period. Thus 
vegetation and especially leaf cover was sparse and the sky 

Fig. 2 - Soil transect with three different soil types according to World 
reference base for soil resources (FAO, 2014).
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visibility of the GPS antenna and the resulting GPS signal 
lock was excellent. The sampling strategy was adapted to 
the constrained accessibility by bush vegetation. 

The accuracy of the resulting digital elevation model 
(DEM) depends on the operational GPS precision, as well as 
the distribution and density of the GPS samples (Nico & alii, 
2005). Visible drainage lines with a minimum depth of 5 cm 
were mapped separately with a kinematic survey and function 
as stream lines for the DEM building. The applied interpo-
lation method is based on the ANUDEM algorithm, which 
allows the consideration of drainage enforcement to create 
a hydrological correct DEM (Hutchinson, 1989); Figure 3.

Land cover classification

For the derivation of land cover classes within the study 
area a multispectral WorldView-2 scene (acquired 2011-02-
21; pan-sharpened to 0.5 m ground sampling distance) was 
utilized. For the analysis the three visible bands (RGB) as 
well as one near infrared band were available. Following an 
object based image analysis approach (Blaschke, 2010) five 
different land cover classes were distinguished (tab. 1) and 
validated in the field.

Soil characteristics

The calculation of the runoff volumes for single precipi-
tation events is based on relevant parameters measured in 
the field and in the laboratory or estimated using remote 
sensing techniques. We measured soil texture for topsoil at 
61 locations with a simple finger test method, according to 

USDA (1993). Additionally, we conducted laboratory analy-
ses from four soil profile locations along a transect (fig. 1). 
Soil samples were air-dried and sieved (<2  mm). Texture 
was measured with the Bouyoucos Hydrometer Method 
after dispersing the samples with 1N Sodium hexameta-
phosphate and represented according to the United States 
Department of Agriculture classification (USDA, 1993). 
Organic Carbon was analysed using the Springer and Klee 
method (Springer & Klee, 1954). The field reference col-
lection and the laboratory samples resulted into three soil 
classes, namely Cambisol, Luvisol, and Vertisol (tab. 2).

Meteorological parameters

Our study area is equipped with a multi-sensor climate 
station (Meteo combined with EnviLog MAXI data logger 

Fig. 3 - Surface runoff shortly after a precipitation event of 15 mm (in 40 min) in the Lake Manyara region (2013-03-16; photo G. Quénéhervé).

Class Number Class Name Description

1 Woodland Trees and shrubs (> 1m)

2 Grassland Grass, small bushes and sedges 
(permanent)

3 Degraded Gras-
sland

Dry and sparse grassland
(> 33% bare soil)

4 Barren Land > 66% bare soil

5 Infrastructure Buildings and paved roads

Table 1 - Land cover classes



59

by EcoTech, Germany) that measures 6 parameters: wind 
speed and direction, precipitation, air temperature, relative 
humidity as well as air pressure. Data are measured with 
high temporal resolution of 10 min intervals and have been 
collected from March 2010 up to present.

Soil infiltration

With the hood infiltrometer (Umwelt-Geräte-Technik 
GmbH, Germany), which is a type of tension infiltrometer 
(Schwärzel & Punzel, 2007), water infiltrability is deter-
mined for the soil surface. The unsaturated conductivity 
was calculated following Wooding (1968) (Equation 2) and 
(Umwelt-Geräte-Technik, 2005) (Equation 3):

 
Q= π a2ku (1+    4

π α a )                             (2)
 

α =
 ln ( Q1 )               Q2

h1− h2                               
(3)

where Q is steady-state flow; a is radius of the infiltration 
area; ku is hydraulic conductivity as a function of water ten-
sion; and h is water tension.

Accordingly, hydraulic conductivities for different 
tensions can be calculated using Equations 4 and 5, after 
Umwelt-Geräte-Technik (2005):

 k(h1) =         Q1   
                        π a2

(1 +    4    )                     (4)
                               π α a  

 k(h2) =         Q2   
                        π a2

(1 +    4    )                     (5)
                               π α a  

      
The capillary theory can be used to estimate the size 

of pores excluded from the transmission of infiltration at 
different pressure heads. Pore diameters can be predicted 
from Equation 6 (Sauer & Logsdon, 2002):

Soil Depth Particle size composition % Class USDA Corg (%) Munsell soil colour

Sand Silt Clay

03 Haplic Vertisol

10 cm 42·3 36·8 20·9 L 0·77 5 YR 3/1

20 cm 35·0 28·7 36·3 CL 0·94 5 YR 2.5/1

30 cm 34·7 25·3 40·0 CL 1·23 7.5 YR 2.5/1

40 cm 35·1 24·2 40·7 C 1·03 5 YR 2.5/1

50 cm 31·2 27·3 41·5 C 0·93 7.5 YR 2.5/1

60 cm 31·1 24·5 44·4 C 1·05 7.5 YR 2.5/1

04 Rhodic Luvisol

10 cm 41·2 39·1 19·7 L 1·41 7.5 YR 4/3

20 cm 39·5 30·0 30·5 CL 1·27 7.5 YR 2.5/3

40 cm 37·7 26·0 36·3 CL 0·81 2.5 YR 2.5/2

05 Rhodic Luvisol

10 cm 54·3 34·1 11·6 SL 1·32 10 YR 3/4

20 cm 53·1 35·5 11·4 SL 0·95 7.5 YR 4/6

30 cm 51·4 36·4 12·2 L 0·90 5 YR 4/4

40 cm 51·5 37·3 11·2 L 0·65 5 YR 4/6

50 cm 47·3 37·0 15·8 L 0·72 5 YR 4/6

60 cm 46·0 37·2 16·8 L 0·64 7.5 YR 4/6

06 Andic Cambisol

10 cm 67·6 20·9 11·5 SL 20·5 7.5 YR 3/4

40 cm 57·7 24·2 18·1 SL 11·8 7.5 YR 4/6

aSoil classes after USDA (1993): L loam, CL clay loam, C clay, SL sandy loam; Soil colour under dry conditions after Munsell Soil Color Charts.

Table 2 - Soil Properties of the Soil Profilesa.
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(6)

where σ is the surface tension of water, N/m, assumed 
to be 0.072 at 25°C; α is the contact angle between water 
and pore wall, assumed = 0°, cos(0) = 1; ρ is the density 
of water, kg/m³; and g is the gravitational acceleration, 9.8 
m/s². Therefore, a higher suction or tension corresponds to 
an infiltration where the bigger pore sizes in the soil matrix 
are successively excluded from water transmission. The wa-
ter tensions of -2 cm and -4 cm equal to pore sizes of 1.47 
mm and 0.73 mm, respectively. In general, we assumed that 
soil pores are represented to be cylindrical, vertical tubes. 
Generally, the pressure 0 cm water column and two suctions 
have been measured at 40 locations.

Spatial modelling of soil
hydrological characteristics

To get a spatially continuous data set of infiltration val-
ues and soil texture we utilized a stochastic modelling ap-
proach. In this study, a boosted regression tree approach 
(BRT) (Friedman, 2002) is applied using dependent and 
independent variables. BRTs employ a learning algorithm 
to identify a model that best fits the relationship between 
the predictor variables (an attribute set of, in this case, en-
vironmental variables) and the response variables, here the 
soil texture and infiltrability. The dependent variable is the 
soil texture measured for 61 locations within the study area, 
analysed with finger test (according to USDA (1993)). As 
independent variables the delineated landcover from mul-
tispectral WorldView-2 data as well as four terrain indices 
have been selected: (i) land cover classes, (ii) topographic 
wetness index (TWI) (after Beven & Kirkby, 1979), (iii) ver-
tical distance to channel network, (iv) channel network base 
level (both after Olaya & Conrad, 2009), and (v) transport 
capacity (TCI) (Moore & alii, 1991). The indices ii to v are 
based on the derived hydrological correct DEM (see Moore 
& alii, 1993).

We utilized the TreeNet model (Salford Systems) also 
known as stochastic gradient boosting (Elith & Leathwick, 
2009). The models’ predictive performance is assessed by 
constructing the receiver operating characteristics (ROC) 
curves for each response variable, both for training and test 
data (Fielding & Bell, 1997). In a ROC curve the sensitivity 

is plotted over the false positive rate (1-Specificity) for all 
possible cut-off points (Swets, 1988). The quality of a ROC 
curve is quantified by the measurement of the parameter 
area under the ROC curve (AUC; Hanley & McNeil, 1982). 
The AUC is shown to be independent of prevalence (Manel 
& alii, 2001) and is considered a highly effective measure 
for the performance of ordinal score models. A perfect dis-
crimination between positives and negatives has a ROC plot 
that passes through the upper left corner (100% sensitivity, 
100% specificity), so that the AUC is equal to 1 (Reinek-
ing & Schröder, 2006). According to (Hosmer & alii, 2013) 
AUC values exceeding 0.7/0.8/0.9 indicate acceptable/ex-
cellent/outstanding predictions.

Automatic surface runoff detectors

Surface runoff was measured with automatic surface 
runoff detectors (SRD) that measure surface runoff height 
and duration. SRDs were distributed along the slope sys-
tem to account for the runoff generation dynamics on dif-
ferent slope segments and thus, topographic positions. The 
SRD devices are placed on the surface whilst the logger 
unit is buried in the soil (fig. 4). When runoff height grows 
the electric contacts are closed sequentially transmitting a 
signal that is then reported to the logger storage unit. In 
this experimental setup, we placed logger units according 
to Figure 4b right side with equal spacing of contacts. The 
distances between the electric contacts are 5 mm, reaching 
up to 3 cm above ground. Hence, the device is able to meas-
ure a water column of 3cm and has a sensitivity of 5mm. 
The advantage of our study area and of semiarid environ-
ments in general is the sparse vegetation cover during dry 
periods, and hence the disturbance of runoff due to plants 
is minimized. Moreover, in most of the cases precipitation 
is moderate to low, so runoff is normally not accumulating 
deeper than the contact zone of the SRDs.

Runoff calculation

To calculate a simple water balance model, the relevant 
input parameters such as i) the precipitation input, ii) the 
evapotranspiration, iii) the infiltration rate, and iv) the re-
sulting runoff hast to be measured (tab. 3).

The measured infiltration values are further attached 
to the regionalized model of the surface texture. This cre-

Fig. 4 - a) Close up of the sensor head of the 
Surface Runoff Detector. b) Installed device 
on the Manyara Ranch Conservancy test slo-
pe with the drainage coming from the right, 
shown with the blue arrow. (Photos: G. 

Quénéhervé).

a b



61

ates a raster model with infiltration values as attributes. A 
single-cell raster based water balances model (Equation 7) 
was then utilized for a weighted flow algorithm based on 
a deterministic infinity flow approach following (Tarboton, 
1997), the GIS modelling was done with SAGA GIS (Con-
rad, 2006). For the sake of simplicity the runoff calculation 
do not take into account surface roughness parameters.

R = P−I                                       (7)

where  is water balance and  is precipitation.

Results

Precipitation analysis

For this study we focus on the period October to De-
cember 2010, where 5 rainfall events occurred, which pro-
duced substantial runoff that was captured by the surface 
runoff detectors. Table 4 shows the mean daily meteorologi-

cal data for each day of the recorded events and Table 5 the 
soil hydraulic conditions.

DGPS and remote sensing data processing

For the evaluation of DGPS measurements, a regular 1 
m point grid was computed for the study area (ca. 440,000 
points). For each point of the produced digital elevation 
model (the centroid of the 1 x 1 m grid) the distance to 
the closest DGPS measurement was calculated. The average 
distance to a reference point is 5.43 m with a standard devia-
tion of 4.7 m and a maximum distance of 32.65 m. 48.8% 
of all interpolated points are within a maximum distance 
of 4 m to a DGPS measurement point, whereas only 1.2 % 
within a distance greater than 20 m. 

Including spectral and textural attributes, we discrimi-
nated five land cover classes with an overall accuracy of 
88.98% (Kappa 0.86), validated with ground reference in-
formation. In contrast to the land use class “Grassland” the 

Event 
number

Day of 
year

Rainfall 
duration 

[min]

Rainfall 
depth 
[mm]

Average 
rainfall 

intensity 
[mm/h]

PETTurc 
[mm/

event]a

Rainfall 
depth (P) - 
PET [mm]

Infiltration, 
tension h02 

[mm]

Qh0 = P 
- PET - I 
[mm]b

Infiltration, 
tension h2 

[mm]

Qh2 = P 
- PET - I 

[mm]

Infiltration, 
tension 
h2max 
[mm]

Qh2max = 
P - PET - 
I [mm]

1 283 80 54.61 40.96 4.89 49.72 26.85 22.87 20.59 2.28 14.19 35.53

2 296 260 21.46 4.95 7.16 14.30 ~ ~ 0.11

3 232 + 
233 310 10.38 2.01 - 10.38 ~ ~ ~

4 335 150 27.99 11.20 8.10 19.89 ~ ~ 5.70

5 340 280 16.49 3.53 - 16.49 ~ ~ 2.30

aPET: - indicates a night event, evapotranspiration is set to 0; bQ: ~ no runoff, all P is infiltrated into the soil column

Table 3 - Rainfall events, potential evapotranspiration, and calculated runoff characteristics.

Day of year Tmax [°C] Tmin [°C] mean T [°C] mean RH [%] meanhPa PETTurc [mm/d]

283 34.0 17.6 24.8 37.65 893.01 219.89

296 29.6 18.6 23.2 38.74 892.39 198.35

232 31.2 18.6 23.4 43.99 892.73 187.64

233 32.6 18.7 24.7 44.64 891.90 199.9

335 32.1 18.1 23.4 41.23 890.98 194.47

340 31.9 19.6 23.1 42.87 889.74 186.72

aT temperature; RH relative humidity; hPa hectopascal; PET potential evapotranspiration

Table 4 - Mean daily climatic dataa for the recorded events in 2010.
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Table 5 - Measured tensions and according infiltration rates with hood infiltrometer.

Mess_ID Tension h0 Infiltration h0 
[mm/h]

Tension h1 Infiltration h1 
[mm/h]

Tension h2 Infiltration h2 
[mm/h]

Air entrytension

1 0 20.52 -2.0 13.99 none none -5.8

2 0 29.23 -3.4 21.14 -5.5 16.79 -9.5

4 0 14.93 -2.5 11.82 none none -7.1

5 0 34.83 -3.0 33.58 none none -5.2

8 0 31.00 -1.2 30.87 -3.1 29.63 -15.1

10 0 19.28 -4.0 13.68 -8.0 9.33 -15.1

11 0 15.55 -4.0 9.33 -9.0 7.46 -22.0

13 0 32.34 -1.5 26.12 -2.4 19.90 -7.8

14 0 21.77 -3.4 18.66 none none -7.1

15 0 84.58 -4.0 31.72 none none -6.9

16 0 32.96 -4.0 25.50 -8.0 19.90 -10.7

17 0 24.25 -3.5 20.52 -6.0 15.55 -12.4

19 0 38.56 -2.7 29.85 -2.8 29.02 -7.5

20 0 43.53 -4.0 18.35 -6.0 13.68 -9.3

22 0 13.33 -2.5 8.71 -4.8 6.66 -8.5

23 0 26.65 none none none none -11.0

23 0 36.07 none none none none -11.0

24 0 14.66 -6.3 9.95 -9.2 2.69 -13.0

25 0 14.61 -4.0 7.00 -7.5 4.35 -8.8

26 0 114.01 -4.0 62.19 -7.2 38.35 -8.6

27 0 74.63 -3.0 43.53 -5.1 33.17 -18.0

28 0 202.11 -3.9 128.26 -7.0 90.17 -9.5

29 0 15.55 -4.4 9.33 -9.5 7.46 -13.1

30 0 18.66 -4.4 11.19 -7.0 5.60 -7.6

31 0 32.34 -6.0 34.83 -12.0 23.01 -17.4

32 0 33.58 -3.0 22.39 -5.4 18.66 -9.6

33 0 97.95 -4.0 60.63 -5.5 23.63 -7.6

34 0 69.44 -2.2 49.13 -4.6 42.91 -9.7

35 0 98.46 -4.0 66.85 -6.0 65.30 -9.0

36 0 31.09 -4.4 18.66 none none -7.5

37 0 71.52 -1.4 59.08 -2.2 49.13 -3.0

38 0 39.18 -3.5 32.34 -7.0 26.85 -13.3

39 0 18.66 -4.4 15.55 -6.7 12.83 -8.7

40 0 11.11 -4.6 7.15 none none -14.1

41 0 37.31 -2.0 41.04 -5.0 31.72 -10.3

42 0 55.19 -3.0 23.32 -6.1 13.33 -9.1

43 0 15.55 -4.4 9.33 -8.8 6.53 -13.8

44 0 37.31 -2.7 20.52 -5.3 13.60 -8.6

45 0 29.85 -3.2 24.88 -7.1 16.17 -7.7
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classes “Degraded Grassland” and “Barren Land” show a 
high percentage of bare soil. The later ones are highly af-
fected by dry and wet seasons concerning their vegetation 
share and are in result highly affected by overgrazing and 
erosional processes. The highest confusion between the 
classes turned out to occur between “Grassland” and “De-
graded Grassland” (fig. 3b).

Regionalization of soil surface texture

All DEM-based independent variables show a high con-
tribution to the best fitted classification tree model. Only 
the land cover classification is found to be of no signifi-
cance to soil texture distribution. The modelling based on 
the remaining four terrain indices shows a very good model 
performance. The modelled classes ‘sandy loam’ and ‘sandy 
clay loam’ with an AUC value of more than 0.8 show an 
excellent prediction output. The class ‘sandy clay’ with an 
AUC value of 0.93 indicates to have an outstanding predic-
tion performance.

The according regionalization based on the TreeNet 
model is shown in Figure 5a. The results show a sequence 
of textures from sandy clay loam on the eroded cambisols in 
the upper slope positions to sandy clay textures at mid slope 
positions. Toe slopes are characterized by sandy loam tex-
tures and vertic features. In Figure 6 the relation of texture 
and infiltration is shown for the 0 tension measurements in 
boxplots a) to d). As expected there is a close relation be-
tween texture and infiltration rates at 0 tension. The higher 
tensions h2 are measured in relation to the specific air en-
try value of the soil’s matric potential see boxplots e) to h). 
Figure 7 shows the relation between texture and reached 
tensions. As expected the highest tensions are measured in 
the soils with highest clay content and they are lowest in 
the soils with dominant sand fractions. The median tension 
infiltration value of the respective textures classes were then 
attributed to the soil texture map for the runoff modelling.

Fig. 5 - a) Prediction of soil texture classes (USDA taxonomy) according to the boosted regression tree based classification model. b) Spatial distribution 
of water excess calculated for a precipitation event of 23 mm (~event number 1), based on the predicted soil texture class.

Fig. 6 - Infiltration rate (I) of 0 tension, in mm/h, for all locations a), and 
for the different soil texture classes b) – d). Accordingly infiltration rate 
of tension h2 for all locations e), and for the different soil texture classes 

f) – h).
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Water balance modelling

The water balance was calculated after Equation 7 for 
the test area on a 1m x 1m pixel basis. the calculation was 
performed for the surface infiltration at 0 tension and high-
est measured tensions (h2). Figure 5b shows the spatial dis-
tribution of the infiltration excess for the highest measured 
tension. Sandy loam soils (in dark blue) show a fast response 
to surface sealing due to their texture partitioning. They are 
therefore prone to a fast surface runoff development. The 
Luvisols (sandy loam and loam fraction) show a high water 
flux and only small runoff is calculated (in light blue) or 
even none (yellow). Within the soil column, the picture will 

be the other way round, with a high micropore flux (Lu-
visols) lower infiltration values at higher tension values are 
expected, whereas soils with macropores (Vertisols) show 
a higher infiltration. The water balances were subsequently 
utilized as weighting surface in a weighted flow accumula-
tion algorithm. This model is based on the Multiple Flow 
Direction algorithm (after Seibert & McGlynn, 2007) and 
counts the number of cells draining into a given cell. Figure 
8 shows the produced runoff volumes for the infiltration 
scenario shown in Figure 5b.

Surface runoff measurement via SRD

For each of the 5 rainfall events (>5 mm rainfall within 
1 hour) occurring from October to December 2010, we 
compared the data to the recorded discharge height in 
the SRDs. All 5 events have been recorded in each of the 
available SRDs. Generally, the SRDs characterize the actual 
surface-runoff amounts on hillslope scale in a very high tem-
poral resolution (5 min intervals). Consequently, SRDs can 
be used to roughly validate water balance calculations and 
related runoff processes. For the single SRD locations we 
estimated the upslope contributing area with SAGA-GIS 
software using a deterministic infinity flow direction algo-
rithm following Tarboton (1997). Measured values of sur-
face runoff are shown in Table 6.

Discussion 

In this study we focus on the spatial distribution of in-
filtration rates. As shown, infiltration in semiarid savannah 
dry lands of northern Tanzania is mainly depending on spe-

Fig. 7 - The relation between predicted soil texture class and reached ten-
sions, in a) the tensions measured at h2, and in b) tensions at air entry value.

Fig. 8 - Runoff simulation, in blue are depicted the 
water accumulation areas with an input of 1.000 cells 

up to maximum.
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cific soil physical characteristics and climatic conditions. 
The carbonatic volcanic ash and tuff/tephra deposits of the 
Makuyuni area are characterized by Andic Cambisols and 
Rhodic Luvisols with low activity clays developed on the up-
per slopes and flat summit areas. These soils show an inten-
sive carbonate leaching (decalcification) and accumulation 
of carbonates (concretions) in the deeper subsoil or further 
downslope. On the slope ridges the soils are often eroded. 
The material is washed along the surface and deposition 
dominates in the toe slope situations. The structure of the 
soils is changing from matrix dominated soils on the slope 
ridges and mid-slope positions, towards vertic soils showing 
a distinct secondary macropore structures due to active layer 
clays (typically consisting of smectite and illite clays). The 
soil catena itself documents the intense sediment transport 
with surface runoff. Infiltration at different textures vary sig-
nificantly. Especially in micropore dominated soils the infil-
tration is mainly triggered by the tension values or in other 
words is triggered by different humidity conditions of the 
uppermost soil horizon before rainfall starts. Generally, infil-
tration is decreasing for highest measured tensions by 18.74 
%. For the sake of simplicity, we kept the evapotranspiration 
constant and do not consider soil water storage to calculate 
the water balance and hence, overland flow generation. 

The GIS-based simulation of runoff depending on pixel 
water balances shows that for a detailed hillslope scale anal-
ysis a high-resolution digital elevation model is crucial. This 
is because all further analyses such as topographic indices, 
e.g. runoff direction and accumulation, are based on the ac-
curacy of the height estimations. Particularly, the creation of 
a hydrological correct DEM is essential for further hydro-
logical modeling. Therefore, sophisticated statistical meth-
ods provide accurate spatial pattern of soil surface texture. 
Finally, we calculated the different runoff volumes in mm/h 
and, make them comparable, converting also the rainfall 
events to average rainfall intensity in mm/h. We show that 
for 0 tension only the highest event of 40.6 mm/h (rainfall 
intensity) produced runoff whereas all other events do not 
show surface runoff. If tension increase the runoff is getting 
higher for the highest rainfall event (event 1) but still no run-
off is produced for the other events (events 2-5). Only when 
the highest measured tension is utilized the runoff even for 
the other events can be modelled as shown in Table 3.

For all events runoff is produced and detected in the 
distributed SRDs. This means that the infiltration values for 
0 and h2 tension used in the modelling are too high for the 
events 2-5. Only if we use the highest tension (h2max) realis-

tic surface runoff values are simulated. This means that the 
contributing area for the three SRDs is mainly characterized 
by homogeneous soils dominated by matrix pore triggered 
infiltration with small pore sized at sandy loam textures. 
Tension for this texture (sandy loam) can reach very high 
suctions characterized by a high air entry value. Hence, the 
measured highest tensions may be even higher if the meas-
urement is performed close to the air entry point. Conse-
quently, the infiltration becomes even lower.

Conclusions

The study presents a simple low budget approach to 
assess soil infiltration and surface runoff values. We show 
that infiltration processes in semiarid dryland conditions are 
mainly depending on the soil physical characteristics such as 
soil water tension and the moisture conditions of the topsoil 
before the precipitation event starts. Saturated conductivi-
ties often used to calculate the surface runoff yield too high 
infiltration values to explain observed surface runoff. In this 
study we measured the shallow laminar runoff at the surface 
using SRDs. Moreover, infiltrations were measured at dif-
ferent tensions simulating various soil humidity conditions. 
We illustrated with a simple water balance approach, that 
infiltrations measured at 0 tension produce too high infiltra-
tion values in order to generate surface runoff. Especially 
in micropore dominated homogeneous soils water tension 
triggered infiltration rates play a crucial role. Thus, on the 
slope system studied in this investigation surface runoff was 
only produced if the highest tension infiltration rates were 
used corresponding to “drier” soil conditions. Consequent-
ly, it is very important what kind of soil types are present in 
a catchment and to what kind of infiltration scheme they 
are belonging to. Especially in homogeneous soils with low 
activity clays notable surface runoff can be produced if the 
soil is very dry when precipitation starts. This example from 
a hillslope scale water balance model demonstrates the im-
portance of integrated field work measurements (especially 
the incorporation of surface runoff detectors) and compu-
ter-based simulations in hydrological research.

The automatic surface runoff detectors offer a helpful 
insights into actual overland flow dynamics and, especially, 
for the quantification of those. This approach can provide 
useful additional information on water balance modelling. 
Primarily the verification of single parameters of the water 
balance equation can further be validated and evaluated.

ID Catchment 
area [m²]

Rainfall 
event

runoff 
[mm]

RI 
[mm/h]

Rainfall 
event

runoff 
[mm]

RI 
[mm/h]

Rainfall 
event

runoff 
[mm]

RI 
[mm/h]

Rainfall 
event

runoff 
[mm]

RI 
[mm/h]

Rainfall 
event

runoff 
[mm]

RI 
[mm/h]

A 278.62 1 107.5 1.34 2 117.5 1.47 3 25 0.31 4 203 2.54 5 108.5 1.36

B 608.08 22 0.28 240 3.00 85 1.06 321.5 4.02 171 2.14

C 569.68 202.5 2.53 300 3.75 95 1.19 298.5 3.73 162 2.03

aRI: average runoff intensity

Table 6 - Measured discharge from surface runoff detectors..
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