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The landuse/cover changes in the Ethiopian highlands have significantly increased the variability of run-
off and sediment fluxes of the Blue Nile River during the last few decades. The objectives of this study
were (i) to understand the long-term variations of runoff and sediment fluxes using statistical models,
(ii) to interpret and corroborate the statistical results using a physically-based hydrological model, Soil
and Water Assessment Tool (SWAT), and (iii) to validate the interpretation of SWAT results by assessing
changes of landuse maps. Firstly, Mann–Kendall and Pettitt tests were used to test the trends of Blue Nile
flow (1970–2009) and sediment load (1980–2009) at the outlet of the Upper Blue Nile basin at El Diem
station. These tests showed statistically significant increasing trends of annual stream flow, wet season
stream flow and sediment load at 5% confidence level. The dry season flow showed a significant decrease
in the trend. However, during the same period the annual rainfall over the basin showed no significant
trends. The results of the statistical tests were sensitive to the time domain. Secondly, the SWAT model
was used to simulate the runoff and sediment fluxes in the early 1970s and at the end of the time series in
2000s in order to interpret the physical causes of the trends and corroborate the statistical results. A com-
parison of model parameter values between the 1970s and 2000s shows significant change, which could
explain catchment response changes over the 28 years of record. Thirdly, a comparison of landuse maps
of 1970s against 2000s shows conversion of vegetation cover into agriculture and grass lands over wide
areas of the Upper Blue Nile basin. The combined results of the statistical tests, the SWAT model, and
landuse change detection are consistent with the hypothesis that landuse change has caused a significant
change of runoff and sediment load from the Upper Blue Nile during the last four decades. This is an
important finding to inform optimal water resources management in the basin, both upstream in the
Ethiopian highlands, and further downstream in the plains of Sudan and Egypt.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Upper Blue Nile River basin contributes over 60% of the
Nile’s water (Conway, 2000). It is crucial for the socio-economic
development and environmental stability of the three riparian
countries, which are Ethiopia, Sudan and Egypt. However, land-
use/cover and climate changes have affected the value of the Blue
Nile’s water through increasing inter-annual and inter-decadal
variability of runoff and sediment fluxes (Conway et al., 2004;
Hurni et al., 2005). These changes have resulted in a negative
impact in both the upstream and downstream countries. In the
Ethiopian highlands, landuse change has led to severe soil erosion,
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which reduced the soil moisture holding capacity and challenged
food production (Hurni, 1993; Tibebe and Bewket, 2010). On the
other hand, the downstream countries (i.e., Sudan and Egypt) have
experienced serious problems in their storage reservoirs and irriga-
tion canals due to the excessive sediment loads (NBCBN, 2005;
Garzanti et al., 2006; Easton et al., 2010; Betrie et al., 2011).

A literature review shows that there are many local and basin
level studies in the Blue Nile’s flow. The long-term trend analysis
of runoff was studied by Conway and Hulme (1993), Legesse
et al. (2003), Bewket (2003), Gebrehiwot et al. (2010), and Kebede
(2009). However, the conclusions of these studies have not shown
consensus on the trends of flow. Conway and Hulme (1993) and
Legesse et al. (2003) reported an increasing trend of the Blue Nile
annual flow, whereas Bewket (2003), Gebrehiwot et al. (2010)
and Kebede (2009) reported a decreasing trend of annual flow.
Analysis of 40 years of flow data (i.e. from 1964 to 2003) by
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Tesemma et al. (2010) showed no change of the annual flow from
the Upper Blue Nile basin with the exception of an increase of the
wet season flow. Several studies (e.g., Conway et al., 2004; Elshamy
and Wheater, 2009) pointed out that the impact of climate change
on the river flow is insignificant, whereas Ahmed (2010) and Taye
and Willems (2012) showed the influence of climate to be uncer-
tain. Taye and Willems (2012) showed that the high flow extremes
of the Blue Nile are strongly influenced by climatic oscillations
while the low flows are influenced by the combined effects of cli-
mate and landuse/land cover changes.

There are a handful of published studies that estimate annual
sediment load from the Upper Blue Nile basin (e.g. Gordon, 2004;
NBCBN, 2005; Steenhuis et al., 2009; Easton et al., 2010; and Betrie
et al., 2011). These studies reported different results of sediment
yield at the Upper Blue Nile outlet (El Diem gauging station), which
range from 111 � 106 ton/year to 140 � 106 ton/year. To the
authors’ knowledge, however, no study was done to analyse the
long-term trend of the sediment load.

The disagreements in the trends of flow and the amount of an-
nual sediment load imply a limited understanding of the underly-
ing causes. Therefore, the objectives of this study were to (i) assess
the long-term variability of rainfall, runoff and sediment fluxes of
the Upper Blue Nile using statistical methods, (ii) infer the causes
of changes in runoff and sediment load as a function of landuse
change derived from changes in the parameters of a physically
based SWAT model, and (iii) check the consistency of the results
from changes in flow and sediment fluxes as interpreted by
changes of the SWAT model parameters against landuse change
detected from remote sensing images of 28 years time difference.

The remainder of this paper is organized into four sections.
Section 2 presents a brief description of the study area. Section 3
discusses the materials and methodology used in this study.
Sections 4 and 5 present the results and conclusions of this study,
respectively.
2. Description of study area

The Upper Blue Nile basin, locally called Abay, is located in the
north-western part of Ethiopia as shown in Fig. 1. The topography
of the basin is comprised of highlands and hills in the north-east-
ern part, and is dominated by valleys in the southern and western
parts. The elevation varies from 480 m near the Sudanese/Ethio-
pian border to over 4200 m near the central part of the basin.

The climate of the basin is tropical highland monsoonal, with
the majority of the rain falling from June to October. The average
Fig. 1. Location map of the
rainfall of the basin varies from 1000 mm/year in the north-east
to above 2000 mm/year in south-east of the basin. Over 80% of
its annual flow occurs from July to October and flows directly to
the downstream countries (Sutcliffe and Parks, 1999).

The geology of the basin is mainly volcanic rocks and Precam-
brian basement rocks with small areas of sedimentary rock
(Conway, 2000). The dominant soil types are 21% of Latosol and
Alisols, 16% of Nitosols, 15% of Vertisols, and 9% of Cambisols
(Betrie et al., 2011). The dominant land covers of the basin are
savannah, dry land crop and pastures, grassland, crop and wood-
land, water body and sparsely vegetated plants (Ahmed, 2010).

3. Material and methodology

The null hypothesis of this study is that long-term landuse
change in the Upper Blue Nile basin, if any, has no significant effect
on runoff and sediment fluxes at the outlet. Accordingly, this paper
focuses, first, on using statistical tests to detect trends of runoff and
sediment fluxes at the basin outlet (i.e., El Diem station); next to
infer possible causes by comparing the SWAT model parameters
values for two different time periods, which are well apart tempo-
rally; and finally to verify those results by comparing two landuse
maps of years 1973 and 2000.

3.1. Input data

The datasets used in this study include data related to soil,
climate (e.g., rainfall and temperature), runoff, sediment, and land-
use/cover maps. Long-term records of monthly data of rainfall,
runoff, and sediment load were used for the statistical analysis.
Daily climate, runoff, and sediment load data were used for the
SWAT modelling. Satellite images (Landsat) of 1973 and 2000 were
used to detect long-term landuse change.

The annual rainfall data from 1970 to 2005 of nine meteorolog-
ical stations, as show in Fig. 2, were used to analyse long-term
trends of rainfall over the Upper Blue Nile basin. Rainfall stations
close to the headwaters of each tributary were selected. The
monthly river discharge data from 1970 to 2009 and sediment con-
centrations data from 1980 to 2009 at El Diem station were used to
assess seasonal and annual trends of flow and sediment fluxes,
respectively. The observed daily data of flow and sediment load
were used for SWAT model simulations.

The sediment concentration in the Blue Nile is measured only
during the rainy season, which is from June to October and as-
sumed to be negligible during the remaining months (Easton
Upper Blue Nile basin.



Fig. 2. Location of rainfall and discharge stations in Upper Blue Nile.
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et al., 2010; Betrie et al., 2011). This is a realistic assumption given
the extremely low concentration of the dry season. The observed
sediment data were complete for the simulation period of 2000–
2005. For the period of 1970–1976, however, observed sediment
concentrations are available only from 1972 to 1973 with many
missing values. To fill these missing data, it was assumed that
the sediment concentration at El Diem is equal to the Roseires sta-
tion for the given date. This assumption is realistic for three rea-
sons (i) the two stations are 110 km apart and there is no
significant inflow or abstraction in between; (ii) a linear regression
was generated between the two stations and the regression slope
(0.89) is not significantly different from 1 (Fig. 3). This explicitly
indicates that the sediment concentrations at the Roseries and El
Diem stations are similar. Furthermore, the correlation coefficient
is high (0.88) indicating that a close relationship between the
two stations. Therefore, the model of 2000s was calibrated from
observed data, whereas the model of 1970s was calibrated using
sediment data derived from the NBCBN rating curve. The NBCBN
derived the sediment rating curve based on observed data during
the early 1970s (NBCBN, 2005). Also, the sediment data generated
from the rating curve were compared to the measured data in the
year 1972 and 1973. This comparison showed good correlation
(R2 = 0.80).

The observed data for precipitation and temperature was ob-
tained from 27 stations for daily rainfall and 19 stations for daily
minimum and maximum temperature, respectively. The daily data
were used to run the SWAT model for the simulation periods from
Fig. 3. Relationships between Roseries and EI Deim daily sediment concentration
(mg/L).
1970 to 1976, and 2000 to 2005. A weather generator model based
on statistical summaries of long-term monthly means was used to
generate the relative humidity, solar radiation and wind speed data
from 18 stations within the basin.
3.2. Methodology

3.2.1. Statistical tests
The long-term trends of the hydrological and sediment fluxes

were estimated using the non-parametric statistical tests of
Mann–Kendall (MK) and Pettitt (Kendall, 1975; Lu, 2005; Pettitt,
1979; Zhang et al., 2008). The MK test is a rank based method
for trend analysis of time series data (Burn et al., 2004; Tesemma
et al., 2010). The normalized test statistics Z for the MK test is com-
puted using Eqs. (1)–(3) below (Yu et al., 1993).
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where S is a MK statistic and V is variance.
First, the presence of monotonic increasing/decreasing trend

was tested using the MK test. Second, the Pettitt test was applied
to investigate the difference between cumulative distribution
functions before and after a time instant. The significance of any
trend in the dataset is provided in ‘‘no trend’’, ‘‘an increasing or a
decreasing trend’’ designations based on defined confidence level
(Lu, 2005). MK calculates Kendall’s statistics (S), the sum of differ-
ence between data points and a measure of associations between
two samples (Kendall’s tau) to indicate increasing or decreasing
trend. MK’s Z statistics is normally distributed. Positive values of
those parameters indicate a general tendency towards an increas-
ing trend while negative values show a decreasing trend. Finally, a
two-tailed probability (p-value) was computed and compared with
the user defined significance level (5%) in order to identify the
trend of variables. The Pettit test is a non-parametric test that re-
quires no assumption about the distribution of the data and is used
to identify if there is a point change in the data series (Pettitt,
1979). To avoid a false trend result, first the serial correlation of
a time series should be investigated if it exists (Yue et al., 2002;
Zhang et al., 2008). In this study, the trend-free pre-whitening
(TFPW) method developed by Yue et al. (2002) was used to remove
a serial correlation from time series if it exists (Burn et al., 2004).

The gradual trend test (i.e. MK), and abrupt change test (i.e. Pet-
titt) were employed on the seasonal and annual flow data series of
1970–2009 and the sediment load series of 1980–2009 at the out-
let of the basin (El Diem station). Also, the seasonal and annual
rainfall data series of nine stations were tested against the long-
term trends.
3.2.2. SWAT modelling
A physically-based model, SWAT, was used to interpret the re-

sults of the statistical tests, and infer if the long-term trends are
attributed to landuse changes. The SWAT model describes the rela-
tionship between inputs (e.g. rainfall), the system condition (e.g.
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landuse/cover) and the outputs (e.g. flow and sediment load). Two
independent SWAT simulations were performed from 1970 to
1976 and from 2000 to 2009. The difference between the values
of the two model parameters could explain reasons for the envis-
aged trends of runoff and sediment fluxes (Tesemma et al., 2010).

SWAT is a conceptual, GIS interface tool that operates on a daily
time step to envisage the impact of landuse and climate change on
water, sediment and agricultural yields from large watersheds
with varying soil, landuse and management practices over a cer-
tain period of time (Arnold et al., 1998; Neitsch et al., 2005). The
model divides a basin into sub-basins and further into hydrological
response units (HRUs) with a homogenous soil type, slope, landuse,
and management practice (Arnold et al., 1998). The SWAT model
computes surface runoff with two methods, the soil conservation
service (SCS) curve number (CN) method (USDA, 1972) and the
Green–Ampt infiltration method (Green and Ampt, 1911). The CN
method was used in this study because of its capability to use daily
input data (Arnold et al., 1998; Neitsch et al., 2005; Setegn, 2010;
Betrie et al., 2011).

The SWAT model simulates the hydrology into land and routing
phases. In the land phase, the amount of water, sediment and other
non-point loads are calculated from each HRU and summed up to
the level of sub-basins. Each sub-basin controls and guides the
loads towards the basin outlet. The routing phase defines the flow
of water, sediment and other non-point sources of pollution
through the channel network to an outlet of the basin (Neitsch
et al., 2005). SWAT computes soil erosion at a HRU level using
the modified Universal Soil Loss Equation (MUSLE) (Wischmeier
and Smith, 1978). This process constitutes computing sediment
yields from each sub-basin and routing the sediment yields to
the basin outlet. A detailed description of the hydrological and sed-
iment components computation is available in the users’ manual of
SWAT model (e.g., Neitsch et al., 2005). Although SWAT provides
three methods for estimating potential evapotranspiration, which
are Penman–Monteith (Monteith, 1965), Priestly–Taylor (Priestley
and Taylor, 1972), and Hargreaves methods (Hargreaves et al.,
1985), the Hargreaves method was used in this study since it suits
best for a basin with limited climatic data.

The SWAT model was built for two simulation periods (1970–
1976 and 2000–2005). A Digital Elevation model (DEM), soil
map, and landuse maps were used as inputs to SWAT. The DEM
was obtained from the Global US Geological Survey site, and the
landuse/cover maps were prepared from Landsat MSS and
ETM + imageries (GLCC, 2010). The soil map was obtained from
the global soil map of the Food and Agriculture Organization
(FAO, 1995). It includes more than 500 soil types and has a spatial
resolution of 10 km. The soil physical properties (e.g. bulk density,
available water capacity, hydraulic conductivity, saturation
hydraulic conductivity, particle-size distribution) were taken from
Betrie et al. (2011). The landuse, soil and topography maps were
overlaid to create a total number of 1553 HRUs over the Upper Blue
Nile. The HRUs were selected by ignoring the landuse, soil and
slope areas covering less than 5% of the total sub-basin area. This
was necessary to reduce computation time of the model. The sim-
ulation period of the first model was from January 1, 1970 to
December 31, 1976. The first year was used to warm-up the model,
the years from 1971 to 1973 were used for the model calibration,
and the years from 1974 to 1976 were used for the model
validation. The simulation of the second model was performed
from January 1, 2000 to December 31, 2005. The first 3 years
(2000–2002) was used for the model calibration and the last
3 years (2003–2005) was used for the model validation. The two
simulation periods (i.e., 1970–1976 and 2000–2005) were selected
to detect landuse changes over a relatively long period. These peri-
ods were selected to include the period of high landuse changes of
the 1980s (Zeleke and Hurni, 2001).
A sensitivity analysis was done to identify the most sensitive
parameters of SWAT for the model calibration. In this study, la-
tin-hypercube one factor at a time (LH-OAT) algorithm developed
by van Griensven et al. (2006) and implemented as an automatic
sensitivity analysis in the SWAT model was used to identify the
most sensitive parameters. Next, the most sensitive parameters
were automatically calibrated using sequential uncertainty fitting
algorithm (SUFI-2), which is developed by Abbaspour et al.
(2007). The model validation was done by running the same model
for different simulation periods using a validation dataset as input.
The model performance for the runoff and sediment load was then
evaluated using statistical methods (Moriasi et al., 2007) such as
Nash–Sutcliffe coefficient of efficiency (E), and coefficient of deter-
mination (R2). Also, graphical comparisons of the simulated and
observed data as well as water balance checks were used to evalu-
ate the models performance. The coefficient of determination (R2)
describes the proportion of the total variance in the observed data
that can be explained by the model (Legate and McCabe, 1999),
which is shown by the following equation:

R2 ¼
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where Qm,i is the measured flow data in m3/s or the sediment
concentration in mg/l, Qm is the mean n values of the measured
data, Qs,i is the simulated flow data in m3/s or the sediment concen-
tration in mg/l, and Qs is the mean n values of simulated data. The
Nash–Sutcliffe coefficient of efficiency (E) has been widely used to
evaluate the predictions of the SWAT model (Gassman et al., 2007;
Betrie et al., 2011). E is defined as the ratio of residual variance to
measured data variance (Nash and Sutcliffe, 1970) and calculated
using Eq. (5). According to Moriasi et al. (2007) and Legate and
McCabe (1999), model performance is accepted as satisfactory if
E > 0.5 and R2 > 0.5 for flow and sediment.
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After obtaining the best fitting parameters for runoff and sedi-
ment simulations from the early 1970s and late 2000s models,
two different approaches were used to detect causes of runoff
and sediment changes. First, parameters values for the two periods
were compared assuming those values are not the same if landuse
has changed in the basin. Second, the water balance results and the
annual average sediment yields were compared.
3.2.3. Landuse map analysis
The third method of analysis is to detect landuse/cover change

over the past 28 years to verify the results of the statistical tests
and the SWAT model. Prior to classification and change detection,
several pre-processing methods were implemented to prepare the
landuse maps for two distinct periods. These include geometric
correction, radiometric correction, topographic normalization and
temporal normalization.

All scenes supplied by the EROS Data Centre were processed
with the Standard Terrain Correction (Level 1T), which provides
systematic radiometric and geometric accuracy for the imageries.
However, in some parts of the study area there were significant
discrepancies between the Landsat-1 MSS imageries and the
underlying GIS base layers. The misaligned scenes were georecti-
fied to the underlying GLS 200 Geocover images by using a total
of 38 control points and a Root Mean Square (RMS) error of less
than 0.5 was achieved. The MSS data sets were resembled to a
30 m � 30 m pixel size using the nearest neighbour resembling



Table 1
Descriptions of the land cover classes identified.

S. no Class name Description

1 Rainfed cropland (RCL) Area covered with temporary crops grown by rainfall
2 Grassland (GL) Areas in which grasses are dominant
3 Wooded grassland (WGL) Lands with herbaceous and tree canopy cover of 10–40%
4 Wood land (WL) A single storey trees and exceed 5 m in height
5 Shrubs and bushes (SHB) Low woody plant (<2 m) with multiple stems
6 Natural forest (NF) Evergreen/deciduous broadleaf forest
7 Water body (WB) Area covered with lakes, reservoirs, and ponds
8 Afro-alpine vegetation (AAV) High altitude herbaceous and Erica/Hypericum forest
9 Barren land (BL) Areas with little or no vegetation consisting of exposed soil/rocks

10 Irrigated crop land (ICL) Area covered with temporary crops grown by irrigation
11 Plantation forest (PF) Plantation of Eucalyptus globules and Cupresus spp.

Table 2
Man-Kendall trend test and statistical summary of annual rainfall at nine stations in
the Upper Blue Nile basin.

Station Kendall’s tau S P-value Trend

Bahirdar 0.001 8 0.98 No significant change
Gonder 0.012 895 0.73 No significant change
Adiss Abeb 0.064 43 0.78 No significant change
Combelcha 0.017 1401 0.61 No significant change
Marcos 0.003 135 0.33 No significant change
Nekemt �0.018 �335 0.72 No significant change
Majete 0.032 430 0.89 No significant change
Gidya �0.043 �135 0.32 No significant change
Assosa �0.078 �359 0.04 Significantly decreasing
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technique in order to avoid altering the original pixel value of the
image data (Jensen, 2005).

The original Digital Number (DN) was converted to at-satellite
reflectance (Huang et al., 2002) using the Markham and Barker
equations (Markham and Barker, 1986) in order to enhance the
consistency landuse/cover characterization, remove relative
radiometric noises, and minimize the cosine effect of different solar
zenith angles among imageries, Atmospheric correction was not
performed because the post-classification comparison approach
adopted for landuse/cover change analysis also compensates for var-
iation in atmosphere conditions between dates since each landuse/
cover classification is independently classified (Song et al., 2001).

A hybrid supervised/unsupervised classification approach was
carried out to classify the imageries of 1972/1973 (MSS) and
2000 (ETM+). First, Iterative Self-Organizing Data Analysis (ISODA-
TA) clustering was performed to determine the spectral classes.
ISODATA is an algorithm frequently used to determine the natural
spectral groupings in a dataset for unsupervised classification (Tou
and Gonzalez, 1974). Second, ground truth (i.e. reference data) was
collected from already classified maps and in-depth interviews
were held with local elders to associate the spectral classes with
the cover types. Finally, a supervised classification was done using
a maximum likelihood algorithm to extract nine landuse/cover
classes from the 1972/1973 imageries and 11 classes from the
2000 imageries as presented in Table 1.

The accuracy of the classifications was assessed by computing
the error matrix that compares the classification result with
ground truth information. To assess the accuracy of thematic infor-
mation derived from 1972/1973 (MSS) and 2000 (ETM+), the ‘‘de-
sign-based statistical inference’’ method was employed that
provides unbiased map accuracy statistics (Jensen, 2005).

A total of 65 reference data were collected from old maps using
stratified random sampling in order to assess the accuracy of the
1973 map. These reference data were assessed using the ‘‘confi-
dence-building assessment’’ method. The confidence-building
assessment method involves visual examination of the classified
map by knowledgeable local elders to identify any gross errors.
Similarly, in order to assess the accuracy of 2000 map, first un-
changed land cover locations between 2000 and 2009 were identi-
fied by interviewing local elders and with the help of SPOT-5 (5 m
resolution) 2007 imagery. Second, 294 ground truth data regarding
land cover types and their spatial locations were collected from se-
lected sample sites during the field campaign in 2009 using Global
Positioning System (GPS). The number of samples required for each
class was adjusted based on a proportion class and an inherent var-
iability within each category. As there is no single universally ac-
cepted measure of accuracy, overall accuracy and kappa analysis
were used to evaluate the accuracy of the classified maps. The
overall accuracy was calculated by dividing the number of pixels
classified correctly by the total number of pixels.
The post-classification change detection comparison was per-
formed following Jensen’s (2005) methodology. This was done to
determine changes in landuse/cover between two independently
classified maps from images of two different dates. Although this
technique has some limitations, it is the most common approach
as it does not require data normalization between two dates
(Singh, 1989).
4. Results and discussion

In this section, the results of this study are presented and
discussed. The results of the trend analysis of rainfall, runoff and
sediment fluxes are presented in Section 4.1. Sections 4.2 and 4.3
present the results of the SWAT modelling and the landuse change
detection, respectively.
4.1. Trend analysis results

The MK and Pettitt tests were applied to the annual rainfall pat-
tern at nine stations in the Upper Blue Nile (locations are given in
Fig. 2). The results of the MK test are presented in Table 2 including
the shows station names, MK trend test, statistical summary (S),
the computed p-value, and trend types. These results showed no
change of annual rainfall for the last 36 years (1970–2005). All
the computed probability values (P-values) except for Assosa were
greater than the given significance level (5%). This result well
agrees with earlier studies in the basin such as Conway (2000),
Elshamy and Wheater (2009), and Tesemma et al. (2010). Those
studies reported that there is no significant change of rainfall over
the Upper Blue Nile during the last few decades although seasonal
shifts could have occurred. This finding implies that inter-annual
rainfall pattern is not the major driver for the trend changes of run-
off and sediment fluxes in the Upper Blue Nile.

The trend analysis of the seasonal and annual stream flows as
computed by the MK and Pettitt tests are summarized in Table 3



Table 3
MK test results for the seasonal and annual flow and sediment load at El Diem Station.

Season Kendall’s tau S P-value Trend

Flow Wet (June–September) 0.34 237 0.003 Significantly increasing
Dry (October–February) �0.37 �259 0.001 Significantly decreasing
Short (March–May) 0.41 285 0.001 Significantly increasing
Annual 0.25 175 0.028 Significantly increasing

Sediment load Annual 0.7 200 <0.0001 Significantly increasing

Fig. 4. The Pettitt homogeneity test of the seasonal and annual flows: (a) the wet season flow, (b) the short rainy season flow, (c) the dry season flow, and (d) the annual flow.
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and Fig. 4, respectively. Table 3 shows Kendall’s statistics (s),
Kendall’s tau, and computed probability (p-value). The MK results
were given at a significance level of 5%. Fig. 4 shows the average of
datasets before (red1) and after (green) a point change occurred. The
results in Table 3 show a significant increasing trend of runoff during
the wet season, the short rainy season, and the annual time period
and a decreasing trend of stream flow during the dry season. These
results were supported by the Pettitt test, which shows a significant
abrupt upward change of stream flow as shown in Fig. 4. Most of
these changes occurred in the early 1990s as shown in Fig. 4a and
b. A significant abrupt downward change of the dry season stream
flow occurred in 1979 as shown in Fig. 4c and d shows the increasing
trend of the annual stream flow from the basin. To further validate
these findings, the trend of annual flows at three key locations of
the basin (i.e., Bahirdar, Kessi, and Dedessa) was analyzed using
the above statistical tools (MK and Pettitt). The change point at
Bahirdar and Kessie occurred in 1991–1992, which is consistent with
Fig. 4, while at the Dedessa station, the change occurred 6 years
later.

These results of the dry and wet season flows well agree with
Tesemma et al. (2010), but the results of the short rainy season
and annual flows do not agree. Tesemma et al. (2010) reported that
the short rainy season and the annual flows are constant for the
analysed period of 1964–2003, whereas this study (from 1970 to
1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
2009) showed an increasing trend in both cases. However, we ob-
tained similar results to Tesemma et al. (2010) for the same period
of analysis (1964–2003). This difference is likely attributed to the
last 6 years (2004–2009) that showed relatively higher discharges.
Hence, it is interesting to note that the period of analysis is a crit-
ical factor to determine the given trends.

Since the rainfall over the basin during the 1970–2005 period
has not shown significant changes (Table 2), the increasing trend
of runoff from the Upper Blue Nile could be attributed to landuse
change within the basin. A decreasing trend of the dry season flow
(base flow) and an increasing trend of the wet season flow (peak
flow), while the annual rainfall remained significantly unchanged,
suggests a modification of catchment response that has led to an
enhanced surface runoff from the Upper Blue Nile basin. The an-
nual flow showed a significant increasing trend (Table 3), as both
the wet and short rainy season flows increased more than that
the base flow was reduced.

The trend of the sediment load at the basin outlet was
examined using the MK and Pettitt statistical tests and the results
indicated an increasing trend of sediment load between 1980 and
2009, as shown in the last row of Table 3. The MK test shows that
the sediment load was significantly increased at a 5% significance
level. The Pettitt test (Fig. 5) revealed that an increasing sediment
load from 91 � 106 ton/year in 1980–1992 to 147 � 106 ton/year in
1993–2009.

To further confirm this result, the measured sediment
concentrations in the 1970s and 2000s were compared and the
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Fig. 5. The Pettitt homogeneity test of sediment load in the Upper Blue Nile during
1980–2009.

Fig. 6. Daily sediment concentration comparison between 1972 and 2003 rainy
seasons.
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comparison indicated that the concentrations has significantly in-
creased, which implies an increasing of sediment load, as shown
in Fig. 6. The increase of the sediment load by 61% during the past
30 years could be attributed to the modified runoff process associ-
ated with large-scale landuse change that exacerbated the soil ero-
sion in the basin. Direct runoff is the only flow responsible for soil
erosion and sediment transport in the stream (Steenhuis et al.,
2009).
Table 4
SWAT sensitive model parameters and their (final) calibrated values for 1971–1973 and 2

Parameter Description

CN2a Curve number
ALPHA_BFb Base flow alpha factor
ESCOc Soil evaporation compensation factor
CH_K2b Channel effective hydraulic conductivity
GWQMNc Thresh hold water depth in shallow aquifer Ground water ‘‘rev
GW_REVAPb Surface runoff lag time
SURLAGb Deep aquifer percolation factor
RCHRG_DPb Available water capacity of soil
SOL_AWCa Maximum canopy storage
CANMXb Ground water delay
GW_DELAYb Linear re-entrainment parameter for channel sediment routing
SPCONa

USLE support practice
USLE_Pb Exponentiation re-entrainment parameter for channel sedimen
SPEXPb

HRU_SLPb Average slope steepness
SLSUBBSNa Average slope length
SOL_Za Soil depth

a Relative change in the parameters where value from SWAT database is multiplied b
b Replace the initial parameter by the given value,
c Adding the given value to initial parameter value.
4.2. SWAT model results

The most sensitive parameters of the SWAT model that were
used to simulate flow and sediment and their optimized values
by the calibration process are presented in Table 4. Initial parame-
ter estimates were taken from the default lower and upper bound
values of the SWAT model database and from earlier studies in the
basin (e.g. Easton et al., 2010; Betrie et al., 2011). The calibration
parameters were derived for two independent models that were
setup for the periods 1971–1973 and 2000–2002. Parameters such
as SCS curve number (CN2), base flow alpha factor (ALPHA_BF), soil
evaporation compensation factor (ESCO), threshold water depth in
the shallow aquifer (GWQMN), channel effective hydraulic conduc-
tivity (CH_K2), ground water ’’revap’’ coefficient (GW_REVAP),
surface runoff lag time (SURLAG), deep aquifer percolation fraction
(RCHRG_DP), available water capacity (SOL_AWC), soil depth
(SOL_Z), and ground water delay (GW_DELAY) were the most sen-
sitive parameter for the flow predictions in the basin. Parameters
including the linear re-entrainment parameter for channel
sediment routing (SPCON), USLE support practice (USLE_P), and
channel effective hydraulic conductivity (CH_K2) were among
the most sensitive parameters for the sediment prediction.

Fig. 7 shows the calibration (Fig. 7a) and the validation (Fig. 7b)
results of daily flow hydrographs for the simulation period 1971–
1976. The model captured the daily runoff hydrographs both for
the low and high flows. Model performance for the calibration
period was E = 0.80 and R2 = 0.89, and for the validation period
E = 0.78 and R2 = 0.84. The simulation results for the period
2000–2005 are given in Fig. 8. The model performance for the
2000–2005 period was E = 0.84 and R2 = 0.92 for the calibration
period, and for the validation period E = 0.82 and R2 = 0.88. The
performance of both models was satisfactory and agreed with
previous studies in the basin. For instance, Easton et al. (2010)
reported E = 0.87 and R2 = 0.92 for calibration of daily flow and
Betrie et al. (2011) E = 0.68 for calibration of daily flow at El Diem
station.

The last column of Table 4 gives the percentage change of the
calibrated model parameters for the simulation period of 2000–
2002 relative to the simulation period of 1971–1973, which are
periods after and before landuse change, respectively. A higher
percentage change was obtained for some parameters as shown
000–2002 models.

Optimized parameter values Change (%)

1971–1973 2000–2002

�0.17 �0.03 14
0.21 0.15 �28.6
0.72 0.43 �67.3

16.32 17.54 7.5
ap’’ coefficient 1002.25 823.54 �21.8

0.12 0.17 41.7
6.35 4.68 �26.3
0.56 0.38 �32.1
0.62 0.48 �22.6
4.18 3.21 �23.2

78.16 72.96 �6.7
0.01 0.01 0
0.58 0.83 43.1

t routing 1.2 1.32 10

0.08 0.08 0
�0.35 �0.27 8

0.22 0.21 1

y 1 plus a given range,



Fig. 7. Daily flow values for the 1971–1976 simulation period: (a) calibration and (b) validation.

Fig. 8. Daily flow values for the 2000–2005 simulation period: (a) calibration and (b) validation.
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in Table 4. According to Seibert and McDonnell (2010), such change
indicates significant changes of the catchment response behaviour.
The surface runoff response parameters (e.g. CN2, ESCO and SO-
L_AWC) showed a higher change. An increase in the CN2 value
indicates that a higher amount of surface runoff was generated
in the 2000s compared to the 1970s. The decrease of the ESCO va-
lue explains that more water was extracted from the lower soils to
meet evaporative demand, which indicated a significant reduction
of soil water. The available soil water capacity (SOL_AWC) was also
significantly decreased for the past 35 years suggesting a shallower
soil profile. A lower SOL_AWC implies the retention capacity of the
soil is reduced and subsequently the surface runoff generation is
increased.

Similarly, there was a clear change of subsurface response
parameters (ALPHA_BF), threshold water depth in the shallow
aquifer (GWQMN), ground water ’’revap’’ coefficient (GW_REVAP),
deep aquifer percolation fraction (RCHRG_DP), and ground water
delay (GW_DELAY) between the two periods. All changes indicated
a quicker response towards surface runoff generation in the 2000s
compared to the 1970s. ALPHA_BF is a direct index of ground water
flow response to ground water recharge, and its lower value im-
plies a smaller contribution of the base flow to the river discharge
(Neitsch et al., 2005). The reduction of the GWQMN parameter
means a decrease of the threshold value implying faster surface
flow response. The deep aquifer percolation coefficient
(RCHRG_DP), which controls the movement of water to the lower
depth of the soil profile, showed a reduction. This indicates that
less water percolates to the deep aquifer as compared to 1970s.
Conversely, ground water ‘‘revap’’ coefficient that controls the
movement of water between the soil profile and the shallow aqui-
fer was increased. This may indicate that water from a shallow
aquifer moves back to the overlying dry soils (unsaturated zone)
during dry period (Neistche et al., 2005). As water is evaporated
from capillary fringes, it is substituted by water from underlying
aquifers.
The calibration results of the daily sediment loads at the El
Diem station are displayed in Figs. 9 and 10. As is seen from
Fig. 9, the magnitude and temporal variations of the simulated sed-
iment load matches the observed sediment. The performance of
the 1970–1976 model for simulating the daily sediment load is
E = 0.76 and R2 = 0.78 for the calibration period (Fig. 9a) and
E = 0.73 and R2 = 0.75 for the validation period (Fig. 9b). Similarly,
the performance of the 2000–2005 model for simulating the sedi-
ment load is E = 0.78 and R2 = 0.75 during calibration (Fig. 10a) and
E = 0.8 and R2 = 0.72 during the validation period (Fig. 10b). These
results are comparable with model performances of earlier studies
by Easton et al. (2010) and Betrie et al. (2011), who obtained
E = 0.74 and E = 0.88, respectively. In addition to the above flow
parameters which also affect the sediment fluxes, the value of USLE
support practice (USLE_P) was significantly increased. This param-
eter expresses the anthropogenic influence on the physical process
and a higher value of USLE_P indicates that there is a high soil loss
in the watershed because of a poor management practice (USDA,
1972).

Next, the model results were checked using annual water and
sediment balances. Table 5 presents the annual water balance
components for the validation period. The average annual water
balance of the basin shows that the surface runoff (Qsurf) contribu-
tion to the total river discharge has increased by 75%, while the
subsurface flow (Qlat) and the ground water (GWQ) flow has de-
creased by 25% and 50%, respectively (see Table 5). Even with neg-
ligible change of rainfall between the two periods (1.3%), the total
water yield at the outlet has increased by 25%. This clearly depicts
a modification of catchment response and thus a possible change of
the physical characteristics of the basin between 1970s and 2000s.
The simulated results of the major components of the water bal-
ance match the observed values in the basin. It seems that the
model has unrealistically over-predicted the deep aquifer recharge
PERC (22%) compared to total yield (18.7%). SWAT considers PERC
as a loss from the system, and does not contribute to the total yield



Fig. 9. Daily sediment load for the 1971–1976 simulation period: (a) calibration and (b) validation.

Fig. 10. Daily sediment load for the 2000–2005 simulation period: (a) calibration and (b) validation.

Table 5
The annual water balance of the Upper Blue Nile basin for the 1974–1976 and 2003–2005 validation periods.

Simulation period Units Rainfall ET Qsurf Qlat GWQ Water yield SW PERC TLosses

1974–1976 mm/year 1426 758 145 97 24 267 77 315 9
% 100 53 10.3 6.8 2.4 18.7 5.4 22.1 0.64

2003–2005 mm/year 1445 774 254 73 12 332 97 220 12
% a 100 54 18 5 1 24 7 15 1

Where ET is evapotranspiration, Qsurf is surface runoff, Qlat is lateral flow, GWQ is ground water flow, water yield is the total water yield (Qsurf + QLat + GWQ – transmission
losses), SW is soil water, and PERC is percolation (ground water recharge).
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from the basin (Arnold et al., 1998; Neistche et al., 2005). This may
not be realistic and the literature shows similar difficulties of esti-
mating groundwater flow and deep ground water recharge using
SWAT (Kalin and Hantush, 2006; Setegn et al., 2008). However,
the uncertainty of the model on deep water recharge may have
negligible effect in the conclusion of this study, assuming errors
in both models can offset each other.

The annual average sediment load from the basin was 4.46 t/ha
and 6.8 t/ha during the validation periods of 1974–1976 and 2003–
2005, respectively. These results demonstrate that the total sedi-
ment yield from the basin has increased by 53% in the past
28 years. This could be due to the high sediment production and
soil erosion rates from the basin.

Therefore, the results of the SWAT simulations supported the
findings obtained from the statistical tests, namely that both runoff
and sediment load from the Upper Blue Nile basin, showed an
increasing trend during the last 28 years. Moreover, the compari-
sons of the SWAT model parameters for two simulation periods
showed that the likely catchment response changes are attributed
to increased surface runoff and reduced groundwater flow.
4.3. Landuse change detection

Table 6 and Fig. 11 depict landuse/cover change between the
period 1973 and 2000. Note that the acronyms used in Table 6
are taken from Table 1. In 1973, the Upper Blue Nile basin was
dominated by wooded grassland (26.9%), followed by rainfed crop-
land (26.5%), wood land (24.5%), and shrubs and bushes (12.2%). In
2000, on the other hand, the basin was dominated by rainfed crop-
land (47.9%), followed by wood land (16.9%), shrubs and bushes
(11.1%), wooded grassland (10.6%), and grassland (8.9%). The areal
coverage of rainfed cropland, grassland, water body and barren
land showed a growth of 81%, 56%, 14% and 241%, respectively.
On the other hand, wooded grassland, wood land, shrubs and
bushes, natural forest, afro-alpine vegetation showed a decline
by 61%, 31%, 8%, 51%, and 5%, respectively. Out of 83,691 km2 of
rainfed cropland observed in 2000, 30,213 km2 (36%) remain un-
changed, but 64% of it gained from other classes. The contribution
of wooded grassland and wood land to the 81% growth of rainfed
cropland was 34% and 20%, respectively. About 181 km2 of wood
land, 30 km2 of wooded grassland, and 16 km2 of shrubs and



Table 6
Transition matrix of landuse/cover change during the period 1973–2000.

Area (km2) 1973
a RCL GL WGL WL SHB NF WB AAV BL Total %

Area (km2) 2000
RCL 30213 5203 28724 17039 1061 1411 19.0 19.5 – 83,691 47.9
GL 6572 1025 4110 3449 146 232 6.8 – – 15,541 8.9
WGL 3502 2234 7718 3312 1504 185 3.9 9.6 – 18,469 10.6
WL 5083 813 5358 17235 123 921 3.0 3.5 – 29,539 16.9
SHB 256 38 150 674 18353 0.1 – – – 19,471 11.1
NF 173 27 98 659 0.7 795 7.4 – – 1759 1.0
WB 32 304 47 99.7 0.6 5.6 2991 – – 3479 2.0
AAV 22 0.6 – – – – – 231.1 – 254 0.1
BL 63 2450 626 146 40.9 1.0 9.5 2.9 471 1605 0.9
ICL 8 – 30.1 181 16.4 – – – – 235 0.1
PF 414 85.4 186 90.3 8.6 18.3 0.2 0.2 – 802 0.5

Total 46338 9974.2 47047 42886 21255 3569 3040 266.9 471 174,846
Percent 26.5 5.7 26.9 24.5 12.2 2.0 1.7 0.2 0.3
Change (%) 81 56 �61 �31 �8 �51 14 �5 241

a See Table 1 for definition of acronyms.

Fig. 11. Landuse/cover maps of the Upper Blue Nile basin in 1973 and 2000.
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bushes were converted into irrigated cropland in 2000. This indi-
cates a significant deforestation of the natural woody vegetation
in order to have more cultivated land in the basin. However,
802 km2 of plantation forest was observed in 2000 as a new land
cover. This explains that previous deforestation has led the local
people to plant trees as a mean to cope with the scarcity of fuel
wood and other uses. This result well agrees with other local level
studies (Zeleke and Hurni, 2001; Bewket, (2003); Legesse et al.
(2003), Amsalu et al. (2007), Kebede (2009), and Teferi et al.
(2010). These local studies reported the dramatic changes of the
natural vegetation cover into the agricultural crop land.

The observed landuse change pattern, namely the deforestation
of natural woody vegetation and the expansion of cultivated land,
is consistent with the results from the statistical analysis (Sec-
tion 4.1) and the interpretation of the SWAT model simulations
(Section 4.2). It is therefore plausible that the observed increasing
trends of surface runoff and sediment load from the Upper Blue
Nile basin are caused by landuse change over a large area of the ba-
sin, and in particular by the conversion of the natural vegetation
cover into the agricultural crop land.
5. Conclusions

The objectives of this study were to understand the long-term
variations of hydrology and sediment fluxes of the Upper Blue Nile
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Basin using statistical techniques (MK and Pettitt tests), and to
interpret the results using a physically-based hydrological model
(SWAT) and landuse/cover maps. The MK and Pettitt tests showed
no statistically significant change of the annual rainfall over the
Upper Blue basin between 1970s and 2000s. However, both tests
showed a statistically significant increasing trend of runoff during
the wet season (i.e., from June to September) and the short season
(i.e., from March to May), and a decreasing trend of the dry season
(i.e., from October to February) flow. The annual stream flow and
the sediment load from the basin increased significantly for the
past 39 years (1971–2009). The Pettitt test showed that most of
these changes occurred in the early 1990s and that a significant
abrupt downward change of dry season flow occurred around
1979. The results of the statistical tests also showed sensitivity
to the time domain of the analysis.

The SWAT model was used to predict the daily runoff and the
daily sediment load at the basin outlet (El Diem station, located
at the Ethiopia-Sudan border). The null hypothesis was that the
calibrated parameters of the model would be identical for two dif-
ferent time windows (1970s and 2000s). The modelling results
showed that the model parameters, specifically the surface runoff
and the groundwater parameters, were significantly different for
the 1970s and 2000s simulation periods. These changes may be
attributed to the modification of the basin physical characteristics.
This was verified by comparing landuse maps of 1973 and 2000,
which showed a significant conversion of natural landuse classes
(forests, wood land and grass land) into agricultural crop and bar-
ren lands. The combined results from three different approaches,
namely statistical tests, physically-based modelling and landuse
change analysis, are consistent with the hypothesis that landuse
change has modified the runoff generation process, which has
caused the increasing trend of runoff and sediment load from the
Upper Blue Nile basin during the last four decades.

These findings can be useful for basin-wide water resources
management in the Blue Nile basin, as they not only provide in-
sights on catchment behaviour aggregated at a basin scale, but also
give a better understanding of embedded interdependencies be-
tween upstream and downstream areas and also at the transboun-
dary level. However, this study does not cover other climate fluxes,
nor does it consider the influence of long-term climatic cycles that
could be important on the interpretation of the trend results.
Therefore, it is recommended to further investigate the effect of
the regional climate (e.g., multi-decadal oscillations) at different
time spans and assess its impact on the runoff and sediment fluxes
of the Upper Blue Nile.
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