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ABSTRACT 
 

The co-variation of rainfall and flow was assessed in four selected catchments of the River Nile which has two 
main sources including the White Nile (in the Equatorial region) and the Blue Nile (from the Ethiopian 
highlands). The selected catchments included Kyoga and Kagera (from the Equatorial region), as well as Blue 
Nile and Atbara (in Sudan and Ethiopia). In each catchment, the flow-rainfall co-variation was investigated at 
both seasonal and annual time scales. To explain aggregated variation at larger temporal scale while 
investigating the possible change in catchment behavior, which may interfere with the flow-rainfall relationship, 
rainfall-runoff modeling was done at daily time scale using data (falling within the period 1949-2003) from 
Kagera and Blue Nile i.e. the major catchment of each region where the River Nile emanates. Correlation 
analysis was conducted to assess how well the variation of flow and that of catchment-wide rainfall resonate. 
The co-occurrence of the changes in observed and simulated overland flow was examined using the Quantile 
Perturbation Method (QPM). Trends in the model residuals were detected using the Mann-Kendal (MK) and 
Cumulative Rank Difference (CRD) tests. The null hypothesis H0 (no correlation between rainfall and flow) was 
rejected at the significance level α of 5% for all the selected catchments. The temporal changes in terms of the 
QPM anomalies for both the observed and simulated flow were in a close agreement. The evidence to reject the 
H0 (no trend in the model residuals) was generally statistically insufficient at α = 5% for all the models and 
selected catchments considering both the MK and CRD tests. These results indicate that change in catchment 
behavior due to anthropogenic influence in the Nile basin over the selected time period was minimal. Thus, the 
overall rainfall-runoff generation processes of the catchments did not change in a significant way over the 
selected data period. The temporal flow variation could be attributed mainly to the rainfall variation. 
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1 Introduction 

The Nile basin faces many formidable challenges some of which include: flood and drought 
conditions due to climate variability, restive trans-boundary water management issues, widespread 
poverty, high demographic growth rates, food insecurity resulting from combined effects of rainfall 
variability and the unswerving dependence of majority of the population on subsistence and rain-fed 
agriculture, etc. To deal with these challenges, careful planning and management of the River Nile 
water resources is required. One form of support to such requirement is the enhanced 
comprehension of the historical patterns of flow variation and their spatial differences across the 
entire Nile basin as done in this study. So far, several investigations were made on the variability of 
flow and hydro-climatic variables for the Nile basin. 

Although the variation of river flow in the Nile basin may be ascribed to the changes in rainfall, a 
number of studies based on remotely sensed land cover or satellite data (see e.g. Elmqvist, 2005; 
Rientjes et al., 2011) or aerial photographs (Bewket and Sterk, 2005) have reported on the effects of 
anthropogenic factors on river flow regimes. According to Rientjes et al. (2011), forest cover 
decreased from 50 to 16% in the Gilgel Abay catchment in the Lake Tana basin over the period 
1973–2001. Elmqvist (2005) noted that the cropland per household reduced from 0.4 to 0.1 km2 
over the period 1969–2002 in Sararya Makawi, Sudan. Bewket and Sterk (2005) concluded on an 
increase in cultivation area in the Chemoga catchment for the period between 1960 and 1999. Flow 
changes were in these studies attributed to the land use changes. Bewket and Sterk (2005), for 
instance, related the identified decrease of 0.6 mm/year in the Chemoga catchment flow during the 
dry season (October to May) between 1960 and 1999 to the increase in cultivation area. The main 
problem with such flow change attribution studies is that for an accurate analysis, archives are 
required of aerial photos or satellite images of land cover with high spatial and temporal resolutions 
and with good quality for long-term periods. Such archives are difficult to obtain for the study area. 
To partly meet the limitation of such archives, some studies complemented the available land use 
and cover data from satellite images with catchment hydrological modeling. The effect of the 
change in catchment characteristics on the watershed hydrology can indeed be investigated using 
hydrological models, by preference to fully distributed process-based models. However, the input 
data required by such detailed hydrological models are of large amount. Besides, due to their 
structural complexity and over-parameterization, the parameters of such models are difficult to 
optimally estimate. Alternatively, conceptual models that are more parsimonious, hence with fewer 
parameters than the physically-based models, can be applied to assess changes in catchment 
response in a meteorological-river flow data-based way, but at a lumped catchment scale. Such 
modeling studies were conducted by Mango et al. (2011), and Olang and Fürst (2011) for the 
equatorial region; Legesse et al. (2003, 2004), Bewket and Sterk (2005), Rientjets et al. (2011), and 
Gebrehiwot et al. (2013) for Ethiopia. Based on the land-use scenario investigation using the Soil 
and Water Assessment Tool, Mango et al. (2011) concluded for the Mara catchment that the 
magnitude of the extreme low/high flow would reduce/increase if the conversion of forests to 
agriculture and grassland in the headwaters of the catchment continued. Olang and Fürst (2011) 
used the HEC-HMS rainfall-runoff model to investigate the effect of the land-use changes over the 
period between 1973 and 2000 on the hydrology of the Nyando catchment. The authors found an 
increase of 16% in the peak discharges over the entire period considered. Using the PRMS model, 
Legesse et al. (2003) found that flow would reduce to about 8% if the dominantly cultivated/grazing 
land of South Central Ethiopia was to be converted to woodland. Similarly for Lake Abiyata, 
Legesse et al. (2004) noted a remarkable mismatch between the observed and PRMS-modeled lake 
level over the period 1984–1996 compared with that for 1968–1983. The authors ascribed this 
discrepancy to human influence on the lake in terms of the direct use of the influent rivers. By 
dividing the time series over the period 1960–2004 into three parts based on either the political and 
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land management policy changes, Gebrehiwot et al. (2013) applied the HBV model to investigate 
the effect of land-use changes on the runoff flow in the  Birr, Upper-Didesa, Gilgel Abbay, and 
Koga catchments of the Blue Nile basin. According to the authors, although six out of nine 
parameters of the HBV model changed significantly over the three periods during the rainfall-runoff 
modeling, the integrated functioning of the watersheds showed minimal changes. 

The problem with the above studies each of which applied only one hydrological or rainfall-runoff 
model lies in the lack of insight about the influence of model selection on the conclusive flow 
variation attribution. It was recently remarked by Onyutha (2016a) that the influence of 
hydrological model selection leads to large under- or over-estimation of simulated extreme flow 
events which are so relevant for careful analyses as in this study. Moreover, based on the model 
complexity and set of parameters for calibration, the judgment of the confidence in the selection of 
a particular model to investigate the effect of land-use change on the flow variation is not a simple 
task. Other factors such as the change in meteorological conditions need to be addressed as well. 
Studies by Abtew et al. (2009), Camberlin (1997), Taye and Willems (2013), and Tierney et al. 
(2013), gave evidence that the variability in hydro-climatic variables such as rainfall over the study 
area can be explained by the variation in large-scale ocean-atmosphere interactions. 

In this study, because of the data limitation and quality problem for rainfall-runoff modeling in the 
Nile basin, three rainfall-runoff models NAM (Danish Hydraulic Institute DHI, 2007; Madsen, 
2000), HBV (Bergström, 1976;  AghaKouchak and Habib, 2010; AghaKouchak et al., 2013) and 
VHM (Willems, 2014; Willems et al., 2014) were applied. These three models were adopted in this 
study because they have been recently used by Taye and Willems (2013) (for NAM and VHM), and 
Gebrehiwot et al. (2013) (for HBV) to successfully investigate the effect of meteorological and 
catchment rainfall-runoff response changes on the flow regimes in the study area. However, in some 
of these previous studies, manual calibration which is known to be subjective was adopted. To limit 
the influence of subjectivity in the model calibration process and address the models’ uncertainties, 
the Generalized Likelihood Uncertainty Estimation (GLUE) of Beven and Binley (1992) was 
adopted in this study. The model-based findings moreover were complemented with the analyses of 
temporal variation in overland flow and trends in the model residuals to support the hypothesis of 
flow variation attribution. In explaining the identified trends and temporal variation, special 
attention was given to the co-variation of flow and rainfall. The final goal was to provide new 
insights in the spatiotemporal variation of flow along the main River Nile. To do so while taking 
into account the regional differences in the flow variation from the two main sources of the River 
Nile, a total of four catchments were considered. The selected catchments included Kyoga and 
Kagera (from the White Nile region), as well as Blue Nile and Atbara (in the Central region mainly 
drained by the Blue Nile). As opposed to the previous flow variation attribution studies which were 
mostly limited to catchment scale, the insight from considering the regional differences as in this 
study is vital for regional planning of water resources of the River Nile. 

More specifically, this study aimed at: 1) investigating the co-variation of flow and rainfall, and 2) 
rainfall-runoff modeling to investigate the evidence of changes in rainfall-flow catchment response 
behavior. The modeling was done at daily time scale in order to explain aggregated variation at 
larger temporal scale. 

2 Study area and data 

2.1 General description of the main River Nile basin 

As one of the longest rivers in the world, River Nile goes through a long journey of 6,695 km from 
its furthest source (Ruvyironza in Kagera catchment) to the Nile Delta in Egypt. The drainage area 
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of the River Nile with the coverage from 31°N to 4°S (in north-south direction) and 24° to 40°E (in 
west-east direction) is about 3,400,000 km2 (Figure 1). The lakes within the River Nile basin 
include the Victoria, Edward, Kyoga, Albert, No, Tana, and Nasser. There are two main sources of 
the River Nile including the White Nile (from the equatorial region), and the Blue Nile (from the 
Ethiopian highlands). The percentage of the River Nile riparian countries covered by the Nile basin 
includes (Food and Agriculture Organization FAO, 1997): Uganda (98.1%), Kenya (8.0%), 
Tanzania (8.9%), Rwanda (75.5%), Burundi (47.6%), Democratic Republic of Congo (0.9%), 
Sudan and South Sudan (79.0%), Ethiopia (33.2%), Eritrea (20.4%), and Egypt (32.6%). The River 
Nile receives little or negligible runoff from about 40% of its drainage (basin) area which comprises 
dry lands of either arid or hyper-arid condition. Moreover, the River Nile loses about 50% of its 
water by evaporation in the floodplains of the Sudd region of South Sudan. The impacts of these 
factors result in lower runoff efficiency in the Nile basin despite its vast drainage area. Eventually, 
when the low runoff volume is divided by the large rainfall volume, a small runoff coefficient is 
obtained. 

2.2 Selected catchments of the River Nile 

For this study, four catchments including Kagera, Kyoga, Blue Nile and Atbara were selected from 
the Nile basin (Figure 1). Brief descriptions of the catchments are given below. 

River Kagera catchment located between the Lakes of Victoria, Tanganyika and Kivu has a 
drainage area of about 60,000 km2 and streches into four contries of East Africa including Burundi, 
Rwanda, Tanzania, and Uganda. The basin stretches in the north-south direction from 0°45' to 
3°35'S and in the east-west direction from 29°15' to 30°51'E. From the drainage area 184,000km2 of 
the Lake Victoria basin, River Kagera has the largest drainage area compared to other catchments. 

The Lake Kyoga which is shallow and situated at the mean elevation of 1,033 m receives flow from 
the Victoria Nile and the tributaries in the Mount Elgon region. Within the Great Lakes region, 
Lake Kyoga (though not a great lake itself) acts as an important connection between the two lakes 
Albert and Victoria with respect to the River Nile flow. Lake Kyoga catchment with the drainage 
area of about 57,000 km2 stretches between  0°20' and 3°40'N (in the north-south direction) and 
32°10' and 34°50'E (in the east-west direction). The eastern boundary of the Lake Kyoga drainage 
area runs along the Uganda-Kenya border. 

The Blue Nile catchment with its outlet situated around the Tuti island between Omdurman and 
Khartoum North has a drainage area of about 325,000 km2. The Blue Nile with a total length of 
about 1,460 km flows into and out of Lake Tana and emanates from the Ethiopian highlands based 
on the two main tributaries including the Dinder and Rahad rivers. 

The Atbara catchment which is about 202,650 km2 strethes in the east-west direction between 
33°45' to 39°45'E and in the north-south direction between 11°30' to 18°55'N. The watershed 
consists of the  880 km-long River Atbara which is the last tributary of the River Nile. The River 
Atbara which joins the main Nile about 320 km downstream of Khartoum, has a number of 
tributaries a few of which include Tekeze, Bahar El Salam, Setit, etc. 
 
 



5 
 

 

Figure 1 Selected catchments with locations of hydrological and meteorological stations (see 
Tables 1 and 2 for details) in the Nile basin. 

2.3 River flow data 

River flow data recorded at the outlet of the four selected catchments (see Table 1) in the Nile basin 
were obtained from various sources. The flow data at some stations were of both daily and monthly 
time scales. Monthly flow series for Stations 1, 3 and 4 for the periods 1940–1971, 1902–1982, and 
1912–1982 respectively were obtained from the Global Runoff Data Centre (GRDC), Koblenz, 
Germany. Monthly flow series covering the period 1950–2000 for Station 2 was obtained from the 
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report by Kennedy & Donkin Power Ltd (1997). The monthly series were converted to annual time 
scale. The long-term average (AF) and coefficient of variation (Cv) in the last two columns of Table 
1 were computed using the annual flow. The monthly flow series were used for assessing their co-
variation with rainfall. However, daily data were used for rainfall-runoff modeling. 

Daily flow data from 1950 to 1986 for station 1 as previously used by Onyutha and Willems 
(2015a) was obtained at KU Leuven from the database of the River Nile basin Flow Regimes from 
International, Experimental and Network Data (FRIEND/Nile) project 
(http://www.unesco.org/new/en/cairo/natural-sciences/hydrology-programme/friendnile/ [accessed 
10th September, 2014]). For station 3, daily flow data from 1965 to 2002 were obtained based on 
personal connection. The monthly series of the said data used for the assessment of flow-rainfall co-
variation is provided as a supplementary material to this paper (see Sup_1). To check the similarity 
in variation of the data obtained from two sources but for the same station, the daily series were 
converted to monthly time scale for testing the null hypothesis H0 (no correlation). Based on 
common periods of the monthly data from the two sources, i.e. 1965–1982 and 1950–1971 for the 
flow at Khartoum and Kyaka Ferry, the coefficients of correlation were 0.98 and 0.93 which were 
greater than the critical values (at the significance level α of 0.1%) of 0.15 and 0.20 respectively. 
Thus, the H0 (no correlation between two datasets at the same station) was rejected at α of 0.1% for 
each of the stations. 

Table 1 Overview of the selected hydrological stations and flow data 

St. 
no. 

Name 
Nile 

Region 
Country 

Long. 
[°] 

Lat. 
[°] 

  AF 
[m3/s] 

Cv  
[-] 

1 Kyaka Ferry L. Vict. basin Tanzania 31.42 -1.27 194 0.35 
2 Kamdini Kyoga Nile Uganda 32.33 2.24 1075 0.31 
3 Khartoum Blue Nile Sudan  32.51 15.64 1564 0.22 
4 Kilo 3 Atbara Sudan 33.99 17.68 385 0.35 
    L. Vict. : Lake Victoria;     Long. : Longitude;       Lat. : Latitude;        

 

2.4 Rainfall data 

Data from several meteorological stations were used in this study. The daily rainfall data at 5 
locations over the Blue Nile were those used in a study by Taye and Willems (2013). Daily rainfall 
at 4 locations over the Kagera catchment, and monthly rainfall series at 6 stations in and around 
Atbara catchment were obtained from the FRIEND/Nile project. Furthermore, daily rainfall data 
from 4 stations in the Kyoga basin were obtained from the Ministry of Water and Environment, 
Uganda. Especially for the last two data sources, missing rainfall data records were in-filled (using 
the inverse distance weighted interpolation technique) in a similar way as done for a number of 
meteorological stations of the Nile basin in previous studies by Onyutha and Willems (2015b, c). 

Table 2 shows location and ID of each selected station as well as the data period and long-term 
rainfall statistical metrics Cv, skewness (Cs) and actual excess kurtosis (Ck) computed using series 
of monthly time scale. Values of Cs and Ck greater than zero indicate that the distribution of the data 
deviate from the Gaussian type. The values of Cv in Kyoga and Kagera were lower than those of 
Atbara and Blue Nile. The highest values of Cv, Cs and Ks were obtained for stations in the Atbara 
catchment. This is because the catchment is located in an arid climate region and thus the data were 
characterized by large extent of ties caused by the existence of zeros in the series. Moreover, the 
data from Atbara had larger differences between the minimum and maximum monthly rainfall totals 
than for other selected catchments. 
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Table 2 Rainfall stations for selected watersheds 

 

2.5 Air temperature data 

Due to lack of long-term evaporation and temperature data from the study area, reanalysis series 
were deemed suitable to estimate the daily potential evapotranspiration (PET) for rainfall-runoff 
modeling. For both catchments (Kagera and Blue Nile) selected for investigating the change in 
catchment behavior through rainfall-runoff modeling, air temperature for PET estimation was 
required to cover the period 1950-2002. Daily air temperature could be obtained from various 
existing reanalysis data. However, most of the reanalysis data start after 1950 e.g. ERA-40 (from 
1957 to 2002), ERA-Interim (from 1979 to present), the Japanese 55-year Reanalysis JRA-55 
(from1958 to present), etc.  
To obtain PET covering the entire required period 1950-2002, daily maximum (Tmax) and minimum 
(Tmin) temperature series from the Princeton Global Forcings (PGFs) (Sheffield et al., 2006) were 
used. The gridded (0.5⁰×0.5⁰) Tmax and Tmin covering the period 1948-2008 were downloaded via 
the link http://hydrology.princeton.edu/data/pgf/0.5deg/ [accessed: 12-02-2016]. Moreover, due to 
their robustness, the PGF series have been used to conduct several studies on the variability of 
hydrometeorological variables (see e.g. Zeng and Cai, 2016; Hoell et al., 2015). PGF series are not 
purely reanalysis data; however, they are derived from a combination of the NCEP–NCAR 
reanalysis dataset (Kalnay et al., 1996) with several other observational-based rainfall products 
including the TRMM, the CRU TS2.0, the GPCP, and the NASA Langley Research Center SRB.  

Station Location Data period Statistical metric 
Paper ID Name Long. Lat. From To Ck [-] Cs [-] Cv [-] 

Kagera  
Kag1 Mugera (Paroisse) 29.97 -3.32 1940 1990 0.98 0.73 0.78 
Kag2 Muyinga 30.35 -2.85 1940 1992 -0.17 0.44 0.72 
Kag3 Igabiro Estate 31.55 -1.82 1940 1994 0.47 0.78 0.80 
Kag4 Musenyi (Paroisse) 30.03 -2.97 1940 1994 1.34 1.06 0.83 

Atbara  
Atb1 Atbara 33.97 17.70 1907 1995 36.39 5.18 3.06 
Atb2 Ungwatiri 36.00 16.90 1950 1981 22.60 4.26 2.66 
Atb3 Abu-Quta 32.70 14.88 1948 1987 8.65 2.81 2.06 
Atb4 Haiya 36.37 18.33 1950 1981 33.39 5.10 2.67 
Atb5 Gedaref 35.40 14.03 1903 1996 3.07 1.78 1.50 
Atb6 Ghadambaliya 34.98 14.20 1948 1988 3.88 1.95 1.65 

Blue Nile  
Blu1 Bahr Dar 37.41 11.60 1964 2004 0.95 1.36 1.30 
Blu2 Debremarcos 37.67 10.33 1964 2004 -0.46 0.86 1.00 
Blu3 Gonder 37.40 12.55 1964 2004 1.54 1.44 1.21 
Blu4 Addis Ababa 38.75 09.03 1964 2004 -0.06 0.95 1.02 
Blu5 Kombolcha 39.83 11.10 1964 2004 2.32 1.56 1.11 

Kyoga  
Kyo1 Imanyiro 33.27 0.29 1950 1977 3.51 1.34 0.65 
Kyo2 Kapchorwa 34.43 1.24 1950 1995 3.07 1.15 0.69 
Kyo3 Buwabwale 34.21 0.54 1950 1977 4.73 1.61 0.69 
Kyo4 Ivukula 33.35 0.57 1950 1997 2.12 1.24 0.68 

https://www.researchgate.net/publication/287121427_Climatic_and_terrestrial_storage_control_on_evapotranspiration_temporal_variability_Analysis_of_river_basins_around_the_world?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/285340069_The_NCEPNCAR_40-years_reanalysis_project?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/280684659_The_Forcing_of_Monthly_Precipitation_Variability_over_Southwest_Asia_During_the_Boreal_Cold_Season?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
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3 Methodology 

3.1 Co-variation of flow and rainfall  

The variation of flow was compared with that of rainfall at both seasonal and annual time scales. In 
the Lake Victoria basin, two rainy seasons exist i.e. March to May (MAM) and October to 
December (OND) (Nicholson, 1996). The period from June to September (JJAS) is a dry season. 
However in the northern half (or part) of the Nile basin, JJAS is the main rainy season and the dry 
period runs from October through December to February (ONDJF). Consideration was given to the 
flow at the catchment outlet and catchment-wide weighted average rainfall based on data at stations 
upstream of the catchment flow outlet. A zoomed-in analysis such as that for the catchment-scale is 
important to obtain an insight into how strongly the micro-climate (micro-scale features) influences 
the flow-rainfall co-variation. For each selected catchment, comparison was made between the 
temporal variation of flow at the outlet of the catchment and that of: 1) rainfall at each 
meteorological station, and 2) catchment-wide average rainfall. 

3.2  Rainfall-runoff modeling  

Three rainfall-runoff models including NAM, VHM and HBV were applied under the same 
meteorological conditions in simulating daily flow at the outlets of two selected main catchments. 
Kagera catchment at Kyaka Ferry (60,000 km2) in the equatorial region and the Blue Nile 
catchment at Khartoum (325,000 km2) from Sudan and Ethiopia were selected with respect to two 
sources of the Nile River as already highlighted in Section 2.1. 

The rainfall-runoff modeling was used to assess any possible empirical evidence for the alteration in 
catchment characteristics in the form of temporal change in catchment runoff response to rainfall, 
hence between observed and simulated flow. Explanation on this idea can be found in Section 3.3. 
VHM was selected because its model-structure identification and calibration approach nicely fits 
within the objective of this research to analyze flow and catchment changes in a data-based way. 
The VHM approach starts from a generalized model structure (Appendix Figure A1 a), which 
describes the main, lumped catchment-scale rainfall–runoff responses and processes underlying 
these responses. The model structure includes processes that can be identified from the available 
meteorological (model input) and river flow (model output) data. This data-based approach also 
allows identification of changes in catchment-wide responses and related processes. More 
specifically, Willems (2014) explains that in the VHM approach, the lumped macroscopic 
catchment responses are analyzed and main processes derived using a step-wise procedure 
including: 1) separation of observed discharge into overland flow, interflow and base flow, 2) 
extraction of nearly independent extremes in the form of peak over threshold events. These time-
series processing procedures can be done using the tool provided by Willems (2009). The different 
sub-flow components from (1) are used to identify linear or exponential relationships in the various 
sub-models describing the rainfall fractions contributing to the surface storage, soil moisture storage 
and groundwater storage. Quick flow is obtained from a combination of the overland and interflow, 
which are routed separately each using a single linear reservoir. The baseflow is also routed from 
the groundwater storage using a linear reservoir. The total runoff is obtained as the sum of the quick 
flow and base flow. 

To take into account possible inconsistence (if any) among the models, the VHM results were, in 
this study, compared with those from two other, internationally well-established models NAM 
(DHI, 2007; Madsen, 2000) and HBV (Bergström, 1976;  AghaKouchak and Habib, 2010; 
AghaKouchak et al., 2013) whose structures are presented in (Figure A1 b) and (Figure A1 c) 

https://www.researchgate.net/publication/307819195_An_educational_model_for_ensemble_streamflow_simulation_and_uncertainty_analysis?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/283600296_1996_A_review_of_climate_dynamics_and_climate_variability_in_Eastern_Africa_The_limnology_climatology_and_paleoclimatology_of_the_East_African_lakes?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/279891378_Application_of_a_Conceptual_Hydrologic_Model_in_Teaching_Hydrologic_Processes?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/260292492_Parsimonious_rainfall-runoff_model_construction_supported_by_time_series_processing_and_validation_of_hydrological_extremes_-_Part_1_Step-wise_model-structure_identification_and_calibration_approach?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/255274162_Development_and_Application_of_a_Conceptual_Runoff_Model_for_Scandinavian_Catchments?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/222679929_Automatic_Calibration_of_a_Conceptual_Rainfall-Runoff_Model_Using_Multiple_Objectives?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==


9 
 

respectively. They all consist of a number of inter-related storages for surface, soil and 
groundwater, relationships describing the influxes in the reservoirs, mainly depending on the time-
variable relative soil saturation state (derived from the soil water storage), evapotranspiration losses, 
and sub-flow routing by means of linear or non-linear reservoir models. Total runoff from either 
HBV or NAM also comprises the combination of base flow and quick flow. 

All the three models use catchment-averaged rainfall and PET as the inputs. The actual 
evapotranspiration is calculated by the models based on the PET and the soil water storage results. 
Whereas the original models (especially NAM and HBV) include snow modules, these were left out 
from the descriptions and application, given the location of our study area in a tropical region. 
Whereas catchment areas were fixed apriori, the definitions of the model parameters considered for 
calibration are presented in Appendix Table A1. 

For each selected catchment, the catchment-wide mean areal rainfall was calculated using the 
Thiessen polygon method. The PET was computed using the FAO Penman-Monteith method (Allen 
et al., 1998) considering Tmin and Tmax. Apart from the Tmax and Tmin, the calculation of PET also 
requires humidity, radiation and wind speed. For data scarce regions e.g. the study area, the 
procedures for estimating the PET amidst missing data can be found in the FAO Irrigation and 
Drainage Paper 56. For instance, where wind speed is missing, a value of 2 m/s can be taken as an 
estimate. This is on the assumption that PET is not highly sensitive to normal ranges of wind speed 
since the crop height of 0.12 m required for the reference crop is relatively small (Allen et al., 
1998). More so, by assuming Tmin to be low enough as the dew point temperature, the actual vapor 
pressure can be computed based on the Tmax and Tmin after obtaining the maximum and minimum 
relative humidity. Solar radiation or the shortwave radiation can be estimated from the duration of 
bright sunshine. Extraterrestrial radiation can be estimated as a function of latitude, date and time of 
day. 

The calibration (validation) period of the models was 01/01/1965–31/12/1974 (01/01/1975–
31/12/2002) for the Blue Nile, and 01/01/1950–31/12/1959 (01/01/1960–31/12/1986) for the 
Kagera. In other words the calibration (validation) period was 10(28) years for the Blue Nile and 
10(27) years for Kagera. Model calibration strategy which also incorporates the uncertainty 
estimation technique was required for changing the model parameters. Some of such strategies 
include the GLUE (Beven and Binley, 1992), and Uncertainty Estimation based on Local Error and 
Clustering (UNEEC) (Solomatine and Shrestha, 2009). The UNEEC method by considering the 
model residuals to be indicative of the model uncertainty quantifies the uncertainty in three steps 
including: clustering, model error probability distribution estimation, and building model 
uncertainty based on the error probability distribution (Solomatine and Shrestha, 2009). As a 
Bayesian approach, GLUE procedure uses parameters' sets randomized from the prior distribution 
to infer the output (posterior) distribution based on the simulations. Because the HBV version used 
in this study employs the GLUE technique, GLUE was also adopted for NAM and VHM. This was 
for the uniformity of calibration scheme to obtain an ensemble of simulated flow from each of the 
models. 

Uncertainties from model input series due to observation errors, data limitation, in-filling of missing 
data values, etc lower the accuracy of model predictions. Another source of uncertainty is the 
incompatibility of the model structure with data availability. Because these uncertainties affect the 
flow-rainfall relationship, they exacerbate the parameter uncertainty during the calibration of the 
rainfall-runoff model. The GLUE technique adopted in this study as a framework for the calibration 
helps to quantify such uncertainties in the form of bounds on the final simulated flow. To 
implement the GLUE, so many e.g. 1000 sets of parameters were randomized based on the 
stipulated upper and lower limits of parameters. The model was run using each set of the 
parameters. The optimal set of parameters was taken as that which yielded the highest value of the 

https://www.researchgate.net/publication/45685005_A_novel_method_to_estimate_model_uncertainty_using_machine_learning_techniques?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/45685005_A_novel_method_to_estimate_model_uncertainty_using_machine_learning_techniques?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==


10 
 

objective function e.g. Nash-Sutcliffe Efficiency (ENS) (Nash and Sutcliffe, 1970). However, for 
uncertainty quantification, all the sets of parameters and corresponding simulations which satisfied 
the objective function (ENS > 75%) were accepted. Normally, the uncertainty in the simulation can 
be given in terms of the maximum and minimum simulated flow ensemble. For brevity, the 
uncertainty in the form of 95% confidence interval was stipulated on the flow event corresponding 
to 10-year return period. The 10-year return period was selected because of its relevance and the 
common use for planning, design and operation of water resource projects. Consider that NACC 
denotes the number of the sets of parameters for which objective function was satisfied. For the 
selected 10-year flow quantile, the simulated flow events from all the NACC sets of parameters were 
ranked from the highest to the lowest and the [0.025 × NACC]th and [0.975 × NACC]th values 
respectively comprised the upper and lower limits of the 95% confidence interval.  

The model performance was evaluated both statistically and graphically. Statistically, the 
'goodness-of-fit' was evaluated in terms of the ENS. The impact of anthropogenic factors, climate 
variability and/or change on hydrology seem to increasingly alter the frequency and severity of risk-
based water disasters such as floods and drought conditions from their expected normal 
occurrences. For rainfall-runoff models to be applied for impact investigation, for instance due to 
climate variability and/or change on extreme flow events, the ability of the models to capture the 
high and low flow were deemed important for risk-based planning and management. Eventually, 
graphical plots of Box-Cox (BC) transformed observed versus simulated series were made for the 
maximum as well as minimum flow in each year. The BC (Box and Cox, 1964) transformation (Eq. 
1) with the parameter (λ) set to 0.25 was applied to give similar weights to the maximum and 
minimum flow events (f) so as to obtain homoscedastic model residuals. Comparison of the 
simulated and observed cumulative flow was also made. 

  

1
( )

f
BC f

λ

λ
−=                                          (1) 

3.3 Detection and attribution of changes in the flow   

According to Merz et al. (2012), the flow change attribution to assumed drivers can be done 
quantitatively in either data- or simulation-based way. Both ways were considered in this study. 

3.3.1 Data-based approach  

A data-based approach was implemented by comparing the correlation between the variation of 
flow with that of the rainfall series. The rainfall stations from Table 2 were used. For a particular 
station where flow data were from two sources, the series were converted to annual time scale and 
combined to form longer dataset than that obtained from each source. Finally, common data periods 
of flow and rainfall including 1940-1986, 1950-2000, 1965-2002 and 1912-1982, for Kagera, 
Kyoga, Blue Nile and Atbara respectively were used. High correlation between flow and rainfall 
was considered to indicate some evidence that the influence of the anthropogenic factors on the 
catchment runoff generation processes was limited.  

3.3.2 Simulation-based approach   

Because of the non-linearity of the rainfall-runoff relation, the data-based technique was 
complemented with a simulation-based approach. Three models were applied to study the co-
variation of observed flow and catchment rainfall-runoff considering a lumped catchment approach. 
In case of an unchanging catchment behavior, hence in case of insignificant anthropogenic factors, 
the temporal flow variation could be assumed to be fully described by the variation in the 

https://www.researchgate.net/publication/243785397_River_flow_forecasting_through_conceptual_models?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/233751927_More_Efforts_and_Scientific_Rigour_Are_Needed_to_Attribute_Trends_in_Flood_Time_Series?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
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meteorological model inputs (rainfall and evapotranspiration) after keeping the model parameters 
constant over time. On the other hand, in case of a change in catchment behavior due to 
anthropogenic influence, there would be a temporal change in the difference between the observed 
and modeled runoff flow and sub-flow when model parameters are kept constant. Anthropogenic 
influences such as deforestation, overgrazing, significant expansion of urbanized areas, etc over a 
given catchment would: 1) affect the amount of infiltration into the soil, 2) alter the amount and 
velocity of the overland flow, 3) modify the rate and amount of evaporation, etc. Hence, these 
factors would alter the catchment response to the rainfall input. This difference in response should 
be visible through the changes in runoff volumes, sub-flow volumes, ratio between sub-flow 
volumes, model parameters describing the sub-flow response to such times such as the recession 
constant.  

Because of the importance of studying the runoff sub-flow and more specifically the overland flow 
separately, a numerical digital filter was applied to split the flow into the various sub-components. 
This discharge splitting was done based on the sub-flow recession constants as applied in the tool 
provided by Willems (2009). The simulation-based approach to search for the temporal changes in 
the overland flow was analyzed in terms of variability using the Quantile Perturbation Method 
(QPM) (Ntegeka and Willems, 2008; Willems, 2013), and trend analyses based on Mann-Kendall 
(MK) (Mann, 1945; Kendall, 1975), and Cumulative Rank Difference (CRD) (Onyutha, 2016b, 
2016c, 2016d) tests. The QPM was applied directly to the annual maxima, annual minima and 
annual mean flow. The MK and CRD tests were conducted on the model residuals.  

3.3.2.1 The quantile perturbation method of variability analysis 

The QPM uses the given series directly (i.e. without rescaling) to obtain quantile anomalies. This 
allows the QPM outputs to be importantly applicable, for instance, in revising design quantiles to 
account for the decadal or multi-decadal oscillations or variability in the hydro-meteorological 
variable. To apply the QPM, two series are derived from the same data set. One series (call it v) is 
the full series, and the other (denoted by u) is a sub-set extracted as a sub-period from the full 
series. The sub-series are contained in a moving window of a specified block length (taken as 15 
years in this study). The moving window is first put at the beginning of the full time series and 
afterwards moved by 1 year at a time. For each moving window, quantile perturbation factors are 
computed as the quantiles above a selected exceedance probability threshold selected from u and 
divided by their corresponding counterparts from v. The ultimate anomaly for the window under 
consideration is determined as the average of the perturbation factors for all empirical quantiles 
above a given threshold. The ultimate anomalies from the different moving window positions are 
considered to characterize the variability of the extreme quantiles in the series. An elaborate and 
systematic description of the QPM can be obtained from Ntegeka and Willems (2008) and Willems 
(2013). 

3.3.2.2 Analyses of trends in model residuals 

In the simulation-based procedure, with the premise that the models fully capture the catchment 
behavior, any deviation between observed and simulated flow can be attributed to internal 
disturbances which may include forest cover change, urbanization, river engineering, dam 
construction, etc (Harrigan et al., 2014). In this study, any persistent deviation between the observed 
and modeled flow was deemed to be reflected in the rejection of H0 (no trend in model residuals). 
According to Onyutha (2016c), the uncertainty in trend analyses due to the influence from the 
selection of a particular method of change detection is not negligible for series with persistent 
fluctuations. Eventually, the H0 (no trend in model residuals) were tested using two (i.e. MK and 
CRD) trend tests. 
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https://www.researchgate.net/publication/305386142_Statistical_analyses_of_potential_evapotranspiration_changes_over_the_period_1930-2012_in_the_Nile_River_riparian_countries?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/303721619_Non-parametric_tests_against_trend?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
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https://www.researchgate.net/publication/255709503_Multidecadal_Oscillatory_Behaviour_of_Rainfall_Extremes_in_Europe?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
https://www.researchgate.net/publication/251425736_Trends_and_multidecadal_oscillations_in_rainfall_extremes_based_on_a_more_than_100-year_time_series_of_10_min_rainfall_intensities_at_Uccle_Belgium?el=1_x_8&enrichId=rgreq-d3f99489d834b18b74b7001384f4e815-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI0NDk2MztBUzo0ODU5NjUyNzA2NTQ5NzdAMTQ5Mjg3NDU1NzMzMw==
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The Mann-Kendall (MK) (Mann, 1945; Kendall, 1975) test 

For the MK test, scores were assigned to the model residuals. The MK (Mann, 1945; Kendall, 1975) 
test statistic S is defined as: 

( )
1

1 1

sgn
n n

j i
i j i

S x x
−

= = +

= −                         (2)

 
where jx and ix  are the sequential data values in a sample of size n, and 

( )
( )
( )
( )

1 if 0

sgn 0 if 0

1 if 0

j i

j i j i

j i

       x x    

x x        x x   

     x x

 − >
− = − =


− − <

                       (3) 

For n ≥ 8, S is approximately normally distributed with the mean E(S) = 0 and variance V(S) given 

by (Mann, 1945; Kendall, 1975): 

( ) ( )( )1
1 2 5

18
V S n n n= − +                           (4) 

When tied data points exist, V(S) becomes: 

( ) ( )( ) ( )( )
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1
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=

 = − + − − + 
 

                          (5) 

where: h is the number of tied groups, and gk is the number of observations in the kth group. 
The standardized MK test statistic ZMK which follows the standard normal distribution with mean 
(variance) of zero (one) is given by: 

( )

( )

1
for 0

0 for 0

1
for 0

MK

S
     S    

V S

Z                S   

S
     S

V S

− >

= =
 + <


                      (6) 

Positive and negative values of S indicate increasing and decreasing trends respectively. The 
influence of auto-correlation on the variance of S can be corrected based on the procedure suggested 
by Yue and Wang (2004). The null hypothesis H0 (no trend in residuals) is accepted if |ZMK| is less 
than the standard normal variate Zα/2 where α% is the significance level; otherwise the alternative 
hypothesis H1 (there is trend in residuals) can be accepted. 
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Cumulative Rank Difference (CRD) (Onyutha, 2016b; 2016c; 2016d) test 

To conduct the recently introduced CRD test on the model residuals, freely available trend and 
variability analyses tool referred to as CRD-NAIM (Onyutha, 2016b; 2016c; 2016d) downloaded 
from https://sites.google.com/site/conyutha/tools-to-download/ [accessed 15-12-2016] was used.  

If for the given series X, another dataset Y is obtained as the replica of X, the rescaled series d in 
terms of the exceedance and nonexceedance counts of data points can be obtained by (Onyutha, 
2016b; 2016c): 
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1 1
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The CRD trend statistic T is computed using (Onyutha, 2016b): 

3

1

1 1

6

( ) j

n i

i j

T d
n n

−

= =
=

−                                                                           (10) 

An upward/downward monotonic trend is indicated by a positive/negative value of T. The 
distribution of T is approximately normal with the mean of zero and variance (V1) given by 
(Onyutha, 2016c, 2016d): 

2
1

1 10 7
1

1 17 17
V c c      

n
 = − − −  

                                                                 (11) 

where c (Eq. 12) is the measure of ties in the data (Onyutha, 2016d) such that 

     
( )22

11

1
sgn j i

n

i j

n
c n y x

n n = =
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                                             (12) 

and sgn2(yj-xi) is as defined in Eq. (9).    

The standardized statistic of the CRD test ZCRD which follows the standard normal distribution with 
mean (variance) of zero (one) is given by Eq. (13). At the significance level α%, the null hypothesis 
H0 (no trend) is accepted if the p-value (probability value, p) based on |Z| is greater than the nominal 
α. The term V2 of Eq. (13) takes into account the correction of V1 from the influence of 
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autocorrelation (Onyutha, 2016d) or long-term persistence in terms of the Hurst exponent H 
(Onyutha, 2016c). For brevity, V1 was computed in terms of H such that, 

  

2

CRD

T
Z

V
=                                                                 (13) 

where  

1

2

1

 if 0.5

 if 0.5ab

V              H
V

V n    H

≤
= 

× >
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such that b = 1.55490–1.20344H–0.27340H2, a = –0.62304+0.87827H+0.82220H2, and as 
implemented in the CRD-NAIM tool H can be computed using the given series in terms of the 
autocorrelation function for fractional Gaussian noise model (see e.g. Mandelbrot, 1965). 
Alternatively, H can be approximated in terms of the generalized Hurst exponent H(q#) based on 
the scaling of renormalized q#–moments of the distribution (see e.g. Di Matteo, 2007). 

4 Results and discussion 

4.1 Co-variation of flow and rainfall 

Figure 2 shows the temporal variation of the mean annual flow at the catchment outlet and the 
catchment-averaged rainfall for common data periods as described in Section 3.3.1. The closeness 
between the flow and rainfall variation is visibly evident. Further still, the null hypothesis H0 (no 
correlation between rainfall and flow) at the significance level of 5% was rejected for all the 
selected catchments, i.e. Kagera and Kyoga, Blue Nile and Atbara (Figure 2 a–d). 

 

Figure 2 Variation in the mean annual flow and catchment-wide rainfall in a) Kagera, b) Kyoga, c) 
Blue Nile, and d) Atbara. The label in “{ }” shows the correlation between the rainfall and flow; 
and “( )” comprises the correlation critical value at the significance level of 5%. 
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Table 3 shows the correlation between the variation of mean seasonal and mean annual flow at the 
catchment outlet and the rainfall from individual stations upstream of the outlet. Although there was 
some insignificant anti-correlation especially in the MAM (JJAS) season for Blue Nile and Atbara 
(Kagera and Kyoga), generally the correlation for the annual time scale was significantly positive 
for all the selected catchments. This realization was also obtained for the seasons from which the 
variation in the annual rainfall emanates, i.e. OND (for Kagera and Kyoga) and JJAS (for Blue Nile 
and Atbara). Conclusively, the variation in seasonal and annual flow over the selected data period 
was mainly due to the variability in rainfall. 

Table 3 Correlation between the variation of rainfall and river flow 

Rainfall MAM JJAS ONDJF Annual Rainfall MAM JJAS OND Annual

Blue Nile {0.28} Kyoga {0.24} 

Blu1 -0.04 0.29 0.62 0.34 Kyo1 0.28 -0.12 0.27 0.32
Blu2 -0.11 0.34 0.57 0.32 Kyo2 0.25 0.04 0.26 0.41 
Blu3 -0.21 0.47 0.53 0.50 Kyo3 0.23 0.13 0.36 0.36 
Blu4 0.10 0.46 0.09 0.31 Kyo4 0.21 0.12 0.36 0.40 
Blu5 -0.15 0.69 0.26 0.55 CW 0.32 0.06 0.38 0.46 
CW -0.12 0.69 0.59 0.68 Kagera {0.28} 

Atbara  Kag1 0.38 0.12 0.36 0.64 
Abt1 -0.06 0.37 -0.06 0.36 Kag2 0.11 0.24 0.52 0.54 
Abt2 -0.16 0.44 0.06 0.44 Kag3 0.06 -0.14 0.34 0.29 
Abt3 -0.09 0.59 -0.08 0.58 Kag4 0.37 0.21 0.39 0.53 
Abt4 -0.24 0.57 0.01 0.61 CW 0.34 0.18 0.60 0.72 
Abt5 -0.02 0.36 0.11 0.35 For bold values H0 (no correlation) was  

rejected at the significance level of 5%.        
        CW stands for Catchment-Wide. 

Abt6 0.12 0.42 -0.03 0.38 
CW -0.04 0.42 0.05 0.40 

The value in {} denotes the correlation critical value at the significance level of 5%.  
The critical values for Atbara catchment were 0.22 (Abt1), 0.37 (Abt2), 0.35 (Abt3), 
0.37 (Abt4), 0.22 (Abt5), 0.35 (Abt6), and 0.22 (CW).  

 

4.2 Rainfall-runoff modeling 

Figure 3 shows the time series of the observed and simulated Blue Nile and Kagera flow. The 
model parameters considered for calibration using the GLUE technique can be found listed in 
Appendix Table A1. Though for brevity the uncertainty bounds based on GLUE for the entire 
calibration period were not included in Figure 3, the difference between the upper and lower limits 
of the 95% confidence interval on the simulated 10-year flow event as a percentage of the 10-year 
empirical flow quantile for HBV, NAM and VHM was respectively 35.8, 29.2, 40.3% for Blue 
Nile, and 41.2, 51.8, 46.2% for Kagera. Generally, the predictive uncertainties were higher for 
Kagera than those of the Blue Nile. Furthermore, this observation is supported by the visual 
judgment considering each model in which again better modeled results were obtained for the Blue 
Nile (Figure 3 a-b) than for the Kagera (Figure 3 c-d) catchment. This realization was because of 
the larger catchment size and stronger seasonal differences for the Blue Nile which led to smoother 
catchment response to rainfall than that for the Kagera catchment.  
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Figure 3 Simulated vs. observed daily flow for a)-b) Blue Nile, and c)-d) Kagera catchments 

Table 4 shows the statistical assessment of the models' performance. The values of the ENS for 
calibration were acceptably high. Consistent with the visual judgment from Figure 3 b and d, the 
model performance (though reasonably good) in the validation was better for the Blue Nile than that 
of the Kagera catchment. In reference to the model calibration results, the validation ENS for VHM, 
HBV, and NAM exhibited a drop of 8, 10 and 8% (for the Blue Nile) and 13, 14 and 12% (for 
Kagera) respectively. In order to check whether this drop in the ENS for Kagera could be explained 
by model over-calibration, the validation input series were considered as independent model inputs. 
When calibration based on the GLUE scheme was repeated for this new input, there was no 
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significant increase in the ENS values compared to those for the validation shown in Table 4. One 
reason for the ENS drop could be the lower data quality taking into account that some measurement 
stations tend to be irregularly operational due to poor maintenance. Another potential reason could 
be the difficulty in the models to capture the dynamics of runoff generation at the catchment level 
especially due to the recovery of the equatorial region from the step jump in the flow mean which 
occurred at the beginning of the validation period for Kagera (i.e. 1960–1986). Because the ENS 
values for all the models were higher than 0.6 for all the validation runs, the modeled flow was 
deemed adequate for the empirical investigation of the possible change in catchment rainfall-runoff 
response. 

Table 4 Statistical measures of the agreement between the observed and simulated daily flow for 
the Blue Nile and Kagera catchments 

 Blue Nile Kagera 
Calibration 

Period 1965-1974 1950-1959 
VHM 0.76 0.74 
HBV 0.77 0.73 
NAM 0.78 0.70 

Validation 
Period 1975-2002 1960-1986 
VHM 0.70 0.65 
HBV 0.69 0.63 
NAM 0.71 0.62 

 

Figure 4 shows the graphical assessment of the 'goodness-of-fit' between the Box-Cox transformed 
observed and modeled daily maximum and minimum flow in a year. Good model performance was 
obtained for both the annual maximum (Figure 4d) and minimum (Figure 4e) flow of Kagera 
catchment. For the Blue Nile, though the performances of all the models were good for the annual 
maxima (Figure 4a), the HBV model tended to over-estimate most of the annual minima (Figure 
4b). With respect to the cumulative flow volumes (Figure 4c and f), the models gave slight over-
estimations. For Kagera catchment, the slight over-estimations might have been due to the lower 
performance of the simulation results from the validation period. Note that because the Blue Nile 
flow has stronger seasonal variation, the flow scatter was more wide-spread for the Blue Nile 
(Figure 4a–b) than for the Kagera (Figure 4c–d). Based on these performance evaluation results, it 
was generally concluded that the three models were jointly suitable for making an assessment of 
potential temporal changes in the catchment rainfall-runoff responses. 



18 
 

 
Figure 4 Evaluation of the model performance considering Box-Cox (BC) transformed (a, d) 
maximum flow in a year, (b, e) minimum flow in a year. Charts (c, f) are for cumulative flow, (a)–
(c) Blue Nile catchment and (d)–(f) Kagera catchment. 
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4.3 Changes in observed and simulated overland flow 

Figure 5 shows changes in observed and simulated daily maximum and minimum overland flow in 
each year in terms of the QPM quantile anomalies for moving block lengths of 15 years. To 
interpret the results in Figure 5, an anomaly of, say, 5% for a given year indicated that the extreme 
quantiles in the sub-period centered on this year were on average 5 % higher than the quantiles 
obtained based on the full time series (taken as the reference i.e. anomaly of zero). For the annual 
maximum and mean overland flow at the Blue Nile (Figure 5a, c), there were oscillation highs 
(OHs) in the mid 1960s to late 1970s, and in the 1990s. There was an oscillation low (OL) from the 
late 1970s to around 1990. Taye and Willems (2013) found similar results especially for the annual 
maximum flow in the upper Blue Nile catchment. However, for the annual minimum flow (Figure 
5b), the period from the mid 1960s to late 1970s (early 1980s to late 1990s) was characterized by an 
OH (OL). For Kagera, the period 1950-1959 (1960-1986) was characterized by an OL (OH) 
(Figure 5d–f). Some slight over- or under-estimation of the observed changes was demonstrated in 
the QPM anomalies. 
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Figure 5 QPM results for observed and modeled overland flow in terms of anomalies in the a) 
annual maxima, b) annual minima and c) annual mean. The charts (a)–(c) and (e)–(f) are for Blue 
Nile and Kagera catchments respectively.  

Table 5 shows the probability values of the trend tests conducted on model residuals computed 
based on the annual maxima, annual minima and annual mean flow. For the Blue Nile catchment, 
the p-values were greater than the nominal significance level of 0.05 for all the models. This 
showed that the magnitude of the model residuals did not depend on the time of observations. In 
other words, the evidence to reject the H0 (no trend in residuals) was statistically insufficient at the 
significance level of 5%. However for Kagera, H0 was rejected based on the MK test at the level at 
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5% level for the residual of HBV computed using annual minimum flow. Although this might 
suggest some possible change in catchment behavior, it was not deemed conclusive since H0 was 
accepted based on the results from the two other models i.e. NAM and VHM. Moreover for the 
CRD test, H0 was accepted for the same HBV residuals. Generally, the p-values based on the 
residual from the annual minima flow were lower than those from the annual mean or maxima. Of 
course, this was not surprising because the structures of most hydrological models are traditionally 
designed to capture rather the flooding events than low flow conditions (Staudinger et al. 2011). 
Furthermore, the use of the overall water-balance-based objective function (as adopted in this study) 
for model calibration or evaluation favors the performance of the hydrological models more for 
high flow than low flow (Onyutha 2016a). Though not shown in Table 5, the residual trend 
directions in terms of their signs were found different among the models in some cases. This could 
have been because of the difference between the models in terms of their structures and sets of 
calibration parameters used to capture the runoff generation dynamics. 

Table 5 The p-values of MK and CRD trend tests conducted on the model residuals 

Residual based on : Model 
Blue Nile Kagera 

MK test CRD test MK test CRD test 

Annual mean 
HBV 0.741 0.593 0.628 0.717 
NAM 0.851 0.845 0.890 0.503 
VHM 0.735 0.821 0.700 0.854 

Annual maxima 
HBV 0.991 0.841 0.927 0.779 
NAM 0.371 0.418 0.238 0.164 
VHM 0.867 0.853 0.953 0.876 

Annual minima 
HBV 0.404 0.513 0.039 0.062 
NAM 0.428 0.402 0.114 0.211 
VHM 0.257 0.325 0.208 0.301 

For bold value, H0 (no trend) was rejected at the significance level of 5% 
 

It is worth mentioning that some minor discrepancies between the observed and modeled flow were 
demonstrated in the QPM results. These discrepancies could be indicative of some possible slight 
changes in the catchment behavior, which may be attributed to an anthropogenic influence. A 
number of previous studies also ascribed hydrological changes in the different parts of the Nile 
basin to anthropogenic factors including: human influence on the Lake Tana in terms of abstractions 
from the influent rivers (Legesse et al., 2004), an increase in cultivation area in the Chemoga 
catchment (Bewket and Sterk, 2005), deforestation for agriculture in the Gilgel Abay catchment 
(Rientjes et al., 2011), increase in the population and intensification of agriculture in Sudan 
(Elmqvist, 2005), conversion of forests to farming land in the Mara catchment (Mango et al., 2011), 
etc. 

Unlike in some other studies, the significant catchment changes and their effects on catchment 
runoff flow were not confirmed in this study. Despite the slight over- or under-estimation of the 
observed changes for both selected catchments, the outputs from all the models indeed exhibited 
close agreement in capturing the flow variability or quantile changes (by the QPM) (Figure 5). 
Moreover, the H0 (no trends in the model residuals) was generally accepted at the significance level 
of 5% level based on both the MK and CRD test. These results from the QPM for variability, and 
MK and CRD tests for trend analyses generally indicated that the changes in the catchment 
behavior in transforming the rainfall input into runoff were minimal over the data period considered 
in this study. In related studies, similar conclusions were made by e.g. Taye and Willems (2013) 
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and Gebrehiwot et al. (2013), all done for the period 1960–2004. According to Gebrehiwot et al. 
(2013), the integrated functioning of the catchments including Birr, Upper-Didesa, Gilgel Abbay, 
and Koga sub-catchments of the Blue Nile as a main source of the River Nile showed minimal 
changes. Taye and Willems (2013) also concluded that there were no discernible changes noted for 
the Blue Nile catchment response. Therefore as shown in this study, the temporal flow variation in 
the catchments selected from the two main sources of the River Nile may be primarily attributed to 
the rainfall variation. 

According to Harrigan et al. (2014), despite the statistical detection of trends, rigorous attribution is 
required in decision making on long-term management and adaptation strategies. In the same line, 
the call for increased rigor in attribution through consistency, inconsistency and provision of 
confidence statement was made by Merz et al. (2012). Furthermore, Harrigan et al. (2014) 
suggested the method of Multiple Working Hypothesis (MMWHs) as a systematic examination of 
known drivers to explain the full signal of change. In line with the MMWHs, some of the working 
hypotheses (which were not investigated in this study) but deemed to potentially influence the 
catchment behavior (though insignificantly) across the study area and should be considered for 
further research in a combined way include: urbanization, forest cover transition, water abstractions 
or diversions, agricultural land-use and management change, etc. Another factor which could not be 
ruled out in influencing the change detection was the questionable quality of hydro-meteorological 
data in the study area. Once the large data requirement for attribution become manageable in the 
future, an interesting attempt would be to expose the synergistic interaction (if any) of the drivers of 
the flow changes in the various catchments of the Nile basin.  

Some of the possible limitations in applying the methodology used in this study are as follow: 

a) It may be possible that the mismatch between the observed and modeled flow used to give 
insight about the change in catchment behavior can be due to the questionable data quality. 
Some of the possible data-related uncertainties could be the observation errors, in-filling of 
missing values, errors in derivation of the hydro-climatic variables e.g. rainfall, etc. 

b) In case the changes in the catchment behavior are caused by several factors e.g. the 
influence of anthropogenic factors combined with the impacts of climate variability on 
hydrological processes, the methodology used in this study cannot be able to separate the 
various layers of the synergistic influences in a systematic way for flow change attribution. 

5 Conclusions 

This paper assessed the main attribute of the mean and extreme flow variation in four catchments 
selected based on the two main sources of the River Nile including the White Nile and Blue Nile in 
the Equatorial region of the study area and the Ethiopian Highlands respectively. The selected 
catchments were those of Lake Kyoga and River Kagera (from the Equatorial region), as well as 
Blue Nile and River Atbara (in Sudan and Ethiopia). In order to investigate whether this flow 
variation could be attributable to that of rainfall, the co-variation of the rainfall and flow was 
assessed at catchment scale. To investigate if there was any possible change in catchment behavior 
to interfere with the flow-rainfall relationship, three rainfall-runoff models including NAM, VHM 
and HBV were used to simulate daily runoff using data (falling within the period 1948-2003) from 
the major catchment of each River Nile source-based region i.e. Kagera and Blue Nile. The rainfall-
runoff modeling was done under the assumption of unchanging catchment characteristics over long-
term data periods. The idea here was that the change in catchment behavior due to an anthropogenic 
influence would lead to persistent difference in the observed and modeled flow and sub-flow such 
as the overland sub-flow. The investigation of this deviation was made in terms of: changes in 
anomalies based on the quantile perturbation method, and detection of trends in the residuals using 
the Mann-Kendall and cumulative rank difference tests.  
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The key conclusions from this study were as follow: 
• For all the selected catchments, the null hypothesis H0 (no correlation between rainfall and 

flow) was generally rejected at the significance level α of 5% in both seasonal and annual 
time scales. This suggested that the variation in the flow of the River Nile basin over the 
selected data period was strongly attributable to that in rainfall. 

• Regardless of the change detection method or rainfall-runoff model used, close agreement 
between the changes in observed and simulated flow was generally obtained in both selected 
catchments. For instance, the evidence to reject the H0 (no trend in the residuals) based on 
both the Mann-Kendall and cumulative rank difference tests was generally statistically 
insufficient at α = 5% for all the models and selected catchments. These results suggested 
that the impacts of the changes in catchment behavior on the hydrology of the given 
catchments were nominal. This implied that the changes in catchment characteristics of the 
Nile basin did not significantly influence the attribution of the variation in flow to that of 
rainfall (especially over the selected data period). 

• Given that the main attribute of the observed flow variation was that in rainfall, indeed an 
insight into the prediction of flow variation can be obtained from the rainfall variability 
drivers e.g. those provided recently for the entire Nile basin by Onyutha and Willems 
(2015b). In line with this, for instance, Siam and Eltahir (2015) found it possible to obtain 
some logical predictive estimates of annual flow for the northern half of the River Nile 
based on the teleconnection between the Indian Ocean and the Nile basin. However, to 
reflect the difference in micro-climate (micro-scale features) of the study area, it is 
recommended that more studies be carried on many other catchments covering the entire 
Nile basin.  
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Appendix A1: Structures and parameters of NAM, VHM and HBV 

 

 

Figure A1 General processes of a) VHM, b) NAM, and c) HBV. 
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Table A1: List of model parameters considered for calibration 

VHM Blue Nile  Kagera  
Soil moisture (storage) sub-model  
Maximum soil water content: Umax (mm) 1950 2420 
Soil water content at maximum evapotranspiration Uevap (mm) 300 964 
Initial soil water content: Uinit (mm) 650 20 
Model coefficients: c1 1.0 0.9 

c2 0.67 0.1 
Overland flow sub-model  
Model coefficients: c1 -11.07 -7.09 

c2 -0.35 2.93 
c3 0.55 0.99 
c4 3.12 0.82 

Interflow sub-model  
Model coefficients: c1 -8.99 -9.3 

c2 -1.33 0.43 
c3 -0.15 0.65 
c4 3.12 3.32 

Flow routing recession constant  
Base flow: KB (day) 120 50 
Interflow: KI  (day) 40 40 
Overland flow: KO (day) 20 20 
                                             HBV Model 
Shape coefficient β (-) 4.32 1.04 
Field capacity FC (mm) 171.52 1058.65
Soil permanent wilting point Pwp (mm) 97.63 130.08
Near surface flow storage coefficient K0 (day –1) 0.08 0.06 
Threshold water level TWL (mm) 2.23 2.27 
Interflow storage coefficient K1 (day –1) 0.03 0.05 
Baseflow storage coefficient K2 (day –1) 0.02 0.02 
Percolation storage coefficient Kp (day –1) 0.04 0.11 
                                             NAM Model 
Maximum soil water content in the surface storage Umax (mm) 40 0.72 
Maximum soil water content in lower zone storage Lmax (mm) 250 0.25 
Time constant for overland flow CQOF (day) 0.3 0.01 
Time constant for interflow CKIF  (day) 600 20 
Time constant for overland and interflow routing CK1,2 (day) 34 400 
Time constant for baseflow CKBF (day) 4000 3980 
Threshold for overland flow TOF 0.23 0.2 
Threshold for interflow TIF 0.1 0.5 
Threshold for groundwater recharge TG 0.2 0.4 
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