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ABSTRACT 

A large amount of Nile water originates i n  Ethiopia. However, large uncertainty arises  

concerning whether  land  degradation  or  climate  change  is  the  cause  for  the observed 

increase in  discharge  along downstream countries. Previous studies showed increases in 

discharge at Kessie, Bahir Dar and El Diem over the past four decades with no increase 

in basin-average rainfall. They cite changes in landscapes or soil coverage as a potential 

reason for this change. However, the study in this thesis shows that the change in discharge 

could also be explained in part by spatial changes in precipitation. This thesis investigates 

trends in rainfall within the Blue Nile River Basin f rom 1963 to 2003. For this study 

total monthly and daily precipitation data were collected from across the Blue Nile River 

Basin and analyzed statistically. The results indicate spatial variability i n  t h e  rainfall 

observed. The general long-term trends in annual as well as in seasonal precipitation show a 

general decreasing trend along southwest regions of the study area. However, an increasing  

trend was encountered along northeast and southeast region of the Basin (3 of 9 selected 

stations). 

Rainfall-runoff modelling was performed to estimate the required precipitation increase to 

produce the increase in discharge observed in the Blue Nile River Basin. Precipitation 

needed to increase between 10 % and 25 % to account for the increased discharge. This 

increase is similar to that observed for some of the precipitation stations showing that 

increase in discharge seen in the Blue Nile River Basin may in part be due to changes in 

precipitation. 

  Key words: Land degradation, climate change, El Diem, spatial,          
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1. INTRODUCTION 

1.1BACKGROUND 

The water resources of the Nile River are the backbone of Eastern Africa countries.  

Ethiopia, the water tower of Africa, contributes about 60% to 85% (Sutcliffe and 

Parks, 1999) of the Nile’s annual flow. However, the Ethiopia has only been able to 

utilize very little of the Nile water. The river and its tributaries provide water for 

irrigation and hydropower generation to more than 100 million people in the ten countries 

that share the Nile Basin (Sene et al., 2001).  

The flow in the Blue Nile River basin (BNRB) has varied in the recent past and this 

variation may continue in coming years. Understanding the hydrology of the basin and 

long-term variability of rainfall and runoff as a result of climatic changes or/and 

anthropogenic factors could help secure the future sustainable use of the river basin by the 

riparian states. For instance since the Ethiopian highlands are a major contributor to the 

Blue Nile River basin, reliable runoff information from this region is of great 

importance in the  sustainable management of the water resources (Ungtae et al., 2008). 

Moreover as the livelihood of the people in the BNRB depends on rain fed agriculture or 

small-scale irrigation, runoff and rainfall estimation for small basins is also important for 

estimating potential shifts in the supply of water in the future. 

Rainfall-runoff estimation in the basin also helps for ecological protection and for 

planning long-term strategies such as hydropower generation. For example in Ethiopia 

such  information would assist in the guiding the current plan to construct major hydro 

power dams and large-scale irrigation development. The successes of such plans are 

contingent on the water supply.  

Good quality long duration records exist for the Blue Nile River basin for certain sites in 

Sudan. For example, Measurements taken at El Diem at the Sudanese-Ethiopian border 

have a long and reliable record, extending from 1912 to present (Conway, 2000; Sutcliffe 

and Parks, 1999). Still there exist limited publications on hydrologic data for Blue Nile 

and its tributaries in Ethiopia upstream of El Diem Gauge. The reason for scarcity of river 

flow data is due to the remoteness of many of the catchments, mountainous topography and 

constraint of economic resources, urban expansion and the large population south and 
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east of the Blue Nile Basin. 

Previous studies have employed simple linear regressions over time to detect trends in 

annual runoff and rainfall series without removing the seasonal effects or trying to 

predict seasonal differences in discharge (Conway, 2000; Sutcliffe and Park, 1999). 

Moreover, the work by Tesemma et al. (in press) also used more advanced methods (Mann-

Kendal and Sen’s T test) to detect trends in both seasonal and annual runoff and rainfall. 

That study then applied a semi-distributed rainfall-runoff model to find the underlying 

physical condition needed to explain the observed different trends in runoff. The result 

obtained from the rainfall trend analysis of Tessema et al. (in press) indicate that there was 

no significant trend in the basin wide annual, dry season, short or long rainy season rainfall 

at 5% significant level for the Blue Nile basin for the entire period from 1963 to 2003. This 

is also in agreement with the finding of Conway (2000) who did not detect a tendency 

toward either wet or dry conditions. Tesemma et al., (in press) also showed no significant 

trend in the basin-wide annual runoff at El Diem. However, the annual discharge showed a 

significantly increasing trend at Bahir Dar and Kessie (figure 1). Tesemma et al., (in press) 

again illustrated a significantly increasing discharge during the short rainy season (33% at 

Bahir Dar and 51% at Kessie), while the trend was not significant at El Diem in the period 

from 1963 to 2003. Despite the difference mentioned above, all the three runoff gauges 

showed significant increase in discharges over the long wet season.  Finally, the dry season 

stream flow showed no significant trends at Bahir Dar and Kessie but a significant 

decreasing trend at El Diem by 10%.  

Tesemma et al., (in press) used a rainfall-runoff model to investigate these conflicting 

findings. Model simulation results were in line with the statistical result at the El Diem site 

which showed increasing trends of runoff during long or short rainy seasons but decreasing 

dry season runoff, while annual flow demonstrated no significant change. The model also 

simulated that higher runoff occurred at the end of the time period (1998-2003) but not at 

the beginning (1964-1969). This phenomenon could be explained by eroding of hillside 

lands that stored some of the water before they became eroded and contributing areas of 

direct runoff (Steenhuis et al., 2009 and Tesemma et al.(in press)). This study of Tesemma 

et al., (in press) forms the cornerstone of this current thesis. 
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1.2 A BRIEF OVER-VIEW OF WATER RESOURCES IN ETHIOPIA 

The Blue Nile River Basin (BNRB) water resource is a key component of economic 

development, both for meeting the nation’s food demand, mitigating famine and a means of 

power supply. Downstream countries, mainly Egypt have been dependent on the river 

particularly for irrigated agriculture with most of the countries’ economies based on the Nile 

flows. At the same time, Ethiopia is also hoping to implement water resource development 

projects in the irrigated agriculture sector to meet the demands of an increasing population 

along the BNRB. Such plans could only be possible by applying the principle of equitable 

utilization among the riparian states. This is due to the fact that unilateral development will 

only aggravate competition among the nations. 

Ethiopia has a comparative advantage for producing and selling hydroelectric power to its 

neighbors, including Sudan and Egypt. The government hopes that the downstream states will 

cooperate in producing and transmitting hydroelectric power. There are signs of a promising 

start in this direction. The Ethiopian Electric Power Corporation has signed agreements with 

Sudan and Djibouti to export electric power. Among other things, the agreement includes the 

installation of transmission lines and power distribution centers (Yacob and Imeru, 2004). 

Among the Eastern Nile countries, Ethiopia is proposing hydroelectric power projects, 

irrigation development projects and water management projects. Such plans are also possible 

only if Egypt and Sudan agreed to work mutually in order to mitigate the periodic drought and 

famine in Ethiopia. 

This is because so far lack of cooperation and in-adequate development of the water resources 

in the BNRB in the past have resulted in seasonal flooding in Sudan and unmitigated drought 

in Ethiopia. 

Above all, those riparian states that depend on the Nile must agree on establishing an 

irrigation and hydropower pilot study so as to check the impact of such infrastructure 

development of Ethiopia on downstream countries. This will help to find out to what extent 

the quality and quantity of the water resources would be affected in the downstream countries. 

For instance, the construction of Chara Chara weir at the Lake Tana outlets to the Tis Issat 

falls and diversion to Tis Abay hydropower has significantly reduced the environmental 

flows. 



Ferezer Eshetu Tegegn 




The source water for the famous Tis Issat waterfall, a major tourist attraction and one of the 

country’s economic incomes was diverted to the power station. The diversion consumes a 

huge amount of discharge at the falls and also significantly reduces the wet season flow, 

eventually affecting the ecology and society in the region. Matthew et al., (2009) reported that 

in September and October 2005, flows over the falls were estimated to have been just 44 and 

7.6 Mm3, respectively. This is less than even the recommended minimum drought flows. 

However, due to the availability of the control gates at the falls, dry season flows are 

maintained at a maximum level. 

The change in the flow regime has likely affected the water environment mainly through the 

sediment transport and changing of the water chemistry. Alterations of the natural flow results 

in increased sediment load, consequently affecting the efficiency of the weir. 

Even though electricity production and irrigation schemes maintain the basic ecosystem 

function of the BNRB, detailed studies need to be conducted to investigate the ecological and 

environmental sensitivity of the river flow modification.  

1.3 OBJECTIVE 

In this study, the historic trends of observed precipitation will be assessed for nine stations 

in the Blue Nile River Basin (BNRB) and the potential role of any precipitation trends in 

relation to increase of stream flow over the past half century will be assessed. 

Hydrological modelling from Tesemma et al., (in press) will be used to estimate the potential 

increase in precipitation required to explain the observed increase in stream flow along the 

BNRB which will be compared to any observed increases in precipitation in the basin. 

1.4 STUDY AREA 

The Blue Nile River Basin (locally called Abbay) is located between 12˚2'8.8"N latitudes and 

37˚15'53.11"E longitude (Tesemma et al., in press). 

Similar to the White Nile, the Blue Nile is one of the major tributaries of Nile River 

Basin, which starts its flow from Lake Tana and ends at the Ethiopian-Sudan border (figure 

1). 
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Figure 1: Location map, SRTM DEM of the Upper Blue Nile basin showing the distribution of the runoff 
gauges and climate stations considered in this study (Taken from Tesemma et al., in press). 

 

The Blue Nile River is the largest tributary of the Nile River in terms of discharge. The Blue 

Nile River Basin has a drainage area of 324,530 km2 and annually contributes 60%-85% of 

runoff to the Nile River at Khartoum (Waterbury, 1979; Abu- Zeid and Biswas, 1996; 

Yates and Strzepek, 1998; Sutcliffe and Parks, 1999; UNESCO, 2004; Conway, 2005). 

In the upper Blue Nile River Basin most of the highest plateau is above 1500m consisting 

of rolling ridges and flat grassland meadows with meandering streams that contain 

waterfalls over t h e  vertical sides of canyons. The river basin is composed  mainly  of  

volcanic  and  Precambrian  basement  rocks  with a small  area  of sedimentary rocks. The 

soil generally consists of latosols on gentle slopes and deep vertisols in flatter areas subject 

to water logging (Conway, 2000). 

The average annual rainfall varies between 1200mm and 1800mm, ranging from 1000mm 

near the Ethiopia/Sudan border to 1400mm in the upper part of the Basin. The annual 

rainfall over the basin also decreases from the southwest (>2000mm) to the southeast 

(around 1000mm). Conway (2000) noted that rainfall in Ethiopia is influenced by three 
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mechanisms: 

1. The summer monsoon (Inter-Tropical Convergence Zone, ITCZ); 

2. Tropical upper easterlies; and 

3. Local convergence in the red Sea coastal region. 

 In Ethiopia, topographical variations created three distinct climate zones: the dega, the weina 

dega, and the kola. And within the climate zones, seasonal variation and atmospheric 

pressure systems contribute to the creation of three distinct seasons. 

There are three traditionally known distinct climate seasons, including a dry season (Bega) 

from October to the end of February, which is expected to have the highest variation in 

monthly rainfall occurring as either the ITCZ moves northward or the region is affected by a 

dry northeast continental air mass. This period is followed by a short rain period or the mild 

season (Belg) from March to May due to the return of the ITCZ. Here the ITCZ brings 

rain to the southern, central and eastern parts of the country, e specially the high ground in 

southwestern Ethiopia. The last season is a long rainy period (Kiremt) from June to 

September occurring as a result of the ITCZ moving farther north and the extension of 

southwest airstream over all high ground in Ethiopia. 

In line with this the annual monsoon wind blowing from the Indian Ocean abruptly hit the 

Ethiopian plateau’s higher elevations, creating a rainy season in the region from June to 

September. About 70 % of total annual rainfall occurs between June and September 

(Conway, 2000; Sutcliffe and Parks, 1999). This proportion generally increases with latitude 

ranging from 60 % at Gore in the southwest, to 73 % Debremarkos and 78 % at Gondor, 

north of Lake Tana (Conway, 2000; Steenhuis et al., 2009). 

However, some places show different seasonal variations. For instance, Negele has the main 

rainy season from March to May and the small rainy season is from October to December, 

the period from June to September being dry in southern and southeastern Ethiopia (Seleshi 

and Camberlin, 2005). 

In the upper BNRB the mean annual temperature from 1961 to 1990 was estimated to be 

18.5°C with a mean annual variation of less than 2°C (Kim et al., 2008). The annual 

potential evapotranspiration was estimated to be 1100mm (Gamachu, 1977). Observed 

discharge data from 1921-1990 at Roseirs/El Diem produced a mean annual discharge of 

49km3 ranging from a minimum of 31 km3 in 1972 and 1984 to maximum of 70 km
3  

in 
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1929 (NCAR, 2006).    

There is some variability in the literature-reported, mean annual discharge. The general range 

reported was 46-54 km3
 (Conway, 1997; Conway, 2000; Sutcliffe and Parks, 1999; 

NMSA, 2001; UNESCO, 2004; Conway, 2005). According to Sene et al. (2001), flow in the 

Blue Nile tributaries is highly seasonal, with some 80 % of the total runoff occurring in the 

summer months (July to September).  The average discharge at El Diem is smallest in April 

and greatest in August when it is about 35 times the April flow. The annual stream flow 

varies by less than 20% (Conway and Hulme, 1993; Conway, 2000; Yilma and Demarce, 

1995). 

2. MATERIALS AND METHODS 

This study mainly focuses on rainfall trend along the Blue Nile River Basin. For this  

trend  analysis  the  monthly  and  daily  basin-wide  precipitation data were  collected for 

statistical analysis and hydrologic modeling. Here, a hydrologic model similar to that of 

Tesemma et al. (in press) and Steenhuis et al. (2009) is applied and uses a 10 day data . The 

model is used to determine the amount of precipitation change required to obtain the 

observed increase in discharge along the BNRB reported by Tesemma et al. (in press). 

2.1 DATA SETS 

The monthly rainfall data were downloaded from Global Historical Climatology Network 

(NOAA, 2009) and daily rainfall   data   for   the   selected   nine   stations   were   

obtained   from   the   National Meteorological Services Agency of Ethiopia in order to 

infill the missing data. This rainfall data is the focus of this thesis. In line with the 

precipitation data, digitally scanned location map of the nine climate recording stations was 

used as an input to calculate details on areal percentage of coverage of each networked 

gauges. Using the scanned location map a Thiessien polygon was constructed for each 

recording gauges so that the individual stations could be weighted according to their area. 

After collection of the raw rainfall data, further checking and validation was carried out to 

insure the quality of the data. The available raw data was first divided by 10 in order to 

convert the unit to millimetres. Years that lacked observations are excluded from statistical 

analysis. Months containing partial data and no values were also omitted from any 

calculation made on the annual trends. However, parts of the monthly data were used while 

showing the seasonal trend (see 2.2 STATISTICAL AND TREND ANALYSIS). With 
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respect to the discharge data, while Tessemma et. al. (in press) report that the 

monthly stream flow data for the El Diem gauge at the Sudanese Ethiopian border can be 

downloaded from the Hydrology Department of the Ministry of Water Resources of 

Ethiopia, Ministry of Irrigation and Water Resources of Sudan and the Global Hydro 

Climate Data Network operated by UNESCO/IHP, it was impossible to obtain the data from 

these sources for this study. Therefore, the required d i s c h a r g e  data were digitally 

scanned from t h e  recent publication of Tessemma et al. (in press) and used only in the 

modelling section of the study.  The significantly increased trends in discharge (primarily 

during the wet season) reported by Tesemma et al. (in press) are considered valid and 

adopted for the rest of this thesis. 

 

2.2 STATISTICAL AND TREND ANALYSIS 

For statistical analysis, linear regression analysis was used to assess trends in seasonal and 

monthly precipitation in the Blue Nile River basin. This analysis of trends in precipitation 

involved fitting a line to the observed precipitation data. T-tests were then used to check the 

significance of fitted trends. Note that while the line equations have both slope and intercept 

terms, only the slopes are reported in this study since the main focus here is on the trends. 

The trend analysis was applied for seasonal and annual data. The total annual data were 

obtained by summing the hydrological year from March to February of the next year. For the 

seasonal data, a wet season and a dry season were defined. The wet season data were 

obtained by adding monthly rainfall records from March to September. For the dry season 

the same procedure was used, summing the months from October to February. The seasonal 

and annual trends were investigated for all stations individually and for the average rainfall 

across the Blue Nile River Basin. In addition, the Thiessen polygons were used to determine 

the area weighted-average trend. 

To observe the trends, graphs showing the seasonal precipitation were plotted and statistical 

analysis showing the rate of increase or decrease precipitation and significance level of the 

trend were also produced. The result of the trend analysis was reported according to the 

statistical significance of the trend that is calculated. If the trend was found to be significant 

at the 1% (P=0.01) and 2% (P=0.02) level of significance corresponding to 99% and 98% 

level of confidence then it is named as highly significant. Whereas significant trend at the 5% 

level of significance (P=0.05) corresponding to 95% level confidence is named as significant. 

Again If the trend is reported at the 10% level of significant (p=0.10) it is named moderately 
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significant. However, any greater percentage can be interpreted as insignificant.                                                 
2.3 MODEL ANALYSIS 

The hydrological model applied was the same as that of Steenhuis et al. (2009) and Tesemma 

et al. (in press). The goal was not to evaluate the model but rather use the model as a simple 

tool to estimate how much extra rainfall is needed to get the increase in runoff observed. A 

brief overview of the model structure is given in (Appendix B) and interested readers are 

referred to Steenhuis et al. (2009) and Tessema et al., (in press) for full details. 

This study uses the available 12 years of monthly discharge data (1963-1969 and 1998 to 

2003) which was taken from the El Diem recording station presented in the previous study by 

Tesemma et al. (in press). The data sets were divided in to two periods: half of the available 

data (1963-1969) were used for calibration and the rest (1998-2003) were used for 

verification. 

In this study, the model simulation helps in determining the amount of precipitation needed 

to match the observed increase in discharge at El Diem reported in Tessema et al.(in press). 

The model has been previously calibrated in Tesemma et al. (in press). In the current study, 

the observed average precipitation in each year is adjusted systematically until the model 

results maximize of the modelling efficiency as described by Nash and Sutcliffe (1970) and 

minimizing root mean square error (RMSE). This represents the average difference between 

simulated and observed values within the verification period (1998 to 2003). Thus, rainfall is 

synthetically increased (holding all model parameters constant) until the discharge estimated 

by the model matches that observed. This use of the model differs from that of Tesemma et 

al. (in press). They allowed the model parameters to shift between 1964 and 2004 to simulate 

changes in soil properties due to landscape degradation (thus leading to an increase in 

discharge). 

3. RESULTS 

3.1 ANNUAL PRECIPITATION TRENDS 

Long-term annual precipitation over the BNRB was analyzed (Table1). The table illustrates 

that there is a general increasing trend spatially in the mean annual precipitation from over 

1000 millimetres in the northeast to over 2100 millimetres in the southwest. This finding is in 
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agreement with that of Conway (2000) that shows the general decrease in mean annual 

rainfall and elevation moving southwest to northeast. 

 

Table 1: Geographical co-ordinates mean annual rainfall and amount of area each station cover. 

Meteorological 
stations 

Latitude (˚N) 
Longitude 

(˚E) 
Elevation (m) 

Area 
(%) 

Mean annual rainfall 
(mm) 

Assosa 
 

10.07 34.52 1560 7.89 1126 

Dangla 
 

11.30 36.80 2030 4.61 1491 

Gore 
 

8.15 35.53 2002 8.55 2181 

Jimma 
 

7.67 36.83 1676 12.5 1480 

Sibu Sere 
 

9.00 36.90 1750 8.55 1420 

Addis Ababa 
 

9.03 38.75 2408 16.45 1165 

Debremarkos 
 

10.33 37.67 2515 11.84 1303 

Dessie 
 

11.08 39.67 2460 15.79 1045 

Gondor 
 

12.50 37.40 2000 13.82 1102 

 

The statistical trend results for the time series of rainfall observed at each individual station 

considered (Table 2) showed a moderately significant increasing trend at Dessie (p=0.074), 

located in the northeast part of the river basin. However, those stations found in the southwest 

generally showed highly significant decreasing trends (mainly Assosa and Gore). 

  

The catchment wide annual average precipitation (Table 3) further shows a highly significant 

decrease in precipitation. 

Table 3: Statistical result for catchment wide annual average precipitation. 

Meteorological    
Station 

Linear regression 

 Slope R square Significance  (P value) 

Assosa -15.87 0.4943 0.002 
Dangla 1.59 0.0076 0.928 
Gore -25.875 0.4177 0.001 
Jimma 3.868 0.0478 0.175 
Sibu sire -4.6067 0.0827 0.263 
Addis Ababa -3.9507 0.0678 0.105 
Debremarkos 0.1622 0.0002 0.935 
Dessie 4.5615 0.0817 0.074 
Gondor 2.47 0.0136 0.504 
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Period of record Slope   R square

Annual  -7.6692 0.3079

 

Figure 2a also shows the average

recording stations. There is much variability including, a general increase in precipitation 

from 1992 to 1998. The trend in the 1970s and 1980s is a decrease in precipitation. Within the 

precipitation trend, the mid 1980s (mainly 1984), e

record. Regardless of the variability

precipitation values indicates a relative decrease in trend in time (

Figure 2: Annual and weighted average precipitation along the upper Blue Nile River Basin, 1964 to 2003.     
a) Annual average, b) Weighted average
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R square Significance (P value)  

0.3079 0.0002 

average precipitation trend for the period 1964 to 2003 for all 

recording stations. There is much variability including, a general increase in precipitation 

from 1992 to 1998. The trend in the 1970s and 1980s is a decrease in precipitation. Within the 

precipitation trend, the mid 1980s (mainly 1984), early 1990s and 2000s were the lowest on 

record. Regardless of the variability, the general result obtained from annual

a relative decrease in trend in time (Table 2 and Fig 2

average precipitation along the upper Blue Nile River Basin, 1964 to 2003.     
Weighted average.  

from the Blue Nile River basin? 

to 2003 for all 

recording stations. There is much variability including, a general increase in precipitation 

from 1992 to 1998. The trend in the 1970s and 1980s is a decrease in precipitation. Within the 

arly 1990s and 2000s were the lowest on 

annual average 

ig 2-a). 

 

 

average precipitation along the upper Blue Nile River Basin, 1964 to 2003.      
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On the contrary, almost no precipitation trend was seen in the case of the weighted average 

(figure 2-b) since this method can lead to over or under represent a single station (e.g., Addis 

Ababa with a decreasing trend and Dessie with an increasing (Table 2)) trend and the 

significant precipitation trends from the remaining stations were masked. The statistical 

result (Table 4) also showed that the catchment wide weighted average precipitation 

displayed a moderately significant decreasing trend. On the other hand, in the annual average 

trend, all stations have the same weight and it is easy to see the trend (Fig 2-a). 

Table 4:  Statistical result for catchment wide weighted average precipitation.                                                                                                

Years Slope R square Significance (P value) 

1964-2003 -4.2902 0.0659 0.1099 

3.2 SEASONAL PRECIPITATION TRENDS 

Figure 3 shows the seasonal average trend of precipitation in the BNRB. As depicted from the 

linear regression analysis for the individual stations (Table 5), there was an increasing trend 

during wet season mostly in the eastern and north-eastern region of the basin. This increasing 

trend in the wet season was observed in 4 of the 9 stations considered. At the same time, both 

the wet and dry season increasing trends were partly seen in the northern and southern part. 

Table 5: Total seasonal precipitation trends of the nine metrological stations. 

Seasons Meteorological stations 
Linear regression 

 Assosa Slope R square Significance (P value) 
Dry Season  -2.3705 0.0808 0.189 
Wet Season  -15.59 0.3483 0.004 

 Dangla    
Dry Season  - - - 
Wet Season  -328.8 0.9002 0.003 

 Gore    
Dry Season  -0.8874 0.004 0.706 
Wet Season  -19.538 0.3582 0.004 

 Jimma    
Dry Season  2.1712 0.0299 0.313 
Wet Season  0.7291 0.0034 0.743 

 Sibu sire    
Dry Season  -0.965 0.0232 0.509 
Wet Season  -1.6949 0.0198 0.543 

 Addis Ababa    
Dry Season  -1.4046 0.1955 0.005 
Wet Season  2.5282 0.0231 0.074 

 Debremarkos    
Dry Season  -0.4901 0.0042 0.705 
Wet Season  1.8647 0.0289 0.301 

 Dessie    
Dry Season  0.3625 0.0022 0.776 
Wet Season  4.4201 0.0886 0.062 

 Gondor    
Dry Season  1.4299 0.0554 0.18 
Wet Season  1.0162 0.0022 0.784 
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Moreover, a moderately significant increase in wet season precipitation was encountered at 

Dessie. Of all the stations, Jimma

the dry season. On the other hand, as shown in the slope of the regression line (Table 5), Gore 

displayed the greatest decline in precipitation during wet season (highly significant) and the 

amount of precipitation showed also an obvious decreasing trend during the dry season. 

Figures 3a and 3b show the seasonal precipitation trend for the past forty years averaged over 

the entire BNRB.  These show catchment wide decrease in average wet season (n

significant) and in average dry season (highly significant) precipitation with time (Table 6).

Figure 3: The two seasonal average precipitation trends at the upper BNRB.
a) Wet season (March to Sept).               
b) Dry season (Oct to Feb). 

 
 
 
 
Table 6: Statistical result for catchment wide a

Period of records Slope 

Dry season -1.1551 

Wet season -6.5008 

 

3.3 SPATIAL PRECIPITATION PATTERN

A comparison was done by selecting

settings and climatic regions along the basin to demonstrate the 

southwest to northeast in to account.
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significant increase in wet season precipitation was encountered at 

Dessie. Of all the stations, Jimma showed the highest-increasing trend (not significant) during 

On the other hand, as shown in the slope of the regression line (Table 5), Gore 

displayed the greatest decline in precipitation during wet season (highly significant) and the 

unt of precipitation showed also an obvious decreasing trend during the dry season. 

Figures 3a and 3b show the seasonal precipitation trend for the past forty years averaged over 

the entire BNRB.  These show catchment wide decrease in average wet season (n

significant) and in average dry season (highly significant) precipitation with time (Table 6).

   
The two seasonal average precipitation trends at the upper BNRB. 

                

Statistical result for catchment wide average precipitation divided into seasons. 

R square Significance

0.0469 0.0008 

0.2605 0.185 

3.3 SPATIAL PRECIPITATION PATTERN 

selecting three recording stations from different geographical 

settings and climatic regions along the basin to demonstrate the precipitation decrease from 

to northeast in to account. 
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On the other hand, as shown in the slope of the regression line (Table 5), Gore 

displayed the greatest decline in precipitation during wet season (highly significant) and the 

unt of precipitation showed also an obvious decreasing trend during the dry season. 

Figures 3a and 3b show the seasonal precipitation trend for the past forty years averaged over 

the entire BNRB.  These show catchment wide decrease in average wet season (not 

significant) and in average dry season (highly significant) precipitation with time (Table 6). 
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Figure 4: Comparison of precipitation differences according to the catchment topographic settings.

From the graph shown above, the

geographically located in the southwest, the wettest part of the Basin,

longer wet seasons and it is also placed at an elevation of 200

and Dessie are situated at an elevation of 2000 m and

second and third in the order of precipitation amount. This could be due to the shorter wet 

seasons. One reason for the in

and Dessie could be the geographic

catchment where the rainfall has a

contain the main wet season record

flood periods.  

3.4 APPLICATION OF THE RAINFALL

The available precipitation data for the nine stations were imported into the model of 

Tesemma et al. (in press). (Programmed

Lyon, Stockholm University) and then used to 

Two ways of measuring the goodness
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3.4 APPLICATION OF THE RAINFALL-RUNOFF MODEL 

The available precipitation data for the nine stations were imported into the model of 

Programmed and provided in Excel spread sheets by Dr. Steve 

Lyon, Stockholm University) and then used to model discharge (appendix B).  
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Figure 5: Model showing yearly hydrograph of measured and predicted discharge at El Diem for the 
period 1998 to 2003. 

As shown in Table 7, the resulting Nash-Sutcliff efficiency (E) ranges from 0.223 to 0.623 

and the root mean square error (RMSE) ranges from 21.89 to 24.55 when adjusting each year 

of precipitation data separately. These are reasonable values for the presented study. For the 

Blue Nile River Basin, these improved fits were found by increasing the precipitation between 

10% and 25% over the observed values in a given year.  

Table 7: Parameters measuring model performance. 

Years Nash-Sutcliffe efficiency (E) Root Mean Square Error (RMSE) 
Precipitation 

increase 
(multiplier) 

1998 0.301 23.27 1.17 

1999 0.227 24.47 1.1 

2000 0.382 21.89 1.3 

2001 0.223 24.55 1.15 

2002 0.623 23.89 1.22 

2003 0.305 23.21 1.25 

 

A unique value (Table 8) of Nash-Sutcliff efficiency (E) and root mean square error (RMSE) 

was also obtained by increasing all observed precipitation values in the model, from the years 

1998 to 2003, at the same time using the multipliers given in Table 7. Then the out-come 

shows a better fit with best value of Nash-Sutcliff efficiency and RMSE. 

Table 8: Unique value of Nash-Sutcliffe efficiency (e) and Root Mean Square Error (RMSE). 

Years Nash-Sutcliffe efficiency (E) Root Mean Square Error (RMSE) 

1998-2003 0.762 13.58 
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This estimated increase in precipitation can be compared to the observed data from the same 

time period. The observed rainfall in BNRB is skewed in that several locations experience 

high above average precipitation values. Expressing this as a percentage above the catchment 

average value (Table 9), these higher than average values can be directly compared with the 

modelled increases in precipitation (Table 7). 

Table 9: Stations showing percentage above basin average precipitation from 1998 to 2003. 

Recording stations Percentage above basin average precipitation 
(%) 

Gore 48 
Jimma 30 
Sibu Sire 20 
Debremarkos 12 
Dessie 4 
Gondor 24 
 

4.  DISCUSSION 

4.1 TREND DETECTION AND SEASONAL VARIABILITY 

4.1.1 GENERAL FINDINGS 

The historical average rainfall from 1963 to 2003 for all recording stations shows much 

variability.  Clearly, the trend analysis results depend on the study period chosen. Truncated 

study periods may not be able to show actual precipitation trends. For instance, this paper 

shows that the reading taken at Dangla contains the shortest time period; as a result it is 

difficult to see the trend regardless of its highest area of coverage in the Basin. If the time 

period were extended, a different conclusion may be drawn. The outcome of the analysis 

shows that four stations: Jimma, Addis Ababa, Dessie and Debremarkos have continuous long 

records, and thus easily observable precipitation trends. 

The presented study has nine recording stations that have forty years of precipitation. Only 

one station, i.e. Dessie displayed a significant upward trend (Table 2) at the moderate 

significance level. Addis Ababa showed an increasing trend only during the wet season with 

an increasing rate of 25.28 mm per decade. The wet season increase in precipitation near the 

capital city of Ethiopia, Addis Ababa, is in agreement with Conway et al., (2004). On the 

other hand, Assosa, Sibu Sire and Gore showed significant decreases in precipitation both 

annually and seasonally. The reason for the decline of rainfall in those regions (eastern, south 
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and southwestern Ethiopia) could not be known explicitly through the current study. 

However, there are many explanations: one reason could be explained by the corresponding 

persistent warming of the South Atlantic Ocean over the period approximately from 1986 to 

2002. 

An additional explanation could be that the sea surface temperature over the tropical eastern 

Pacific Ocean was not significantly correlated with the main rainfall of the semi-arid lowland 

areas of eastern, southern, and southwestern Ethiopia, except at marginal zones in transition to 

the Ethiopian Highlands during this period (Seleshi, 2004). Another cause could be elevation 

difference; Assosa and sibu Sire are found on relatively low elevation (Table 1) and the wet 

season accounts for a large proportion of the mean annual precipitation. Increases in 

precipitation depth have a general increase with latitude and elevation. In line with these, 

additional reason might arise from the ITCZ around June that moves farther north and the 

extension of southwest air stream over all high ground in Ethiopia to produce the main rainy 

season, lasting until the north-easterly continental airstream is re-established in autumn 

(Conway, 2000). Moreover, the gauges in Assosa recorded only until 1987 and included only 

1994 from the 1990s. Counter to this the reading at Sibu Sire continued until 1986 and thus 

missed the entire 1990s record. Hence, the two readings did not incorporate the historical 

higher rainfall amount seen during the late 1980s and through the 1990s. This finding agrees 

with Conway (2000).  

On the other hand, Gore with relatively higher latitude and with a more complete record than 

Sibu Sire and Assosa showed much stronger or significant declining trend, which is consistent 

with Cheung et al., (2008); Seleshi and Ulrich, (2004). These studies showed a significant 

decline in June to September rainfall (i.e. Kiremt) for Southern Blue Nile watersheds located 

in the southwestern and central parts of Ethiopia. Seleshi and Ulrich (2004) also stated a 

persistent increase in December-February sea-level pressure over the tropical eastern Pacific 

Ocean and this correspond to a persistent decline in the annual rainfall at Gore.  

4.1.2 ANNUAL TRENDS 

Generally, the mean annual rainfall increases moving northeast to southwest and with an 

increasing elevation, ranging from 1102 mm at Gondor in the north up to 2181mm at Gore. 

This finding is in agreement with Conway (2000) who showed a general decrease in annual 

rainfall moving southwest to northeast and with decreasing elevation, and ranges from 2208 
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mm at Gore in the southwest up to 1077 mm at Gondor in the North. However, from Table 1 

Gore (which is found in the wettest region) shows a dramatic decrease in annual 

precipitation, from 2297mm to 1575mm (i.e. by 31 %) caused by a slight Kiremt (wet 

season) precipitation decrease of 17 %, from annual of 1665mm to annual of 1386mm. Table 

1 also shows the reading stations with large area have less precipitation while those stations 

with a relatively smaller area receive higher amounts of precipitation. 

The temporal variability of precipitation (Appendix A) suggests that the precipitation trends 

are not uniform across seasons and geographic regions. According to the trend analysis 

discussed below, if the trends persist, it could lead to potential drought and floods being 

concentrated in certain parts of the basin. 

4.1.3 DRY SEASON TRENDS 

During the dry season (October to February), almost 42% of the study area is experiencing a 

decreasing trend in precipitation (with the exception of Gondor, Dessie and Jimma). This is 

partly in agreement with the finding of Seleshi and Zanke (2004), who noted that the Bega 

(dry) season is the dry season and usually lasts from October to February, during which the 

entire country is dry, with the exception of occasional rainfall that is received in the central 

sections. Seleshi and Zanke (2004) also conclude that in Bega (dry season), most of the 

country is dry; an exception is the south and southeast of Ethiopia, which receive their 

second important seasonal rainfall in this period and this might be the reason for Dessie 

showing an increasing trend during this season.  Except for at Assosa, Gore and Dessie no 

significant changes in rainfall were observed across the basin in the dry season. The seasonal 

distribution of rainfall varies considerably owing to difference in the seasonality of rainfall 

and catchment physiography. 

The basin wide wet season rainfall (figure 3a) displayed insignificant trends. This is partly 

agrees with that of Tesemma et al. (in press) which observed no significant trend level in the 

basin wide annual, dry season, short and long rainy season rainfall at 5% significance level 

for the BNRB for the period from 1963 to 2003. Moreover, the catchment wide weighted 

average precipitation showed no trends. 

In the average dry season trend graph (Figure 3b), the low rainfall seen during the late 1970s 

and mid 1980 resulted in the country’s well-known drought period that lasted from 1978 to 

1986. This event might be connected to El Niño years and previous studies also have found 
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that, in general, El Nino years are accompanied by below-average Kiremt rainfall years in 

large parts of Ethiopia (Haile, 1988; Beltrando and Camberlin, 1993; Nicholls, 1993; Seleshi 

and Demaree, 1995; Nicholson and Kim, 1997; Kassahun, 1999). Another explanation for 

the drought years could also be a result of high frequency tropical depression over the 

southwest Indian Ocean (SWIO). On the contrary Figure 3b showed also a high rising limb 

for the years 1997 and 1998.  

4.1.4 WET SEASON TRENDS 

The result obtained from Figure 3a and 3b displayed the wettest records during 1969 and 

1997, which could result from the abnormal low frequency tropical cyclones. The wettest 

year, 1997, might have been the major cause for the extreme flooding across Ethiopia, Kenya 

and Somalia. 

Both the wettest (high flooding) and driest years were responsible for the severe drought in 

Ethiopia. And this finding is in agreement with the result of several studies (Seleshe and 

Zanke, 2004; Wolde-Mariam, 1984; Degefu, 1987; Humi, 1993; Camberline, 1997; Arendo 

and Seleshi, 2003) which showed the recent drought years 1965, 1972-1973, 1983-1984, 

1987-1988 and 1997 that caused a low agricultural production and affected millions of rural 

poor farmers, herders and domestic and wild animals, through serious degradation of the 

environment. 

Moreover, the outcome of Figure 3a shows, the wettest years in the late 1960s and 1988 and 

in the early and mid 1990s. The rising trend is in good agreement with Anon (1994) who 

reported higher flood level in 1994 than average and the high Aswan Dam (HAD) reservoir 

levels surpassing the level of 173m for the first time since 1978.  

4.2 SPATIAL PATTERNS OF PRECIPITATION 

In addition to seasonal variation Ethiopia has a diverse precipitation pattern due to its 

location in Africa’s tropical zone and due to the variation in topography. 

From the spatial precipitation trend analysis, generally the weighted average and seasonal 

rainfall trend (Figure 3) over the basin, using  the weighted average  (Fig 2-b),  show  no 

significant spatial trend and this result is in agreement with Conway (2000) and Tesemma 

et al. (in press) who found a similar trend.  
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The weighted average over the basin showed no significant trends. On the other hand, the 

result obtained from annual average precipitation values (without weighting) indicates a 

relative decreasing in precipitation trend.  

From the linear trend analysis it can be understood that an increase in precipitation was seen 

in almost in half of the basin. Dessie in particular showed a moderatly significant increasing 

precipitation trend. This could partly explain the observed increase in runoff along the basin. 

About 56% of the reading stations showed annual precipitation increase along the river basin, 

and about 33% of the stations displayed the wet and dry season increase. 

 In contrast, no trend was observed at Gondor and Debremarkos. This finding partly agrees 

with Seleshi and Camberlin (2005) who showed no trend in Central and northern Ethiopia. 

 The sub-basins located in the central and south west regions could be more vulnerable to dry 

season drought due to decrease in dry season precipitation. For instance, two gauges (Assossa 

and Sibu Sire) showed much stronger declining trends because their records break or have 

gaps after 1986. Hence, they fail to incorporate the higher rainfall amounts seen during the 

late 1980s and through the 1990s (Conway, 2000). The peripheral part of the basin could have 

more frequent summer flooding. On the other hand in most of the reading station the wet 

season showed increasing precipitation trend, which is in agreement with Tessemma et al., (in 

press). This increase could be related to the increase of short and longer periods of 

precipitation. 

4.3 MODEL SIMULATION 

Modelling the hydrology of Ethiopia as a whole is challenging due to the lack of available 

reliable long-term data. In addition, the understanding of hydrological response to 

precipitation and monsoonal climate is limited because of the very few fundamental research 

projects have been carried out on these aspects. Hydrological modelling of the Blue Nile 

River Basin is important, especially to gain an insight into particular hydrological conditions 

that account for an increase in discharge and also to see how these increases in discharge lead 

to potential effect on the agro-socio-economic environment, especially the rain fed 

agriculture. 

In order to see how much change in precipitation was required to obtain the observed 

discharge increase, the catchment average precipitation was increased between 10 % and 25 
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% per year in the model to acquire the best fit scenario. This is not too different than the 

increase in precipitation observed at some of the stations considered in this study over the 

past 40 years. For example, precipitation at Dessie increased about 17% from around about 

980mm in the mid 1960s to about 1150mm in the  2000s (Appendix A). Moreover, the 

observed rainfall in BNRB is skewed in that several locations experience high above average 

precipitation values. These values are hidden in the catchment average precipitation used in 

the original model of Tesemma et al. (in press). This could, in part, explain the increased 

discharge from the BNRB observed by the Tesemma et al. (in press) without an observed 

increase in rainfall. Note, however, this does not exclude soil degradation as a driver of 

increased discharge but rather demonstrate the complex interactions between rainfall-runoff 

processes.  

Even though the same model was used, the efficiency values obtained in the current study 

disagree slightly with the results obtained by Tesemma et.al. (in press), who found an 

efficiency value ranging from 0.83 to 0.92 and a RMSE ranging from 2.7 to 4.2. Hence, the 

present study provided efficiency with lower value and higher RMSE. This discrepancy likely 

arises from the different data sets used. As mentioned previously the discharge data for the 

current study was digitized at a monthly scale from the previous publication. Moreover, the 

researchers used 10 day rainfall data as an input to the model, which is obtained by averaging 

10 day rainfall of the selected nine stations. Another reason could be that the discharge data 

used in the current study did not incorporate the  complete time range for the entire period 

from 1964 to 2003. Hence, this might have limited the result not to display best fit 

between the observed and simulated data points.  

5. CONCLUSION 

The long-term precipitation trend both in space and time was analyzed for the Blue Nile River 

Basin in Ethiopia. This analysis showed a general increasing pattern from northeast to 

southwest. 

Several individual stations with significant increase precipitation trends were encountered in 

this study. For example, Dessie, located in the northeast, displayed a moderately significant 

increasing trend both annually and during the wet season. 



Ferezer Eshetu Tegegn 




Regardless of its location in the wettest part, Gore displayed a decrease in wet season 

precipitation. One good reason could be the decrease of both Belg and Kiremt extreme 

average intensities. On the other hand only Jimma showed an increase in precipitation trend 

during the dry season. In this study, even though there exists long-term trends for the annual 

and seasonal precipitation, these trends are not statistically significant because their random 

variability is much greater than their increment. However, even slight increases in 

precipitation could lead to changes in discharge that could have significant implications for 

water resource management. 

The hydrologic model used in this study provides understanding of the hydrological response, 

mainly with respect to change in precipitation. 

The model outcomes showed that precipitation changes ranging from 10% to 25% were 

required in order to model discharge without explicitly accounting for degradation on the land 

surface. However, visual inspection of the model output showed a low confidence in the 

predictive ability of the model results for the basin due to the pronounced difference between 

observed and modelled data points. The visually observed imperfect match between observed 

and simulated discharge trend might have arisen from the data sets used, the monthly digitized 

discharge data instead of using a 10 day data and the available incomplete data record. 

When working with models, caution is needed to interpret the observed trends because 

uncertainty associated with model parameter estimation will affect the simulated result.  

Further study is recommended to quantify uncertainty that arises from model structure, 

parameter and input data. In addition to this, further research into factors other than those 

already suggested might produce a comprehensive explanation for the increase in discharge 

along the BNRB. 

Still the current study demonstrate that the spatial variability of precipitation, exemplified by 

the increasing trend seen at some stations (for Dessie) and the skewed rainfall distribution in 

the basin could be part of the reason for the increase in discharge previously observed for the 

BNRB. 
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APPENDIX B 
Semi-distributed rainfall runoff model

The semi distributed rainfall-runoff model parameters were set according to Steenhuis et. al.

(2009) in order to simulate the discharge. For instance, the potential evapotranspiration

set to be 3.5mm/day for the long rainy season and 5mm/day for the dry season. The chosen 

values were the same as Tessemm

(2009). The values were selected based on the long

evaporation data over the basin. 

areas of the three regions are needed as well as the amount of water (available for 

evaporation) between wilting point and threshold moisture conten
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and base flow rate constants were part of the input data set. The landscape parameter value 

cannot be determined a priori and need to be obtained by calibration. 

The semi distributed rainfall-runoff model of Steenhuis et al. (2009) and Tessemma et al. (in 

press) first divides the landscape in to three different regions based on runoff capacity: 

exposed hard pan, saturated bottom land and hill slope zone. The relative areas of the three 

regions in the modelled catchment required as well as the amount of water available for 

evaporation between wilting point and threshold moister content. Fig A (in Appendix B) 

shows a schematic representation of the hill slope process and the following equations show 

the model water balance; Tessemma et al. (in press) the amount of water stored in the top 

most layer or root zone of the soil, SM(t) (mm), for hill slopes and the runoff source areas 

were estimated separately as: 

SM (t) = SM (t-t)  + (P- AET- R- Perc) t                                   (1)  

Where SM(t)  is storage water in the soil system (at field capacity or saturated from dry) at 

time t (mm),  SM(t-t)  is the previous time step storage water in the soil system (mm). 

Whereas P is rainfall in mm, AET is the actual evapotranspiration in mm. R is saturation 

excess runoff (mm), Perc is percolation to the subsoil (mm) and t is the time step for our case 

(30 daily). By the time P(t)  is less than potential evapotranspiration (PET), is the water 

withdrawn from the soil system by soil evaporation and plant transpiration. Consequently, 

result into exponential soil moisture depletion at time step t and is defined by the following 

formula; (Steenhuis et al., 2009); 

AET = PET












(max)

)(

SM

tSM
, for P< PET                                       (2) 

The PET was estimated by Steenhuis et al. (2009) and Tessema et al. (in press). The equation 

given below shows the surface soil layer moisture storage, SM(t) = SM(t-t)



Can changes in precipitation explain the increased discharge from the Blue Nile River basin? 
































 !"

(max)

)(
exp

SM

tPETP
, for P < PET                                    (3) 

Where SM (max)  is the maximum soil moisture. On areas where storage is exceeded (i.e., 

exposed hard pan, saturated bottom land) excess water becomes runoff. 

On the hill slopes, with high infiltration capacity the excess water becomes either interflow 

(IFt) or percolates in to groundwater (Perc) and added to base flow reservoir to form a base 

flow. Base flow (BF) follows a linear reservoir and aquifer storage (BSt) is assumed to be 

less than the maximum aquifer BS (max). 

 (BSt) = )( tt
BS !" + (Perc – )( tt

BF !" ) t!                                     (4a) 

BF(t) =
[ ]

t

tBS
t

!

!"" )exp(1)( #
                                               (4b) 

Where#  is the time it takes for half of the volume of the aquifer to flow out without the 

aquifer being recharged  

The total inter flow, IFt at time t can be calculated as follow; 

IFt = Perc2 * 
$"t

*,
**

1
2

$$
$

$

$
%








"                           (5) 

Where *$  is the duration of the period after the rainstorm until the interflow ceases (200 

days).  IFt is the interflow at time t, $"t
Perc *  is the percolation on $"t days.  
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Figure 1: Schematic for runoff, infiltration, inter flow and base flow for a characteristic hill slopes in the 
(Abbay) Blue Nile Basin (Steenhuis et al, 2009 and Tesemma et al. (in press)). 
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