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1. INTRODUCTION

Streamflow is a key water cycle component that pro-
vides water for human consumption, irrigation, ecolog-

ical demand, and industrial uses. Changes in streamflow

ABSTRACT

This study applied the Budyko framework and elasticity method to quantify
the relative contribution of climate and watershed characteristics to stream-
flow changes in 95 watersheds in the Upper Blue Nile River Basin (UBNRB).
The Water and Energy Processes (WEP) model was successfully verified and
used to simulate the streamflow and potential evapotranspiration of the wa-
tersheds. The study period was divided into base (1983-1998) and change
(1999-2018) periods based on Pettitt's test to assess the changes in stream-
flow. Precipitation showed moderate fluctuations during the study period
(1983-2018) with an increasing trend. However, potential evapotranspiration
exhibited very low fluctuation, leading to a lower contribution to streamflow
changes than precipitation. The watershed characteristics coefficient () de-
creased overall during the study period. Nearly 81% of the UBNRB water-
sheds had aridity index values between 0.6 and 1.1, indicating humid condi-
tions. Watersheds with higher aridity index and lower ® were more sensitive
to streamflow change. Streamflow in the UBNRB tended to increase more
due to changes in watershed characteristics than due to climate variations.
Nearly 68% of the watersheds showed an increase in streamflow during the
change period due to the combined effects of climate and watershed charac-
teristic variations. Overall, the Eastern and Southern source regions and the
Northwestern lowlands of the basin were highly affected by these changes.
These areas need more attention to sustainably manage the basin's water re-
sources.

Keywords: Streamflow sensitivity; Budyko framework; Attribu-tion analy-

sis; Blue Nile River

could stem from various factors, including changes in
precipitation and temperature patterns as well as anthro-
pogenic activities such as water withdrawals and land
use changes [1-3]. Sensitivity and attribution analysis

of streamflow is one of the tools for understanding the
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effect of the driving factors of streamflow change [4-6].
The results of such an understanding inform better water
management decisions.

The Budyko hypothesis [7] is a widely used framework
for streamflow sensitivity and attribution analysis [8,9].
It is a powerful method that illustrates the strong rela-
tionships between water availability and energy balance
at larger spatial and temporal scales [10,11]. A study
by [12] applied the Budyko framework and Fu’s solu-
tion [10] to model the water balance relationships of the
UBNRB. Based on the analysis of monthly and annual
streamflow from 20 catchments, the study identified ar-
eas with distinctive evaporation ratios and runoff coef-
ficients. The Budyko framework and Fu’s solution were
applied to quantify streamflow sensitivity to climatic
and watershed characteristics factors. Additionally, the
study separated the contribution of these factors to over-
all mean annual streamflow changes. Previous studies
often treated the entire basin as a single unit to estimate
runoff sensitivity, thereby overlooking spatial heteroge-
neity. of climate and watershed characteristics in the ba-
sin. However, this study subdivided the UBNRB into 95
smaller sub-basins and analyzed the streamflow, cli-
mate, and watershed characteristics information to re-
flect the actual conditions. Therefore, the objectives of
this study are to (1) estimate streamflow sensitivity to
climatic and watershed characteristics variation and (2)
separate the relative contribution of climate and water-
shed characteristics on the mean annual streamflow of
UBNRB. The results of this study can be used to inform
water resources planning and management in the
UBNRB.

2. Materials and Methods
2.1 The study area

The Upper Blue Nile River Basin (UBNRB) (Figure 1
(a)) is located in northwestern Ethiopia and contributes
more than 60% of the annual Nile River flow [13]. As

climate change raises the temperatures and modifies
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precipitation patterns, the region will likely face peri-
odic water and food insecurities [14,15]. Given the po-
tential future challenges of the region, it is imperative to
understand how different factors such as climate and lo-
cal watershed alterations affect water availability in the

basin.
2.2 Methodology for investigation

Pettit’s test [ 16] was used to identify if there was a point
change in the streamflow series during the study period
1983-2018. Additionally, the Budyko framework (equa-
tion 1) was employed to describe the basin’s mean an-
nual water balance as a function of precipitation and

evapotranspiration.
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Fig 1a. Digital Elevation Map of the Upper Blue Nile

River basin with Model calibration gauge stations, and

Fig 1b. Mean annual precipitation from ENACTS da-
taset
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== f(Eo/P) — (1)
where E is actual evapotranspiration, E, is potential
evapotranspiration and P is precipitation.

The Budyko framework provides solutions for under-
standing the water balance of an area and how it is af-
fected by changes in climate, topography, and human
activities such as land use and water management [7,17—
19]. It is based on empirical observations of water and
energy balance in different regions. It can be used to as-
sess the impact of climate change and anthropogenic
changes on water resources.
One of the key features of the Budyko framework is its
ability to describe the relationship between precipitation
and evaporation in arid and humid conditions
[12,20,21]. The framework can identify areas where
precipitation exceeds potential evapotranspiration (i.e.,
humid conditions) and vice versa. This information can
be used to inform water management decisions, such as
the implementation of water conservation measures.
Another important aspect of the Budyko framework is
its consideration of the impact of climate change and
anthropogenic changes on water resources. The frame-
work can be used to assess the potential impact of
changes in precipitation and evapotranspiration on wa-
ter balance and to identify areas particularly vulnerable
to water scarcity.
Numerous Budyko-type empirical relationships have
been proposed to include other explanatory factors such
as watershed characteristics [11,22,23], plant available
water [24,25] and soil water holding capacity [26].
Specifically, this study applied the Budyko-type equa-
tion given in equation 2. The equation was developed
by [10] and revisited by [11].
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Where o is the watershed characteristics coefficient and
the remaining variables are defined in equation 1.

The watershed characteristics coefficient represents the

integrated effects of catchment characteristics such as
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vegetation cover, soil properties and catchment topog-
raphy on the water balance of a watershed. Two im-
portant assumptions need to be made to estimate the
sensitivity of streamflow to climate and catchment char-
acteristics changes: steady-state water balance and neg-
ligible transient changes in storage over time [4,5]. For
a steady state condition, a time scale is required
whereby catchment storage changes are negligible com-
pared to the magnitudes of other fluxes such as precipi-
tation, evapotranspiration and streamflow. The suitable
time scale for such conditions would be an annual scale.
The second assumption requires negligible transient
changes in storage so that the change over time in the
catchment is from one steady state to another. Based on
these assumptions, the proportional change in stream-
flow due to climate and watershed characteristics can be
formulated using the Budyko framework. The catch-
ment’s water balance at a mean annual scale can be
given using the first assumption: P = E + Q, where P is
precipitation, E is evaporation, and Q is streamflow. As
aresult, equation 2 can be easily computed for mean an-
nual streamflow as follows:
Q = [P + E§1V® — Eg —(3)

Applying partial differentiation to equation 3, yields the
sensitivity of Q to climatic factors (P, E_0) and the
catchment characteristics coefficient () can be ex-

pressed as:
=l ()
=+ @)
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The partial differential terms on the left side of the equa-
tions represent sensitivity coefficients, also known as
elastic coefficients. An elastic coefficient measures the
responsiveness of runoff to changes in a given factor,
and a higher value indicates that changes in that factor

have a larger impact on runoff [10,27 -28]. For example,
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if the elastic coefficient for precipitation is high, an in-
crease in precipitation will lead to a larger increase in
runoff. The term E,/P in equation 4 is the aridity index.
The aridity index reflects the balance between precipi-
tation and potential evapotranspiration and can help
identify arid areas in the basin. An area with an aridity
index of more than one is defined as arid. The catchment
characteristics coefficient (o) can be estimated by min-
imizing the difference between measured and estimated
streamflow for various values of ®. In this study, we es-
timated o for each watershed by minimizing the errors
between WEP simulated streamflow and streamflow es-
timated by equation 3. Based on the negligible transient
storage change assumption, the total differential of Q

can be expressed as:

_ 9% 9 L]
dQ =3,.dP + ;. dEy + 7 . d 7

Where dP, dE 0 and do represent precipitation, poten-

tial evapotranspiration and watershed characteristics

changes between the base and change periods.
2.3 Data sources

In this study, different spatial and station datasets were
used. The HYDRO1k DEM was acquired from USGS
for watershed delineation. Precipitation and temperature
information were derived from the Enhancing National
Climate Services (ENACTS) datasets of the National
Meteorology Agency of Ethiopia. Landcover datasets
from NASA and USGS were also utilized. Soil infor-
mation was extracted from the FAO database. To cali-
brate and validate the hydrologic model, streamflow in-
formation obtained from the Ethiopian Ministry of Wa-
ter and Energy was used. The mean annual precipita-
tion derived from the ENACTS dataset is shown in Fig-
ure 1 (b). The temporal extent of the hydrometeorolog-

ical datasets used spans from 1983 to 2018.
2.4 Hydrological simulation

To generate streamflow for the watersheds in the
UBNRB, the Water and Energy Processes (WEP) hy-

drological model was used. The WEP is a distributed
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hydrological model capable of simulating various hy-
drological processes, including evapotranspiration, sur-
face runoff, and sub-surface runoff [29,30]. In this
study, the model was used to simulate the streamflow of
UBNRB during 1983-2018. Based on the DEM data, 95
watersheds of the basin were delineated (Figure 1 (b)),
and streamflow at the outlets of these watersheds was
used to examine runoff sensitivity and quantify the con-
tribution of climate and watershed characteristics to
streamflow change.

The model was calibrated during 1992-2004 and vali-
dated during 2005-2014 using data from two calibration
sites: Kessie and the basin outlet (EI-Diem) stations
(Figure 2). Evaluation metrics such as the Kling-Gupta
efficiency (KGE), Nash Sutcliff Efficiency (NSE), and
Percent Bias (PBIAS) [31,32] were used to assess model

performance.
3. RESULTS AND DISCUSSIONS

3.1 Model performance

N |
W Calibration He Validation >

FN

Calibration he

(b}

Fig 2a. Calibration and validation outputs of the
WEP model simulations at Kessie, and Fig 2b. EI-
Diem gauge stations

-
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Table 1. Evaluation metrics results for calibration and
validation periods

Calibration Validation
Metrics (1992-2004) (2005-2014)
Kessie | EI-Diem | Kessie | El-Diem
KGE 0.82 0.57 0.85 0.77
NSE 0.78 0.41 0.79 0.54
PBIAS | 15.42 41.26 -7.63 -1.83

The simulated streamflow of UBNRB at two locations
is compared with observed discharges (Figure 2). The
location of these gauge stations is given in Figure 1 (a).
The performance of the model during calibration and
validation is shown in Table 1.

Good values of the goodness of fit indices were obtained
at the internal both flow stations during the calibration
period. However, during the validation period, the per-
formance measures except the PBIAS show a slight re-
duction. Nevertheless, the model was able to reproduce

the flow patterns during this period.
3.2 Streamflow and climate patterns

Figure 3 visually represents the changing trends in an-
nual mean precipitation, potential evapotranspiration,
and runoff in UBNRB from 1983 to 2018. The trend for
annual mean precipitation is relatively stable, with some
fluctuations (Figure 3 (a)). At a 5% significance level,
55.79% of the watersheds show an insignificant upward
trend. This suggests that the amount of precipitation re-
ceived in the UBNRB has not changed significantly
over the study period.

Similar insignificant increasing trends of mean annual
precipitation in most UBNRB areas are also reported in
[33]. The trend for potential evapotranspiration is
shown in Figure 3 (b).

Overall, an increasing trend in annual potential evapo-
transpiration has been observed, although the trend is
not statistically significant. This indicates that, while
there is a general rise in potential evapotranspiration, it
is not substantial enough to be considered a significant

change.
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Fig 3a. Trends in annual mean Precipitation
Fig 3b. Mean potential evapotranspiration, and Runoff
from 1983 to 2018. Dots with circles indicate statisti-
cally significant trends at the 5% significance level
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Figure 3(c) shows that 57 watersheds (60.00%) exhibit
upward runoff trends, while 32 watersheds (33.68%)
show downward trends. The general upward trends of
runoff in most of the watersheds may suggest that the
water retention capacity of the UBNRB system is being
altered due to modifications in catchment responses,
likely resulting from land use/land cover changes
[33,34]. These changes in runoff patterns highlight the

dynamic nature of the watershed and the impact of ex-

ternal factors on its hydrological processes.

3.3 Sensitivity of runoff

Figure 4 illustrates the sensitivity of runoff in each wa-
tershed to changes in climatic and watershed character-
istics, showing how these factors vary with the aridity
index and underlying surface parameters. The solid
lines represent the theoretical values of elastic coeffi-
cients for various aridity index and watershed character-
istics values, while the red dots represent the actual elas-
ticities of each watershed. In general, the UBNRB wa-
tersheds exhibit precipitation elasticities of 0.6-0.9. This
indicates that an increase of 1 mm in precipitation re-
sults in an increase of 0.6-0.9 mm in runoff, suggesting
that a larger fraction of the precipitation becomes sur-
face runoff. Most watersheds (77 or 81.1%) have aridity
index values between 0.6 and 1.1, with 65 possessing a
value below one. Evapotranspiration elasticity in
UBNRB mostly varies between -0.5 and -0.2, account-
ing for 81.1% of the watersheds (Figure 4(b)). This re-
sult indicates that an increase of 1 mm in potential evap-
otranspiration results in a decrease of 0.2-0.5 mm in run-
off. The UBNRB watersheds generally exhibit water-
shed characteristics elasticities between -400 and zero,
indicating that an increase of 1 unit in © results in a de-

crease of up to 400 mm in annual runoff (Figure 4(c)).
3.4 Analysis of attribution

Figure 5 shows the contribution of climate and water-
shed characteristics to changes in mean annual stream-
flow in the 95 watersheds in the UBNRB. Catchment
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Fig 4a Relationships of the elastic coefficient of pre-
cipitation, Fig 4b. Potential evapotranspiration, and Fig
4c. watershed characteristics with the Aridity Index
and underlying surface parameters

characteristics change induced a wide range of increas-
ing and decreasing mean annual streamflow shifts. In 52
(54.7%) of the watersheds, variation in watershed char-

acteristics contributed to a decrease in streamflow.
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Compared to watershed characteristics changes, climate
variation tends to contribute towards increased stream-

flow.
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Fig 5. Climate-induced vs. Watershed characteristics-
induced streamflow changes for the 95 watersheds in

the UBNRB
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Fig 6a. Relative runoff change due to precipitation, po-

tential evapotranspiration, and watershed characteris-

tics coefficient, and Fig 6b. Box plot showing the rela-
tive contribution of climate and related factors
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Climate contributed to increased streamflow in 63
(66.3%) watersheds. The relative change in climate and
watershed characteristics as well as streamflow, is given
in Figure 6. Potential evapotranspiration exhibits the
least fluctuation over the years, with 95% of the water-
sheds exhibiting a very low variation ranging between
0.1% and 1.5% (Figure 6 (a)). Precipitation in all the
watersheds varied between -20% and 20%, with 66.3%
receiving increased precipitation. Conversely, the wa-
tershed characteristics coefficient varied considerably
over the study period, with nearly 54% of the water-
sheds exhibiting a decrease in ® between the base and
change periods. The overall contribution of watershed
characteristics change to runoff variation is larger than
the contribution due to climate variation (Figure 6(b)).
This indicates that the majority of watersheds in the
UBNRB experience streamflow changes primarily due

to alterations within the catchments.
4. CONCLUSION

In this study, the Budyko framework and elasticity
method were applied to quantify the relative contribu-
tions of climate and watershed characteristics to stream-
flow changes in 95 watersheds within the Upper Blue
Nile River Basin (UBNRB). The findings reveal several
key conclusions. First, precipitation exhibited moderate
fluctuations over the study period (1983-2018) with a
discernible increasing trend, while the watershed char-
acteristics coefficient (w) showed an overall decrease.
Second, approximately 81% of UBNRB watersheds had
aridity index values ranging between 0.6 and 1.1, indi-
cating humid conditions. Third, streamflow in the
UBNRB appeared to be more influenced by changes in
watershed characteristics than by variations in climate.
Lastly, the Eastern and Southern source regions, along-
side the Northwestern lowlands of the basin, were nota-
bly impacted by climate and watershed alterations, un-
derscoring the necessity for enhanced water resource

management strategies in these areas.
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