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1. INTRODUCTION

Climate change becomes unquestionably the critical challenge facing the
world in the 21% century due to its extensive impacts on the environment and
socio-economic situations of the society (Fulco et al, 2007). Although the
occurrence phenomena of climate change are natural (US EPA, 2016), it is
unarguably believed by the scientific community that the causes of its
occurrence are anthropogenic activities. According to (Henderson & Reinert,
2016), the most significant anthropogenic cause is burning fossil fuels like oil,
coal, and gas, which are important inputs of emissions of greenhouse gases
(GHGs) to the atmosphere. Since 1800, the emission of these GHGs increases
due to population growth, industrialization, and the subsequent increase in
consumption of energy, destruction of forests, and human settlement (North,
2014). The growth rate in the emission of heat-trapping GHGs raised from 1.5
to 2 ppm per year during the past 15-20 years, (Hayhoe et al., 2017).
Subsequently, according to (IPCC, 2018), the global mean surface temperature
raised by 0.87 °C for the decade 20062015, which is higher than the measured
long-term average in the pre-industrial period (1850-1900). Because future
human-caused activities and greenhouse gas emissions are uncertain, it is
strongly assumed that the global temperature will keep changing in the future.
The four different pathways of the Representative Concentration Pathways
(RCPs) such as RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 are used for future
climate change projections based on these future continuing anthropogenic
factors most importantly the greenhouse gas emissions and concentrations in
the atmosphere, air pollutant emissions, and land use. These RCPs scenarios
are characterized based on the level of emission of greenhouse gases. For
example, RCP 2.6 is assumed to be a strict mitigation scenario, RCP 4.5 and
RCP 6.0 are taken as intermediate scenarios, whereas RCP 8.5 is a scenario

with very high greenhouse gas emissions scenario, developed based on the
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assumption that a radiative forcing concentration can reach at approximately
8.5 W/m? in the atmosphere at the end of the 21% century (IPCC, 2014b).

In recent decades, the future climate of the earth has been projected using
varieties of climate models under different emission scenarios. The predicted
annual precipitation produced by various climate models, in contrast to the
atmospheric temperature, is uncertain and usually inconsistent due to the slight
variations in the algorism of climate models (FAO, 2010; Schaller et al., 2011;
Tebaldi et al., 2011; Power et al., 2012). However, according to Poveda &
Martinez, (2011), and Suppiah et al., (2013) the changes in precipitation in
different regions are fairly consistent in terms of the trend and magnitude
among models, showing an increasing trend in the extremes of rainfall by most
models toward the end of the 21% century. Further projections indicated that,
unlike temperature, the precipitation shows an increasing and decreasing trend
in different regions, for example, in high latitudes and near the major
convergence zones in the tropics, it is likely to increase in some seasons, while
it is expected to decrease in many sub-tropical regions (Stocker et al., 2013).
These changes in rainfall intensity and distribution will have serious
implications for water (Seager et al., 2007; Sivakumar, 2011; Stoll et al.,
2011), a key resource for socio-economic development. Approximately one-
third of the world's population currently lives in water-scarce regions, and by
2025, two-thirds of the world's population will face water scarcity issues as

river flows and groundwater recharge decline (FAO, 2010).

Due to the change in climate, the frequency of severe droughts and floods is
expected to increase in various regions (Reyes-Garcia et al., 2016; Asadieh &
Krakauer, 2017; US EPA, 2016; WMO, 2017). The rainfall and temperature
changes in Ethiopia's major river basins have influenced the major water

balance components over the last five decades (Tesemma et al., 2010;



Gebremicael et al., 2013). Due to this, the dry-season drought and wet-season
flooding, as noted by (Roth et al., 2018; Bekele et al., 2021; Mengistu et al.,
2021), have become common problems in many perennial rivers. Numerous
studies, including (Kim & Kaluarachchi, 2009; Worglul et al., 2018a; Malede
et al., 2022), have found that climate change has impacted the hydrological

process of the upper Blue Nile basin in Ethiopia.

Lake Tana basin is the source and the upper catchment of the Blue Nile basin,
which is one of the resourceful areas in Ethiopian due to its high potential in
micro and macro water resource projects in irrigation and hydroelectric power
development, livestock and fish production, production of varieties of high-
value crops, recreation, and ecotourism. However, the basin is highly
vulnerable and could be severely impacted by climate change due to unwise
utilization of natural resources, and lack of proper mitigation mechanisms.
Even though, studies are conducted in assessment of climate change and its
impacts, most of which focused on impacts on stream flow of watersheds,
limiting our understanding and making it difficult to distinguish the impact of

climate change on the basin's overall water resource.

This study was conducted in the four major watersheds in the Lake Tana basin
which contributes more than 60% of the total Nile River flow (Mulat &
Moges, 2014). The result can provide important information for policymakers
concerned about reducing the vulnerability of water resources to climate
change in the planning process of various micro and macro water resource
management projects in the country, including the Grand Ethiopian
Renaissance Dam (GERD), and even for the lower-catchment countries such

as Sudan and Egypt as well.



1.1. Aim and objectives of the study

The main aim of the study was to evaluate the change in climate and its impact
on the water resource under the worst-case Representative Concentration
Pathway (RCP) emission scenario in the headwater catchments of the Lake
Tana sub-basin, upper Blue Nile basin, Ethiopia. To address this aim, the

following objectives were set:

e Assessing the change in temperature and rainfall over the study area

e Investigating the impacts of climate change on evapotranspiration and
seasonal aridity,

e Evaluating the impact of climate change on the stream flow nature of
watersheds, and

e Assessing the dynamics of future hydrological extremes of watersheds
under the high-emission climate change scenario.



2. LITERATURE REVIEW

2.1. Climate change definitions and concepts

The climate system is a complex, interactive system consisting of the
atmosphere, land surface, living elements, and water bodies including snow
and ice, oceans, seas, and lakes (Planton et al., 2013). The climate system
evolves because of changes in internal factors as well as external dynamics.
Natural phenomena such as volcanic eruptions and solar variability, as well as
human-induced changes in atmospheric composition and land morphology,
are examples of external forcings (Bradley, 1999). Solar energy drives the
climate system, and the Earth's energy balance can be changed in a way that:
1) by changing the incoming solar energy, 2) by changing the fraction of
reflected solar energy, and 3) by altering the long wave radiation from Earth
back towards space. The most important factors affecting the change in
incoming solar energy are the change in the Earth’s orbit or the change in the
sun itself. The reflected solar energy can also be changed because of
vegetation, cloud cover, and particles in the air. The energy returning to space
can be altered due to changes in the concentration of greenhouse gases
(Solomon et al., 2007). Climate, in turn, responds to such changes both
directly and indirectly via a variety of feedback mechanisms (Baede et al,
2001).

According to IPCC (2007), climate change is defined as a statistically
significant change in either the mean state of the climate or its variability that
continues over decades or longer periods. Climate change is characterized by
long-term changes in weather statistics (including averages). It could emerge
as a change in climate (anticipated average temperature and precipitation
levels) from one decade to the next for a certain place and season. The final

decade of the 20" century and the first decade of the 21% century, for example,
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were the warmest periods in the whole global instrumental temperature record,
which began in the 18th century (Luterbacher et al., 2004).

Climate change research strives to understand the physical, chemical,
biological, and geological processes that cause climate, as well as their
relationships. The time scales of interest range from local to global, from
weeks or months to millions of years. To discover temporal and spatial
changes in past climate, observational data from instruments and indicators
such as tree rings, fossils, glaciers and sea ice, plant pollen, and sea level are
used (Cronin, 2014). Scientists' efforts include projecting future climate based
on assumptions about future human activities and predicting future climate
based on natural events. Climate models generate these predictions and
projections, which can be used to build mitigation plans for climate change
(UN CC: Learn, 2015).

2.2. Greenhouse gas emissions, and climate change from
global and regional perspectives

The recent warming of the Earth's surface is undeniable. The stratosphere (the
layer above the main ceiling) is also cooling, as would be expected if
greenhouse gases were warming and retaining more heat near the surface.
Direct temperature records dating back to the mid-twentieth century are
deemed reliable enough to conclude that recent temperatures are higher than
any since direct measurements began (IPCC, 2022c). The underlying long-
term warming from the greenhouse effect has become more visible since the
1980s, appreciation in part to the removal of other industrial pollutants (some
of which had "masked" the underlying warming). Better accounting for these
and other factors can now result in a good match between the observed
temperature trend and the results of computer simulations that incorporate all

these variables. Climate change is one of the most pressing issues confronting
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our society today, according to the United Nations Sustainable Development
Goals (SDGs) (Affairs, 2019). However, addressing this problem is
complicated because, while it is a global issue, the impacts differ across
regions, making coordinated and collective action difficult. Such
consequences are determined by the scale, exposure, and adaptive capacity of

systems (Commission, 2014).

Carbon dioxide (CO2), methane (CHa), nitrous oxide (N20), and halogenated
compounds such as chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs),
and perfluorinated chemicals (PFCs) have all increased in atmospheric
concentrations over the last century (European Environment Agency, 1999).
As reported by Van Roosmalen et al. (2009), greenhouse gas concentrations
will continue to rise this century at rates determined by global economic
development, with significant implications for future climate. Carbon dioxide
concentrations are rising primarily as a result of the combustion of fossil fuels,
but land-use changes (particularly deforestation) also play a significant role
(MccCarthy et al., 2001). Anthropogenic activities, mainly through emissions
of greenhouse gases, have unequivocally caused global warming, with global
surface temperature reaching 1.1 °C above 1850-1900 in 2011-2020 (Lee et
al.,, 2023). The increase in greenhouse gas (GHG) emissions due to
anthropogenic activities has continued since 1990 across all major groups,
albeit at different rates. The largest increase in total emissions is for CO, from
fossil fuels and industry, followed by CH4 through 2019 while starting from
low levels in 1990, the highest relative increase is for fluorinated gases (high
confidence). Net CO2 emissions from land use, land use change, and forestry
(CO2-LULUCEF) are anticipated to be uncertain and subject to substantial
annual variability, with limited confidence even in the long-term trend

direction (IPCC, 2014b). Based solely on central estimates, cumulative net
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CO. emissions between 2010 and 2019 represent roughly four-fifths of the
remaining carbon budget from 2020 if global warming is limited to 1.5°C, and
roughly one-third of the remaining carbon budget if global warming is limited
to 2°C. Even after accounting for uncertainties, historical emissions between
1850 and 2019 account for a sizable fraction of the total carbon budget for

these global warming levels (IPCC, 2022c).

The change in temperature globally is expected to continue due to the expected
continuation of the scenario of its human-made driving factors and greenhouse
gas emissions, which is also not defined with certainty (IPCC, 2022b). The
four emission and concentration pathways for greenhouse gases in the
atmosphere are developed using Representative Concentration Pathways
(RCPs) scenarios based on the expected continuous anthropogenic factors in
greenhouse gas emission. Atmospheric GHG concentrations, air pollutant
emissions, and land use were considered in a global context in about radiative
forcing concentration pathways such as RCP 2.6, RCP 4.5, RCP 6.0, and RCP
8.5, which are described by radiative forcing concentrations of 2.6 W/m?, 4.5
W/m?, 6 W/m?, and 8.5 W/m?, respectively (IPCC, 2014b). Under these
scenarios, the increase of global mean surface temperature by the end of the
21st century (2081-2100) relative to 19862005 is likely to be 0.3 °C to 1.7
°C under RCP2.6, 1.1 °C to 2.6 °C under RCP4.5, 1.4 °C to 3.1 °C under
RCP6.0 and 2.6 °C to 4.8 °C under RCP8.5. Whereas, according to IPCC
(2021), compared to 1850-1900, global surface temperature averaged over
2081-2100 is very likely to be higher by 1.0 °C to 1.8 °C under the very low
GHG emissions scenario considered (SSP1-1.9), by 2.1 °C to 3.5 °C in the
intermediate GHG emissions scenario (SSP2-4.5) and by 3.3 °C to 5.7 °C
under the very high GHG emissions scenario (SSP5-8.5).
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In the Blue Nile basin, the temperature is projected using various climate
models and emission scenarios. For example, according to Mengistu et al.,
(2021), the maximum temperature in the late 21%' century is expected to
increase by 2.48 °C under RCP 4.5 and 4.89 °C under RCP 8.5, as well as the
minimum temperature is expected to increase by 2.22 °C and 4.71 °C under
RCP 4.5 and RCP 8.5, respectively. Based on the result projected by these
scenarios, the annual precipitation is expected to decrease by 10.8% and
19.0% under RCP4.5 and RCP8.5, respectively. The same trend of basin
temperature increase is also pointed out by many researchers, including Kim
& Kaluarachchi (2009) and Wagena et al. (2016), who indicated that the
annual average temperature is expected to increase by up to 2.6 °C in the mid-
21% century.

2.3. Impacts of climate change on potential
evapotranspiration.

Evapotranspiration is a complex and important component of the hydrological
cycle that depends on climatological and biophysical factors, as well as on the
availability of water in the soil (Allen et al., 1998). The term
evapotranspiration is composed of two terms that refer to the combined
process of water loss from the soil surface via evaporation and water loss from
the plant canopy via transpiration. Evaporation is the process of removing
water from a surface by converting liquid water to water vapor. Solar
radiation, air temperature, humidity, and wind speed are all directly related to
this process. Transpiration is a concept that describes the loss of water through
plant stomata. Radiation, temperature, humidity, wind, and evaporation are all
physical factors that influence transpiration. However, because it is a
physiological process, it is also affected by soil water content, soil ability to

conduct water to the roots, plant characteristics, environmental factors, and
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cultivation practices (Allen et al., 1998). Potential evapotranspiration is the
rate of evapotranspiration that could occur if all soil and plant surfaces were
well supplied with water unless plants were limited by deficiencies such as
disease or fertility (Burman & LO, 1994). Because potential
evapotranspiration is solely determined by climatic conditions (primarily
temperature), it does not represent actual water delivery to the atmosphere, but
rather the potential under ideal soil moisture and vegetation conditions
(Thornthwaite & Mather, 1951).

Evapotranspiration assessment is critical for studying the effects of climate
change on water resources because evapotranspiration is an important link
between the atmosphere and the soil matrix within the hydrological cycle.
Climate change is well known and expected to intensify the hydrologic cycle
and alter evapotranspiration (Huntington, 2006). It is undeniable that an
increase in temperature causes an increase in evapotranspiration. For example,
according to WMO/ICSU/UNEP, (1989), global warming is expected to
increase evapotranspiration by 10-20%. When the temperature rises because
of climate change, the evapotranspiration rate rises because there is more
energy available to convert liquid water to water vapor. According to
Mahmood, (1997) seasonal evapotranspiration changes by 5% for every 1 °C
increase in temperature. As a result, it is critical to consider how climate
change may affect this variable on a global or regional scale to assess risks in
weather-dependent sectors such as agriculture and water resources. The study
of the effects of global warming on the hydrological cycle is important not
only for water management but also for forest and agricultural ecosystem
management (Calanca et al., 2006). The future global evapotranspiration is

expected to increase especially in land areas due to the increase in atmospheric
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temperature under the Shared Socioeconomic Pathway (SPP) scenarios
(IPCC, 2021).

2.4. Impacts of climate change on water resources in global
and regional context

Analyzing and addressing the effects of global warming on agriculture and
agricultural water management requires a water management perspective. At
the basin scale, the effects of climate change will include significant spatial
variability in all variables affected by global warming including temperatures,
evapotranspiration, precipitation, runoff, and sea level rise (FAO, 2011).
Global climate change increases variability in the hydrological cycle, making
water availability and demand less predictable, affecting water quality,
exacerbating water scarcity, and endangering global development (IPCC,
2022a). Other factors such as population growth, uncontrolled migration, land
use change, soil health degradation, accelerated groundwater extraction,
widespread ecological degradation, and biodiversity loss exacerbate these
impacts, which primarily affect poor and vulnerable populations. Although
climate change affects all regions of the world, the effects are highly uneven
and vary from region to region. Some regions are experiencing exceptional
droughts, while others are experiencing increasingly severe and frequent
floods and storms, and still, others are experiencing both extremes (IPCC,
2021). The faster-rising sea level is having a slower impact on coastal areas,
and it poses a particularly direct threat to small, low-lying island nations.
Concurrently, increased water demand for different purposes like agriculture,
electricity, industry, and human consumption poses increasingly severe trade-
offs for this limited and valuable resource, especially in areas already facing
water stress. As a result, climate change is frequently considered to be most
directly felt through water (Modi et al., 2005).
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2.4.1. Climate change and hydrological dynamics

River runoff, a critical link in the hydrologic cycle, is extremely valuable to
human activities and ecosystems (Oki & Kanae, 2006). Furthermore, it can
directly meet both socio-economic and river ecosystem needs. Nonetheless,
these water resources face a variety of challenges because of overuse and
climate change. In the past, changes in the intensity, spatial distribution, and
temporal trends of precipitation affected various regional and local
hydrological systems around the world (Seneviratne et al., 2012).

The research conducted by Aich et al., (2014), investigated climate change
impacts on the runoff of four major river basins in Africa (Niger, Upper Blue
Nile, Oubangui, and Limpopo), and the results showed that, while the
uncertainty of the results for all basins is high in some basins, the impact of
climate change is clearly visible for both mean runoff and extreme runoff
events. The Upper Blue Nile, where runoff increases are most likely, has the
lowest level of uncertainty in the projections. The magnitude of trends in both
directions is high in the Niger and Limpopo basins, with a wide range of

uncertainty.

Because of the geopolitical and socioeconomic implications, the potential
impacts of climate change on the Nile Basin are of great concern (Niang et al.,
2017). Water flow in the Blue Nile is expected to decrease by the end of the
twenty-first century as precipitation decreases and water use for irrigation and
hydropower increases (Elshamy et al., 2009a). The effects of climate change
on runoff are visible in the Upper Blue Nile (UBN) basin under various
emission scenarios. The effects of climate change on runoff are visible in the
Upper Blue Nile (UBN) basin under various emission scenarios. Some studies
including Beyene et al., (2010) and Elshamy et al., (2009) reported that runoff
in the Upper Blue Nile catchment is likely to decrease by the end of the
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century. In the catchment, potential evapotranspiration (PET) is projected to
increase by up to 27% by the end of the 21 century under RCP8.5 compared
to the 1981-2010 period (Mengistu et al., 2021b). This study predicts an
increase in surface runoff of up to 14%; however, this increase is not expected
to increase the basin's overall water yield. Instead, the study examined
simulations imposed by the RCP4.5 and RCP8.5 scenarios and discovered that
the basin's total water yield is predicted to fall by 1.7 to 6.5% and 10.7 to
22.7%, respectively. The contribution of base flow to overall water yield in
the basin is also expected to fall, from 41.3% in the baseline period to 11.4%
by the end of the twenty-first century. As a result, the decrease in base flow

may indicate some of the declines in the Basin's overall water yield.

While projected minimum and maximum temperatures are expected to rise by
3.6 °C and 2.4 °C, respectively, evapotranspiration in the basin is expected to
rise by 7.8% in 2100, according to Worglul et al., (2018). Because of the
average increase in rainfall of 2.67% at the basin level, streamflow in two sub
catchments of the upper Blue Nile basin will increase by up to 64% in dry

seasons and decline by 19% in wet seasons up to the end of this century.

2.4.2. Climate change and flooding

Floods are caused by different climatic factors, most particularly precipitation
(intensity, duration, quantity, timing, phase rain or snow), but temperature
patterns also play a role in phenomena such as soil freezing, snow and ice melt,
and ice jam formation (Bates et al., 2008). As it is reported by IPCC (2021),
even though, the assessment of the global observed trends in the magnitude of
flooding remains challenging, due to the spatial heterogeneity of the signal
and to multiple drivers, there is high confidence that the amount and
seasonality of peak flows have changed in snowmelt-driven rivers due to

warming. Numerous studies including Hirabayashi et al. (2013), Dankers et
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al. (2014), and Arnell & Gosling (2016) have indicated that the future flooding
in global context is expected to show both increasing and decreasing patterns
because of global warming however, these assessments used different
hydrological and climate models, scenarios, bias-correction techniques, and
flood indicators, making consensus on future flood changes difficult. Changes
in soil wetness and runoff have been shown to closely follow changes in
climatic moisture at the regional scale (Wolock & McCabe, 1999; Girvetz &
Zganjar, 2014). Furthermore, observed annual maximum flows in wet areas
have changed more dramatically than in dry regions (Kumar et al., 2016). This
is because in the latter, a large buffer is available to dampen precipitation
changes, resulting in smaller runoff changes, whereas in the former, a greater
proportion of precipitation changes results in the change in runoff (Koster &
Suarez, 1999; Sankarasubramanian & Vogel, 2002; L. Zhang et al., 2008).
Thus, it is impossible to generalize flood changes caused by only the
connection between extreme precipitation changes and water availability due
to the complex processes that cause floods.

The most common cause of river (fluvial) floods in large river basins is heavy,
prolonged rain, but snowmelt floods can also occur in high-latitude regions
(sometimes enhanced by rain or ice jams). High-intensity, short-duration rain
has the potential to cause flash floods in small basins. The relationship
between total rainfall and storm response in catchments can be complicated.
While the location of rain in the catchment frequently influences flood
response, the response to an input of rainfall can be influenced by antecedent
conditions (Kundzewicz, 2013).

In Europe, flooding is the most frequent disaster. For example, in Italy, there
were 1124 flood fatalities in 1950-2010 (Kundzewicz et al., 2012). As it is
noted by Barredo (2007), by 1997 in Poland, the Czech Republic, and
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Germany accounting for 115 casualties and overall losses of about 5.9 billion
USS$. In August 2002, Germany, Austria and the Czech Republic were hit
again, accounted in this case for 39 casualties and losses of about 11.6, 3, and
2.4 billion US$ respectively for a total damage in Europe of about 16.5 billion
US$. More intense rainfall in the area increases the likelihood of flooding,
mainly flash flooding. This is also true in the winter, when more precipitation
falls as rain rather than snow, increasing the chance of runoff. According to
Kundzewicz et al. (2012), in 2011, in some countries of Africa (Uganda, South
Africa, Namibia, and Mozambique), Asia (Korea, Philippines, Cambodia,
China, Thailand, India, and Pakistan), and the Americas (United States,
Columbia, Mexico, and Brazil,), fatalities in each flood exceeded 50, but in
the Philippines and Columbia, it was over 100 lives.

In Ethiopia, flooding has not typically been considered a significant
environmental problem, but in recent years, it has. For instance, the worst
floods the nation has ever seen struck the southern and some eastern regions
of the country in 2006 (Bewket, 2011). The recent catastrophic floods in
Awash, Dire Dawa, South Omo (Dasenech and Nyangatom Districts), and
some areas in Somali and Amhara regions can be majorly mentioned. For
example, in Dire Dawa, the flood have been the cause for the loss of over 256
lives and the displacement of more than 5,500 people; and it was also reported
that the property that worth more than ETB 50 million was damaged, including
the total damage of 1,000 houses in the flood-prone areas of the town (Tadesse,
2008). Flooding affects agriculture by delaying sowing, lowering yields, and
compromising product quality, especially if it occurs during harvest. It also
poses a serious threat to animal health and settlements' infrastructure (World
Bank, 2011). Under the RCP4.5 climate change scenario, the intensity of

annual floods was shown to be on the rise in some exposed areas of the upper
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Blue Nile basin, especially in the Ribb watershed of the Lake Tana sub-basin
(Robi etal., 2019). A 100-year return period flow value in this watershed could
be anticipated to be 290 m3/s, 346 m3/s, and 367 m/s for the periods of 1976
to 2005, 2020 to 2049, and 2050 to 2079, respectively. Based on this
assessment, the change in flooded area can be expected to rise by 1.58 km?
and 3.31 km? in the 2020-2049 and 2050—-2079 time periods, respectively,
compared to 1976-2005, and the depth of inundated flood flow in the study
area can be expected to change by 0.45 m and 0.73 m for similar periods,

respectively.

2.4.3. Climate change and droughts

Since there is no universal definition of drought due to its complexity, it has
been given different definitions in indifferent perspectives like meteorology,
agriculture, hydrology, and socio-economic contexts. According to
Seneviratne et al. (2012), drought is defined as "a period of abnormally dry
weather lasting long enough to cause a serious hydrological imbalance™. While
a lack of precipitation is frequently the primary cause of drought, also known
as meteorological drought. A hydrological drought suggests low flows and
low levels of both groundwater and surface waters (lakes, rivers). Low soil
moisture has an impact on cultivated plants and is referred to as an agricultural
drought. In addition to being influenced by soil moisture, which limits further
drying in drought conditions, other processes that have an impact on the
phenology and growth of vegetation (such as temperature) are also significant.
The word "drought™ has also been defined by sociologists and economists as
the socio-economic crisis that drought causes in society as a whole ( Kijazi &
Reason, 2009; Zeleke et al., 2017; Mera, 2018). Due to the conflict between
water supply and demand, which is brought on by the combined effects of

meteorological, hydrological, and agricultural drought, socioeconomic
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drought disrupts the region's overall ecosystem and results in fatalities
(Bayissa et al., 2018; Boudad et al., 2018; Liu et al., 2020). Few direct
observations of drought-related variables, particularly soil moisture, are
accessible for a global analysis, as mentioned in the AR4 (Trenberth et al.,
2007). As a result, "drought indices" or other proxies for drought are
frequently used to deduce changes in drought conditions. It is necessary to
describe the timing, duration, intensity, and spatial extent of droughts to
comprehend how they affect agricultural yields, ecosystem functioning in

general, water resources, and electricity production.

Although increased wind speed or increased incoming radiation are usually
more important factors, increased air temperature can indirectly increase
evaporative demand (through an increase in the vapor pressure deficit).
According to IPCC (2021) report, it is very likely that anthropogenic factors
have influenced global trends in aridity, mainly through competing changes in
evapotranspiration and/or atmospheric evaporative demand due to
anthropogenic emissions of GHG and aerosols. The report has shown that the
frequency and the severity of droughts increased over the last decades in the
Mediterranean, western North America, and southwestern Australia and that

this can be attributed to anthropogenic warming.

Droughts may have an increased impact due to a combination of different
environmental factors. Drought is a dangerous natural hazard that affects
society, the ecosystem, and the economy on a global scale (Mohammed et al.,
2018). As it is indicated by UNEP (2022), since 1970, droughts have killed
650,000 people worldwide, mostly in nations that have made the fewest
contributions to the factors escalating the impacts of drought. More than 2.3
billion people currently experience water stress, and by 2050, drought could

impact more than 75 percent of the world's population. Durable droughts have
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caused long periods of famine, disease, disability, and death in less developed
nations like Ethiopia, the Sudan, and the Sahel, as well as pervasive social and
economic stress, desertification, and general environmental degradation
(Mckay, 1988). The regularity of droughts in Ethiopia, especially in recent
decades, is a sign of the severity of the local climate change. Ethiopia
experienced 19 drought events between 1900 and 2002, approximately one
every six years between 1900 and 1987 (14 drought events), and about five
every three years between 1988 and 2002 (about 5 drought events) (World
Bank, 2005). Since 1876, about 22 droughts happened with an average
recurrence time of every 6 years in Ethiopia (Zegeye, 2018). Northeast
Ethiopia and the Upper Blue Nile basin, which includes the Northern Tigray
region, some Amhara regions, including South Wollo, North Wollo, South
Gondar, and Afar Region, the majority of Somalia Region, and Eastern
portions of Oromia Region, are the most prone to drought in Ethiopia
(Mohammed et al., 2018; Araya & Stroosnijder, 2011; Edossa et al., 2010; T.
Gebrehiwot et al., 2011). As it is noted by Bayissa et al. (2018), it is also
found that there was extreme drought in 1984/85 and 2003/04 years in the
Upper Blue Nile basin in Ethiopia.
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3. MATERIALS AND METHODS

3.1. Study Area Description

The study was conducted in four major watersheds of the Lake Tana sub-basin,
in the upper Blue Nile basin, Ethiopia. These watersheds are Gilgel Abay,
Ribb, Gumara, and Megech, covered an area of 1984 km?, 1445 km?, 1271
km?, and 506 km? respectively (Figure 1). The entire Lake Tana basin
including the lake area and ungagged sub-watersheds covered an area of
15,096 km?, and it stretches between 10.95 ° and 12.78 °N latitudes and 36.89
°and 38.25 °E longitudes. According to Setegn (2010), more than 93% of take
Tana’s flow comes from these four watersheds. Lake Tana is the third largest
Lake in the Nile Basin and the largest lake in Ethiopia, and it is the main source
of the Blue Nile River with a surface area of 3000-3600 km?. The lake has an
average elevation of approximately 1800 m above sea level, and a maximum
depth of 15 m. The mean annual rainfall of the catchment area ranges from
1200 to 1650 mm based on 38 years (1961 to 2008) of data. The climate of the
region is ‘tropical highland monsoon’ and according to Conway & Schipper
(2011), the region receives much of its rainfall (70-90% total rainfall) from
June to September. The temperature in the basin ranges from 9 °C to 28 °C
based on the data recorded between 1961 and 2008. The national relevance of
the basin is very high because of its great potential for hydroelectric power
development, irrigation agriculture, production of high-value crops, livestock
production, and ecotourism. According to SMEC (2008), the mean annual
inflow of the lake to be 158 m%/s (i.e., 4,986 Mm?®/y), whereas the average

annual outflow is also estimated to be 119 m3/s (or 3,753 Mm?3/y).
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Figure 1. Map of the study area

All watersheds have mountainous characteristics in the upper catchments and

flood plains in the lower parts. There is high topographic ruggedness at every

small distance in all watersheds especially on their upper parts. In general,

Gumara, Gilgel Abay, Megech, and Ribb watersheds have elevation ranges of
1885 m-3534 m, 1797 m-3712 m, 1793 m-4112 m, and 1864 m-2972 m
above sea level, respectively using 30-meter resolution Shuttle Radar
Topography Mission (SRTM) Digital Elevation Model (DEM) (Figure 2).
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Figure 2. Elevation map of watersheds (Data source: USGS Earth Explorer)

The four watersheds shared common soil types, according to FAO &
UNESCO (1977), despite having different area coverages (Figure 3). There
are six soil types in the Gilgel Abay watershed, 92.85% of the total area of the
watershed is covered by the two major soil types, Luvisols and Haplic Alisols,
covered 55.05% and 37.81%. Haplic Luvisols, Chromic Luvisols, and Eutric
Leptosols are the major soil types in the Gumara watershed, accounting for
63.71%, 24.27%, and 8.95% of the total area of the watershed, respectively.
Even though the Ribb watershed contains five soil types, the three soil types,
such as Eutric Leptisols, Chromic Luvisols, and Eutric Fluvisols, cover the
majority area of the watershed, accounting for 39.80%, 35.09%, and 24.70%
of the total watershed, respectively. Megech watershed is dominantly covered
by Eutric Leptisol, which accounts for 80.09%f of the total area of the

25



watershed, while the other four types of soil classes are Haplic Nitisols,
Chromic Luvisols, Eutric Vertisols, and urban soil type (Table 1). Numerous
similar studies including Takele et al. (2022) and Shimelis G Setegn et al.
(2008) have used this global soil database for hydrological modeling in the

region and got good simulation results.
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Table 1. Soil types of watersheds: Source: (FAO & UNESCO (1977))

Watershed Soil Type Area Area Coverage (%)
Eutric Vertisols 8125.33 4.09
Lithic Leptosols 1414.43 0.71
Gilgel Abay Haplic Luvisols 109233.03 55.05
Haplic Alisols 75017.68 37.81
Eutric Regosols 1406.35 0.71
Haplic Nitisols 3231.81 1.63
Eutric Fluvisols 167.36 0.13
Chromic Luvisols | 30855.16 24.27
Gumara Eutric Leptosols 11378.31 8.95
Haplic Luvisols 80984.90 63.71
Eutric Vertisols 3415.35 2.69
Urban 315.68 0.25
Eutric Leptosols 57498.50 39.80
Haplic Nitisols 471.59 0.33
Ribb Chromic Luvisols | 50693.11 35.09
Eutric Fluvisols 35688.15 24.70
Urban 111.51 0.08
Eutric Leptosols 40581.70 80.09
Haplic Nitisols 4562.28 9.00
Megech Chromic Luvisols | 3017.00 5.95
Urban 401.96 0.79
Eutric Vertisols 2109.48 4.16
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Figure 3. Soil types map of watersheds; (Source: FAO & UNESCO (1977))

Since agricultural activity is the major economic source of the society in the
Lake Tana basin, all watersheds are dominantly covered by agriculture; much
of the remaining area of all watersheds have also been used for both agriculture
and pastoral purpose which is named “agro-forest” land use (Figure 4). In the
Gilgel Abay watershed, agriculture and agro-pastoral land uses covered
72.78% and 23.54% of the total area of the watershed, respectively, while the
rest area of the watershed is covered by pastoral and agro-forest land uses,
which accounted for 2.51% and 1.16%, respectively. Similarly, in the Gumara
watershed, the entire area is covered by four land use classes, in which the
areal proportion of Agriculture, agro-forest, pastoral, and urban land uses are
63.81%, 31.64%, 4.32%, 0.23%, respectively. Unlike other watersheds, Ribb
watershed has five land use classes, however, the two land uses such as forest

and urban lands have insignificant proportions in area coverage that accounted
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0.08% and 0.18%, respectively, whereas agriculture, agro-pastoral, and
pastoral lands covered 60.25%, 23.05%, and 16.44% of the area, respectively.
In Megech watershed, 95.75% of the total area is covered by agricultural lands,
while agro-pastoral, urban, and pastoral lands covered 2.59%, 0.50%, and
1.17%, respectively. In general, all land use classes and their area coverage of

the four watersheds are shown in (Table 2).

Table 2. Different land uses and their area coverage of watersheds (MoWE)

Watershed Land use Area (ha) | Area coverage (%)
Agriculture 144423.00 72.78
Agro-pastoral 46718.75 23.54
Gilgel Abay Agro-forest 4985.50 2.51
Pastoral 2301.52 1.16
Agriculture 81111.17 63.81
Agro-pastoral 40220.40 31.64
Gumara Pastoral 5488.70 4.32
Urban 296.37 0.23
Agriculture 87039.19 60.25
Pastoral 23751.89 16.44
) Agro-pastoral 33293.95 23.05
Ribb Forest 112.51 0.08
Urban 265.31 0.18
Agriculture 48517.70 95.75
Pastoral 252.99 0.50
Megech Agro-pastoral 1310.79 2.59
Urban 590.91 1.17

29



Megech Watershed . Ribb Watershed .
& s
o Land Use
‘;l s.e [ Agriculture
Agriculture [ Agro-pastoral
= ggxo-pistoral [ Pastoral
g a;tom [ Forest
Urban [ ]Urban
0 4 8 16 24 32 0 510 20 30 40
K Km
Gilgel Abay Watershed N Gumara Watershed .
w E ¢
W E
S
s
Land Use Land Use
[ Agriculture [ Agriculture
[ ] Agro-pastoral [] Agro-pastoral
] Agro-forest [ Pastoral
) i 0 510 20 30 40
0_ 4_ 8 16 4 32Km [ Pastoral e — — K [ ] Urban

Figure 4. Land use classification of Megech, Ribb, Gilgel Abay, and Gumara

watersheds (Source: Ethiopian MoWE)

3.2.
and analysis

Climate and hydrological data collection, processing,

Meteorological data such as rainfall, maximum temperature, and minimum

temperature were taken from Ethiopia's National Meteorological Agency
(EMA). Some of the stations that spans 30 years (1971-2000) were used to
correct the errors of outputs in simulation of climate variables by climate

model. In and around the watersheds, totally 12 meteorological stations were

selected for this study (Table 3). Although there are more meteorological

stations in and around the watersheds, many of the stations have no adequate

data, and with missing values. To assess deviations in climate model outputs,

the missing values of recorded meteorological data were replaced by the long-
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term average recorded values of the corresponding dates of the preceding and

subsequent years. The missing values in the recorded data were replaced by -

99 during the SWAT model calibration and validation procedure, which is

well suited to the SWAT model.

Table 3. Meteorological stations with their data availability and purposes used in

the study.

Stations

Latitude

Longitude

Data availability

Temperature Rainfall

Data used for:

Bahir Dar

11.60

37.36

1961-2009 1961-2009

SWAT model calibration,
validation, bias correction,
& and projection of future
climate for simulation of

future stream flow

Wanzaye

11.78

37.67

2000-2009 1984-2008

Projection of future
climate and calibration &
validation of SWAT
model

Dangila

12.25

36.84

1954-2009 1954-2009

SWAT model calibration,
validation, bias correction,
& and projection of future
climate for simulation of

future stream flow

Wetet Abay

11.37

37.04

1987-2008 1987-2008

Projection of future
climate and calibration &
validation of SWAT
model

Sekela

10.98

37.21

1989-2008 1988-2008

Projection of future
climate and calibration &
validation of SWAT

model

Makisegnit

12.39

37.55

1996-2008 1987-2008

Projection of future
climate and calibration &
validation of SWAT

model

31



SWAT model calibration,
Gondar 12.3 37.25 1952-2009 1952-2009 validation, bias correction,
& and projection of future
climate for simulation of

future stream flow

Projection of future

Addis 12.12 37.77 1996-2009 1997-2009 | qjimate and calibration &
Zemen validation of SWAT
model

Projection of future
Adet 11.27 37.49 1989-2009 1989-2009 | ¢jimate and calibration &
validation of SWAT

model

Projection of future
Injibara 10.99 36.92 1984-2008 1954-2008 | .imate and calibration &
validation of SWAT

model

Projection of future
Wanzaye 11.78 37.67 2000-2009 1984-2008 | (limate and calibration &
validation of SWAT
model

SWAT model calibration,

validation, bias correction,

Debretabor | 11.86 37.99 1951-2009 1951-2009

& and projection of future
climate for simulation of

future stream flow

The Global Climate Model (GCM) data were accessed from the website of
Earth System Grid Federation (ESGF) (Internet 1), which is hosted by the
Department of Energy's Lawrence Livermore National Laboratory in the
United States of America. In Coupled Model Inter-comparison Project Phase
5 (CMIP5) dataset, six Global Climate Models, including CSIRO-Mk3-6-0,
EC-EARTH, NORESM1-M, CanESM2, CNRM-CM5, and HadGEM2-ES,
were used in this study for the projections of temperature and precipitation

data (Table 4) on the selected 12 meteorological stations in and near to the
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watersheds. The data were collected using the Representative Concentration

Pathway (RCP8.5) emission scenario experiment.

For calibration and validation of the SWAT model, flow data from four
watersheds (Megech, Gumara, Ribb, and Gilgel Abay) were obtained from
Ethiopia's Ministry of Water and Energy (MoWE). The flow data were
collected in a daily time scale; and like meteorological data; the missing values
of the raw data were replaced by -99 in simulations for calibration and

validation of model parameters.

Changes in temperature and rainfall obtained from Global Climate Models
(GCM) and their impacts on PET and stream flow including the extreme flow
events were evaluated based classifying the entire data in to four categories.
The data range consisted 1971-2000 was taken as a baseline, whereas the data
ranges 2011-2040 (Period 1), 2041-2070 (Period 2), and 2071-2100 (Period

3) were considered as the targeted change study periods.
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Table 4. The investigated global climate models with Equilibrium Climate
Sensitivity and resolution. Sources for ECS: (Meehl et al., 2020; Wyser et

al., 2020; M M Nijsse, 2020), Sources for resolution: (Voldoire et al., 2013;
Jones et al., 2011; Swart et al., 2019; Palmeiro et al., 2023; Jeffrey et al.,
2013; Bentsen et al., 2013).

Climate model

Description

Equilibrium
Climate
Sensitivity

Resolution
(Lat*Lon)

CNRM-CM5

Centre National de
Recherches
Météorologiques —
Groupe d’études de
I’ Atmospheére
Météorologique,
France

3.3°C

1.4°%1.4°

HadGEM2-ES

Hadley Centre Global
Environment Model
version 2, UK

4.64°C

1.875°*1.25°

CanESM?2

The second-generation
Canadian Earth
System Model

3.7°C

2.81°*2.81°

EC-EARTH

A European
community Earth-
System Model

3.3°C

1.125°%1.125°

CSIRO-Mk3-6-0

Commonwealth
Scientific and
Industrial Research
Organization,
Australia

4.37°C

1.875°*1.875°

NORESM1-M

The Norwegian Earth
System Model was the
first version, Norway

28°C

1.9°%2.5°
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3.3.  Geophysical data collection and processing

In addition to climatic data, the SWAT model required geophysical data such
as land use/cover, soil, and altitude (DEM) for hydrological simulation. The
land use/cover data of the study area for 2008, were obtained from Ethiopian
Ministry of Water and Energy (MoWE). Soil data for the study area were
obtained from the Digital Soil Map of the World website (Internet 2), which
is digitized by the FAO-UNESCO Soil Map of the World at a scale of
1:5000000. The SRTM Digital Elevation Model (DEM) data with a resolution
of 30 m*30 m was obtained from the United States Geological Survey (USGS)
website (Internet 3). The altitude data was used for the watershed delineation
and slope classification for Hydrological Response Unit (HRU) definition and

analysis process.

3.4. Bias correction of Climate Models data

Watershed models are commonly used to predict how future climate
conditions and geophysical characteristics will affect the water balance of
watersheds. However, rainfall and temperature simulations frequently reveal
large biases due to methodical errors of models or discretization and
geographic averaging within grid cells, limiting the use of climate data which
are produced by climate models for running of hydrological models
(Teutschbein & Seibert, 2012). Climate variables such as temperature and
rainfall are highly influenced by local topographies such as mountains and
local depressions, which are unlikely to be considered in the development
process of global climate models due to their coarse resolution. Thus, bias
correction was required to minimize the deviation of climate model outputs
from real measured data from stations. Bias correction techniques are run on
a daily time step to reduce the discrepancy between the simulated and

observed values of climate variables, such that hydrological model outputs
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driven by corrected climate model data match simulations driven by observed
climate data pretty well. For this study, biases of rainfall and temperature data
obtained from the six climate models were corrected using CMhyd software.
CMhyd is a Python-based tool to enable the use of global and regional climate
model data in hydrological models. It applies temporal and spatial bias
correction of climate model data, so it can best represent the observation
gauges used as inputs for hydrological models. Though, the CMhyd software
uses eight bias correction methods (Rathjens et al., 2016), power
transformation and variance scaling methods are used in this study for
correction of precipitation and temperature, respectively. These two bias
correction methods were chosen because they are more efficient than other
methods in frequency-based statistics as investigated by Teutschbein &
Seibert (2012) and Fang et al. (2015). The rainfall data from all climate models
were corrected by fitting them to thirty years of data (1971-2000) and
measuring their Coefficient of Variation (CV) during the power
transformation process. Each daily precipitation amount P is transformed into
a corrected P* in this nonlinear correction mechanism by using Equation (1)

as follows:

P* = aP? (1)
The coefficient "a" and superscript "b" were determined iteratively. The mean
value of "b" was calculated by multiplying the coefficient of variation of the
observed precipitation value by the coefficient of variation of the simulated
value on a monthly basis, and the coefficient "a" was calculated by multiplying
the mean value of observed precipitation by the coefficient of variation of the
simulated value for the comparison period. Temperature bias correction was
simply a matter of scaling and shifting to adjust the mean and variance of
simulated and observed climate data by fitting it to thirty years of data (1971
2000) and the standard year's deviation (Terink et al., 2010; Ho et al., 2012).
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Thus, the corrected daily temperature (Tcorr) Was calculated using Equation

(2):

o (Tobs

Tcorr — lobs t+t—=

(Tgem = Tgem) (2)
( gcm)
Where Teorr IS the daily temperature after bias correction; Tgem is simulated
daily temperature before bias correction; Tons is the observed daily

(T3]

temperature; an overbar (“ ”’) represents the mean value and o is the standard

deviation.

3.5.  SWAT model setup and Simulation

Soil & Water Assessment Tool (SWAT) is a semi-distributed small-scale
watershed or large-scale river basin hydrological model that simulates the
surface and groundwater in terms of both the quality and quantity perspectives.
It also forecasts the environmental impacts of the change in geophysical
features including land use and land management practices, and climate
change by simulating sediment transport in a specific watershed. It is widely
used in river basin assessments of soil and water management and non-point
pollution control (Neitsch et al., 2002).

In simulation of hydrological process components such as evapotranspiration,
groundwater flow, and surface runoff, the model passes through six key steps:
(1) watershed delineation, (2) HRU definition and analysis, (3) climate and
weather data formation, (4) initial simulation, (5) model calibration and

validation, and (6) final simulation.

The river networking process was done through the "burn-in" method using

SRTM DEM data from the entire Lake Tana basin. Four outlets were chosen

37



for delineation of four watersheds, and each watershed was defined by a
combination of sub-watersheds.

The HRU definition process considered all land use, soil, and slope classes in
each sub-basin. Using the following equation (equation 3), surface runoff is
estimated separately for each HRU and sub-basin and routed to quantify the

basin's total surface runoff (Neitsch et al., 2002).

t
SW, = SWo + ) (Raay = Quury = Ea = Waweep — Qw), 3)
i=1
Where, SW; is the final soil water content (mm), SW, is the initial soil water
content on the day i (mm), t is time (days), Rday is the amount of precipitation
on the day i (mm), Qsurf is the amount of surface runoff on the day i (mm), Ea
is the amount of evapotranspiration on the day i (mm), Wseep IS the amount of
water entering the vadose zone from the soil profile on the day i, and Qgw is
the amount of groundwater flow on the day i (mm). The amount of surface

runoff is calculated using the following formula (equation 4).

— (Rday_la)z (4)

qurf - (Rday—la+5)

Where Qsurf is the surface runoff or rainfall excess (mm); Raay is rainfall
amount for the day (mm); la is the initial abstractions (infiltration before
runoff, surface storage, and canopy interception) (mm), and S is the retention
parameter. Therefore, retention parameter S is defined as Equation (5):

S=25 4(1000 10) 5

Where CN is the curve number for the day and the initial abstractions, 5, are
commonly substituted as 0.2S, and surface runoff can be computed using

equation (6):
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o _ (Raay — 0.25)"
T (Rgqy + 0.85)

(6)

The runoff will only occur when Rgay > la.

3.6. SWAT model Calibration and Validation

The sensitivity analysis process was performed to select sensitive parameters
after simulating the flow with default parameters. The model was calibrated
using seven years of data (1995-2001), and validated using five years of
independent climate data (2002-2006). The sensitivity analysis identified
eleven parameters with a significant impact on watershed stream flow (Table
5), and the calibration process determined the value of each parameter in all
watersheds. For calibration, the SWAT-CUP (SWAT-Calibration and
Uncertainty Programs) version 12 program and the Sequential Uncertainty
Fitting (SUFI-2) algorithm were used. The fitted and optimum value of
parameters was noticed after 2000 times (iteration) of automatic simulations
and manually adjusting with respect to value ranges. The SWAT model output
was compared to the observed stream flow of the watersheds using chosen
parameters and their adjusted values. The model's efficiency was determined
by comparing the fitness of simulated flow with measured flow statistics from
watersheds using Nash-Sutcliffe Efficiency (NSE) and Relative VVolume Error
(RVE), computed as equations 7 and 8, respectively.
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Table 5. SWAT model parameters with their ranges of values

— 2
Y1 (Qsimei) — Qobs)

No. Parameters Description Minimum | Maximum
value value
1 R_CN2.mgt Initial SCS CN I 0 1
value
2 | V_ALPHA BF.gw | Base flow Alpha -25 25
factor (days)
3 V_ESCO.hru Soil evaporation 0 1
compensation factor
4 | V_GW_DELAY.gw | Groundwater delay 0 10
(days)
5 | V_.GW_REVAP.gw | Groundwater 0.02 0.2
“revap” coefficient
(days)
6 A_SLSUBBSN Average slope length -0.5 1
(m)
7 A SOL_AWC Available water 0 1
capacity (mm
water/mm soil)
8 A SOL K Saturated hydraulic -0.5 1
conductivity (mm/hr)
9 A SOL_Z Soil depth (mm) 25 25
10 V_SURLAG Surface runoff lag 0 12
time (days)
11 V_GWQMN Threshold water 0 10
depth in the shallow
aquifer for flow
(mm)
NSE = 1 — S 1 (Qsim) — Qobs)” %

Where Qobs is the observed stream flow; Qsim is the simulated stream flows at

the i time steps respectively, n refers to the number of days in the simulated

or observed time series period. The overbar (=) symbol represents the mean
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value. The Nash-Sutcliffe Efficiency (NSE) value ranges between 1 and —o;
the value 1 indicates that the simulated stream flow well matched with the
observed stream flow and the model is efficient enough in the simulation
process. A value between 0 and 1 is considered an acceptable level of
performance (Nash & Sutcliffe, 1970).

RVE — Zi=1(Q‘r(‘zbS(i) - Qsim(i)) % 100% (8)
Zi=1 Qobs(i)

RVE denotes the ratio of the sum of differences in observed and simulated
stream flow values to the total observed stream flow. The optimal RVE value
is 0. A positive value represents underestimation, while a negative value

represents overestimation (Gupta et al., 1999).

3.7.  Simulation of Potential Evapotranspiration (PET)

The potential evapotranspiration of the basin is estimated based on energy
balance and temperature—based methods using Soil and Water Assessment
Tool (SWAT) model. SWAT model supports only three evapotranspiration
estimation methods, and among those the Hargreaves method is the only
temperature—based method, whereas the other two methods such as Penman-
Monteith and Priestley Tylor methods are energy balance methods. The
Penman-Monteith (PM) method, which is commonly used and recommended
by the Food and Agriculture Organization (FAO) of the United Nations (Allen
et al., 1998) was used in this study for comparison, whereas in temperature—
based method Hargreaves method was used in the PET simulation process.
The result of these two methods was compared based on their performance in
the simulation of stream flow by the SWAT model, and the best-fit method
was selected and used in change analysis in PET and aridity index. PET in the

Penman Monteith method is calculated by the following formula (equation 9):
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900
0408A(Rn - G) + YW‘MZ (es - ea)

A+y(1+ 0.34u,)

ETp = 9)
Where, ETo = reference evapotranspiration, mm day™; A= vapor pressure
slope curve, kPa °C*; Rn = net radiation at the crop surface, MI m?d*; G =
soil heat flux density, MJ m2 d*; T = mean daily air temperature at 2 m height,
°C; v = psychrometric constant, kPa °C™!; u,= wind speed at 2 m height, m s*;
es = saturation vapor pressure, kPa; ea = actual vapor pressure, kPa; es—ea =
saturation vapor pressure deficit, kPa. The net radiation (Rn) is calculated by

the following formula (eq. 4)

R, = ((1 ~ alb) (0.25 + 0.5%) Ra>

— (0.9% + 0.1) (0.34 - 0.14,/eq)a(T +273.2)*  (10)

Where, n = bright sunshine hours per day (h); N = total day length (h); alb =
albedo, a measure of surface reflectivity; Ra = extraterrestrial radiation (MJ
m2day?); o = Stefan-Boltzmann constant (4.903*10°MJ m2°K* day™); T =

mean air temperature (°C); eq = vapor pressure (kPa).

The study area has no adequate meteorological stations, and even the existing
stations have no long-term meteorology data, especially stations that have
limitations to provide data for a complete set of parameters (i.e., precipitation,
temperature, solar radiation, wind speed, humidity) required for estimation of
PET. Therefore, the weather generator dataset which is developed using
Climate Forecast System Reanalysis (CFSR) for the region with the required
format of the SWAT model (Dile & Srinivasan, 2014) was used for the

simulation process.
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The CFSR is a tool used for various applications, including climate studies
and weather forecasting, its primary purpose is hydro-dynamical adjustment
through reanalysis. Even though the applicability of CFSR climate data for
hydrological models has already been verified, it has some uncertainty and
errors compared to the ground-based data in the region. Due to this, PET has
also been estimated by the Hargreaves method which is a temperature-based
method, not data intensives, using maximum and minimum temperature. In
this method, PET is calculated using the following formula (Equation 5):

Tonax + Tmi
PET = 0.0023R;(Tugx — Trmin)*® (M + 17.8) (11)

2

Where Tmax and Tmin are maximum and minimum air temperature for a given
day, respectively; Ra is incoming extraterrestrial solar radiation (MJ/m2/d)

that is computed as follows (Equation 6):
R, = 15.392 d,.(wgsin f sind +cos f cos d sin wy) (12)

Where d; is the relative distance earth-sun; ws is the sunset hour angle
(radians); f is latitude of site (+ for Northern Hemisphere, - for Southern

Hemisphere) (radians); d is solar declination (radians); and J is Julian day.

d, =1+ 0.033 <2n]) 13

= . cos | 37z (13)
wg = arc cos(—tan f tand) (14)

d = 0.4093 si (2”] 1 405) 15
=0. sin 365 . (15)

However, the estimated value of PET should be verified by ground-measured

data, in the region, it is difficult to get measured lysimetric data.
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Therefore, in this study, an indirect verification approach is used by evaluating
the model performance in the simulation of stream flow of watersheds. The
SWAT model is considering PET as one of the important water balance
components. SWAT model uses a water balance algorithm in the simulation
process in such a way that surface runoff is estimated separately for each sub-
basin and routed to quantify the total surface runoff of the basin using
(equation 3) (Neitsch et al., 2002). In the equation, ‘Ea’ represents the amount
of loss of water by evapotranspiration in daily basis. Thus, if the simulated
stream flow is consistent with the measured flow, it is assumed that the
estimated PET could also be consistent with reality because PET is important
factor to estimate runoff in the catchments. However, the influence of

uncertainties in the other factors could be undermined in the assumption.

3.8. Estimation of Aridity Index (Al)

An aridity index (Al) is a numerical indicator of the degree of dryness of the
climate at a given location. It is an index of the average water available in the
soil, defined as the ratio between mean annual precipitation (P) and mean
annual evapotranspiration (PET) (UNEP, 1993) shown in (equation 10).

Even though according to the revised UNEP, Al is estimated based on the
mean annual precipitation and potential evapotranspiration, in this study it is
also evaluated based on the seasonal variability of precipitation and potential
evapotranspiration. Therefore, first, the change in precipitation and potential
evapotranspiration, were evaluated in mean monthly time scale, and the aridity

index was also estimated accordingly.
P
Al = BT (16)

Where, P is mean precipitation, PET is mean potential evapotranspiration.
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3.9. Selection and analysis of high flow and low flow of
watersheds

The purpose of selecting and analyzing the low flow and high flows from the
total projected stream flow is to assess how much the change in climate,
specifically the change in rainfall and temperature, is affecting the extreme
flow trends of watersheds up to the end of this century. For the entire study
period, the SWAT model's daily simulated flow output included both high and
low flow from the watersheds (1971-2100).

Based on the number of days with the lowest flow from the total daily flow
data in a year, there are various low flow selection models. 3-day sustained
mean annual low flow, 7-day sustained mean annual low flow, and 10-day
sustained mean annual low flow are the most employed techniques. These
metrics are defined as the mean value of the lowest flow over three, seven, and
ten consecutive days, respectively. In this study, low flow is chosen from the
daily annual flow over the entire period using the 7-day sustained method
determined by Telis (1991). The 120 years of simulated daily flow data were

sorted in ascending order over an annual time frame.

The Flow Duration Curve (FDC) for all period was plotted after determining
the low flow for each year to do comparison in the three periods with the
baseline period (1971-2000). Four crucial steps are involved in the plotting of
FDC: the four periods' daily annual low flow data were sorted in descending
order, the ranks for each value were given from lowest to highest, the
probability of non-exceedance for each value was calculated using the Weibull
formula percentile (equation 12), and the FDC of the four periods was plotted
using the sorted value of the four periods versus the percent of non-

exceedance.
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For analyses of flood management and safety of dams constructed for different
purposes, including irrigation, hydropower, and other projects, time series data
on the frequency of high flows is commonly used. To compare the effects of
climate change on high flow of watersheds over three time periods relative to
the baseline period, the frequency analysis of high flows in this study plots the
FDC. The two most well-known high flow selection techniques for time series
data are the Annual Maximum Series (AMS) and the Partial Duration Series
(PDS). In the PDS, a threshold is set, and the peak values that exceed that
threshold are chosen as high flow for analysis. In the AMS, one maximum
flow is selected from each year for the four watersheds. There are 120 peak
flows total because only the highest flow is selected for analysis each year.
The Flow Duration Curve, which shows the change in high flow caused by
climate change for all periods, including the baseline period, is plotted for high
flows in the same way that it is for low flows. Except for the time series data
being arranged in descending order in high flow, the methods for plotting the
FDC are the same as in low flow. The curve is commonly plotted using the
magnitudes of stream flows on the Y-axis, and the probability of exceedance
in the case of high flow and the probability of non-exceedance in the case of
low flows on the X-axis. The probability of exceedance and non-exceedance
for each event is computed using (equation 11).

P= it 100 (17)

Where, P is the probability of exceedance/non-exceedance of each value with
in the thirty years of data; M is the rank of each value, and N, is the total

number of data.

The change has also been assessed in terms of comparing extreme events in

terms of the probability of exceedance of each event, which has been classified
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into four ranges of probability of exceedance in percent. In each category the
mean values of extreme events were calculated for Qo—Q2s, Q26—Qs0, Q51—Q7s,
and Q76—Q100, and these values in the three periods were compared with the

baseline period in both high flow and low flows.
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3.10. Technical materials used in data processing and analysis

Table 6. Major software and models used in data preparation and analysis

Software and Description Version Purpose

models

ArcGIS Geographic Information 104.1 Watershed delineation and
System (Product et | spatial analysis, and

al., 2016) | Hydrological modeling
using SWAT interface

QGIS Quantum Geographic 3.10.14 Map preparation
information system (Internet 4)

ArcSWAT Soil & Water 2012 Simulation of hydrological
Assessment Tool (Internet 5) | components (e.g., stream
developed for hydrology flow and
and sediment transport evapotranspiration)
modeling.

SWAT-CUP SWAT Calibration and 2019 Calibration and validation
Uncertainty Program. It | (Internet 6) | of SWAT model
has graphical modules parameters
to observe simulation
results, uncertainty
range, sensitivity
graphs, and statistical
reports

CMhyd A tool used for 2016 Bias correction of climate
correction of biases (Internet 7) | model data
climate model data for
hydrologic modeling

Microsoft A spreadsheet 2016 Climate and hydrological

Excel developed by Microsoft | (Internet 8) | data processing using
for Windows, macOS, pivot table.

Android and i0S

R Studio 4.0.3 | A programming 2020 Climate and hydrological
language for statistical (Internet 9) | data processing using
computing and graphics dplyr and ggplot2

packages

XLSTAT An application used for 2016 For stacking and out layer
statistics and data (Internet | testing of daily
analysis 10) meteorological and flow

data
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4. RESULTS AND DISCUSSION

4.1. The efficiency of climate models

To predict the future climate (rainfall and temperature) in the study area, six
global climate models were employed. The effectiveness of each model was
evaluated by contrasting historical data with station-observed data. The
absolute error of climate models in the prediction of rainfall ranges from
0.05% to 1.94% after bias correction was done using the CMhyd software
(Appendix 1). In comparison, the highest error is observed by NORESM1-M
climate model in August, while the CSIRO Mk3-6-0 was the most efficient in
simulation of rainfall, and it is observed in January. Seasonally, almost all
climate models were more efficient in prediction of rainfall from December to
February (Figure 5). Since rain rarely falls in the study area during the winter
season, the change is also more observable in the summer. In general,
according to the deviation analysis result, all climate models were efficient in

simulation of rainfall.
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Figure 5. Errors of climate models in simulation of rainfall

The efficiency of all climate models in prediction of maximum temperature
was improved after the bias correction was done using the default outputs and
real ground data. As a result, Except for the CNRM-CMD5, all climate models
overestimated the maximum temperature for six consecutive months, which is
from December to May (Figure 6). The error ranges from 0.01 °C which is
predicted by both the CSIRO-Mk3-6-0 in September and HadGEM2-ES in
January to 0.5 °C, predicted by the CNRM-CM5 climate model in March.
Under the CanESM2, EC-EARTH, CNRM-CM5, HadGEM2-ES,
NORESM1-M, and CSIRO-Mk3-6-0 climate models, the overall monthly
mean errors in projection of maximum temperature are 0.19 °C, 0.03 °C, 0.25
°C, 0.14°C, 0.12 °C, and 0.16 °C, respectively (Appendix II).
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Figure 6. Errors of climate models in simulations of maximum temperature

The default output of minimum temperature by all climate models was
corrected using the CMhyd model, and the deviation from the observed data
was considerably reduced. In terms of capturing measured data, all climate
models are relatively more efficient at capturing minimum temperature than
maximum temperature. Model errors ranged from 0.01 °C to 0.35 °C; under
the CNRM-CM5 climate model showing the greatest error in October
(Figure7). Unlike the maximum temperature, some climate models
underestimate the monthly minimum temperature. The average errors of the
CanESM2, EC-EARTH, CNRM-CM5, HadGEM2-ES, NORESM1-M, and
CSIRO-Mk3-6-0 climate models, in simulation of minimum temperature are
0.03 °C, 0.04 °C, 0.07 °C, 0.09 °C, 0.02 °C, and 0.05 °C, respectively
(Appendix I11).
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Figure 7. Errors of climate models in simulations of minimum temperature

4.2. SWAT model efficiency

The default efficiency of the SWAT model was improved after calibration of
model using the selected parameters in all watersheds. In all watersheds, the
SWAT model was more efficient in the simulation of stream flow using the
Hargreaves (HR) potential evapotranspiration estimation method than the
Penman Monteith (PM) method in simulating stream flow. In similar studies,
the good performance of the Hargreaves method in computation of PET have
been verified by Oudin et al. (2005), Earls & Dixon (2008), Almorox et al.
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(2015). In terms of NSE in both PET estimation methods, relatively, the
efficiency of SWAT model was the best in simulation of stream flow in the
Gilgel Abay watershed. In this watershed, the efficiency of the model in
calibration by the HR and PM PET estimation method was 0.86 and 0.79,
respectively. In the Megech watershed, the efficiency of SWAT model in
terms of NSE using HR PET estimation method was not as effective as it was
in the other watersheds where the efficiency in the calibration and validation
processes was 0.51, and 0.54, respectively. In contrast, the efficiency in terms
of NSE was 0.47 and 0.56 in the calibration and validation processes,
respectively, when the PM method of PET estimation was used. The efficiency
of the SWAT model in terms of RVE was also evaluated, and the results
showed that PET estimation by the HR method was more appropriate than PM
in almost all watersheds, with the exception of the Megech watershed (HR =
-6.62% and PM = -4.6%). The negative RVE values indicated the over
estimation of model output in comparison to the measured value of the
watershed (Table 7).

Table 7. SWAT model efficiency. Where, PM = Penman Monteith, HR =
Hargreaves methods

Watersheds Calibration Validation

NSE RVE (%) NSE RVE (%)

HR | PM HR PM HR | PM HR PM

Gilgel Abay | 0.86 | 0.79 | 1.31 462 | 084 | 075 | 136 | 1.95

Gumara 0.67 | 0.63 | 1.25 3.86 | 0.63 | 0.52 | 1.88 | 2.73

Ribb 0.71 | 068 | 1.14 294 | 074 | 081 | 1.07 | 3.84

Megech 051 | 047 | -884 | 11.32 | 0.54 | 0.56 | -6.62 | -4.6
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Independent climate data was used to validate the calibrated parameter values,
and the model was verified that it was efficient with these independent data.
As it is shown graphically (Figure 8, 9, 10, 11), the model captured the peak
flows in some years while overestimating in others using the PM method of
PET estimation and underestimating in others in all watersheds using the HR
PET estimation method. As shown in the graph (Figure 11), in the Megech
watershed, the simulated flow looks higher than the measured flow in the
calibration period and even in the validation time as well, particularly in the

catchment's dry season flow (base flow) in both PET estimation methods.
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Figure 8. comparison of the stream flow simulated by SWAT model using
Penman Monteith and Hargreaves methods with the observed stream flow of
Gilgel Abay watershed.
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Figure 9. Comparison of the stream flow simulated by SWAT model using
Penman Monteith and Hargreaves methods with the observed stream flow of
Gumara watershed.
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Figure 10. Comparison of the stream flow simulated by SWAT model using
Penman Monteith and Hargreaves methods with the observed stream flow of
Ribb watershed.

56




Megech Watershed

600 rm 0
500 20
40
400
60

Calibration

Validation

Streamflow (m3/s)

Rainfall (mm)

S O DN O OIS DO X E b
U RIS RS DIC U SN SN N SN SN N

N VERUVER VAR VER VAR VRN
KRNSO
Observed —PM ——HR ——Rainfall

Figure 11. Comparison of the stream flow simulated by SWAT model using
Penman Monteith and Hargreaves methods with the observed stream flow of
Megech watershed.

Following the sensitivity analysis, 11 parameters were found as sensitive in
the simulation process. The degree of sensitivity of each parameter was
compared and ranked using the t-stat and p-values. The highest t-stat with the
lowest p-values of parameter, independent of sign, was chosen as the most
sensitive parameter in stream flow simulation. As a result, all eleven
parameters were ranked based on their sensitivity for all watersheds, and the
top-five parameters, along with their fitted values, are shown in (Table 8).
Among all parameters, the Curve Number (CN2) was the most sensitive in the

Gumara, Megech, and Gilgel Abay watersheds, while the most sensitive
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parameter in the Ribb watershed was the Soil Evaporation Compensation
factor (ESCO).

Table 8. SWAT model parameters with their rank of sensitivity and fitted value

Watershed Parameter t-stat | P—value Fitted Rank
value
R_CN2.mgt -10.14 0 0.14 1
Gumara | V_ALPHA BF.gw 5.48 0 ~12 2
V_ESCO.hru -3.07 0.03 0.42 3
V_GW_DELAY.gw -2.9 0.09 7.34 4
V_GW_REVAP.gw -2.23 0.11 0.19 5
R_CN2.mgt 58 0 —0.18 1
Gilgel | V_ALPHA_BF.gw 10.8 0 0.12 2
Ab3Y SOl Kesol 6.1 0 0.47 3
V_GW_REVAP.gw -1.2 0.2 0.10 4
V_GWQMN.gw 1 0.3 1.31 5
V_ESCO.hru 3.76 0.01 0.5 1
Ribb R_SOL_AWC .sol 3.55 0.01 0.9 2
V_EPCO.hru 2.55 0.04 0.7 3
R_CN2.mgt -1.95 0.09 2.37 4
V_ALPHA_BF.gw 1.77 0.12 0.5 5
R_CN2.mgt ~10.55 | 0.00 —0.02 1
Megech | V_ALPHA BF.gw | -827 [ 0.00 0.76 2
V_GW_DELAY.gw -2.70 0.01 5.37 3
V_GWQMN.gw 2.26 0.03 0.55 4
A_SOL_K.sol 1.90 0.06 —0.17
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4.3. Climate change assessment results

4.3.1. Change in maximum temperature

In the water balance computation algorithm, the SWAT model uses both
minimum  temperatures and maximum temperature to compute
evapotranspiration. In the region, the maximum temperature increased under
the high-emission of the Representative Concentration Pathway (RCP)
scenario. In monthly time scales, the highest increasing change is predicted to
be observed in Period 3. The predicted change ranges from 2.93 °C to 5.17 °C,
in which the lowest change is in November and predicted by the CNRM-CM5
climate model, whereas the highest change is in April and it is obtained by the
CSIRO-Mk3-6-0 climate model. According to this projection, the change is
also showing increasing trend in Period 1 and Period 2, in which it is expected
to rise up to 3.07 °C and 3.55 °C, and these highest increments are predicted
in April and November by the NORESM1-M and CNRM-CM5 climate
models, respectively. Considering all climate models, the lowest changes in
maximum temperature are 0.75 °C, 1.13°C, 2.93 °C in Period 1, Period 2, and
Period 3, respectively; where these relatively lowest increments are projected
by the CNRM-CMS5. The highest monthly average increment is expected to be
observed under the EC-EARTH climate model in Period 1 and Period 2, and
CSIRO-Mk3-6-0 in Period 3, with increasing by 2.17 °C, 2.55 °C, and 4.16
°C, respectively, compared to all climate models (Figure 12). Using an
ensemble of six climate models, the maximum temperature is expected to rise
by 1.91 °C, 2.40 °C, and 4.04 °C in Period 1, Period 2, and Period 3,

respectively.
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Figure 12. Change in maximum temperature in Period 1, Period 2, and
Period 3 compared to the baseline period (1971-2000)
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4.3.2. Change in minimum temperature

Like the maximum temperature, the minimum temperature is expected to
change prominently in Period 3 with considering all climate models. This
highest increasing change is projected by the CSIRO-Mk3-6-0 climate model
in April. Whereas, relatively, the lowest change is predicted by CNRM-CM5
in November. Furthermore, the change in minimum temperature shows a
consistent increasing pattern in Period 1, Period 2, and Period 3, compared to
the baseline period. In in Period 1 and Period 2, the prediction of the highest
change is obtained by the EC-EARTH with increasing by 2.66 °C and 3.57 °C,
respectively. The lowest change in Period 1 is projected by NORESM1-M
which is likely to be 1.06 °C in June. However, in Period 2 and Period 3, the
lowest change is projected by the EC-EARTH and CNRM-CMS5 in November
and the values of changes are likely to be 1.82 °C and 2.62 °C, respectively. In
ensemble average basis of all climate models, the minimum temperature in the
region is predicted to rise by 1.57 °C, 2.75 °C, and 4.28 °C in Period 1, Period
2, and Period 3, respectively (Figure 13).
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Figure 13. Change in minimum temperature in Period 1, Period 2, and Period
3 compared to the baseline period (1971-2000)
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4.3.3. Change in rainfall

Based on climate model projections, rainfall is expected to show both
increasing and decreasing patterns in the region over the 21% century. All
climate models predict that rainfall changes will have a high level of inter-
annual variability in all periods. The results are analyzed on a monthly and
annual time scales, and the highest changes in rainfall in Period 1 and Period
3 are expected to be observed in November, while in Period 2, it is expected
in October. In Period 1, Period 2, and Period 3, the highest rate of increasing
changes are 22.37% by CanESM2, 25.58% by CanESM2, and 29.75% by the
CNRM-CMD5, respectively (Figure 14). Most investigated climate models
predicted a decrease in rainfall during the dry season, with the highest decrease
projected by the CanESM2 climate model in Period 1 and Period 3, while the
EC-EARTH predicted the highest decreasing change in Period 2, and all those
decreasing are expected to be observed in March. Numerically, the highest
decreasing rate of changes in Period 1, Period 2, and Period 3 are expected to
be 6.42%, 7.11%, and 9.26% respectively.

Based on the ensemble mean values of all climate models, rainfall is expected
to increase to the highest level in Period 3, with a rate of increasing change by
17% in November. The rate of change in rainfall under the ensemble average
of all climate models is predicted to decrease with the highest level by 5.6%
in Period 3. Rainfall does not vary significantly between the three periods on
an annual basis. In general, based on the average annual projection, rainfall in
the region is expected to increase by 4.43%, 4.38%, and 4.70% in Period 1,

Period 2, and Period 3, respectively.
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Figure 14. Change in rainfall in Period 1, Period 2, and Period 3 compared
to the baseline period (1971-2000)
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In this study, the SWAT model employs the Hargreaves method to calculate
potential evapotranspiration during the simulation process. As a result, this
increment in the region has clear implication on the predicted amount of water
to be lost potentially by evapotranspiration in all watersheds since the
temperature has direct relation with evapotranspiration (Abtew & Melesse,
2013; Gizaw et al., 2017; Haile et al., 2017). According to (IPCC, 2014a), the
global atmospheric temperature is expected to increase by 4.8 °C at the end of
21% century, under RCP 8.5 emission scenario, whereas, the result of the study
revealed that the regional average temperature is expected to rise by 4.16 °C.
Regionally, according to Mengistu et al., (2021), the maximum temperature
in the late 21% century is expected to increase by 4.89 °C under RCP 8.5, as
well as the minimum temperature is expected to increase by 2.22 °C and 4.71
°C under RCP 4.5 and RCP 8.5, respectively. Regardless of the variation in
climate models and emission scenarios used in the studies, other studies have
also verified that there is the predictions of the rise in minimum temperature;
and this increment has considerable effect in the water balance of the
watersheds (Adem et al., 2016; Worglul et al., 2018a).

The rising temperatures in the region is expected to impact water availability
and quality in the watersheds, and the Lake Tana as well. Increased
evaporation rates due to higher temperatures can lead to higher water demands
and decrease water availability in rivers, the lake, and in the existing and
proposed reservoirs in the Lake Tana basin. This can result in water scarcity,
affecting irrigation for agriculture, domestic water supply, and the biodiversity

of the water ecosystem.

This finding in rainfall change is consistent with previous research that has
found inter-annual variability in rainfall change in the region (Haile et al.,

2017). Furthermore, while the seasonal variations in rainfall, projected by all
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climate models are visible in all periods; the change in the ensemble mean
values of all climate models has shown similar patterns across the three

periods.

Rainfall is not an independent variable at the global and regional levels; rather,
it is one of the water balance components that may be significantly affected
by an increase in atmospheric temperature. Many factors influence
precipitation changes in a warmer climate. The intensity and duration of
rainfall are highly related to the accumulation of water vapors in the
atmosphere, which is a direct result of increased evapotranspiration because
of temperature rise. The predicted annual precipitation produced by various
climate models in various regions in contrast to the atmospheric temperature,
is uncertain and usually inconsistent due to the slight variations in the algorism
of climate models (FAO, 2010; Schaller et al., 2011; Tebaldi et al., 2011;
Power et al., 2012). Ethiopia, including the investigated region, has got the
orographic type of rainfall that is formed because of topographical features
(Bewket & Conway, 2007; Mengistu et al., 2014), the migration of the Inter-
tropical Convergence Zone (ITCZ) converged with Ethiopian highlands, and
the moist air mass will be changed to rain in the region (Korecha & Barnston,
2007; Mohamed et al., 2005). However, the movement of the ITCZ could be
influenced by the convergence of northeast and southeast trade winds in the
area encircling Earth near the Equator (Shanko & Camberlin, 1998; Seleshi &
Zanke, 2004). Therefore, the increasing and decreasing of future rainfall in the
investigated region is highly related to the sensitivity of climate models for the
trade winds in the equator.
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4.4. Impacts of climate change on Potential
Evapotranspiration (PET)

The rise of atmospheric temperature in the region directly affects the
hydrological process of the basin. Evapotranspiration is one of the most
important components of hydrological processes, which has been significantly
affected by the increase of temperature. The change in surface temperature has
a direct relationship with evapotranspiration of a particular region or a basin.
In this study, it is clearly indicated that temperature is predicted to increase
and consequently the loss of water in the basin is expected to increase in the
coming decades of this century. For instance, due to the change in temperature,
the seasonal potential evapotranspiration of the study area is projected to
increase up to 24.37% in the late thirty years of this century (Period 3). In fact,
the loss of water by evapotranspiration is significantly increasing throughout
the year or in all months, in which the highest changes in Period 1 and Period
3 are likely to be rising by 9.99% and 12.59%, in December and June,
respectively. Even though the projection under all climate models shown an
increment in all periods, there is high inter-annual variability under each
climate model in all months. The highest increasing change in PET in Period
1 and Period 3 is projected by the CSIRO-Mk3-6-0, while in Period 2, it is
projected by the CanESM2. The CanESM2 has also projected the lowest
change in PET in Period 1, whereas in Period 2 and Period 3, the lowest
increments are also projected by the CNRM-CM5 climate model in monthly
time scale, in which the lowest changes are likely to increase by 2.36%, 5.46%,
and 7.23% in Period 1, Period 2, and Period 3, respectively.

Based on the ensemble mean result of all climate models, the change in PET
is also more prominent in Period 3. The highest change in PET under the

ensemble mean projection of climate models is expected to be observed in
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April, and it is expected to rise by 17.79% in Period 3, whereas in Period 1
and Period 2, the highest increments will be occurred in March, and these are
expected to rise by 9.9% and 6.5%, respectively. In mean annual time scale,
the potential evapotranspiration is projected to rise by 5.56%, 8.25%, and
13.92% in Period 1, Period 2, and Period 3, respectively (Figure 15).
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Figure 15. Change in potential evapotranspiration in Period 1, Period 2, and

Period 3 compared to the baseline period (1971-2000)
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This figure indicated that in the basin, there is a potential of this much losses
of water by evaporation from the soil and evapotranspiration from the plants.
In general, because PET is the function of temperature, the change in PET
follows the pattern of change in temperature in all climate models and periods.

This result is consistent with other similar studies in the region (Gebre, 2015;
Roth et al., 2018; Gurara et al., 2021; Mengistu et al., 2021a). As PET
increases, more water is evaporated from the soil surface and transpired by
vegetation, can lead to increased water demand from natural ecosystems,
agriculture, and human settlements. If the increase in PET exceeds the
available water supply, leading to water stress, faster soil moisture depletion
and affect plant growth, reduced stream flow, and decreased water availability
for irrigation, drinking water, and industrial use (Goyal, 2004; Maracchi et al.,
2005). For example, according to Mengistu et al. (2021a), potential
evapotranspiration in the region is expected to increase up to 27% forced by
RCP8.5, and consequently the total water yield in the upper Blue Nile basin is
likely to decrease by 10.7 to —22.7% and by the end of the 21% century.

4.5. Impacts of climate change on seasonal aridity

Aridity of watersheds is expressed in terms of Aridity Index (Al), which
determines the moisture availability of the area. Mostly the aridity index of a
particular area is evaluated in annual time scale, however in this study; it is
estimated in monthly basis to evaluate the seasonal potential deficit of
moisture in the watersheds due to the consistent increasing of temperature in
global and regional context. Even though the region has not aridity problem in
annual time scale, as far as the temperature is increasing through time and the
consequent increment of loss of water by evapotranspiration process, it is
designed to measure the dryness of watersheds in terms of aridity index in

seasonal/monthly time scale.
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As the result is well indicated in (Figure 16), the aridity index of the study area
has shown seasonal fluctuations in all periods. The change in aridity index has
shown the consistent decreasing from the beginning to the end thirty years of
the 21% century in the winter and spring seasons which implies that the area
gets drier in those seasons, whereas in the summer and autumn seasons, the
index shows increments in all periods. The reason behind to the increment of
aridity index is the expected increasing of rainfall in the summer and post
summer seasons. The highest increasing change in aridity index is expected to
be observed in August in the periods. These maximum increasing changes in
all periods are projected by the CanESM2 climate model by which these
highest changes are expected to increase by 0.21, 0.20, and 0.29, in Period 1,
Period 2, and Period 3, respectively.

The decreasing of aridity index in the dry season is because of increasing in
potential evapotranspiration and decreasing of rainfall in the region. Like the
change in temperature and potential evapotranspiration, the highest change in
aridity index is projected in March by the CNRM-CMS5 in Period 3. In the
Period 2, both the highest increasing and decreasing change in aridity index is
projected by the CanESM2 climate model by which the highest decreasing
projection is expected to be observed in June like the highest increasing of
change in potential evapotranspiration. In the first comparison period (Period
1), relatively the decreasing change in aridity index is less than the next two
consecutive periods (Period 2 and Period 3). These highest projected
decreasing changes in aridity index in Period 1, Period 2, and Period 3 are

expected to show changes by 0.11, 0.17, and 0.30, respectively.

In the ensemble mean basis of all climate model projections, aridity index of
the study area is expected to increase in the highest level by 0.26 in August in

the late thirty-year periods of the century (Period 3), whereas in Period 1 and
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Period 3, the highest projected increasing changes are expected by 0.08 and
0.16 in August, respectively. Likewise, the highest projected decreasing of
aridity index is more prominent in Period 3, and the highest decreasing
ensemble mean projected value of aridity index is 0.285 in March, however in
Period 1 and Period 2, this highest decreasing value is expected to rise to
0.109 and 0.145, in March and February, respectively. In general, the mean
monthly change in aridity index in the ensemble mean values of climate
models, is projected to rise by 0.006 and decrease by 0.037 and 0.059, in
Period 1, Period 2, and Period 3, respectively.

Because these dimensionless values of the Aridity Indexes were estimated
using the ratio of rainfall and PET in the study area (UNEP, 1993), the
increasing change in Al indicated that the water availability of the watersheds
is likely to improve in the region; whereas, the decrease in Al implied that the
availability of water in the catchments is expected to be depleted and leading

to water stress in the region.
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Figure 16. Change in seasonal aridity index in Period 1, Period 2, and
Period 3 compared to the baseline period (1971-2000)
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4.6. Impacts of climate change on stream flow of watersheds

4.6.1. Change in stream flow in Gilgel Abay watershed

The Gilgel Abay watershed is the largest watershed in Lake Tana sub-basin.
In this watershed, the highest change is projected to rise to 27.47% in Period
3. In fact, all highest values of changes in the three periods were predicted by
the CanESM2 climate model, likewise, the second highest changes in the
Period 2 are also projected by the same climate model, however in the Period
1 and Period 3, the second highest values of changes were projected by the
CNRM-CMS5 climate model. Seasonally, in Period 1 and Period 3, the highest
increment of stream flow is projected in November, whereas in Period 2 it is
expected to be observed in October. Therefore, in the first two periods (Period
1 and Period 2), the maximum level of increments has also been expected up
to 21.35% and 21.74%, respectively. Moreover, the ensemble mean values of
stream flows by all climate models have also indicated that the highest
seasonal changes of stream flow in Period 1, Period 2, and Period 3 are
predicted by 12.39%, 7.68%, and 13.29%, respectively.

The stream flow is expected to decrease at the maximum level by Period 1
compared to the other two periods. The maximum decreasing change in the
Gilgel Abay watershed in Period 1, Period 2, and Period 3 are by 7.76%,
5.02%, and 6.87%, respectively (Appendix IV). In the Period 1 and Period 3,
these highest decreasing changes are predicted by the CanEMS2 climate,
whereas in Period 2, it is projected by the EC-EARTH climate model, and all
these changes are expected to be observed in March. In the mean values of
changes projected by all climate models, the stream flow is expected to
decrease by 3.65%, 1.62%, and 4.05% in Period 1, Period 2, and Period 3,
respectively (Figure 17). The highest variability of changes between climate

models is more prominent in the rainy summer and post-summer/autumn
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season (June—December) in all periods. The reason behind for the difference
in this inter-annual variability of changes in stream flow is the rainfall
variability in the study area has also shown a great variability in these seasons
in all periods. In the dry season, most of the climate models predicted that flow
is expected to decrease in all periods, even though they did not show
significant variabilities of changes. This decrement and low variabilities are
shown in winter and to some extent of spring seasons. For instance, in this
watershed, the lowest change in stream flow is projected in May by the
NORESM1-M climate model in Period 2, which is the increment by 0.18%.
Therefore, based on the result the impact of change in climate on stream flow
was more visible in summer and autumn than winter and spring seasons. In
this watershed, many other researchers have also verified that climate change
has been affecting the flow nature of the river and the availability of water

resource in general.
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Figure 17. Change in stream flow in Gilgel Abay watershed in Period 1,
Period 2, and Period 3 compared to the baseline period (1971-2000)
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4.6.2. Change in stream flow in Gumara Watershed

In the Gumara watershed, as in the Gilgel Abay watershed, the highest
increment of stream flow is generated by the CanESM2 climate model and
likely to be observed in November in all the three periods. In Period 1, the
change in stream flow varies from its decreasing by 0.71% in January using
the CNRM-CMS5 to increasing by 26.47% in November using the CanESM2.
In this watershed, the highest change in stream flow is not showing significant
variabilities in Period 1 and Period 2. These highest values of changes in
Period 1 and Period 2 are 22.5% and 22.89%, respectively, whereas the lowest
values of changes in these two periods are -0.4% and 0.19% in Period 1 and
Period 2, respectively. Unlike the stream flow, projected by the HadGEM2-
ES in June and NORESM1-M in October, it increased in all summer and
autumn seasons in Period 3 under all climate models. The highest decreasing
change of stream flow in this watershed is likely to decrease by 8.95%
predicted by the EC-EARTH climate model in March and in Period 2. Indeed,
all the highest decreasing change are predicted in March, and the climate
model that predicted the highest decreasing change (7.69%) in the 2020s is
also by the EC-EARTH climate model, whereas the CanESM2 climate model
predicted the highest decreasing change (7.87%) in Period 3 (Figure 18).

In mean annual basis, the stream flow is not expected to show significant
change in all three periods. Considering the mean values of simulated stream
flow under the six-climate models, the highest changes are shown in
November, which is expected to increase by 12.04%, 11.93%, and 16.11% in
Period 1, Period 2, and Period 3, respectively in monthly time scale (Appendix
V). In general, the ensemble mean value of all climate models predicted that
the stream flow in the Gumara watershed is likely to rise by 3.01%, 3.00%,

and 3.57% in Period 1, Period 2, and Period 3, respectively.
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In this watershed, the response of stream flow in the change in climate using
CanESM2 climate model through regional Statistical Downscaling Model
(SDSM), and the result revealed that the average rate of change in stream flow
Is expected to increase by 4.06%, 3.26%, and 3.67% in annual time scale under
RCP 2.6, RCP 4.5, and RCP 8.5 scenarios, respectively in every thirty years
over the 21% century. The findings are also congruent with other previous
studies using different climate models (H. S. Ayele et al., 2016), and
hydrological models (Haile et al., 2017).

Because much of the watershed's upper catchment is mountainous and used
for intensive agricultural activities, it is one of the most susceptible regions to
climate change in the Lake Tana basin (Chakilu & Moges, 2017). The area
receives a high amount of rainfall during the summer season, which can cause
flooding in the watershed's lower catchment, but it is also highly exposed to
hydrological drought during the dry season due to lack of soil and water
conservation measures to recharge the ground water, and on top of that the
vast majority of the land including the high slope areas is used for crop
cultivation (Zhang & Schilling, 2006; Dams et al., 2008).
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Figure 18. Change in stream flow in Gumara watershed in Period 1, Period
2, and Period 3 compared to the baseline period (1971-2000)
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4.6.3. Change in stream flow in Ribb watershed

Unlike the other three watersheds, the highest increasing of stream flow was
projected by CNRM-CMS5 in the Ribb watershed, and similar to the other
watersheds, this highest increment of stream flow is expected to be observed
in November in Period 3 (Figure 19). The highest stream flow changes in this
watershed in Period 1, Period 2, and Period 3 are 14.59%, 21.23%, and
27.81%, respectively. The highest decreasing of stream flow is predicted in
March under all climate models in all periods that are —7.68%, —8.39%, and —
6.80% in Period 1, Period 2, and Period 3, respectively (Appendix VI).

Despite some variations in the rate of change in predicted stream flow, in the
Ribb watershed, the dynamics of the stream flow showed a similar pattern to
the Gumara watershed. The reason behind for this consistent pattern similarity
is because the two watersheds shared common meteorological stations in the

hydrological modeling.

In the projection, the average values of stream flow by all climate models have
also shown seasonal fluctuations of changes, with the highest rate of
decreasing changes are predicted to be observed in Period 3. The mean values
of the highest increasing changes of all climate models in Period 1, Period 2,
and Period 3 are 11.98%, 11.58%, and 13.08%, respectively. Likewise, based
on the mean values of climate models projections, the highest decreasing
change are also expected to be shown in March, in which these changes in
Period 1, Period 2, and Period 3 are 5.41%, 5.01%, and 5.59%, respectively.
Moreover, stream flow in terms of annual average basis is predicted to increase
by 2.82%, 2.84% and 3.79%, in Period 1, Period 2, and Period 3, respectively.
Other studies have also confirmed that there will be the increase in stream flow
in the Gumara watershed due to change in climate in the region ( Yimer et al.,
2009; Wagena et al., 2016).
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Figure 19. Change in stream flow in Ribb watershed in Period 1, Period 2,

and Period 3 compared to the baseline period (1971-2000)
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4.6.4. Change in stream flow in Megech watershed

Like the other three watersheds, in the Megech watershed the stream flow has
shown the consistent increase of the highest changes in all periods by
CanEMS2, more importantly in November. In the Megech watershed, the
stream flow is predicted increase by up to 24.97%, which is the highest change
in all periods. The variabilities of changes in stream flow between all climate
models is higher in Period 3. Among the three periods, the highest decreasing
of stream flow is expected to occur in Period 1 in which it is likely to decrease
by 9.13% projected by EC-EARTH in March, whereas in Period 2 and Period
3 it is predicted to decline by 6.81% and 4.85% in March and May,
respectively (Appendix VII).

Considering the mean stream flow of all climate models is expected to show
the highest rate of change in November and in Period 3, in which the stream
flow is likely to increase by 14.87%, whereas in Period 1 and Period 2, it is
expected to rise by 11.02% and 13.07%, respectively in the same month. In
fact, all climate models projected that the stream flow is projected to show
decreasing trend inMarch in all periods like the other watersheds mentioned
on the above sections. In mean value of all climate model outputs, the stream

flow is expected to decline with highest level in Period 1.

In general, on the annual time scale, the ensemble mean of stream flow in the
Megech watershed is likely to rise by 2.75%, 3.13%, and 3.14% in Period 1,
Period 2, and Period 3, respectively (Figure 20). The variability of changes
between the three periods is almost inconsiderable, especially between Period
2 and Period 3. Because the change in future temperature is expected to be
very high in the winter and spring seasons, much of the rainfall is converted

to evaporation, and the stream flow is expected to decline, as it is verified by
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other similar studies (Wigley & Jones, 1985; Gleick, 1987; Karl & Riebsame,
1989).
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Figure 20. Change in stream flow in Megech watershed in Period 1, Period

2, and Period 3 compared to the baseline period (1971-2000)
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4.7. Impacts of climate change on extreme flow cases of
watersheds

4.7.1. Change in low flow of watersheds

The change in dry-season flow/ low flow of watersheds due to climate change
was investigated, and the result showed that the low flow is expected to decline
in all watersheds in the last thirty years of 21% century. The Ribb watershed
has the strongest downward trend of all the watersheds, with changes in Period
1, Period 2, and Period 3 of 5.30%, 7.57%, and 12.31%, respectively (Table
9). Because of the anticipated change in rainfall and temperature, the low flow
is projected to decline by 5.02%, 8.33%, 8.39%, and 6.21% in the Gilgel Abay,
Gumara, Ribb, and Megech watersheds in every 30 years. In contrast, the
Gilgel Abay watershed has the least pronounced downward trend, with
declines of 3.67%, 5.3%, and 6.8% in Period 1, Period 2, and Period 3,
respectively.

Table 9. Change in low flow of watersheds under the change in climate

Watersheds | Average low flow in

the baseline period Change in low flow (%)
(m3/s)
Period 1 | Period2 | Period 3
Gilgel Abay 2.45 367 | 531 638
Gumara 0.69 -4.71 -8.51 -11.71
Ribb 0.40 -5.30 —7.57 -12.31
Megech 1.02 -1.45 —6.69 -10.49

The change in low flows of watersheds was also evaluated using Flow
Duration Curves (FDC) (Figure 21, 22, 23, and 24), and the climate change
impact is indicated by illustrating the position of curves. The probability of

non-exceedance of the entire projected low flow data is classified in four
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categories (Qo—Q25, Q26—Qs0, Q51—Q75, and Q76—Q100) and in each category the

change in low flow in the three periods was evaluated. As a result, the change

in the low flow of all watersheds showed visible variability between the

categories (Table 10).

Table 10. The low flows of watersheds with the probability of non-exceedance
categories, Where, MLF = Mean Low Flow, BLF= Baseline Low Flow.

Categories of

Low flow of watersheds (m?/s)

non-exceedance | Years

probability Gilgel Abay | Gumara | Ribb | Megech
BLF 1.46 053 | 025 | 0.41

MLF (Go-0z2) Perfod 1 1.48 046 | 024 | 061
Period 2 1.63 0.46 | 0.24 05
Period 3 1.64 044 | 024 | 061
BLF 1.8 064 | 0.33 | 0.84

MLF (Q26—Qs0) | Period 1 1.84 063 | 032 | 0.95
Period 2 1.82 061 | 03 | 091
Period 3 1.79 056 | 027 | 081
BLF 2.11 072 | 041 | 1.22

MLF (Qs:—Q7s) | Period 1 2.04 071 | 038 | 1.08
Period 2 1.93 0.67 | 0.36 | 1.08
Period 3 1.99 0.65 | 034 | 0.95
BLF 2.84 09 | 062 | 1.53

MLF (Q76-Q100) | Period 1 2.52 0.85 | 059 | 1.31
Period 2 2.4 0.81 | 059 | 1.24
Period 3 2.3 082 | 057 | 1.22
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In the Gilgel Abay watershed, the low flow is projected and showing the
increasing pattern over the three periods with a non-exceedance probability
category of Qo—Q2s in which it is anticipated to rise by 1.64%, 11.86%, and
12.70% in Period 1, Period 2, and Period 3, respectively. In the second
category (Q26—Qs0), the increment pattern of low flow continues in Period 1
and Period 2, and the rate of changes are 2.23% and 1.11%, respectively. The
rate of change in the low flows is the highest in the Q76—Q100 category, which
IS expected to decrease by 15.24% in Period 3 (Figure 21). In general, in the
Qo—Q25 and Q26—Qso category, the low flow is projected to rise by 8.73% and
0.90%, whereas in the Qs1—Q7s and Q7—Q1o0 it iS expected to decrease by

5.74% and 15.24%, respectively in every 30 years over this century.
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Figure 21. Flow Duration Curves of low flow in Gilgel Abay watershed
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The low flow in the Gumara watershed is expected to show the highest change
in the first non-exceedance probability category (Qo—Q2s) in which it is likely
to decrease by 16.98% in Period 3 (Figure 22). In this category, there is a
similar rate of change of low flow in Period 1 and Period 2; in both periods it
is expected to decrease by 13.21% which implies that there will not be change
in low flow between Period 1 and Period 2 in the Qo—Q2s category (Figure
22). The highest rate of changes in low flow in the Qo—Q25, Q26—Qs0, Q51—Q7s,
and Q76—Q1oo0are -16.98%, -12.50%, -9.72%, and -10.00%, respectively. In the
first three categories (Qo—Q2s, Q26—Qs0, Qs51—Q7s), these highest decreasing
changes are expected be shown in the Period 3, whereas in the last category
(Q76—Qu00), it is in Period 2. In average context, in every 30 years, it is likely
to decrease by 14.96%, 6.74%, 5.34%, and 8.44%, in the Qo—Q25, Q26—Qso,
Qs51—Q75, and Q76—Q100, respectively.
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Figure 22. Flow Duration Curves of low flow in Gumara watershed

In the Ribb watershed, low flow is projected to decrease across all time periods
and non-exceedance probability categories, with the highest decreasing by
18.18%, anticipated in Q26—Qso in Period 3. In the first category (Qo—Q2s), the
low flow is not expected to change with significant similar rate of changes,
which is decreasing by 0.04% across the three periods. In this watershed, the
low flow in the Qo—Q25, Q26—Qs0, Qs51—Q7s, and Qze—Qio0 Categories is
predicted to decrease by 3.22%, 11.15%, 12.83%, and 5.91%, respectively in

every 30 years of this century. The overall change in low flow in the three
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periods over the four non-exceedance probability categories is clearly

indicated in line graphs (Figure 23).
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Figure 23. Flow Duration Curves of low flow in Ribb watershed

Like the Gilgel Abay watershed, the rate of change of the low flow in the
Megech watershed showed increasing pattern in all periods of the first non-
exceedance probability category (Qo—Q2s) in which it is expected to increase
by 47.06%, 21.27%, and 47.96% in Period 1, Period 2, and Period 3,
respectively (Figure 24). This increasing pattern continues to the second

category (Q26—Qs0) in Period 1 and Period 3, while decreasing is expected in
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Period 2. In the third and fourth category (Qs1—Q7s) and Q76—Q100), the rate of
change in low flow is showing decreasing pattern in all periods. In every
average 30 years, the low flow in the Megech watershed is likely to rise by
38.76% and 6.33% in the Qo—Q2s and Q26—Qso and decrease by 15.03% and
18.07% in the Qs1—Q7s and Q76—Q100, respectively.
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Figure 24. Flow Duration Curve of low flows in Megech watersheds

The decline in the low flow of watersheds is because of an increase in
evapotranspiration (Moon et al., 2017; Z. W. Kundzewicz et al., 2018; De
Girolamo et al., 2022); forced by a rise in temperature ( Abtew & Melesse,
2013; Parey & Gailhard, 2022); and most importantly, a decrease in rainfall

during the dry season and a shift of the starting and ending time of the rainy
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season. As it is mentioned on the study area description and shown in (Figure
3) and (Table 2), Agriculture is the primary economic activity of the societies
in the region. As a result, this result has provided important warnings for any
bodies involved in large-scale irrigation projects, as well as farmers who have
been using the water for small scale or household level farming in the lower
catchments of watersheds during the dry seasons. As these watersheds are the
major sources of the Blue Nile basin (Mulat & Moges, 2014), this significant
decrease in low flow during the dry season has important implications for
water resource management activities in lower catchment communities such
as Sudan and Egypt. Besides to the economic consequence, the decline in low
flow of watersheds have also important implication on future ecological
integrity problems of rivers (Norris & Thoms, 1999), lead to habitat loss and
fragmentation, affecting various species of plants and animals that depend on

stable water conditions.

4.7.2. Change in high flow of watersheds

The high flows of watersheds are likely increase consistently across the three
periods using the average value of all climate models. In comparison of
watersheds, the highest rate of change in high flow in Period 1 and Period 2
is predicted to be observed in the Gilgel Abay, increasing by 10.56% and
13.57%, respectively; however, the highest change in high flow was observed
in the Megech watershed in Period 3 which is projected to rise by 22.12%.
This increment is more noticeable in Period 3 in all watersheds, with expected
increment to be 22.12%, 18.67%, 17.69%, 14.36%, and in the Megech, Ribb,
Gilgel Abay, and Gumara watersheds, respectively (Table 11). The mean
value of high flows in all climate models is expected to rise in the Gilgel Abay,
Megech, Gumara, and Ribb watersheds by 13.94%, 13.16%, 10.90%, and
10.24%, respectively, in every thirty years of this century.
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Table 11. Change in high flow of watersheds.

Watersheds Average high flow Change in high flow (%)

in the baseline

period (m/s) Period 1 | Period 2 | Period 3
Gilgel Abay | 283.49 10.56 13.57 17.69
Gumara 238.1 7.15 11.18 14.36
Ribb 94.53 3.56 8.50 18.67
Megech 87.10 6.72 10.63 22.12

The annual high flows of all watersheds were plotted using the Flow Duration
Curve (FDC) (Figure 25, 26, 27, and 28), and the results revealed a significant
change in all periods. The high flow magnitudes have also been classified into
four probability of exceedance categories (Qo—Q25, Q26—Qso0, Q51—Q7s, and
Q76—Q100), and the rate of change in high flow is investigated. Thus, the
noticeable change in the Megech, Gumara and Gilgel Abay watersheds is
projected in in the Q76—Q100 category. Moreover, in this category, the high
flow is projected to increase by 16.11 m3/s (21.97%), 55.95 m®/s (23.70%),
29.89 m®/s (15.00%), and 5.76 m®/s (6.86%), and in Megech, Gilgel Abay,
Gumara, and Ribb watersheds, respectively, in every thirty years of the 21
century (Table 12). In general, according to this result, it is possible to infer
that an increase in high flow is more observable in between the lowest

magnitudes of high flows in almost all watersheds.
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Table 12. The high flows of watersheds with the probability of exceedance
categories, Where, MHF = Mean High Flow, BHF= Baseline High Flow

Categories of

High stream flow of watersheds (m?/s)

exceedance Years
probability
Gilgel Abay | Gumara | Ribb | Megech
BHF 345.09 279.55 | 109.69 | 102.05
MHF (Qo-029) Per?od 1 345.77 287.91 | 109.54 | 105.59
Period 2 352.31 302.9 | 123.62 | 110.36
Period 3 376.11 313.59 | 140.19 | 120.08
BHF 293.9 253.31 | 96.65 91.6
MHF (Q26—Qs0) | Period 1 321.93 260.73 | 101.17 | 94.98
Period 2 323.92 273.38 | 104.7 97.78
Period 3 344.27 282.95 | 114.31 | 108.25
BHF 267.13 226.19 | 90.06 | 82.88
MHF (Q51—Q7s) | Period 1 307.3 24931 | 9581 89.08
Period 2 314.98 259.01 | 98.06 | 92.94
Period 3 325.81 263.78 | 1029 | 101.34
BHF 236.02 199.23 | 83.92 73.33
MHF (Q76—Q100) | Period 1 281.84 226.65 | 86.06 | 83.95
Period 2 301.49 227.6 86.92 86.46
Period 3 292.57 233.1 96.05 97.92

The change in high flow is highest in Period 3 in all watersheds and

probability of exceedance categories, except for the Gilgel Abay, which is

anticipated to exhibit the higher increment in Period 2 in (Figure 25). In all

exceedance probability categories except the Q76—Q1o00, the highest change in

high flow is projected in Period 3. Such changes in the Qo—Q2s, Q26—Qs0, and
Qs51-Q7s, and categories are 8.99%, 17.14%, and 21.97%, respectively, while
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in the Q76—Q100, the highest change is predicted in Period 2, which is 27.74%.
In average, the high flow in Gilgel Abay watershed is expected to increase by
3.6%, 12.30%, 18.31%, and 23.70% in the Qo—Q25, Q26—Qs0, Q51—Q75, Q76—
Q100 categories, respectively in every 30 years. Therefore, in this investigation,
it is clearly indicated that the future high flow in the Gilgel Abay watershed is

projected to increase prominently in the lowest magnitudes of high flows.
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Figure 25. Flow Duration Curves of the High flow in Gilgel Abay watershed

In the Gumara watershed, the change in high flow is expected to increase in
the highest level in Period 3 of the Q76—Qu00 category, where it is likely to

increase by 17.00%. In fact, in all probability of exceedance categories, the
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change in high flow in Gumara watershed is more prominent in Period 3, in
which the rate of change in the Qo—Q2s, Q26—Qs0, Q51—Q75, and Q76—Q100 iS
12.18%, 11.70%, 16.62%, and 17.00%, respectively in Period 3. In this
watershed, the mean changes of high flow in Qo—Q2s, Q26—Qs0, Q51—Q7s, and
Q76—Q100 categories are 7.84%, 7.52%, 13.78%, 15.00%, respectively in 30

years (Figure 26).
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Figure 26. Flow Duration Curves of the High flow in Gumara watershed

Unlike the other watersheds, the high flow in the Ribb watershed is expected
to decrease in Period 1 with a decline by 0.15 m%/s in the Qo—Qzs category,

whereas it increases significantly in Period 2 and Period 3, by 12.70% and
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27.81%, respectively (Figure 27). Similarly, in Ribb watershed, the high flow
is expected to rise prominently in Period 3 in all exceedance probability
categories. Thus, the highest change in high flow in the Qo—Q25, Q26—Qs0, Q51—
Q7s, and Q76—Quo00 is expected to rise by 27.81%, 18.27%, 14.26%, and
14.45%, respectively. Generally, in average, the high flow of Ribb watershed
is projected to increase by 13.46%, 10.43%, 9.84%, and 6.89% in the Qo—Q2s,
Q26—Qs0, Qs51—Q75, and Q76—Q100 Categories, respectively in every 30 years up

to the end of this century.
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Figure 27. Flow Duration Curves of the High flow in Ribb watershed

In comparison, the highest rate of change in high flow is predicted under Q76—
Q100 category in Megech watershed, increased by 33.53% in Period 3 (Figure
28). Furthermore, the highest change in high flow in the Qo—Q25, Q26—Qso,
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Qs51-Q7s, and Q76—Q100 are expected to be observed in Period 3, and the values
of changes are 17.67%, 18.18%, 22.27%, and 33.53%, respectively. In
average, the high flow in this watershed is likely to increase by 9.76%, 9.54%,
13.96%, and 21.97%, in the Qo—Q25, Q26—Qs0, Q51—Q75, and Q7e—Q1o00 iN every

30 years of this century.
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Figure 28. Flow Duration Curves of the High flow in Megech watershed

The change in climate is likely to alter the future timing and distribution of
rainfall, leading to more frequent and intense rainfall events; consequently, the
high flow of watersheds is expected to increase over the 21% century (Sharma

et al., 2018). One of the primary expected effects of increasing high flow is an
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elevated risk of flooding. Higher river flows can overwhelm riverbanks and
floodplains, leading to property damage, infrastructure disruption, and
potential loss of life, especially in the floodplain areas of watersheds. Floods
can also result in erosion, sedimentation, and the redistribution of pollutants,
leading to affecting the water storage capacity and water quality deterioration
of the Lake Tana. The increased high flow can pose challenges for different
water resource management activities. It can strain reservoir capacities,
leading to potential overflow and reduced ability to store water during low
flow periods in the existing functional dams such as Koga dam in the Gilgel
Abay watershed (G. T. Ayele et al., 2021; Reynolds, 2013), Angereb dam in
the upper catchment of the Megech watershed (T. Zeleke et al., 2013),
including the new under construction dams in the Megech and Ribb rivers. It
may require adjustments in water release strategies and flood management
practices to mitigate the impacts. Most importantly the increase in high flows
of the investigated watersheds have clear implications in the operational and

management of the Grand Ethiopian Renaissance Dam (GERD).
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5. CONCLUSION AND RECOMMENDATION

According to the study's findings, the future climate, most importantly the
rainfall and temperature over the 21 century is predicted to be altered in the
region under the RCP8.5 scenario. All the climate models, used in this study,
projected that the future temperature is expected to rise, though the degree of
change is different from one model to the other. The mean annual projected
rainfall under all climate model is not anticipated to show considerable change
over this century under RCP8.5 scenario. However, seasonally, the rate of
change in rainfall in the study area is predicted to show significant change,
with highest increasing in the rainy season.

The projected temperature rise will have a direct impact on watershed water
resources by evaporating soil moisture and increasing plant transpiration. The
projected change in PET in the four watersheds is more pronounced in the
2080s than in the other periods, indicating that temperature is rising over time
and is directly causing an increase in PET under the RCP 8.5 scenario.
Seasonal PET changes show a more significant increasing pattern than the
change in annual average PET across all watersheds and time periods.
Although the change in PET is very high in the winter/dry season, and because
it isassumed in PET that there is sufficient moisture on the land surface of the
watersheds, the actual loss of water by evapotranspiration will be very high in
the rainy season. This study also assessed how much the ratio of rainfall to
PET, known as the Aridity Index (Al), changed in all catchments over three
consecutive year periods. Because of the fluctuation in rainfall, the change in
Al does not show a significant increase on an annual average basis, as PET
does. The seasonal variation in Al is very high in the dry and wet seasons. In
dry seasons, the change in aridity is increasing due to an increase in

temperature and a decrease in rainfall, whereas in wet seasons, even though
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there is an increase in PET, the increase in moisture availability due to rainfall
is much greater than the loss of moisture by PET, and aridity is decreasing. In
general, the results indicated that the region is likely to be drier in the dry
season and wetter in the wet season in all watersheds with the highest change

in the last thirty years of 21% century.

The projected change in climate is expected to alter the stream flow of
watersheds, with the increase in the rainy summer (rainy) and post summer
months. The highest change is highly expected in November in all watersheds.
Because of the anticipated increasing of temperature, the PET in the basin is
projected to rise highly in the winter and spring seasons. In some areas of
watersheds, the high flow is predicted to rise and even become flooding over
the 21% century. Due to the rise in temperature and expected decreasing of
rainfall in the dry season, the low flow of watersheds is expected to decline

with considerable rate of change in all periods.

Besides to climate factors, the spatial and temporal geo-physical dynamics,
most importantly the land use/cover dynamics of watersheds have a significant
impact on stream flow. As a result, the researcher suggested that the future
land use change should be investigated and the combined impacts on water
resource (stream flow, including the extreme flow cases, and

evapotranspiration) of watersheds in the basin, shall be studied.

In general, various scientific and indigenous regionally suitable climate
change adaptation and resilience mechanisms should be explored and applied
in water resource management activities to reverse the negative impacts in the
basin. It is also strongly advised to implement appropriate environmental
protection measures, enabling to enhance the water availability of the basin
through minimizing the overland flow and increase the recharging of the

ground water.
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APPENDIXES

Appendix |

The errors of climate models in the simulation of rainfall before and after the bias correction
Process. Where BBCr stands for Before Bias Correction and ABCr is for After Bias

Correction.

Rainfall Model Error (%)

Months

CanESM2 EC-EARTH CNRM-CM5 HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

BBCr | ABCr | BBCr | ABCr BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr ABCr

January 18 | 014 | 124 | 006 | 292 | 083 | 217 | 057 | 207 | 054 | 0.66 0.05

February | 234 | 052 | 286 | 084 | 297 | 066 | 171 | 038 | 3.74 | 083 | 054 | 0.12

March 284 | o081 | 304 | 123 | 449 128 | 028 | 008 | 218 | 0.622 | 4.66 1.33

April 396 | 105 | 285 | .144 | 502 | 1.33 | 1.55 | 041 | -1.24 | 033 | -2.83 | -0.75
May -376 | .189 | 204 | 084 | 308 | 155 | 247 | 1.24 | -3.02 | -152 | 1.43 0.72
June 352 | 121 | 393 | 171 | 460 | 158 | -408 | -161 | 410 | 141 | 244 0.84
July 424 | 194 | 416 | 196 | -404 | -1.85 | -464 | -185 | 3.96 | 1.81 | 358 1.64

August 403 | 177 | 406 | 184 | 437 | 192 | 478 | 1.88 | 442 | 1.94 | 4.05 1.78

September | 367 | 169 | 318 | 136 | -2.26 | -1.04 | 091 | 042 | 350 | 161 | 2.54 1.17

October | 353 | 151 | -214 | 108 | 220 | 094 | 224 | 096 | -3.20 | -1.37 | 1.94 0.83

November | 275 | 079 | 238 | 041 | 261 | 075 | 077 | 025 | 470 | 135 | 2.92 0.84

December | 218 | o072 | 189 | 017 070 | 023 | 198 | 066 | 1.27 | 042 | -042 | -0.14
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Appendix Il

The errors of climate models in the simulation of maximum temperature before and after the

bias correction Process. Where BBCr stands for Before Bias Correction and ABCr is for After
Bias Correction.

Maximum Temperature model error (°C)

Months CanESM2 EC-EARTH CNRM-CM5 HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr

January 0.67 0.24 0.39 0.14 | -0.61 | -0.22 | 0.03 0.01 0.17 0.08 0.11 0.04

February 0.83 0.02 0.61 0.22 0.14 0.06 1.66 0.04 0.25 0.13 0.89 0.19

March 0.41 0.36 0.07 0.06 | -0.32 | -0.28 | 0.05 0.04 0.06 0.05 0.28 0.25

April 1.04 0.31 0.37 0.11 111 0.33 1.07 0.32 0.71 0.22 0.91 0.27
May 0.83 0.14 0.83 0.14 1.26 0.50 0.97 0.32 1.06 0.23 0.99 0.28
June 0.51 035 | -047 | -0.32 | 0.07 0.05 0.29 0.20 | -0.09 | —0.06 0.10 0.07
July 0.21 0.04 0.95 0.18 | -1.04 | —0.35 | —0.84 | —0.16 | 0.05 0.01 —0.58 —0.15

August -0.75 | -0.17 | -1.19 | -0.27 | 0.09 0.02 | -0.35 | -0.08 | -0.72 | -0.17 | —0.53 -0.12

September | 0.86 0.20 | -0.30 | —0.07 | —0.60 | -0.14 | 0.13 0.03 | -0.09 | —0.02 0.04 0.01

October —0.48 | -0.13 | 1.22 0.33 1.25 0.44 0.59 0.16 0.84 0.24 0.88 0.20

November | —0.16 | —0.09 | —0.34 | —0.19 | 0.44 0.25 0.14 0.08 | —-0.11 | —0.06 0.16 0.09

December | 0.79 0.27 0.20 0.07 0.97 0.33 0.88 0.30 0.56 0.19 0.89 0.24
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Appendix 11

The errors of climate models in the simulation of minimum temperature before and after the

bias correction Process. Where BBCr stands for Before Bias Correction and ABCr is for

After Bias Correction.

Minimum Temperatre Model Error (°C)

Months CanESM2 EC-EARTH CNRM-CM5 HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr | BBCr | ABCr
January 0.18 0.07 0.42 0.11 | -049 | 0.04 0.35 0.00 0.39 | -0.22 0.36 —0.04
February —-0.4 | 015 | -0.90 | 0.03 0.92 0.12 0.06 | -0.07 | -0.12 | 0.07 1.02 0.01
March -0.39 | -0.12 | 0.22 | -0.03 | —0.02 | -0.06 | —0.34 | -0.15 | 0.24 0.10 1.52 —0.03
April 0.09 0.01 0.36 0.06 0.55 0.05 039 | -0.01 | 120 | -0.14 1.60 —0.03
May 112 0.20 1.22 0.17 1.17 0.19 1.21 0.22 1.26 0.17 1.66 0.19
June 0.21 0.09 0.18 | -0.11 | -0.38 | -0.19 | 0.44 0.02 0.11 0.00 0.47 —0.03
July 1.25 0.24 1.25 0.21 1.14 0.18 | —0.60 | 0.21 0.57 | -0.07 | —0.19 0.12
August -042 | -0.17 | —0.60 | -0.22 | 043 | —0.02 | -0.42 | 0.19 | 042 | -0.15 | -0.02 —0.06
September | 1.15 0.20 0.04 0.07 | -0.27 | —0.03 | 0.87 0.12 0.25 | -0.01 0.38 0.06
October -0.23 | -0.13 | 0.79 0.10 1.67 0.35 1.04 0.21 1.39 0.22 1.22 0.18
November 0.1 -0.09 | -0.17 | -0.14 | 1.21 0.06 1.05 0.21 0.18 0.02 0.58 0.03
December 1.27 0.27 0.63 0.17 0.55 0.11 0.41 0.14 0.89 0.21 1.13 0.17
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Appendix IV

Change in streamflow due to climate change under different climate models in
Gilgel Abay watershed

Change in stream flow in the Period 1 (%)

Months CanESM2 | EC-EARTH CNRM-CM5 HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January -1.03 -1.75 -1.82 -1.45 -3.11 1.31
February 1.12 -4.26 -3.02 -4.62 -0.76 0.65

March -7.76 -3.93 -1.68 -2.30 -4.64 -1.61
April -2.82 -6.08 1.86 0.68 -2.47 -3.76
May -3.68 1.68 0.69 -5.95 1.06 1.01
June 1.11 4,53 2.72 2.00 3.45 4.26
July 6.43 8.13 9.94 4.38 4.82 6.31
August 8.26 5.88 4.84 2.17 6.65 9.00

September 10.29 3.18 -3.86 2.82 5.11 9.85
October 15.03 10.45 5.92 1431 2.55 9.06

November 21.35 5.16 16.58 11.11 8.01 12.13
December 6.92 2.27 4.21 0.25 1.26 1.28

Change in stream flow in the Period 2 (%)

Months CanESM2 | EC-EARTH CNRM-CM5 HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January -1.19 -1.03 -0.70 1.03 -1.30 1.66
February -1.64 -0.23 124 -3.21 -1.38 0.71
March -2.45 -5.02 2.81 -0.51 -2.20 -2.32

April -2.03 3.16 -2.91 -1.98 -1.14 -1.31

May -3.42 0.87 0.89 -1.56 0.18 1.46

June 1.50 5.69 4.14 -2.04 0.48 1.80

July 6.77 4.93 7.41 171 5.31 6.55
August 5.32 5.35 6.17 -0.90 5.59 6.04

September 10.69 -2.07 -3.01 0.43 5.59 12.04
October 21.74 3.78 16.26 4.18 11.89 9.54

November 18.69 7.02 4.88 4.94 -0.27 10.82
December 11.58 2.10 3.39 -0.77 -0.54 3.73
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Change in stream flow in the Period 3 (%)

Months CanESM2 | EC-EARTH CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January -1.35 -1.31 -0.59 -2.52 -1.50 2.01
February -1.63 -3.41 -3.29 -3.80 -2.00 0.77
March -6.87 -4.40 -5.14 -2.67 -3.97 -1.28
April -1.95 -5.95 3.76 -1.70 -1.05 -3.65
May -5.26 -3.41 1.09 -4.40 -1.07 1.92
June 1.88 6.85 5.56 -6.07 0.52 3.83
July 8.49 11.61 8.71 -2.03 5.79 6.80
August 10.11 4.83 7.49 -1.88 4.54 7.32
September 13.09 3.78 -3.56 0.53 6.07 8.59
October 18.28 7.82 3.84 3.01 -3.08 12.58
November 27.47 241 20.99 6.17 7.30 1541
December 9.23 1.92 2.56 -1.29 -0.82 1.93
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Appendix V

Change in streamflow due to climate change under different climate models in

Gumara watershed
Change in stream flow in the Period 1 (%)
Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January -0.40 -2.10 -1.56 3.32 -3.65 1.66
February 3.46 -3.63 -2.03 -5.66 1.38 0.71
March -7.65 -7.69 -2.47 -2.64 -5.16 -3.70
April -5.50 -4.41 0.90 -1.00 -4.68 -3.50
May -4.12 141 0.89 -5.99 0.58 1.46
June 1.50 6.69 414 -2.04 4.74 3.30
Julys 7.23 9.22 9.29 541 6.31 6.55
August 7.90 5.35 6.17 3.50 6.59 7.45
September 9.85 1.63 -5.72 3.72 6.79 10.16
October 18.35 8.35 9.01 12.74 3.79 10.39
November 22.50 4.86 15.33 11.75 5.02 12.79
December 5.76 2.10 3.39 0.77 3.61 2.31
Change in stream flow in the Period 2 (%)
Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January -0.19 -2.29 -1.47 491 -3.84 1.78
February 3.73 -2.89 -1.70 -6.00 1.59 0.73
March -7.62 -8.95 -2.73 -2.75 -5.34 -4.40
April -6.39 -3.26 0.58 -1.56 -5.42 -3.42
May -4.27 1.32 0.96 -6.01 0.82 1.62
June 1.62 7.14 4.61 -3.38 4.86 297
Julys 7.50 9.26 9.07 5.76 6.50 6.64
August 7.77 5.18 6.61 3.95 6.18 6.94
September 9.71 111 -6.07 4.02 6.99 10.26
October 19.46 7.18 9.79 12.21 4.20 10.84
November 22.89 4.76 14.92 11.97 4.02 13.00
December 5.37 2.04 311 0.94 4.23 2.66
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Change in stream flow in the Period 3 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0
January 1.05 -1.58 -0.71 -3.03 -3.01 242
February 1.33 -4.11 -3.96 -4.57 -2.41 0.93
March -7.87 -5.30 -6.19 -3.21 -4.78 -1.55
April -3.95 -7.17 4.53 -2.05 -3.68 -3.19
May -4.26 -4.11 1.32 -5.30 -1.29 2.31
June 1.88 8.25 6.70 -7.32 5.45 5.81
July 10.49 13.99 10.50 7.27 6.98 8.19
August 11.11 5.81 9.03 3.47 5.47 8.82
September 9.09 4.56 -0.28 5.46 7.32 10.34
October 18.28 9.42 4.62 9.66 -3.71 15.16
November 26.47 2.90 25.29 14.66 8.80 18.56
December 4.23 2.31 3.09 3.96 6.31 2.33
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Appendix VI

Change in streamflow due to climate change under different climate models in Ribb

watershed
Change in stream flow in the Period 1 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -0.41 -2.25 -1.49 4.56 -3.80 1.75
February 3.63 -3.42 -2.20 -5.93 1.54 0.73
March -8.03 -8.39 -3.72 -2.92 -5.44 -3.97
April -6.03 -4.69 1.08 -1.33 -5.11 -3.63
May -4.31 1.59 0.94 -6.32 0.88 1.58
June 1.60 7.04 451 -3.08 4.83 3.21
July 4.39 8.19 7.13 1.19 5.77 5.33
August 8.09 5.22 6.51 3.94 6.27 7.21
September 9.74 1.64 -5.99 3.96 6.94 10.03
October 18.83 7.89 8.83 12.20 6.21 10.83
November 21.23 4.54 16.10 12.03 4.83 13.18
December 5.46 2.05 3.17 0.90 4.09 2.42

Change in stream flow in the Period 2 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -1.27 -1.79 1.02 -1.41 -0.39 1.79
February 1.20 -3.50 -3.66 -1.54 2.32 0.73
March -7.68 -5.96 -3.98 -4.26 -4.09 -4.10
April -5.56 -1.23 -0.55 -2.12 -4.34 -3.68
May 1.19 0.45 -1.13 -1.41 1.33 -1.63
June 4.49 6.27 0.48 0.62 4.67 3.17
July 5.44 7.16 3.02 2.28 5.67 4.69
August 6.87 5.94 5.09 4.90 7.32 7.10
September 5.90 -0.79 0.79 4.92 9.53 9.97
October 13.26 8.36 9.80 7.94 7.12 11.03
November 14.59 9.50 14.32 8.63 9.09 13.35
December 4.05 2.56 2.82 1.26 3.34 247
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Change in stream flow in the Period 3 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -0.49 -2.31 -1.47 5.04 -3.85 1.79
February 3.67 -3.50 -1.93 -6.03 1.60 3.73
March -8.35 -8.54 -4.64 -2.43 -5.61 -3.96
April -6.76 -5.29 1.33 -1.41 -5.21 -3.76
May -6.42 1.77 0.96 -6.58 1.04 1.63
June 1.63 7.18 4.65 -3.49 4.87 3.25
July 7.61 10.01 9.27 5.79 6.51 7.64
August 8.28 5.16 6.64 4.15 6.15 8.18
September 9.70 1.82 -6.10 4.05 7.00 12.89
October 18.86 7.90 8.43 11.94 2.60 13.04
November 23.69 4.32 16.86 12.19 5.00 16.42
December 5.34 2.03 3.09 0.96 4.28 2.40
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Appendix VI

Change in streamflow due to climate change under different climate models in

Megech watershed

Change in stream flow in the Period 1 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -0.33 -0.93 -0.83 4.90 -0.20 2.48
February 3.05 2.40 -0.85 -6.00 0.68 0.73
March -8.19 -9.13 -5.61 -3.03 -5.54 -4.01
April -3.27 -4.01 -0.29 -1.40 -2.98 -3.69
May -5.38 -0.63 0.46 -6.45 -0.19 161
June 1.62 4.36 3.72 -3.37 3.23 2.65
July 7.57 6.11 4.62 5.76 8.36 6.64
August 8.18 6.32 6.24 4.07 7.21 9.28
September 7.07 3.68 1.08 4.02 4.88 9.96
October 16.36 6.02 541 8.51 7.17 10.97
November 17.63 9.84 8.82 12.13 5.83 11.90
December 2.61 1.00 2.01 0.94 2.81 1.73

Change in stream flow in the Period 2 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -0.16 -1.15 0.52 -4.17 -3.85 0.66
February 1.40 -0.55 -1.47 0.22 0.89 0.31
March -6.56 -6.67 -6.95 -3.77 -6.81 -4.02
April -4.90 -3.78 -1.26 -1.67 -5.24 -6.36
May -3.23 0.39 -1.12 -1.29 1.42 2.33
June 2.52 5.03 1.35 0.95 3.27 3.36
July 5.86 9.18 5.55 6.03 9.03 6.64
August 7.33 6.16 5.39 7.15 6.99 7.86
September 7.55 1.52 5.19 6.10 7.86 8.53
October 15.87 10.18 6.34 10.39 7.05 11.01
November 19.16 17.04 10.84 8.22 9.10 14.07
December 4.65 2.89 181 0.89 4.27 244
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Change in stream flow in the Period 3 (%)

Months CanESM2 | EC-EARTH | CNRM-CM5 | HadGEM2-ES | NORESM1-M | CSIRO-Mk3-6-0

January -1.07 -1.73 0.92 -2.01 -0.33 0.78
February 1.20 -3.15 -3.56 -1.43 0.40 0.25
March -7.60 -4.98 -3.15 -4.01 -4.05 -5.40
April -4.48 -1.64 -0.33 -1.99 -4.00 -3.41
May -1.08 1.18 -1.04 -1.57 0.76 0.69
June -2.71 6.06 0.38 1.14 4.48 -1.63
July 7.64 9.19 7.64 5.63 7.10 6.74
August 6.79 5.98 4.83 4.71 7.39 6.61
September 5.62 2.90 8.95 4.80 9.63 7.22
October 12.53 9.12 10.00 8.99 7.31 10.92
November 14.47 8.99 13.84 8.09 9.01 10.23
December 2.37 2.60 1.35 1.18 1.72 2.69
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