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Abstract: Rainfall and temperature trends detection is vital for water resources management and
decision support systems in agro-hydrology. This study assessed the historical (1983–2005) and future
(2026–2100) rainfall, maximum temperature (Tmax), and minimum temperature (Tmin) trends of the
Ziway Lake Basin (Ethiopia). The daily observed rainfall and temperature data at eleven stations were
obtained from the National Meteorological Agency (NMA) of Ethiopia, while simulated historical
and future climate data were obtained from the Coupled Model Intercomparison Project 5 (CMIP5)
datasets under Representative Concentration Pathways (RCP) of 4.5 and 8.5. The CMIP5 datasets
were statistically downscaled by using the climate model data for hydrologic modeling (CMhyd)
tool and bias corrected using the distribution mapping method available in the CMhyd tool. The
performance of simulated rainfall, Tmax, and Tmin of the CMIP5 models were statistically evaluated
using observation datasets at eleven stations. The results showed that the selected CMIP5 models can
reasonably simulate the monthly rainfall, Tmax, and Tmin at the majority of the stations. Modified
Mann–Kendall trend test were applied to estimate the trends of annual rainfall, Tmax, and Tmin in the
historical and future periods. We found that rainfall experienced no clear trends, while Tmax, and Tmin

showed consistently significant increasing trends under both RCP 4.5 and 8.5 scenarios. However,
the warming is expected to be greater under RCP 8.5 than RCP 4.5 by the end of the 21st century,
resulting in an increasing trend of Tmax and Tmin at all stations. The greatest warming occurred in
the central part of the basin, with statistically significant increases largely seen by the end of the
21st century, which is expected to exacerbate the evapotranspiration demand of the area that could
negatively affect the freshwater availability within the basin. This study increases our understanding
of historic trends and projected future change effects on rainfall- and evapotranspiration-related
climate variables, which can be used to inform adaptive water resource management strategies.

Keywords: climate change; representative concentration pathways 4.5 and 8.5; modified Mann–
Kendall trend test; Ziway Lake Basin; Rift Valley; Ethiopia

1. Introduction

Climate change may have significant consequences on temperature and rainfall pat-
terns, which are the most vital climatic elements used in the decision-making process for
integrated water resources management [1,2]. For example, integrated water resources
management models utilize temperature and rainfall as important input data for assessing
freshwater availability [3]. The evidence of rapid global climate change includes an overall
increase in temperature and decrease in rainfall that could result in declining freshwater
availability [4–6], shrinking ice sheets, and rising sea level, among others [7,8]. Climate
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change impacts are more prominent in the African continent, especially countries that
are predominantly dependent on a rain-fed agricultural system [9]. For example, several
studies on temperature and rainfall changes have shown that most African countries have
experienced warmer temperatures by more than 1 ◦C, frequent heat waves, and an increase
in the number of hot days since 1901 [10]. In addition, both seasonal and annual rainfall
conditions of the African countries are highly variable [11,12].

Ethiopia, located in the eastern part of the African horn, strongly depends on rain-fed
agriculture that in turn contributes a large portion to the country’s economy. However,
due to climate change and limited water resources availability, the country’s rain-fed and
irrigated agricultural productivities are probably at risk, leading to negative consequences
on food security [13,14]. This is projected to be accelerated in the future, as reported in
many studies [15–18].

The Central Rift Valley (CRV) Lakes Basin of Ethiopia, located in the eastern part of
the country, has experienced considerable seasonal and annual rainfall variability, with
a prominent increase in temperature [19]. Some studies have already documented the
hydroclimate conditions and climate change impacts in the CRV, including partially in the
Ziway Basin (Meki and Katar sub-basins, the two major sub-basins draining into the Ziway
Lake) [20,21]. For example, Musie et al. [21] have reported climate variability has negatively
impacted the monthly streamflow of the Ziway Lake Basin (ZLB). Abraham et al. [20]
indicated future annual decrement in runoff depth from the Katar and Maki rivers. They
also documented that reduction in runoff has been caused by decrease in rainfall and
increase in temperature. Furthermore, other studies found that an annual decline in Ziway
Lake water level is due to a decrease in runoff from both the Katar and Meki rivers,
including increase in evapotranspiration from the basin [20,21]. These studies show that
water resources of the ZLB are highly exposed to a rapidly changing global climate [22].
The changes in rainfall and temperature in particular are important drivers affecting the
runoff and evapotranspiration and thus the lake water level [23]. A good description
and understanding of rainfall and temperature trends is thus crucial for many studies
related to irrigation (agriculture), climatology, and hydrology. Long-term trend analyses in
rainfall and temperature are also important for rain-fed and irrigated agricultural areas,
particularly for the ZLB, which is dominated by agricultural land [24]. It has been reported
that both rainfall and temperature can impact water availability (Ziway Lake water level),
irrigation water demand, water use efficiency, and productivity of the ZLB [25–28].

Previous studies have documented hydrological responses of the ZLB to climate
change with some studies based on only the historical period [21] and others based on
projected areal rainfall and temperature over the large area [20]. While the previous studies
focused on impact of climate change on hydrological responses of the basin [20,21,24],
rainfall and temperature trends of the basin have not been analyzed in-depth. Therefore, in-
depth characterization, understanding, and trend analysis of rainfall and temperature both
spatially and temporally are a vital procedure in assessing climate change impacts on fresh-
water resources availability, irrigation water uses, and water resources planning [29–36].
This study conducted detailed rainfall and temperature trends analysis at spatial and
temporal explicit scale, which is important for the ZLB with its significant topography
and experiences with climate variations. The current study also introduced climate model
selection criteria relevant to the case study that includes availability of the most commonly
used RCP 4.5 and 8.5 scenarios, availability of high spatial resolution and ensemble mod-
els, and recommendations from the past studies [37,38]. The study further evaluated the
performance of the selected climate models and identified the best performing models for
the study area.

The primary aim of this study was to analyze the spatial pattern and temporal trends
in annual rainfall and temperature for historical (1983–2005) and future (2026–2100) periods.
The future period was split into near-term (2026–2049), middle-term (2050–2072), and far-
term (2073–2100) time series. The study utilized rainfall, maximum temperature (Tmax),
and minimum temperature (Tmin) from eleven stations together with Coupled Model
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Intercomparison Project 5 (CMIP5) under two representative concentration pathways
(RCP 4.5 and RCP 8.5). In this study, we first selected some CMIP5 models based on the
abovementioned selection criteria and downscaled and bias corrected the climate variables
of the selected CMIP5 models. We then evaluated the performance of the CMIP5 models’
data against observations at eleven stations that are spatially fairly distributed over the
ZLB. Finally, we analyzed the annual trends of historical and future temperature and
rainfall datasets.

2. Study Area Description

The Ziway Lake Basin (ZLB) is located within 38◦00′–39◦30′ East and 7◦00′–8◦30′

North in the Adami Tullu–Jiddo Kombolcha Woreda of the East Shewa Zone, Oromia
region, Ethiopia. The basin is about 150 km south of the capital city, Addis Ababa. The
town of Ziway (recently named Batu) is situated on the lake’s western shore. The altitude
of Ziway Lake is approximately 1636 m above mean sea level (amsl), and has a maximum
water depth of 4 m, a total basin drainage area of about 7300 km2 (Figure 1), and a lake
volume of 1.5 million cubic meters [29]. Most of the basin is characterized by low to
moderately undulating topography but bounded by a steep slope and abrupt faults in
the eastern and southeastern escarpments, ranging from 4200 to 1600 m (Figure 1). ZLB
experiences a monsoon agro-climate and has a tropical climate with no uniform spatial
and temporal climatic conditions. The rainfall patterns are generally affected by the annual
oscillation of the intertropical convergence zone that forms a wet summer from June to
September [30]. The mean annual rainfall of the basin spatially varies from 417 to 1012 mm,
with a noticeable temporal variation at a monthly time scale. The mean annual temperature
ranges from approximately 15 ◦C for the highlands to 28 ◦C close to Ziway Lake.
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3. Data and Methods
3.1. Observed Data

Daily maximum and minimum temperature (Tmax and Tmin) and rainfall (RF) data
of the gauged stations, which were used for historical and future climate downscaling
and bias correction, were obtained from the National Meteorological Agency (NMA) of
Ethiopia. The dataset was obtained from eleven climate stations distributed over the Ziway
Lake Basin for the period from 1983 to 2005.

3.2. Historical and Future Climate Data

We accessed the CMPI5 model data through the four Earth System Gird Federation
(ESGF) gateways that manage, analyze, and distribute the model output and observation
data [31]. At the time of this study, the CMIP5 version is the most up-to-date set of widely
used climate models [31]. In addition, compared to CMIP3, the updated CMIP5 models
produce higher resolution projections and use an updated set of greenhouse gas emission
scenarios [32]. Among the four representative concentration pathways (RCPs), this study
selected the two most commonly used emission scenarios of the future climate, RCP 4.5
and RCP 8.5, which are, respectively, an intermediate and a very high greenhouse gas
(GHG) emission [32] scenario. We obtained the CMIP5 (RCP 4.5 and RCP 8.5) data from
https://esgf-node.llnl.gov/search/cmip5/ (accessed from 10 January 2021 to 18 January
2021). The CMIP5 output provides global climate metadata that stores the data in the form
of network command data form (NetCDF).

3.3. CMIP5 Selection Criteria

A range of Global Climate Models (GCMs) are available to access the future minimum
and maximum temperature and rainfall data [33–36]. Three criteria were set to select
suitable GCMs that capture climate of the stations in the study area [33]. The criteria are
RCP 4.5 and 8.5 scenario availability, model resolutions and ensemble, and past studies in
the study area [21,37,38]. Based on these criteria, three CMIP5 GCMs were selected and their
corresponding output data, such as rainfall, maximum temperature (Tmax), and minimum
temperature (Tmin) were downloaded under the two RCP 4.5 and RCP 8.5 scenarios. Table 1
summarizes the characteristics of the selected GCM.

Table 1. CMIP5 global climate models considered in this study.

Modeling Center Model Resolution in Degrees Institute Reference

CNRM-CERFACS CNRM-CM5 1.4 × 1.4
Centre National de Recherches

Meteorologiques/Centre Europeen de Recherche et
Formation Avancees en Calcul Scientifique

[24,38]

MPI-M MPI-ESM-LR 1.9 × 1.9 Max Planck Institute for Meteorology
(MPI-M) [33,34,38]

CSIRO-QCCCE CSIRO-MK3.6 1.8 × 1.8
Commonwealth Scientific and Industrial Research
Organization in collaboration with the Queensland

Climate Change Centre of Excellence
[37,38]

3.4. Data Extraction, Downscaling, and Bias Correction

Downscaling the GCM–CMIP5 outputs to finer spatial resolutions is necessary for a
reliable assessment of the regional impact of climate change on rainfall and temperature.
The statistical downscaling method, which is the most widely used due to its quick and
effective assessments of local climate change impacts [39,40], is applied to downscale
and generate GCM-CMIP5 data (rainfall and temperature) at individual stations. We
extracted the large-scale climate variables obtained from CMPI5 model for historical, RCP
4.5 and 8.5 scenarios and downscaled using the climate model data for hydrologic modeling
(CMhyd) tool [41]. We made a bias correction of the rainfall and temperature data using
the distribution mapping method, which is recommended in the previous studies, and also

https://esgf-node.llnl.gov/search/cmip5/
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available in the CMhyd software [38]. We used the eleven stations’ observed temperature
and rainfall data for the bias correction and downscaling of the climate data from the three
selected GCM–CMIP5 models (Table 1).

3.5. Climate Models Performance Evaluation

We evaluated the performance of the downscaled and bias-corrected CMIP5 models
over the Ziway Lake Basin using monthly observations of rainfall, minimum temperature,
and maximum temperature from 1983 to 2005 at eleven stations. We applied three statistical
evaluation metrics that include percent bias (PBIAS), root mean square error (RMSE), and
correlation coefficient (r) [42].

3.6. Rainfall and Temperature Trend Analysis
3.6.1. Mann–Kendall Test

The foremost measures of time series data including climate change are trend analysis,
which identifies the general increasing or decreasing tendencies of the climate variables [43].
There are two main standard types of trend analysis: nonparametric and parametric meth-
ods. Parametric analysis is the most preferred method, but it is applicable for stationarity
and normally distributed and serial-independent data, which is not possible in most hydro-
climatological time series records [44]. In contrast, the nonparametric trend test requires
time series data that are independent and less sensitive to outliers [45]. In this study, we
used the nonparametric methods of Mann–Kendall (MK) to detect the rainfall and tem-
perature trends for both historical and future periods: historical (1985–2005), near-term
(2026–2049), middle-term (2050–2072), and far-term (2073–2100) time series. Because of its
reliability for detecting monotonic trends in climate time series data, the nonparametric
method of MK has been widely applied to discovering trends in hydrometeorological time
series [45–48].

For comparison purpose, we also produced the spatial distribution maps for both
mean annual temperature (Tmax and Tmin) and rainfall. For this, we used the known-
distance-based interpolation method called inverse distance weighting [49]. Then, we
applied ArcGIS technique to generate maps showing the spatial distribution for rainfall
and temperature (Tmax and Tmin) over the ZLB.

3.6.2. Modified Mann–Kendall Test

The Mann–Kendall trend (MK) test is a nonparametric test used to reliably estimate
trends of time series data. The original Mann–Kendall trend test does not consider serial
correlation and seasonality effect [48]. In the actual world, the time series data are autocor-
related and this autocorrelation produces a misconception of trend test results [50,51]. To
solve this problem, researchers and scholars proposed the modified Mann–Kendall tests,
such as the Hamed and Rao modified MK Test [51], Yue and Wang modified MK Test [45],
and modified MK test using the whitening method [52]. The modified MK (MMK) test, as
proposed by Hamed and Rao [51] considers all the significant autocorrelation coefficients
in a time series. Consequently, in this study, we used the widely applied MMK method [51].
We identified the trends of the selected variables (Tmax, Tmin, and rainfall) using the MMK
and the Sen’s slope test for annual time scales. We performed the analyses using the Python
package called PyMannKendall in Jupyter Notebook [53]. The presence of a statistically
significant trend is determined using the MK value. This statistic is used to test the null
hypothesis of no trend exists against the alternative hypothesis that a trend does exist. A
positive MK value indicates an increasing trend in the time series, while a negative MK
value indicates a decreasing trend. The MMK trend test uses a two-tailed test method for
evaluating and determining trend significance by simultaneously running three confidence
intervals (90%, 95%, and 99%) [54].
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4. Results and Discussion
4.1. Performance Evaluation of CMIP5 Models

The three CMIP5 models (CNMR-CM5, MIP-ESM, and CSIRO-MK3.6) show a positive
correlation coefficient for monthly observed rainfall with r values ranging from 0.4 to 1 at
the eleven stations (Table A1, Appendix A). The CNMR-CM5 model showed the highest
r-value of 1 at three stations (Kulumsa, Meraro, and Sagure) and a medium r-value of
0.6 at Bui station, suggesting higher (medium) agreements with the observed dataset. On
average, the spatial correlation coefficients of the selected models range from 0.5 to 0.73.
The results suggest that from the three models, the CNRM-CM5 model showed relatively
a good agreement with the observed data at all stations (0.73). This may be due to its
high horizontal spatial resolution compared to the other models, including its resolution
improvements that increased both in the atmosphere (from 2.8◦ to 1.4◦) and in the ocean
(from 2◦ to 1◦) [55–57].

All models showed good performance in simulating the monthly Tmax with r val-
ues ranging from 0.5 to 0.7, which indicates acceptable agreement against the observed
data (Table A2, Appendix A). In addition, all models showed lower magnitude of RMSE
(0.3 to 1.6 ◦C), indicating the simulated monthly Tmax values have good agreement with
the observed monthly Tmax values of the eleven stations in the basin. The PBIAS values are
in the range −15.5% to 40.1% for Tmax, which indicates that the selected models showed
both underestimation and overestimation of the observed Tmax values.

Similar to Tmax, r values of the three models for the Tmin range from 0.5 to 0.7, while
the RMSE values range from 0.8 to 1.6 ◦C (Table A3, Appendix A). This indicates that
the monthly simulated Tmin values by the three climate models reasonably represented
the observed Tmin values at all stations. The values of PBIAS are in the range −10.8% to
37.3% for Tmin, confirming the selected models both underestimated and overestimated
Tmin at different stations. Overall, the selected CMIP5 models can reasonably simulate the
monthly rainfall and temperature (Tmax and Tmin) at the majority of the eleven stations (see
Tables A1–A3, Appendix A).

4.2. Historical Annual Rainfall and Temperature Trends
4.2.1. Temporal Trends of Annual Historical Rainfall and Temperature

The modified Mann–Kendall trend test and Sen’s slope estimators for historical annual
rainfall are presented in Table 2. The table shows increasing trends in rainfall for some
stations while the other stations show decreasing trends under certain conditions of the
three selected climate models (CNMR-CM5, CSIRO-MK3.6, and MIP-ESM-LR). The results
generally indicate insignificant increasing or decreasing trends at almost all stations and
for all the three models, which in turn highlights that rainfall trends varied spatially over
the study area. However, a significant increasing trend in annual rainfall is shown at Arata,
at 5% significance level for CNRM-CM5 model output.

Table 2. Mann–Kendall trend and Sen’s slope estimator value for annual baseline (observed) and
historical rainfall within the Ziway Lake Basin from 1983–2005.

CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station

Test MK Trend Sen’s
Slope MK Trend Sen’s Slope MK Trend Sen’s Slope

Ziway −2.14 −0.52 0.16 0.08 0.79 0.33
Meki 0.42 0.10 0.01 0.06 0.79 0.34
Arata 2.17 * 0.56 −0.02 −0.02 −0.42 −0.14

Butajira −1.21 −0.31 0.63 0.27 0.63 0.23
Tora −0.50 −0.19 −0.26 −0.19 −0.58 −0.30
Bui −0.66 −0.23 0.63 0.29 0.63 0.31

Kulumsa 0.90 0.37 −0.53 −0.07 0.05 0.07
Assela 0.85 0.37 −0.16 −0.03 0.05 0.10
Sagure 1.06 0.36 0.48 0.18 1.02 0.01
Meraro 0.48 0.18 −0.90 −0.42 −0.58 −0.21

Adamitulu 1.11 0.35 0.11 0.05 0.90 0.20
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Table A4 in Appendix A summarizes the modified Mann–Kendall test results for Tmax.
The table clearly indicates that historical (model simulated) Tmax data have experienced
statistically significant upward trends.

Table A5 of Appendix A summarizes the modified Mann–Kendall trend test results
for Tmin. Similar to Tmax, the table indicates that historical (simulated) Tmin data have also
experienced statistically significant upward trends. Results show that there are significant
warming trends for annual Tmax and Tmin from 1983 to 2005 for all stations at different
significance levels (see Tables A4 and A5, Appendix A). Overall, both stations and GCM-
CMIP5 datasets showed similar upward slopes, highlighting the suitability of downscaled
Tmax and Tmin data for trend analysis.

4.2.2. Spatial Distribution of Historical Mean Annual Rainfall and Temperature

Although this study conducted historical spatial trend analysis for the three selected
GCM-CMIP5 models, we only present graphical results for CNMR-CM5 model that showed
the best performance with observed data as compared to the other models. However, the
statistical performance of the other models is summarized in Appendix A. The spatial
distribution of mean annual rainfall and temperature over the Ziway Lake Basin for the
period 1983 to 2005 are shown in Figure 2 for both observed (stations) and historical
(GCM-CMIP5 simulated) data. The spatial distribution of stations (observed) and historical
(simulated) mean annual rainfall and temperature over ZLB showed similar patterns.
Figure 2a clearly shows that the western part of Ziway Lake Basin (in the part of Meki
River) had received more rainfall than the eastern part of the Basin (in the part of Katar
River), which is consistent with model simulation outputs (Figure 2b).
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Figure 2 also shows the spatial distribution of mean annual Tmax and Tmin over ZLB
for the period from 1983 to 2005. Both observed and simulated temperatures over the study
area indicated similar spatial distribution; Tmax ranges from 28 to 19 ◦C (Figure 2c,d) and
Tmin ranges from 14 to 9 ◦C (Figure 2e,f).
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4.3. Future Annual Rainfall and Temperature Trends
4.3.1. Temporal Trends of Annual Future Rainfall and Temperature
Annual Rainfall Trend

Table 3 shows the rainfall trend analysis for the future period (2026–2049) under RCP
4.5 and RCP 8.5 scenarios. The annual average rainfall showed nonsignificant decreasing
trends under the RCP 4.5 emission scenario at most of the stations. However, under the RCP
8.5 emission scenario, annual rainfall data showed insignificant increasing or decreasing
trends except at Meki and Arata stations, which showed significantly increasing trends at
5% significance level.

Table 3. Projected Mann–Kendall trend and Sen’s slope estimator results average rainfall for eleven
stations within the Ziway Lake Basin for the period 2026–2049.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 0.71 0.52 0.38 0.23 0.94 0.06 1.61 1.34 −0.55 0.22 −1.41 −2.35
Meki −0.54 −0.11 1.07 0.29 0.12 0.24 2.06 * 2.37 0.38 −0.03 0.07 0.04
Arata −0.53 −0.09 1.41 0.53 0.02 0.14 2.01 * 1.35 0.24 0.12 −0.27 −0.15

Butajira 0.48 0.08 0.57 0.20 −0.02 −0.12 1.46 1.53 −0.38 0.08 −0.05 −0.01
Tora 0.28 0.05 0.07 0.04 0.67 0.53 1.61 1.92 −0.34 −0.02 −0.12 −0.10
Bui 0.17 0.03 0.37 0.15 0.62 0.60 1.36 0.93 0.05 −0.10 0.07 0.02

Kulumsa −0.42 −0.07 0.47 0.25 −0.07 −0.05 1.60 1.14 −0.55 −0.01 0.22 0.05
Assela −0.53 −0.07 0.62 2.90 −0.02 −0.13 1.70 1.05 −0.25 0.06 0.32 0.07
Sagure −0.18 −0.03 0.57 0.15 −0.07 −0.23 1.51 0.69 −0.67 −0.06 1.66 1.05
Meraro −0.34 −0.05 0.52 0.07 −0.27 −0.19 1.31 0.71 −0.38 −0.08 0.17 0.08

Adamitulu −0.54 −0.09 0.39 0.23 1.07 0.41 −0.06 −0.01 0.70 0.03 −0.17 −0.16

During the mid-term period (2050–2072), the annual rainfall is expected to show
increasing trends at Bui and Tora stations at the 5% significance level under the RCP 8.5
scenario for the CNRM-CM5 model, including the Ziway station under the MIP-ESM-LR
model (Table A6, Appendix A). Significant increasing trends are also projected at Arata,
Meki, and Ziway stations under the RCP 4.5 for the CSIRO-MK3.6 model. During the
far-term period (2073–2100), the annual rainfall under the RCP 8.5 scenario is projected
to have insignificant positive trends for all models (Table A7). In general, the projected
rainfall showed insignificant increase and decrease trends during the entire 21st century
under both RCP 4.5 and RCP 8.5 (Figure 3).
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The Intergovernmental Panel on Climate Change (IPCC) [58] reported frequent and
intensive occurrence of extreme events such as droughts, under both RCP 4.5 and RCP 8.5.
For example, IPCC [58] forecasted (with 66% certainty) that droughts will become more
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frequent, longer, and intensive by the end of the twenty-first century due to an overall
decrease in rainfall amounts and increase in temperature. However, our findings indicate
that the general trend in rainfall is unpredictable for the Ziway Lake Basin (ZLB), which
may cause an increase or decrease in water availability that could potentially affect the
farming practices in the ZLB. The results of prior studies on hydrological responses to
climate change also illustrated fluctuation in rainfall [20,21]. Such trends are expected to
affect the agricultural production and irrigation water requirements in the basin [59–61].

Annual Future Maximum Temperature (Tmax) and Minimum Temperature (Tmin) Trends

Table 4 presents the near-term (2026–2049) Tmax Mann–Kendall trend analysis for the
three selected models (CNRM-CM, CSIRO-MK3.6. and MIP-ESM-LR) for both RCP 4.5 and
RCP 8.5 scenarios. Maximum temperature showed significantly increasing trends at 0.1%,
1%, and 5% significance levels under both RCP 4.5 and 8.5 scenarios. However, each model
indicated a slightly different increasing level of maximum temperature.

Table 4. Projected Mann–Kendall trend and Sen’s slope estimator results for annual mean Tmax for
eleven stations within the Ziway Lake Basin for the period 2026–2049.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR

Station
Test

MK
RCP 4.5

Sen’s
RCP 4.5

MK
RCP 8.5

Sen’s
RCP 8.5

MK
RCP 4.5

Sen’s
RCP 4.5

MK
RCP 8.5

Sen’s
RCP 8.5

MK
RCP 4.5

Sen’s
RCP 4.5

MK
RCP 8.5

Sen’s
RCP 8.5

Ziway 2.00 * 0.04 1.86 0.03 2.43 * 0.03 3.35 *** 0.05 1.51 0.02 2.66 ** 0.03
Meki 2.21 * 0.04 2.51 * 0.05 2.95 ** 0.05 4.14 *** 0.05 1.51 0.03 1.71 0.03
Arata 2.21 * 0.04 2.85 ** 0.07 3.35 *** 0.07 3.35 *** 0.05 1.56 0.03 1.66 0.03

Butajira 2.21 * 0.04 1.17 0.02 3.20 *** 0.04 3.34 *** 0.05 1.56 0.02 1.66 0.02
Tora 1.56 0.03 2.00 * 0.04 1.56 0.02 3.64 *** 0.06 1.66 0.02 2.98 ** 0.03
Bui 2.20 * 0.04 0.57 0.01 0.60 0.01 3.69 *** 0.06 2.71 ** 0.02 2.01 * 0.03

Kulumsa 2.20 * 0.04 2.41 * 0.04 2.90 ** 0.04 3.35 *** 0.05 1.51 0.02 1.61 0.02
Assela 2.9 ** 0.04 2.80 ** 0.04 3.17 *** 0.05 3.34 *** 0.05 2.32 * 0.02 1.69 0.03
Sagure 2.65 ** 0.04 2.65 ** 0.04 3.62 *** 0.07 3.35 ** 0.05 1.56 0.02 3.66 ** 0.02
Meraro 2.80 0.05 2.80 ** 0.05 3.37 *** 0.04 3.32 *** 0.05 1.61 0.02 1.71 0.03

Adamitulu 2.50 ** 0.07 3.25 ** 0.07 3.52 *** 0.04 2.12 * 0.04 0.87 0.01 3.96 ** 0.02

As shown in Table A8, regardless of the applied scenarios, the mid-term (2050–2072)
maximum temperature is expected to be higher than the near-term (2026–2049). In addi-
tion, as it should be expected, the RCP 8.5 scenario is projected to cause more warming
than the RCP 4.5 scenario by the end of this century (Figure 4). We noticed a significant
increasing trend of 0.02 to 0.03 ◦C/year using the CNRM-CM5 model. The CSIRO-MK3.6
model showed a larger significant increasing rate of 0.08 to 0.09 ◦C/year within the basin
(Table A9).

Hydrology 2021, 8, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 4. Annual average Tmax trends from 2026 to 2100 under RCP (4.5 and 8.5) for CNRM-CM5. 

Similar to the maximum temperature, the minimum temperature is expected to in-
crease at increasing rate at all stations for both RCP 4.5 and 8.5 scenarios (Tables A10–A12, 
Annex A). As compared to the RCP 4.5 scenario, the RCP 8.5 scenario is predicted to cause 
more warming by the end of the 21st century. For example, the majority of the stations 
showed a significant annual minimum temperature change of 0.1 degree by the end of 
this century under RCP 8.5 and CSIROM-MK3.6 model (Table A12). 

In general, irrespective of the two RCP 4.5 and 8.5 scenarios, the future annual mean 
temperatures (Tmax and Tmin) have shown increasing trends relative to the historical trends. 
This indicates a warmer temperature in the near-, mid-, and far-terms [62]. In addition, 
RCP 8.5 is predicted to cause a larger increase in temperature than that of RCP 4.5 at all 
stations, especially by the end of the 21st century. This is consistent with the conclusions 
drawn by the IPCC Fifth Assessment Report (AR5) [62], which indicates an increase in evap-
otranspiration within the area and crop water demand [63,64]. Additionally, the increase in 
an increasing rate of future temperature will likely lead to a negative effect on freshwater 
availability, crop production, and the phenological days for crops [13,14,65,66]. 

4.3.2. Spatial Distribution of Future Mean Annual Rainfall and Temperature 
Figure 5 shows the spatial distribution of projected mean annual rainfall using the 

CNRM-CM5 model under both RCP 4.5 and 8.5 scenarios within the ZLB. The figure de-
picts a slight difference in rainfall distribution when compared to the spatial distribution 
of historical rainfall (see Figure 2). The future rainfall projections indicate wetter condi-
tions over the basin under both RCP 4.5 and 8.5 scenarios except during the near-term of 
RCP 4.5 and mid-term of RCP 8.5 scenario (Figure 5a,d), which exhibit lower annual rain-
fall related to the other periods. 

The rainfall pattern is unevenly distributed. The distribution showed lower values of 
rainfall corresponding to the lower elevation (in the central part of the basin) and higher 
values corresponding to the higher elevations, particularly, in the southern part. The av-
erage rainfall depth at each gauge station during the analyzed period of 2026–2049, 2050–
2072, and 2073–2100 under both scenarios exhibit different distribution, which may be due 
to change in climatic conditions and topographic and physiographic factors. 

The rainfall pattern shows a slight decrease within the major parts of the basin (west, 
north, and east) under both RCP 4.5 and 8.5 scenarios of the near-term (Figure 5a) and 
mid-term (Figure 5d), respectively. The eastern and central parts of the ZLB are expected 
to receive lower rainfall values as compared with the western part of the basin (Figure 5). 
Overall, as compared to the RCP 4.5 scenario, the RCP 8.5 scenario is expected to cause a 
larger decrease in rainfall amounts by the end of the 21st century (Figure 5f). 

Figure 4. Annual average Tmax trends from 2026 to 2100 under RCP (4.5 and 8.5) for CNRM-CM5.



Hydrology 2022, 9, 2 10 of 19

Overall, the annual maximum temperature at the eleven stations of the basin is
generally projected to increase at an increasing rate (Figure 4). More importantly, the RCP
8.5 scenario is expected to cause a higher increase in maximum temperature as compared
to the RCP 4.5 scenario (Figure 4). This could be due to a continuous increase in radiative
forcing emissions under the RCP 8.5 scenario [45].

Similar to the maximum temperature, the minimum temperature is expected to in-
crease at increasing rate at all stations for both RCP 4.5 and 8.5 scenarios (Tables A10–A12,
Appendix A). As compared to the RCP 4.5 scenario, the RCP 8.5 scenario is predicted
to cause more warming by the end of the 21st century. For example, the majority of the
stations showed a significant annual minimum temperature change of 0.1 degree by the
end of this century under RCP 8.5 and CSIROM-MK3.6 model (Table A12).

In general, irrespective of the two RCP 4.5 and 8.5 scenarios, the future annual mean
temperatures (Tmax and Tmin) have shown increasing trends relative to the historical trends.
This indicates a warmer temperature in the near-, mid-, and far-terms [62]. In addition,
RCP 8.5 is predicted to cause a larger increase in temperature than that of RCP 4.5 at all
stations, especially by the end of the 21st century. This is consistent with the conclusions
drawn by the IPCC Fifth Assessment Report (AR5) [62], which indicates an increase in
evapotranspiration within the area and crop water demand [63,64]. Additionally, the
increase in an increasing rate of future temperature will likely lead to a negative effect on
freshwater availability, crop production, and the phenological days for crops [13,14,65,66].

4.3.2. Spatial Distribution of Future Mean Annual Rainfall and Temperature

Figure 5 shows the spatial distribution of projected mean annual rainfall using the
CNRM-CM5 model under both RCP 4.5 and 8.5 scenarios within the ZLB. The figure
depicts a slight difference in rainfall distribution when compared to the spatial distribution
of historical rainfall (see Figure 2). The future rainfall projections indicate wetter conditions
over the basin under both RCP 4.5 and 8.5 scenarios except during the near-term of RCP 4.5
and mid-term of RCP 8.5 scenario (Figure 5a,d), which exhibit lower annual rainfall related
to the other periods.
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Figure 5. Spatial distribution of CNRM-CM5 model mean annual rainfall (mm/year) within the ZLB
for RCP 4.5 and 8.5 scenarios and three future periods: (a) near-term RCP 4.5, (b) near-term RCP 8.5,
(c) mid-term RCP 4.5, (d) mid-term RCP 8.5, (e) far-term RCP 4.5, and (f) far-term RCP 8.5.
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The rainfall pattern is unevenly distributed. The distribution showed lower values of
rainfall corresponding to the lower elevation (in the central part of the basin) and higher
values corresponding to the higher elevations, particularly, in the southern part. The
average rainfall depth at each gauge station during the analyzed period of 2026–2049,
2050–2072, and 2073–2100 under both scenarios exhibit different distribution, which may
be due to change in climatic conditions and topographic and physiographic factors.

The rainfall pattern shows a slight decrease within the major parts of the basin (west,
north, and east) under both RCP 4.5 and 8.5 scenarios of the near-term (Figure 5a) and
mid-term (Figure 5d), respectively. The eastern and central parts of the ZLB are expected
to receive lower rainfall values as compared with the western part of the basin (Figure 5).
Overall, as compared to the RCP 4.5 scenario, the RCP 8.5 scenario is expected to cause a
larger decrease in rainfall amounts by the end of the 21st century (Figure 5f).

The spatial distributions of projected mean annual Tmax and Tmin of CNRM-CM5 for
the two RCP (4.5 and 8.5) scenarios are shown in Figures 6 and 7, respectively. The future
minimum and maximum temperatures appear to have similar spatial distribution with
the historical (1983–2005) temperature (see Figure 2). However, relative to the historical
values, both the future Tmax and Tmin values are predicted to be noticeably increasing over
the basin under both RCP 4.5 and 8.5 scenarios.
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Figure 6. Spatial distribution of CNRM-CM5 model mean annual Tmax (◦C) within the ZLB for
RCP 4.5 and 8.5 scenarios and three future periods: (a) near-term RCP 4.5, (b) near-term RCP 8.5,
(c) mid-term RCP 4.5, (d) mid-term RCP 8.5, (e) far-term RCP 4.5, and (f) far-term RCP 8.5.

The central part of the basin will experience higher Tmax and Tmin values that range
from 20 to 31 ◦C (Figure 6) and 11 to 19 ◦C (Figure 7), respectively. Apart from the western
(in the part of Meki River) and central (around Ziway Lake), some small portions of the
eastern part (in the part of Katar River) are expected to experience a cooler temperature.
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5. Conclusions

Understanding spatial and temporal trends in annual rainfall and temperature is of
interest in a basin’s water resource management and decision-making processes. Such
studies are more important in basins where agricultural development is strongly dependent
on rain-fed agriculture and irrigation, such as the Ziway Lake Basin (ZLB), Ethiopia. This
study analyzed the historical (1983 to 2005) and future (2026–2100) trends of annual rainfall,
minimum temperature (Tmin), and maximum temperature (Tmax) for the ZLB under RCP
4.5 and RCP 8.5 scenarios.

The results in this study revealed that the climate models reproduced well the spatial
and temporal patterns of the annual mean rainfall and temperature of the study area.

The annual rainfall at the eleven stations of the ZLB showed both negative and
positive insignificant trend. As the agriculture system of the basin highly depends on
rain-fed agriculture and extensive irrigation, future climate change may have negative
implications on the freshwater availability and agricultural productivity of the basin. We
found that annual Tmax and Tmin of the ZLB are projected to increase at an increasing rate
for both RCP 4.5 and 8.5. However, the RCP 8.5 is predicted to cause higher warming by the
end of the 21st century. Such change is expected to increase the evapotranspiration of the
basin, the key component of the hydrologic cycle, and thus negatively affects the freshwater
availability and ecosystem functioning of the basin. The increase in temperature further
increases the crop water requirement, which exacerbate the water supply–demand gap.

The findings of this study offer in-depth and useful information for better under-
standing and managing water resources and implementing mitigation measures to climate
change in the Ziway Lake Basin. In addition, policy makers and relevant stakeholders such
as farmer unions in the basin could also benefit from this study to minimize the negative
impacts of climate change on freshwater availability and agricultural productivity.

As this study analyzed the annual rainfall and temperature trends only, future research
work focuses on analyzing the spatiotemporal trends of seasonal rainfall and tempera-



Hydrology 2022, 9, 2 13 of 19

ture. Furthermore, future studies should also compare the CMIP5 and CMIP6 models
datasets and assess their ability to simulate the spatiotemporal distribution of rainfall
and temperature.
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Appendix A

Table A1. Statistical performance indices of the GCMs–CMIP5 for monthly rainfall of 1983 to 2005.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station RMSE (mm) PBIAS (%) r RMSE (mm) PBIAS (%) r RMSE (mm) PBIAS (%) r

Ziway 27.4 11.2 0.8 22.0 29.9 0.4 40.7 29.6 0.5
Meki 27.9 2.8 0.8 31.2 12.5 0.5 28.2 12.8 0.6
Arata 31.8 −10.8 0.9 40.6 −11.6 0.5 37.2 −20.3 0.6

Butajira 39.7 35.0 0.7 28.4 −3.5 0.4 43.8 5.3 0.5
Tora 33.5 1.5 0.8 39.0 −1.2 0.4 46.3 −2.3 0.5
Bui 38.2 −4.2 0.6 34.6 2.8 0.5 32.4 2.4 0.6

Kulumsa 9.1 −9.0 1.0 16.1 −1.6 0.4 44.9 −2.8 0.5
Assela 26.1 7.8 0.9 27.4 12.3 0.5 47.5 12.0 0.5
Sagure 16.9 12.2 1.0 10.6 12.2 1.0 39.6 15.0 0.6
Merero 8.5 15.8 1.0 19.2 16.7 0.5 23.4 33.1 0.6

Adamitulu 16.2 0.0 0.9 48.6 −9.7 0.4 35.8 −9.5 0.5

Table A2. Statistical indices values of GCMs–CMIP5 output monthly maximum temperature during
1983–2005 over Ziway Lake Basin.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station RSME (C◦) PBIAS (%) r RSME (C◦) PBIAS (%) r RSME (C◦) PBIAS (%) r

Ziway 1.0 0.3 0.7 1.1 0.4 0.7 1.2 0.4 0.6
Meki 1.3 40.1 0.6 1.3 28.0 0.6 1.2 50.2 0.6
Arata 1.0 22.3 0.7 1.1 22.4 0.7 1.0 22.3 0.7

Butajira 0.9 −1.7 0.6 1.0 −1.6 0.6 1.0 −1.6 0.5
Tora 0.9 0.8 0.7 1.0 0.8 0.7 1.0 0.8 0.6
Bui 0.9 15.1 0.6 0.3 1.0 0.6 1.1 10.7 0.6

Kulumsa 1.1 −0.9 0.6 1.1 −0.8 0.6 1.2 −0.9 0.5
Assela 1.1 −8.8 0.7 1.1 −8.8 0.7 1.2 −8.8 0.6
Sagure 1.3 −8.6 0.7 1.0 −22.9 0.6 1.4 −15.6 0.5
Merero 1.0 −15.5 0.7 1.1 −7.4 0.7 1.1 −15.5 0.6

Adamitulu 1.2 0.0 0.7 1.2 6.7 0.7 1.2 0.0 0.6

https://esgf-node.llnl.gov/search/cmip5/
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Table A3. Statistical indices values of GCMs–CMIP5 output monthly minimum temperature during
1983–2005 over Ziway Lake Basin.

CNRM-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station

Test MK Trend Sen’s Slope MK Trend Sen’s Slope MK Trend Sen’s Slope

Ziway 2.01 * 0.03 2.15 * 0.03 2.32 ** 0.04
Meki 2.21 * 0.03 2.07 * 0.03 2.32 ** 0.03
Arata 2.31 * 0.03 2.29 * 0.03 2.43 ** 0.03

Butajira 2.1 * 0.03 2.20 * 0.02 2.69 ** 0.05
Tora 1.56 0.02 2.12 * 0.02 2.69 ** 0.05
Bui 2.20 * 0.03 2.15 * 0.02 2.27 ** 0.03

Kulumsa 2.20 * 0.03 2.91 ** 0.05 2.32 ** 0.03
Assela 2.9 ** 0.05 2.05 * 0.02 2.38 ** 0.03
Sagure 2.65 ** 0.04 2.07 * 0.02 2.27 ** 0.03
Merero 2.80 ** 0.05 2.16 * 0.02 2.51 ** 0.03

Adamitulu 2.50 ** 0.05 2.20 * 0.02 2.32 ** 0.03

Table A4. Mann–Kendall trend and Sen’s slope estimator value for annual baseline and historical
Tmax at Ziway Lake Basin from 1983 to 2005.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station RSME (C◦) PBIAS (%) r RSME (C◦) PBIAS (%) r RSME (C◦) PBIAS (%) r

Ziway 1.1 21.3 0.8 1.3 21.3 0.7 1.2 21.3 0.7
Meki 1.4 37.3 0.7 1.5 37.1 0.6 1.8 12.2 0.4
Arata 1.2 −2.1 0.7 1.2 −2.1 0.6 1.0 −2.1 0.7

Butajira 0.9 −7.8 0.6 0.8 −18.3 0.7 1.0 −18.3 0.6
Tora 0.8 2.2 0.7 0.8 2.2 0.7 1.0 2.2 0.4
Bui 1.2 −2.3 0.7 0.8 2.2 0.7 1.0 −2.2 0.7

Kulumsa 1.1 −10.8 0.6 1.5 −7.4 0.5 1.1 12.1 0.7
Assela 1.0 1.1 0.7 1.0 −20.4 0.7 1.2 −11.8 0.8
Sagure 0.9 −7.4 0.7 1.5 −43.9 0.5 1.0 −27.1 0.6
Merero 0.9 −3.2 0.7 1.4 −44.6 0.6 1.0 −44.8 0.6

Adamitulu 1.0 0.0 0.8 1.0 0.0 0.8 1.1 0.0 0.6

Table A5. Mann–Kendall trend and Sen’s slope estimator value for annual baseline and historical
Tmin at Ziway Lake Basin from 1983 to 2005.

CNRM-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station

Test MK Trend Sen’s Slope MK Trend Sen’s Slope MK Trend Sen’s Slope

Ziway 2.85 ** 0.02 2.01 * 0.03 2.32 * 0.03
Meki 1.74 0.02 1.95 0.02 2.17 * 0.03
Arata 2.32 * 0.03 2.11 * 0.02 2.3 * 0.03

Butajira 2.93 ** 0.02 3.16 ** 0.04 2.75 ** 0.04
Tora 2.48 * 0.02 2.69 ** 0.03 2.67 ** 0.04
Bui 2.48 * 0.02 3.06 ** 0.04 2.43 * 0.03

Kulumsa 1.69 0.01 2.01 * 0.02 1.42 0.01
Assela 1.58 0.01 2.11 * 0.02 2.34 * 0.03
Sagure 1.69 0.01 2.91 ** 0.04 2.32 * 0.03
Merero 1.74 0.01 2.64 ** 0.03 2.32 * 0.03

Adamitulu 1.85 0.01 2.06 * 0.03 2.32 * 0.03
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Table A6. Projected Mann–Kendall trend and Sen’s slope estimator results average rainfall for 11
stations over Ziway Lake Basin from the period 2050–2072.

Model CNMR-CM5 CSIRO-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 0.68 0.35 1.56 0.38 2.69 ** 2.16 1.42 1.91 −0.32 −0.08 2.17 * 0.51
Meki 0.30 0.46 1.70 0.71 2.59 ** 2.33 1.47 3.29 −1.17 −0.27 0.82 0.53
Arata 0.49 0.47 1.61 0.64 2.64 ** 2.73 1.14 1.56 −0.87 −0.19 1.10 0.64

Butajira 0.35 0.43 1.47 0.48 2.17 * 1.74 1.19 1.05 −0.77 −0.23 1.00 0.46
Tora −0.12 −0.10 2.17 * 1.06 1.89 1.75 1.65 1.98 −1.17 −0.26 0.63 0.33
Bui −0.07 −0.23 2.03 * 1.04 1.99 3.60 1.33 1.54 −0.82 −0.30 0.58 0.53

Kulumsa −0.30 −0.30 1.75 0.76 2.17 * 2.23 1.24 1.23 −0.77 −0.17 0.72 0.34
Assela 0.30 0.41 1.33 1.20 2.36 * 1.89 1.19 1.20 −1.41 −0.36 0.72 0.45
Sagure 0.16 0.26 1.33 0.55 2.17 * 1.76 0.82 0.44 −0.92 −0.25 1.19 1.20
Meraro 0.30 0.20 1.28 0.30 1.89 1.33 1.33 1.37 −1.27 −0.22 0.82 0.46

Adamitulu 0.21 0.16 0.49 0.36 2.73 ** 1.86 −0.03 −0.01 −0.07 −0.05 0.86 0.55

Table A7. Projected Mann–Kendall trend and Sen’s slope estimator results of annual average rainfall
for 11 stations over Ziway Lake Basin from the period 2073–2100.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway −1.45 −1.03 1.28 0.58 1.28 0.91 0.62 1.12 0.35 0.07 1.50 0.40
Meki −1.63 −1.51 1.06 0.71 0.88 1.02 1.15 2.52 −0.93 −0.33 1.63 0.88
Arata −1.50 −1.86 1.10 0.96 1.37 2.77 0.62 0.76 0.09 0.05 1.59 0.99

Butajira −1.32 −1.08 1.23 0.52 1.19 1.06 1.85 2.14 0.35 0.10 1.72 0.81
Tora −1.45 −2.06 0.93 0.68 1.54 1.12 1.63 2.66 −0.40 −0.15 1.16 1.03
Bui −1.81 −3.14 0.84 0.65 1.76 2.27 0.62 1.00 −2.47 −1.10 1.45 0.99

Kulumsa −1.90 −2.53 0.75 0.58 0.88 0.72 0.48 0.73 −2.60 −0.92 1.67 0.85
Assela −0.79 −0.57 0.84 0.44 1.90 1.08 0.35 0.41 0.02 0.01 1.63 0.76
Sagure −0.97 −0.79 1.28 0.63 1.28 0.95 0.04 0.03 −0.79 −0.25 0.35 0.41
Meraro −0.66 −0.37 1.06 0.46 0.62 0.41 1.37 0.93 −0.88 −0.26 1.32 0.52

Adamitulu −0.93 −0.33 0.11 0.12 1.68 1.38 0.01 −0.01 −0.71 −0.15 0.04 0.03

Table A8. Projected Mann–Kendall trend and Sen’s slope estimator results of annual mean Tmax for
11 stations over Ziway Lake Basin from the period 2050–2072.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 2.45 * 0.04 2.15 * 0.03 4.52 *** 0.09 4.28 *** 0.09 0.02 0.01 3.00 ** 0.04
Meki 2.07 * 0.03 2.07 * 0.03 4.56 *** 0.09 4.09 *** 0.09 0.03 0.01 2.91 ** 0.04
Arata 2.08 * 0.03 2.29 * 0.03 4.54 *** 0.09 4.27 *** 0.09 0.03 0.01 2.95 ** 0.04

Butajira 2.08 * 0.03 2.20 * 0.02 4.57 *** 0.09 4.27 *** 0.09 0.02 0.01 3.04 ** 0.04
Tora 2.36 * 0.04 2.12 * 0.02 4.67 *** 0.08 4.40 *** 0.08 0.02 0.01 2.86 ** 0.04
Bui 2.07 * 0.03 2.15 * 0.02 4.63 *** 0.08 4.4 *** 0.08 0.02 0.01 2.73 ** 0.03

Kulumsa 2.08 * 0.03 2.91 ** 0.03 4.52 ** 0.09 4.28 *** 0.09 0.02 0.01 2.87 ** 0.04
Assela 4.09 *** 0.05 2.05 * 0.02 4.50 ** 0.09 4.27 *** 0.09 0.02 0.01 3.04 ** 0.04
Sagure 4.09 *** 0.05 2.07 * 0.02 4.32 *** 0.08 4.26 *** 0.09 0.02 0.01 2.95 ** 0.04
Meraro 4.09 *** 0.04 2.16 * 0.02 4.40 *** 0.09 4.28 *** 0.09 0.02 0.01 3.09 ** 0.04

Adamitulu 4.13 *** 0.05 2.20 * 0.02 4.63 *** 0.09 4.14 *** 0.08 0.01 0.01 3.37 *** 0.07

Table A9. Projected Mann–Kendall trend and Sen’s slope estimator results of annual mean Tmax for
11 stations over Ziway Lake Basin from the period 2073–2100.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 3.67 *** 0.07 2.78 ** 0.03 4.63 *** 0.07 4.63 *** 0.07 1.51 0.02 1.90 0.03
Meki 3.62 *** 0.07 2.73 ** 0.03 4.63 *** 0.07 4.63 *** 0.07 1.51 0.03 1.90 0.03
Arata 3.71 *** 0.07 2.5 * 0.03 4.63 *** 0.07 4.63 *** 0.07 1.56 0.03 1.81 0.03

Butajira 3.71 *** 0.06 2.47 * 0.03 4.63 *** 0.07 4.63 *** 0.07 1.56 0.02 1.85 0.03
Tora 3.20 *** 0.06 3.17 ** 0.04 5.47 *** 0.06 4.72 *** 0.07 1.66 0.02 2.25 0.04
Bui 3.29 *** 0.05 3.31 *** 0.04 5.47 *** 0.07 4.63 *** 0.07 1.71 0.02 2.20 0.03

Kulumsa 3.34 *** 0.06 3.22 ** 0.04 4.63 *** 0.07 4.63 *** 0.07 1.51 0.02 1.98 0.03
Assela 3.67 *** 0.06 2.30 * 0.03 4.63 *** 0.07 4.63 *** 0.07 1.51 0.02 1.90 0.03
Sagure 3.67 *** 0.06 2.47 * 0.03 4.63 *** 0.07 4.63 *** 0.07 1.56 0.02 1.85 0.03
Meraro 3.62 *** 0.07 2.78 ** 0.03 4.63 *** 0.07 4.38 *** 0.06 1.61 0.02 0.17 0.00

Adamitulu 3.62 *** 0.08 3.57 *** 0.05 4.38 *** 0.06 4.47 ** 0.07 0.87 0.01 2.42* 0.05
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Table A10. Projected Mann–Kendall trend and Sen’s slope estimator results of annual mean Tmin for
11 stations over Ziway Lake Basin from the period 2026–2049.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 3.89 *** 0.07 3.45 *** 0.05 4.14 *** 0.08 4.14 *** 0.08 2.46 * 0.04 1.96 0.04
Meki 4.29 *** 0.07 3.89 *** 0.06 4.12 *** 0.08 4.14 *** 0.08 2.36 * 0.04 1.96 0.04
Arata 2.26 * 0.04 2.85 ** 0.03 4.14 *** 0.08 4.09 *** 0.08 2.31 * 0.04 2.01 * 0.04

Butajira 1.51 0.03 1.17 0.02 4.14 *** 0.08 4.14 *** 0.08 2.36 * 0.04 2.01 * 0.04
Tora 0.07 0.00 2.00 * 0.01 4.78 *** 0.07 4.79 *** 0.07 2.86 ** 0.04 1.71 0.04
Bui 0.05 0.00 1.17 0.01 4.78 *** 0.07 4.09 *** 0.08 2.80 ** 0.04 1.76 0.04

Kulumsa 1.61 0.04 2.41 * 0.02 4.14 *** 0.08 4.14 *** 0.08 2.46 * 0.04 1.91 0.04
Assela 1.12 0.02 2.80 ** 0.02 4.14 *** 0.08 4.14 *** 0.08 2.41 * 0.04 1.96 0.04
Sagure 1.17 0.03 2.65 ** 0.02 4.09 *** 0.08 4.14 *** 0.08 2.42 * 0.04 2.01 * 0.04
Meraro 1.12 0.02 2.80 ** 0.03 4.14 *** 0.08 4.39 *** 0.07 2.31 * 0.04 1.28 0.04

Adamitulu 2.25 * 0.05 3.25 ** 0.04 4.39 *** 0.07 4.79 *** 0.07 3.20 ** 0.06 2.21 * 0.06

Table A11. Projected Mann–Kendall trend and Sen’s slope estimator results of annual mean Tmin for
11 stations over Ziway Lake Basin from the period 2050–2072.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 1.28 0.02 4.12 *** 0.02 4.58 *** 0.10 4.20 *** 0.09 1.14 0.02 3.61 *** 0.05
Meki 1.00 0.02 4.30 *** 0.02 4.63 *** 0.10 4.6 *** 0.10 1.14 0.02 3.60 *** 0.05
Arata 1.03 0.02 4.52 *** 0.02 4.65 *** 0.09 4.18 *** 0.09 1.12 0.02 3.53 *** 0.05

Butajira 1.00 0.02 4.54 *** 0.02 4.56 *** 0.10 4.18 *** 0.09 1.05 0.01 3.57 *** 0.05
Tora 1.47 0.03 4.24 *** 0.02 4.14 *** 0.09 4.14 *** 0.09 0.72 0.01 3.26 ** 0.05
Bui 0.98 0.02 4.14 *** 0.02 4.14 *** 0.09 4.14 *** 0.09 0.82 0.01 3.35 *** 0.05

Kulumsa 1.03 0.02 4.46 *** 0.03 4.56 *** 0.10 4.18 *** 0.09 1.14 0.01 3.48 *** 0.04
Assela 1.75 0.03 4.58 *** 0.02 4.58 *** 0.10 4.19 *** 0.09 1.10 0.01 3.61 *** 0.04
Sagure 1.75 0.03 4.09 ** 0.02 4.09 ** 0.08 4.17 *** 0.09 1.10 0.02 3.57 *** 0.04
Meraro 1.70 0.03 4.54 *** 0.02 4.54 *** 0.10 4.18 *** 0.09 1.10 0.01 3.61 *** 0.05

Adamitulu 1.56 0.03 4.62 *** 0.02 4.62 *** 0.10 4.06 *** 0.08 1.56 0.02 4.18 *** 0.05

Table A12. Projected Mann–Kendall trend and Sen’s slope estimator results of annual mean Tmin for
11 stations over Ziway Lake Basin from the period 2073–2100.

Model CNMR-CM5 CSIROM-MK3.6 MIP-ESM-LR
Station

Test
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5
MK

RCP 4.5
Sen’s

RCP 4.5
MK

RCP 8.5
Sen’s

RCP 8.5

Ziway 2.63 ** 0.08 2.59 ** 0.06 4.43 *** 0.03 4.76 *** 0.10 1.51 0.02 2.78 ** 0.05
Meki 2.63 ** 0.08 2.59 ** 0.06 3.95 *** 0.05 4.76 *** 0.10 1.51 0.03 2.78 ** 0.05
Arata 2.57 * 0.08 2.64 ** 0.06 3.45 *** 0.07 4.76 *** 0.10 1.56 0.03 2.73 ** 0.05

Butajira 2.63 ** 0.08 2.69 ** 0.06 3.20 ** 0.04 4.76 *** 0.10 1.56 0.02 2.68 ** 0.04
Tora 2.69 ** 0.09 2.36 * 0.06 1.56 0.02 4.89 *** 0.09 1.66 0.02 2.82 ** 0.06
Bui 2.69 ** 0.07 2.31 * 0.05 1.60 0.01 4.76 *** 0.10 1.71 0.02 2.60 ** 0.05

Kulumsa 2.63 ** 0.09 2.31 * 0.06 2.90 ** 0.04 4.76 *** 0.10 1.51 0.02 2.73 ** 0.05
Assela 2.6 ** 0.08 2.69 ** 0.06 3.1 ** 0.05 4.76 *** 0.10 1.51 0.02 2.60 ** 0.04
Sagure 2.6 ** 0.08 2.69 ** 0.06 3.62 *** 0.07 4.76 *** 0.10 1.56 0.02 2.64 ** 0.04
Meraro 2.6 ** 0.08 2.64 ** 0.06 3.37 *** 0.04 4.98 *** 0.08 1.61 0.02 1.03 0.00

Adamitulu 2.63 ** 0.10 2.54 0.07 2.52 ** 0.04 4.89 *** 0.09 0.87 0.01 3.44 *** 0.07

Mann–Kendall test of significance levels: 90% (*), 95% (**), 99% (***).
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