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Abstract: Climate resilient agriculture (CRA) is very important to achieve long-term improvement in
productivity and farm incomes under climate uncertainty. The present study focuses on investigating
the plausible changes in the hydrometeorological conditions using big-data analysis techniques in the
study of Ethiopia. The original contribution of this work envisages the importance of the CRA system
in water-scarce areas for sustainable agriculture planning and management under changing climatic
conditions. In the present research, a TerraClimate model was the basis for weather (precipitation and
temperature) and hydrological data (runoff, actual evapotranspiration, potential evapotranspiration,
vapor pressure deficit and climate water deficit); these data were used to determine the spatial
distribution of the standardized anomaly index (SAI) and the slope of the linear regression for
long-term (1958–2020) trend analysis. Future climate trend analysis (2021–2100) has been performed
through the CMIP6 (EC-Earth3) shared socio-economic pathway (SSP 2) 4.5 dataset. Gravity Recovery
and Climate Experiment (GRACE) with CSR and JPL data were utilized for the generation of water
storage heat maps from 2002 to 2021. The results show that the average annual rainfall data for over
62 years was found to be 778.42 mm and the standard deviation is 81.53 mm. The results also show
that the western part of the study area has the highest temperature trend, which diminishes as one
moves eastward; the minimum temperature trend has been found in the western part of the study
area. It was found that the equivalent water thickness (EWT) range of both CSR and JPL products
was −15 to 40 cm. These results can help local climate-resilient development planning and enhance
coordination with other institutions to access and manage climate finance.

Keywords: climate change; hydrological conditions; climate resilient agriculture; food security; GIS

1. Introduction

Climate change due to greenhouse gas emissions is an indisputable fact worldwide
and the average surface temperature will increase by 1.5 ◦C from 2030 to 2052 across the
globe [1]. The food security problem is a major challenge worldwide. Agriculture is an
economic activity and plays an important role in socio-economic development. However,
climate-resilient agriculture (CRA) is very important for increasing agricultural productivity
under climate variabilities from the local to global scale. Agricultural income can be reduced
by 15–25% due to changing climatic conditions. Thus, CRA can reduce hunger and poverty
to achieve long-term improved productivity. CRA is one type of composite approach
including food security and components of agriculture directly affected by climate change.
The World Bank promotes CRA as a “triple win” as follows: (i) enhanced productivity,
(ii) resilience, and (iii) carbon sequestration.

There is strong statistical evidence that the climate is changing more quickly than
expected, which will harm the economic development of developing countries as well as
the general health of the community (Intergovernmental Panel on Climate Change) [2]. The
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agricultural industry is one of several that will be adversely impacted by shifting rainfall
patterns and rising temperatures [3]. The effects of climate change have a significant impact
on farmers since they rely so much on agricultural activity. Therefore, farmers also need to
know about the effects of climate change. Information about the climate is only valuable
in mitigating the dangers caused by climate change when it is accessible in a way that
smallholder farmers can comprehend [4]. Therefore, it is crucial to assess the major issues
that prevent smallholder farmers from successfully utilizing weather information. Due
to socioeconomic and political issues, a lack of adaptation ability, and several stresses
of various sizes and sectors, Africa is especially susceptible to the dangers caused by
climate change. The intense weather events, such as floods, droughts, and windstorms,
which are brought on by climate change, have a substantial impact on food security in
West Africa [5,6].

Ethiopia is now one of the nations most susceptible to climate change and fluctuation,
regularly experiencing the effects of climate-related catastrophes, including floods and
drought [7]. In the majority of Ethiopia, rain-fed agriculture is the primary means of grow-
ing crops. Therefore, the main causes of hunger and food scarcity are a lack of precipitation
and the accompanying drought [8]. Precipitation is the main factor affecting agricultural
activities in Ethiopia’s northern region. Therefore, a significant influence on the quality of
life for the inhabitants in this region is caused by a drop in rainfall [9]. Ethiopia has the
poorest ability to adapt to climate change in Africa [10–13]. This is a result of dependence on
rain-fed agriculture, poor water-supply infrastructure, rapid population growth, a lack of
adaptability, shoddy organizations, and a lack of knowledge of environmental changes. In
addition, Ethiopian mean annual temperatures are expected to rise by 0.9 to 1.1 ◦C by 2030,
1.7 to 2.1 ◦C by 2050, and 2.7 to 3.4 degrees Celsius by 2080, according to the International
Panel on Climate Change [14]. During recent years, seasonal mean temperatures have
increased in nations like Ethiopia [15]. Rising temperatures and volatility in rainfall will
have an impact on the agricultural sector. The region’s land use has seen a substantial
alteration as a result of climatic variability. Therefore, changes in land use and the climate
have a significant impact on hydrological processes [16–18]. Across all geographical and
temporal dimensions, land use/land cover (LULC) change is one of the most significant
contributors to changes in the land surface [19,20]. The change in land surface brought
on by LULC has a profound influence on the hydrological processes [21–27]. Changes
in LULC can affect terrestrial hydrology by changing the long-term equilibrium between
rainfall and evapotranspiration [28]. Several earlier studies have demonstrated the impacts
of LULC modification on runoff and evapotranspiration [19,22,23,26,29–33]. The runoff
potential is significantly increased by the extension of agricultural land at the expense of
plant cover [19,22,26,29,34]. Nevertheless, the features of the agro-ecological contexts of
the research sites determine how much LULC or climatic fluctuations affect differences in
runoff and evapotranspiration [29,30,35,36]. In Ethiopia’s policy agenda, the sustainable
use of water is gaining importance because this is one of the emerging nations where agri-
cultural activity is the foundation of the economy, and where LULC-related natural issues
pose significant problems to agriculture [37]. Therefore, a better understanding of how
LULC influences watershed hydrology will enable local governments and policymakers to
formulate and implement effective and appropriate response strategies.

Agriculture is the foundation of the economies of nations like Ethiopia. Water resources
may be diminished as a result of agricultural operations, including flow management and
irrigation techniques. As a result, the agricultural industry is now being impacted by
drought caused by these issues [38,39]. Water and food availability are significant issues
that mankind is currently experiencing due to an expanding population and continuous
environmental issues [40]. It is crucial to research water availability so that people may
determine if demand can be met by existing water sources [41]. In the management of water
resources, the concept of water availability is strongly related to the more general idea of
water sustainability [42]. Poor water management and the scarce availability of water for
all users are caused by inadequate hydrological data [43]. Water resource expansion is
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encouraged through appropriate management of sustainable water resources, and several
methods have been developed to assess the sustainability of water resources [44]. The
availability of water has substantially changed as a result of human and climate change [45].
In the context of an environment that is transforming, it is crucial to assess how sustainably
distributed water resources are. An innovative method of assessing water resources is using
satellite and global hydro-meteorological data. Also, a novel method of observing the water
cycle has been made possible by the advancement of remote sensing technologies [46,47].
Information on a region’s hydrological studies is provided through the Global Land Data
Assimilation System (GLDAS) [48,49]. Additionally, the launch of the Gravity Recovery
and Climate Experiment (GRACE) mission has made it possible to quantify TWS anoma-
lies (TWSA) by recapturing temporal fluctuations in the Earth’s gravity field at annual
intervals [50]. GRACE data may be used to investigate the chronological evolution of the
many components of the water cycle [51,52]. Thus, GRACE helps overcome the abovemen-
tioned limitations, and thus, it is widely used globally. GRACE was widely utilized by
researchers to assess changes in groundwater or drought [53–55]. In places of the world
with a lack of data, GRACE-derived outputs provide the potential of assessing groundwater
degradation [56–58]. Through the use of GRACE data, groundwater monitoring work has
been completed across Africa [59–61]. Water resources are affected by climate change in
terms of how they are created, stored, and how quickly they are lost. These problems can
be addressed with a climate-resilient agriculture (CRA) system. However, changes in CRA
under changing climatic conditions raise these research questions:

• What are the predicted critical impacts of climate change on agricultural production?
• How do climate variables highly impact rainfed crop production and the livelihoods

of subsistence farmers?
• What are the prime impacts that climate change is expected to have on agriculture in

the Sahel region?
• How can we improve the resilience of countries’ communities to present and future

climate change?

Thus, there is a scope for the development of the CRA system under climate uncer-
tainty. CRA is relevant to individual families who have independently established and
developed without much investment from external funding. It can help to improve the
livelihood strategies and attitudinal orientation of good owners. It can also improve the
irrigation system for agriculture production in rural development to solve food security
problems. The present research analyzes the spatiotemporal trend of past, present, and
future climatic and hydrological conditions using big-data analysis techniques from Terra-
Climate, CMIP6, GRACE, and GLDAS datasets for sustainable and efficient use of water
resources in the era of climate uncertainty.

2. Materials and Methods
2.1. Study Area

Ethiopia is the nation where the study was carried out (Figure 1). Ethiopia’s total
area is 1,100,000 square kilometers. According to estimates, the population of Ethiopia is
117.88 million as of 2021. Ethiopia is the neighboring country of Sudan. The climate of
Ethiopia varies mostly with height and ranges from the warm, dry lowlands to the chilly,
wet plateau [62]. The country, which is located just north of the equator, has fairly constant
temperatures all year long. Ethiopia’s annual temperature ranges from 10.2 ◦C to 24.7 ◦C.
The most recent regional climate prediction for Africa predicts that much of Ethiopia,
sections of Eritrea, and Sudan will likely suffer drier than usual conditions. In 1984, there
was a famine in Ethiopia, which resulted in starvation deaths of an estimated 1 million
people. Due to its profound impact on the populations of a nation like Ethiopia, the drought
situation is a serious issue. The economy of Ethiopia is heavily dependent on agriculture
and the production of basic materials, typical of the majority of underdeveloped nations.
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Figure 1. Ethiopia Map.

2.2. Data Used

The historical (1958–2020) climate (precipitation and temperature) and hydrological
(runoff, actual evapotranspiration, potential evapotranspiration, vapor pressure deficit and
climate water deficit) data were collected from the TerraClimate dataset (https://www.
climatologylab.org, accessed on 23 October 2022). The future (2021–2100) climate [CMIP6
(EC-Earth3] Shared Socio-Economic Pathway (SSP 2) 4.5 data were collected from the NASA
Center for Climate Simulation (https://www.nccs.nasa.gov, accessed on 23 October 2022).
The GRACE of CSR and JPL data were collected from the Jet Propulsion Laboratory of
the California Institute of Technology (https://grace.jpl.nasa.gov, accessed on 23 October
2022). The terrestrial water storage (TWS) and groundwater storage (GWS) data (2002–2021)
were collected from the Global Land Data Assimilation System (https://ldas.gsfc.nasa.gov,
accessed on 23 October 2022).

2.3. Methodology

In this study, climate (rainfall and temperature) and hydrological trend analysis have
been performed based on the TerraClimate model dataset from 1958 to 2020. Using the
non-parametric Mann–Kendall test, rainfall trend analysis was conducted for the selected
research region. The Mann–Kendall test is used to see whether there are any patterns in the
data series for both the yearly and monthly average rainfall. Then Sen’s slope estimator
is used to calculate the magnitude of the trend. A regression model was devised for the
observational rainfall data, which is the final step. The future climate trend analysis has
been performed from the CMIP6 (EC-Earth3) SSP 2 4.5 dataset. The standardized anomaly
index (SAI) and slope of the linear regression were used for the spatial distribution of
climatic and hydrological conditions. The terrestrial water storage (TWS) and groundwater
storage (GWS) scenarios have been generated based on the GRACE dataset from 2002 to
2021. The overall methodology is shown in Figure 2.

https://www.climatologylab.org
https://www.climatologylab.org
https://www.nccs.nasa.gov
https://grace.jpl.nasa.gov
https://ldas.gsfc.nasa.gov
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2.3.1. Mann–Kendall Test

The Mann–Kendall test is a non-parametric test because the normal distribution of
time series data is not sensitive to this test [63]. The main use of this statistical model is the
detection of patterns in time series of hydro-meteorological data.

S =

n−1

∑
i=1

n

∑
j=i+1

sign
(
Xj − Xi

)
(1)

where:
n = numbers of data points
Xj, Xi = annual values in years j (i, j > 1)
Sign(Xj − Xi) has been calculated by using these equations

sign
(
Xj − Xi

)
= −1 f or

(
Xj − Xi

)
< 0 (2)

sign
(
Xj − Xi

)
= 0 f or

(
Xj − Xi

)
= 0 (3)

sign
(
Xj − Xi

)
= +1 f or

(
Xj − Xi

)
> 0 (4)

The term “sign(Xj − Xi)” refers to a specific sign capability that can accept the values
[1, 0, or −1].

Depending on the magnitude of S, it may predict whether a trend will be declining
or accelerating. A rising trend is indicated by a positive S value, and a declining trend is
shown by a negative S value. At a 5% level of significance, a normalized test statistic is used
to assess the statistical significance of the trend tendency of mean temperature and rainfall.

Z =
n + 1√
var(S)

i f S > 0 (5)

Z = 0 i f S = 0 (6)

Z =
n− 1√
var(S)

i f S < 0 (7)

The degree of rainfall variability is assessed using the coefficient of variation (CV)
(Hare, 2003). Additionally, the annual variation in rainfall and temperature was evaluated
using the ANOVA test.

2.3.2. Sen’s Slope Estimator

For the purpose of identifying linear trends, simple linear regression is among the most
commonly used models. However, this approach necessitates the presumption of residual
normalcy [64]. Numerous hydrological variables do not follow a normal distribution as
a result of the effect of natural occurrences. As a result, it was discovered that the Sen
(1968) slope estimator is an effective tool for creating linear connections. Sen’s slope has an
advantage over the regression slope in that it is less affected by large data series errors and
outliers. A positive Sen’s slope reveals an upward tendency, whereas a downward trend is
suggested by a negative Sen’s slope.

2.3.3. Linear Regression Analysis

One of the most popular techniques for finding patterns in data series is linear re-
gression analysis [63]. It is a parametric model in which time is given as the independent
variable and temperature and rainfall are regarded as the dependent variables. The correla-
tion coefficient must be evaluated to determine the relationship between two variables, i.e.,
whether the two variables have a linear or non-linear relationship.

The linear regression equation is given as follows:

Y = m X + C (8)
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where, Y is the dependent variable, X is the independent variable, C is the intercept and m
is the slope. Slope can help to determine how quickly changes in any kind of data.

The trend of the variable is defined by the sign of the slope. A positive slope indicates
an increasing trend and a negative slope implies the line falls as y-axis increases.

2.3.4. Standardized Anomaly Index

A standardized anomaly index (SAI) is very important for spatial distributions of any
kind of parameter to identify positive and negative trends for analysis purposes. SAI can
be calculated as [65]:

SAI =
(x− µ)

σ
(9)

where, x is the yearly average, µ is the long-term average, and σ is the standard deviation.

2.3.5. Correlation and Sensitivity Analysis

A Pearson correlation coefficient was applied for hydrometeorological parameters to
draw the relationship between the actual conditions. It is a measure of the linear correlation
of variables; the value varies between −1 to 1 [66]. The sensitivity analysis has been
performed with the Boruta algorithm (random forest classification) for hydrometeorological
parameters to identify the importance of the dataset [67].

3. Results
3.1. Analysis of the Spatiotemporal Trend of Historical Climatic Conditions

One of the largest nations in Africa is Ethiopia. There is a significant fluctuation in
temperature and precipitation because of its geographic position. The climate of Ethiopia is
greatly manipulated by the migration of the Intertropical Convergence Zone (ITCZ) and
related atmospheric circulation. The country’s distinctive elevational and morphological
variations are particularly efficient in regulating the local temperature. This explains why
there is a variance in proximate local climates. This kind of regional climatic variance has a
considerable influence on the region’s agricultural activities. Agriculture is one of the key
sectors for the economic growth of Ethiopia; it is facing numerous climate change related
challenges due to low institutional and economic capacity. Especially floods and drought
highly impact agricultural food systems, to leading food insecurity and malnutrition. This
in turn contributes to an inability to build climate resilience for improved agricultural
activity and food systems. In Ethiopia, irrigation and rain-fed agriculture account for
the majority of agricultural activities, and one of the most important water sources for
irrigation is groundwater. Groundwater supplies are significantly impacted by fluctuations
in precipitation and temperature. This creates an uncomfortable situation in terms of
the farmer’s profits and limits spending on irrigation. These problems can be addressed
with climate-resilient agriculture (CRA) and climate-smart agriculture (CSA) systems. It is
necessary to maintain the stock of modern agricultural products, keeping the present and
future agricultural system intact by keeping balance with nature.

In this research, the statistical analysis of the rainfall data for the study area from 1958
to 2020 has been discussed [Table S1]. The maximum and minimum annual rainfall have
been determined to be 1029.45 mm and 585.29 mm, respectively (Table 1). Also, the average
annual rainfall data for over 62 years was found to be 778.42 mm. The study area exhibits
four seasons, namely: Bega, the long dry period from December to February; Belg, the long
rainy period from March to May; Kiremt, the short dry spell from June to August; and Meher,
the short rainy period from September to November. Belg and Meher are the two times of
the year when grains are grown in Ethiopia. Rainfall patterns throughout the Belg season
have a significant impact on the production of grains, which mostly comprise corn, wheat,
sorghum, barley, and teff. The mean minimum rainfall of 11.21 mm has been recorded in
Bega and the mean maximum rainfall of 299.91 mm has been recorded in Kiremt. The annual
average rainfall has been calculated to be 778.42 mm and the standard deviation is 81.53 mm.
The average rainfall for the Belg, Kiremt, Meher and Bega seasons has been determined to
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be 191.44 mm, 446.97 mm, 92.43 mm, and 47.57 mm, respectively. Among the seasons, the
greatest standard deviation was in the monsoon period and the lowest standard deviation
was in the winter season. However, variability (coefficient of variance) has been calculated
for every season; less variability has been recorded for monsoon rainfall and high variability
has been recorded for winter rainfall. The ANOVA results concluded that the winter rainfall
reduction had a high statistical significance (FWinter = 4.452, p < 0.01).

Table 1. Mann–Kendall and Sen’s test for precipitation data of Ethiopia (1958–2020) [63,64].

Min (mm) Max (mm) Mean (mm) Standard
Deviation (mm) CV (%) Correlation

Annual 585.29 1029.45 778.42 81.53 10.47379 −0.091

Belg 112.02 289.92 191.44 43.97 22.96981 0.03

Kiremt 244.7 475.42 354.66 45.3 12.77 −0.1

Meher 118.5 318.94 184.74 43.89 23.76 0.036

Bega 11.21 95.23 47.57 21.86 45.96211 −0.26

The Sen’s slope estimator, the Mann–Kendall test, and the regression model have been
used to analyze the trend of rainfall data to develop the agricultural activities of the study
area. Since both the Sen’s slope estimator and Kendall’s tau (Z) values were negative, the
annual rainfall data trend is decreasing. For May, June, August, October, November, and
December, a positive trend has been seen because Sen’s slope and Kendall’s tau (Z) values
were both positive; the negative trend was for January, February, March, April, July, and
September (Table 2).

Table 2. Monthly rainfall trend analysis results of Ethiopia (1958–2020) [63,64].

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

Kendall’s tau −0.16 −0.13 −0.067 −0.065 0.152 0.03 −0.153 0.107 −0.043 0.115 0.065 0.06

p-Value 0.06 0.11 0.4407 0.4406 0.07 0.73 0.07 0.21 0.61 0.18 0.45 0.48

Sen’s Slope −0.11 −0.16 −0.09 −0.12 0.36 0.05 −0.28 0.16 −0.07 0.22 0.08 0.05

The linear regression analysis has been done for the annual precipitation data (Figure 2).
The slope values show the trend rate of annual rainfall that is either increasing or decreasing.
An increasing annual rainfall trend has been highlighted in the eastern part of Ethiopia
and a decreasing annual rainfall trend has been observed in the western part of Ethiopia.
In the northern portion of the study area, there is also evidence of an increasing trend in
annual rainfall.

The western part of the study area has the highest temperature trend, which diminishes
as one moves eastward; the minimum temperature trend was found in the western part
of the study area (Figure 3). The results of the standardized precipitation anomaly index
(SPAI) of Ethiopia have been shown in Figure 4. In 1960, the SPAI index varies from +0.87 to
−1.57. Mild wetness has been designated as a condition in various portions of the northern,
western, and southern parts of Ethiopia, and the central and northern parts of Ethiopia are
in a dry condition. In 1970, the SPAI index varies from +2.30 to −1.27. Most of Ethiopia’s
territory is in a dry condition, except for the western part, where there has been some mild
wetness. In 1980, the SPAI index varies from +1.98 to −2.10. Except for some areas in the
north, every region of Ethiopia has experienced great dryness during this time. In 1990, the
SPAI index varies from +1.48 to −2.45.
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The middle part, southern part, and some eastern parts of the study area were in
moderate wet conditions. But the northern part faced extremely dry conditions during this
period. In 2000, the SPAI index varies from +3.05 to −1.88. The southern region of Ethiopia
has had great dryness throughout this time, whereas the northern region of the study area
has seen extreme wetness. In 2010, the SPAI index varies from +2.31 to −2.46. The middle
part of Ethiopia has been designated as in an extremely dry condition; an extremely wet
condition has been found in the western part of Ethiopia. In 2020, the SPAI index varies
from +6.88 to−2.86. Excessive dryness has had a substantial impact on the majority portion
of Ethiopia. This is consistent with the results, which stated that Ethiopia’s frequency of
dry years has increased. Farmers’ capacity to adapt to climate change and unpredictability
would suffer from such annual variability issues with precipitation.
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Similarly, the IPCC (2014) reported that in the next few decades, due to global warming,
drought, flooding, and precipitation unpredictability, there will be a danger of food poverty
and the collapse of food systems. This places the country’s impoverished inhabitants in an
uncomfortable situation. The agricultural industry of Ethiopia will experience increased
vulnerability due to the drought issue. Changes in rainfall patterns have caused several
dilemmas for farmers. Certain crops have been cultivated in a specific season and within a
particular rainfall range. As rain is the primary water source for agriculture in Ethiopia,
the rate of production of seasonal crops is decreasing day by day due to changes in rainfall
patterns and changes in rainfall quantity. Sometimes, the availability and variability of
rainfall has an impact on families’ capacity to take on risk and manage their liquidity.

There is also a link between rainfall patterns and the use of fertilizer. The availability
of water and the frequency and quantity of fertilizer application are both influenced by the
volume of rainfall. On the other hand, rainfall variability is to blame for raising the danger
associated with fertilizer application because applying fertilizer under dry conditions
might cause seedlings to burn and can elevate the chance that a crop will perish. The
influence of temperature on agricultural productivity is significant. Plant productivity will
be harmed by the predicted warming of the environment and the possibility of more drastic
temperature occurrences. Farmers sometimes alter the seasonal crops they grow because of
temperature changes. The temperature variation leads to changes in farmers’ actions and
choices, which have an impact on the exploitation of groundwater. Changes in weather
and climate may have an oblique influence on groundwater collection by altering how
arable land is used and how farming is conducted, which in turn affects how much water is
available. Furthermore, higher temperatures may have a direct effect on how much water
is available for agriculture. Hence, temperature variation has a crucial influence on the
demand for water and irrigation equipment. The standardized anomaly index for minimum
and maximum temperature have been further subjected to trend analysis (Figures 5 and 6).

However, climate variability directly impacts the vulnerability of the livestock indus-
try in south-eastern Ethiopia. The higher number of cattle and sheep deaths was due to
the pattern of increasing temperatures; the incidence and distribution of livestock diseases
also increased. Thus, climate change is significantly affecting livestock production through
ecosystem services. Therefore, climate change highly impacts plant and animal species,
which respond either poleward or upslope. Thus, the grassland distribution is very im-
portant to control environmental factors because it is highly responsive to temperature,
precipitation, and grazing pressure. The results show that poor grassland conditions are
seen in the central plateau of Ethiopia due to high livestock density and adverse physical
conditions. Sometimes, montane grassland has changed to evergreen thicket and scrub
where the flat ground meets a steep slope.

Moreover, drought represents a significant constraint to crop cultivation. It causes
periods of decreased production of essential crops and lower farmer incomes. This country
is exposed to major climate risk for crop cultivation because heat stress will increase;
this is due to the minimum temperature in the Belg season and high maximum and
minimum temperatures in the Bega season. Thus, a large amount of groundwater is used for
irrigation purposes. Groundwater management is a challenging task worldwide, especially
in African countries because of the growing water demand for irrigation, and domestic,
industrial, and ecosystem restoration. The aquifer storage and recovery (ASR) is a valuable
tool for sustainable water supply depending on site-specific hydrogeological conditions.
ASR projects are more applicable in areas that have high population density, changes in
agriculture systems, massive dependence and increasing demand on groundwater for
irrigation and domestic needs, and limited ground or surface water availability.
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3.2. Analysis of the Spatiotemporal Trend of Future Climatic Conditions

Individual models can aid in a better understanding of variability among predicted
climates, whereas multi-model ensembles provide the range and proportion of the most
likely projected outcomes of change in the climate system for a chosen CMIP6 (EC Earth3)
SSP2-4.5 [68]. The spatial distribution of the future precipitation and maximum and
minimum temperature trend has been calculated by the slope of the linear regression
technique from 2021 to 2100 (Figure 7). The results show that the northwestern part of the
country has an increasing precipitation trend, and the northeastern and southeastern part
has an increasing maximum and minimum temperature trend.
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We also analyzed the future trends of climatic conditions in some important locations
in this country. The average minimum and maximum annual temperatures in Tigray
were found to be 16.62 ◦C and 31.01 ◦C, respectively. Between 2040 and 2059, Tigray’s
annual mean minimum and maximum temperatures were calculated to be 17.14 ◦C and
31.19 ◦C, respectively. The average minimum and maximum temperatures for Tigray were
calculated to be 17.83 ◦C and 31.81 ◦C, respectively, between 2060 and 2079. In the years
2080–2099, Tigray’s annual mean minimum and maximum temperatures were calculated
at 18.27 ◦C and 32.28 ◦C, respectively. It was discovered that Tigray’s estimated average
annual precipitation would be 1101.92 mm from 2020 to 2039, 1230.31 mm from 2040 to
2059, 1229.29 mm from 2060 to 2079, and 1260.84 mm from 2080 to 2099. The minimum and
maximum temperatures in Amhara each year are 13.98 ◦C and 28.18 ◦C, respectively. The
calculated average minimum and maximum temperatures for Amhara between 2040 and
2059 were 14.48 ◦C and 28.43 ◦C, respectively. Amhara’s average annual minimum and
maximum temperatures were estimated to be 15.18 ◦C and 29.08 ◦C, respectively, between
2060 and 2079. The predicted average minimum and maximum temperatures for.

Amhara from 2080 to 2099 were 15.67 ◦C and 29.49 ◦C, respectively. Amhara was
estimated to receive 1363.32 mm of precipitation annually from 2020 to 2039, 1478.07 mm
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from 2040 to 2059, 1452.34 mm from 2060 to 2079, and 1260.84 mm from 2080 to 2099.
Benishangul Gumu’s annual minimum and maximum temperatures were calculated to
be 20.24 ◦C and 32.97 ◦C, respectively, during the years 2080–2099. The annual mean
precipitation at Al Benishangul Gumu was derived as follows: 1232.68 mm from 2020 to
2039; 1422.71 mm from 2040 to 2059; 1414.31 mm from 2060 to 2079; and 1509.49 mm from
2080 to 2099. The mean minimum and maximum temperatures for the Oromia have been
calculated to be 14.99 ◦C and 28.48 ◦C, respectively. From 2040 to 2059, the annual mean
minimum and maximum temperatures in Oromia are calculated at 15.47 ◦C and 28.66 ◦C,
respectively. The annual mean minimum and maximum temperatures in Oromia from 2060
to 2079 have been projected to be 16.12 ◦C and 29.29 ◦C, respectively. The annual mean
minimum and maximum temperatures in the Oromia are forecasted to be 16.69 ◦C and
29.69 ◦C, respectively, from 2080 to 2099. Investigations have demonstrated that the Oromia
region will receive 974.97 mm of mean precipitation from 2020 to 2039, 1048.42 mm from
2040 to 2059, 1089.64 mm from 2060 to 2079, and 1139.96 mm from 2080 to 2099. It has been
calculated that from 2060 to 2079, the Gambela’s mean annual minimum and maximum
temperatures were 22.88 ◦C and 35.98 ◦C, respectively. Between 2080 and 2099, researchers
discovered that the Gambela’s mean annual minimum and maximum temperatures will
be 23.40 ◦C and 36.27 ◦C, respectively. The annual mean minimum and maximum tem-
peratures for SNNPR were calculated to be 16.92 ◦C and 31.29 ◦C, respectively, from 2020
to 2039. Between 2040 and 2059, SNNPR had yearly mean temperatures of 17.18 ◦C for
the minimum and 31.19 ◦C for the maximum. Between 2060 and 2079, SNNPR’s annual
mean minimum and maximum temperatures were projected to be 17.81 ◦C and 31.72 ◦C,
respectively. Between 2080 and 2099, SNNPR’s annual mean minimum and maximum
temperatures were predicted to be 18.31 ◦C and 32.04 ◦C, respectively. According to pro-
jections, the SNNPR will see annual mean precipitation totals of 733.43 mm from 2020 to
2039, 903 mm from 2040 to 2059, 898.69 mm from 2060 to 2079, and 959.05 mm from 2080
to 2099. It has been revealed that the Somali’s annual minimum and maximum temper-
atures will be 20.47 ◦C and 33.36 ◦C, respectively, from 2020 to 2039. The annual mean
minimum and maximum temperatures of the Somali were determined to be 21.15 ◦C and
33.76 ◦C, respectively, from 2040 to 2059; 21.81 ◦C and 34.42 ◦C, respectively, from 2060
to 2079; and 22.32 ◦C and 34.84 ◦C, respectively, from 2080 to 2099. The Somali’s annual
mean precipitation is predicted at 419.65 mm from 2020 to 2039, 479.35 mm from 2040 to
2059, 457.73 mm from 2060 to 2079, and 475.44 mm from 2080 to 2099. The Afar region is
projected to have an annual mean temperature range between 18.73 ◦C and 32.28 ◦C from
2020 to 2039, 19.34 ◦C and 32.56 ◦C from 2040 to 2059, 20.04 ◦C and 32.29 ◦C from 2060
to 2079, and a range between 20.47 ◦C and 33.70 ◦C from 2080 to 2099. The annual mean
precipitation in the Afar was projected to be 464.52 mm from 2020 to 2039, 582.89 mm from
2040 to 2059, 554.09 mm from 2060 to 2079, and 612.01 mm from 2080 to 2099.

In Afar and Amhara, the mean maximum and mean minimum temperatures through-
out the summer in between 2020–2039 have been projected to be 36.27 ◦C and 14.19 ◦C,
respectively. In Gambela and Amhara, the mean maximum and mean minimum temper-
atures throughout the winter have been projected to be 37 ◦C and 12.80 ◦C, respectively.
In Afar and Amhara, the mean maximum and mean minimum temperatures throughout
the summer in between 2040–2059 have been projected to be 36.40 ◦C and 14.76 ◦C, respec-
tively. In Gambela and Amhara, the mean maximum and mean minimum temperatures
throughout the winter have been projected to be 36.80 ◦C and 13.46 ◦C, respectively. In
Afar and Amhara, in the period of 2060 to 2079, the mean maximum and mean minimum
temperatures throughout the summer have been projected to be 36.91 ◦C and 15.36 ◦C,
respectively. In Gambela and Amhara, the mean maximum and mean minimum tempera-
tures throughout the winter have been projected to be 37.10 ◦C and 14.20 ◦C, respectively.
In Afar and Amhara, in the period of 2080 to 2099, the mean maximum and mean minimum
temperatures throughout the summer have been projected to be 37.03 ◦C and 15.82 ◦C, re-
spectively. In Gambela and Amhara, the mean maximum and mean minimum temperatures
throughout the winter have been projected to be 37.96 ◦C and 14.81 ◦C, respectively.
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3.3. Analysis of the Spatiotemporal Trends of Historical Hydrological Conditions

The loss of water in a vapor state to the atmosphere from both the earth’s surface and
plants is known as evapotranspiration. A cropped soil’s evapotranspiration is influenced by
temperature, precipitation, and the amount of moisture that the soil can retain. This is the
rationale for the introduction of the idea of actual evapotranspiration. An essential element
of the hydrological cycle is actual evapotranspiration; it is one of the most important
physical processes in natural ecosystems. It describes how water and energy are transferred
between the soil, land surface, and atmosphere. The idea of actual evapotranspiration
may be used to elucidate how worldwide climate change happens. So, the variability
of climate change has a great impact on actual evapotranspiration. The most damaged
ecosystems are those in Africa, which worsens the region’s already acute water deficit. One
of the largest nations in Africa is Ethiopia. There is a significant fluctuation in temperature
and precipitation because of its geographic position. The climate of Ethiopia is greatly
manipulated by the migration of the Intertropical Convergence Zone (ITCZ) and related
atmospheric circulation. The country’s distinctive elevational and morphological variations
are particularly efficient in regulating the local temperatures. This explains why there
is a variance in proximate local climates. This kind of regional climatic variance has a
considerable influence on the region’s hydrological processes. The geographical conditions
impact actual evapotranspiration. So, an essential option for agricultural or hydrological
investigations is the estimate of actual evapotranspiration.

The hydrological cycle’s term for the potential evapotranspiration is also crucial for
appropriate water management and efficient irrigation planning, which in turn has a big
impact on crop water needs and water distribution. Potential evapotranspiration (PET) may
be used for a variety of purposes, such as agricultural planning, drought monitoring, and
assessing the impacts of global warming. Under specific climatic circumstances, PET may
be thought of as the highest rate of evapotranspiration that can occur while soils or trees do
not have a water shortage. It’s important to comprehend both the actual evapotranspiration
and PET to comprehend the crop’s properties during the growing period. The eastward
increase in annual actual evapotranspiration (AET) from −11.47 mm/yr in the west to
−0.41 mm/yr in the east resembled the pattern of precipitation (Figure 8). The maximum
trend of annual AET is found in the eastern part of Ethiopia and the minimum and moderate
trends of annual AET have been found in the western and middle parts of Ethiopia.

Because erosion modifies the terrain, the runoff is crucial for research on how rivers
evolve. Climate and biophysical factors have a big impact on runoff. Ethiopia is a tropical
nation with a predominantly hilly terrain that is situated in the Horn of Africa. The rate of
deforestation is considerable, and the mechanism for managing land use along the rugged
terrain is ineffective. Land clearing has increased the quantity of runoff that occurs over
the surface. The main cause of soil erosion is runoff. Nowadays, the primary financial
and ecological concern for the whole world is soil degradation. In a country like Ethiopia,
this type of soil erosion activity is becoming more prevalent every day. The result of the
degradation of soil conditions is reduced crop output. Additionally, the research area’s
eastern, northern, and southern parts, have shown the highest annual runoff trend. As
a result, these areas are seeing significant annual precipitation trends. The western and
middle portion of the study area has the lowest and moderate annual runoff trends, which
suggests that annual precipitation trends are modest. Additionally, the northeastern region,
as well as a small fraction of the southern portion, have the highest trend of yearly potential
evapotranspiration; a low trend in annual potential evapotranspiration has been identified
for the center of Ethiopia. Some studies have proved the coherent relationship between
potential evapotranspiration and actual evapotranspiration, which means it was anticipated
that PET would rise, pushing AET to rise in tandem. As a result, it is anticipated that both
changes will be synchronized.
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Given the shifting weather circumstances, the climate water deficit data shows the
places that are under moisture stress. Water availability and need both have a role in
the development of a plant water deficit. Rising temperatures can hasten the effects of
water stress by creating a water shortage in the soil and atmosphere. Also, water stress
in plants could be ameliorated by increasing the temperature. As a result of the shortage
of water, plants are forced to deal with several diseases. Climate variability is frequently
blamed for changes in forest cover, with periods of exceptionally warm and dry weather
leading to decreased yearly leaf development. Temperature and rainfall readings are
helpful determinants of climate change in any particular period. However, climatic water
deficit helps to elucidate the climatic restriction on plant development, and this study may
conclude the region’s climatic conditions at a micro level. Climate is characterized as the
interplay of water and energy, and the climatic water deficit (DEF), which is compounded
as PET minus AET, monitors this relationship. When the amount of soil moisture accessible
to plants to meet their evaporative needs is insufficient, this is indicated by high climatic
water deficit values. Most of the regions of Ethiopia have a low trend of yearly climatic
water deficits (Figure 8). In contrast, there has been a strong trend of climatic water deficit
in various sections of the northeast and south. Modest annual climatic water deficits have
been found in the northwest, north-east, and some southern part of the study area.

Another factor that is important to plants is the vapor pressure deficit (VPD), which
depends on temperature and relative humidity. Instead of relative humidity, VPD is a more
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precise approach to describe what causes a leaf to lose water. A high VPD means the air
can absorb a large amount of water. Therefore, high VPD levels signify times of stomata.
The air is almost saturated when the VPD is low and therefore, the plants are unable to
transpire properly. The north-east and north-west regions of Ethiopia have a significant
trend of yearly VPD and the plants can appropriately transpire in these areas (Figure 6).
Ethiopia’s center, eastern, and southern regions have had a low annual VPD trend.

3.4. Analysis of the Spatiotemporal Trends of Current Water Storage Conditions

The heat map of the monthly EWT describes the temporal variation in the GRACE
data of the CSR and JPL for groundwater storage mechanisms at various study periods
(2002–2021) in Ethiopia (Figure 9). The presented heat map has two axes, where the x-
axis represents a yearly distribution of EWT and the y-axis is defined by the monthly
distribution of EWT. The heat map images represent with different color intensities the
varying EWT values recorded over an area during a period. The deep red color specifies
high positive EWT indicating the months when water availability is higher than the mean
for the study period, and vice versa for the blue.
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Figure 9. Monthly equivalent water thickness (EWT) variation from 2002 to 2021 obtained by GRACE
[Center for Space Research (CSR) and Jet Propulsion Laboratory (JPL)] datasets on Ethiopia.

Both solutions CSR and JPL show almost similar patterns in the seasonal variability
of EWT. The EWT range of both CSR and JPL products had −15 to 40 cm. In the early
years, the water availability was below the mean level from January to June and above
the mean level from July to December in the Ethiopia region. In recent years, the EWT
gradually improved in this zone. For example, it was generally above the mean level in
July to December during 2002–2018, similar to July–December in recent years (2019–2021)
for the CSR data, while the JPL data had above the mean level in January–December in
recent years (2019–2021). In addition, the lower mean level was in January–June 2002–2018
for the CSR, while the JPL found it in 2002–2017. From these results, water has become
more available in recent years in the region. Though the outcomes of the two products
were not consistent for this zone, both GRACE products exhibited an increase in red color
in recent years, indicating a better EWT. For instance, the dynamics of the EWT maximum
(August–September 2020, 40 cm) and minimum (March 2004, –15 cm) recorded for the JPL
data were similar to the CSR retrieved maximum EWT of 40 cm in September–November
2020, and minimum recorded at−15 cm in March–April, during 2004 and 2005, respectively.
A clearcut observation from the heat maps is that the historical years had a low availability
of water during the monthly periods of January to June (2002–2018), whereas the recent
years have an increasing trend of EWT during July to December (2002–2021), instead of
more concentrated in 2020 and 2021 (August–October).
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3.5. Analysis of the Spatiotemporal Trends of Current Terrestrial Water Storage Conditions

The highest and lowest TWS occurred in the year 2020 and 2017 (2338.55 mm and
319.01 mm, respectively) estimated by GLDAS 2.2 model [69]. The interannual TWS range
value is found to be highest, at 1974.7 mm; and lowest, at 1881.3 mm, during 2016 and 2021,
respectively (Figure 10). The central part of the area is concentrated with the medium TWS.
The lowest TWS value was observed in the eastern part of the region, with the high TWS
measured in the western part over all the years. However, the TWS level also followed a
decreasing trend over the whole study region, from the western to the eastern part of the
entire area. During the current period (2015–2021) the TWS was 2019.54 mm. However, it
was observed that the minimum TWS followed an increasing trend during 2015–2017, then
decreasing in the years 2018 to 2021.
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part of the entire area. During the current period (2015–2021) the TWS was 2019.54 mm. 
However, it was observed that the minimum TWS followed an increasing trend during 
2015–2017, then decreasing in the years 2018 to 2021. 
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3.6. Analysis of the Spatiotemporal Trends of Current Groundwater Storage Conditions

The annual GWS variability is relatively maximal during 2020 (1952.02 mm), and
minimal during 2018 (225.66 mm). However, this range of the GWS (1726.36 mm) was
recorded during 2015–2021 (Figure 11). The inter-annual range of TWS variability is
highest in 2016 (1690.333 mm), followed by 2015 (1679.67 mm), 2019 (1679.33 mm), 2017
(1677.35 mm), 2021 (1657.43 mm) and 2018 (1650.57 mm). The analysis shows that the
variability of GWS in the studied region is high in the western part while low in the eastern
part during the study period. Interestingly, the minimum TWS followed an increasing
trend during most of the study period, except in 2015 and 2017.
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3.7. Correlation Analysis

Overall, the TWS presents strong negative correlations with the AET (−0.71), Q (−0.61),
and VPD (−0.41) parameters, similarly, GWS showed strong negative correlations with the
AET (−0.68), Q (−0.64) and VPD (−0.4) parameters, as well as an inverse relationship with
the DEF (0.0012) indices only (Figure 12). The DEF presents a strong positive correlation
with the PET (0.83) and VPD (0.67). The PPT shows a moderate negative correlation with
the DEF (−0.45), Tmax (−0.52), Tmin (−0.44), and PET (−0.57), while showing a positive
correlation with Q (0.55). Therefore, the correlation between TWS and GWS is robust
(around 0.99), which is also evident from the analysis of spatial features.
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3.8. Sensitivity Analysis

The Boruta algorithm was used to prioritize the selected factors affecting terrestrial
water storage. The Boruta algorithm is built from the combined dataset using the random-
forest classifier and performed in the BorutaPy library in Anaconda python [67].

The results of the Boruta method found the eight factors most important for the current
study, namely, GWS, AET, Q, VPD, Tmin, PET, PPT, and DEF (Figure 13). Only the Tmax
parameter was unimportant. According to the mean importance for the availability of
terrestrial water storage, represented in Table 3, GWS (24.04) and AET (12.79), are the
most important factors, followed by Q (9.50), VPD (8.01), Tmin (3.52), PET (2.79), PPT
(2.81) and DEF (2.58). However, Tmax (0.35) was found to have no relevance among all
considered factors.
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Table 3. Considering water storage variables importance using Boruta algorithm.

Parameters Mean Importance Median Importance Min Importance Max Importance Decision

Tmax 0.35 −0.015 −0.55 1.75 Rejection

Tmin 3.52 3.59 0.05 5.72 Confirmed

AET 12.79 12.76 11.24 14.93 Confirmed

PET 2.79 2.87 0.33 4.51 Confirmed

VPD 8.01 8.02 6.17 10.01 Confirmed

Q 9.50 9.50 7.86 11.18 Confirmed

DEF 2.58 2.62 −0.007 4.97 Confirmed

GWS 24.04 24.08 21.19 27.03 Confirmed

PPT 2.81 2.84 0.47 4.87 Confirmed

4. Discussion

Climate change presents complex and interconnected risks; resilience is defined as the
capacity to recover quickly from difficulties. The following elements are required: flexibility
at a systematic level to respond to each situation, providing an improved adaptation
investment strategy [70]. Flexible regulations, like renewable portfolio standards, low
carbon fuel standards, and incorporating flexibility mechanisms are very significant to
mitigate climate change [71]. Comprehensiveness, detail orientation, and quick decision-
making are also very important. It helps to design climate services that are better tailored for
climate change responses in particular contexts [72]. This can be understood from several
perspectives, such as the restorative benefits to natural environments and the effectiveness
of environmental education programs [73]. It is one of the important characteristics of
resilience, with a potential for various applications in a social–ecological system [74]. The
intentional duplication of system components and response pathways allows for partial
failure within a system. Partial functional redundancy is a key expression of resilience
in response to water insecurity [75]. These approaches are very important for planning,
execution, and recovery [70]. This is the partnership that results when government, non-
profit, private, and public organizations solve a problem that affects the whole community.
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It is one type of organizational change that will be more successful when efforts are made
to help people within an organization.

Climate resilient agriculture (CRA) mainly depends on changing climatic conditions.
Climate change can disrupt food availability and quality. The different climatic condi-
tions, such as changes in precipitation patterns, increase in temperatures and changes
in extreme weather events, significantly impact agricultural productivity. Thus, future
climatic conditions are very important for sustainable climate-resilient agriculture planning
and management purposes. In the present research, CMIP6 (EC Earth3) SSP2-4.5 model
was used for generating future scenarios of precipitation and temperature trends, up to
the year 2100. One of our study locations shows the annual minimum and maximum
temperatures in Benishangul Gumu were measured to be 18.69 ◦C and 32.11 ◦C, respec-
tively. It was found that the annual minimum and maximum temperatures in Benishangul
Gumu were projected to be 19.07 ◦C and 32.13 ◦C, respectively, between 2040 and 2059.
Between 2060 and 2079, the annual minimum and maximum temperatures in Benishangul
Gumu were projected to be 19.72 ◦C and 32.70 ◦C, respectively. The Gambela’s mean
minimum and maximum temperatures for the years 2020 to 2039 were projected to be
22.30 ◦C and 36.11 ◦C, respectively. The Gambela receives 798.30 mm of precipitation on
average per year. It has been projected that from 2040 to 2059, the Gambela’s mean annual
minimum and maximum temperatures would be 22.40 ◦C and 35.64 ◦C, respectively. It
was observed that rainfall availability is diminished for future planning purposes. Thus,
climate-resilient technologies may face various constraints, such as limited knowledge of
climate-resilient adaptation measures, an inadequate number of extension functions at
the grassroots level, inadequate weather-based farm advisories, lack of knowledge about
climate change, lack of reporting systems, and an inadequate number of automatic weather
stations for respondents adapting to climate change. Thus, CRA is a very challenging issue
for withstanding the shocks of climate change and extreme weather events. CRA practices
must be flexible to tackle long-term climate change and also short-term weather events.
The various cultural practices, such as proper preparatory cultivation, clean cultivation,
adjusting planting/sowing/harvesting to avoid certain pests, balanced use of fertilizers,
flooding the field, draining the field, alleyways, and harvesting of the crop can be highly
maintained through modern techniques. Sustaining productivity can reduced the cost of
cultivation and energy consumption. Therefore, these kinds of techniques are considered
realistic solutions to the above-mentioned issues.

5. Climate-Resilient Agriculture and Development Practices

Adaptation in agriculture and development practices are essential for agricultural
production resilience to climate change. Proper management and implementation of
practice are required to increase agricultural production in unfavorable conditions to adapt
to climate change. Some practices are given below that are followed at the rural level
in Ethiopia:

5.1. Soil Resilience

Soil is the nexus of water, energy, and food. Sustainable soil management can be
calculated from the response diversity of multi-omic markers [76]. Some essential factors,
such as soil carbon, reducing erosion, and increasing the water retention capacity of the
soil are required to improve resilience.

5.2. Adaptation in Crop Varieties

Adaptation in crop varieties refers to the relationship between environmental factors
and the growth response of crop plants. It can help to reduce the negative impact of climate
change on the agriculture system to ensure stable agricultural production. Introducing new
crops leads to diversification of producing agriculture [77]. A few adaptations are required
to improve crop varieties as follows: stakeholder participation and success; limiting factors
are costs vs. benefits, legal aspects, implementation time, and lifetime.
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5.3. Water Management

Water management is one of the major priorities in agricultural policy to prevent
drought and build climate-resilient agriculture [78]. Agriculture is the largest source
of livelihood for people in Ethiopia, where the gross domestic product (GDP) has been
declining due to the rainfall deficit affecting crop production and farmers’ incomes. Thus,
water management strategies are required to improve drought mitigation, climate resilience,
rainwater harvesting, and soil moisture management. It is also focused on canal irrigation,
water use efficiency, and strategies for climate-resilient agriculture.

5.4. Conservation Tillage

Conservation tillage is a tillage system that involves the planting, growing, and
harvesting of crops. It is very important for cover cropping, crop rotation, composting, and
soil erosion control. It is often suggested as a resource-conserving alternative to increase
crop productivity without compromising the soil health and cereal cropping system [79].
The various conservation tillage methods, such as zero-till, strip-till, ridge-till, and mulch
till, can be used for soil cultivation that leaves the previous year’s crop residue.

5.5. Farm Equipment Hiring

The low level of agricultural mechanization makes it very difficult to manage small
and marginal farms [80]. Thus, modern farm equipment and technologies are essential to
speed up planting/sowing and to deal with adverse events, such as erratic rainfall patterns.

5.6. Adaptation of Livestock Systems

The livestock system is very significant for the livelihood of two-thirds of rural com-
munities. Adaptation of livestock systems is needed, such as a water reservoir, investing in
heat-tolerant breeds, rotational grazing, and reduction in overgrazing, to enhance adapta-
tion to heat stress and degradation. However, an integrated crop–livestock system can be
productive and sustainable for a climate-resilient agriculture system [81].

6. Recommendations

Climate-Resilient Agriculture (CRA) is very significant for food security under chang-
ing climatic conditions. It can be helpful for the sustainable development of rural societies.
The following recommendations should be advanced to ensure CRA for Ethiopia:

• Adaptation of appropriate mitigation technologies and agro-advisories for timely
crop monitoring.

• Promote conservation agriculture and sustainable mechanization.
• Improved seed varieties that are adapted to be drought-resistant, heat-tolerant and

flood tolerant.
• Crop insurance can be used as one of the strategies for CRA.
• Water smart technologies (furrow-irrigated raised bed, micro-irrigation, rainwater

harvesting structure, cover-crop method, greenhouse, laser land leveling, reuse of
wastewater, deficit irrigation, and drainage management) can help farmers to increase
agriculture production under climate uncertainty.

• Adopting a good understanding of conjunctive use and artificial recharge, closely
related to water resource management practices.

• To make the best use of surface water from wet periods and groundwater from dry
periods for conjunctive use.

• To improve the understanding of how to build social inclusiveness into climate change
response integration.

• Improved agriculture water data availability by open-source web service portal.
• Providing financial support for CRA projects.
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7. Conclusions

In this study, the following objectives have been completed: to understand the long-
term spatiotemporal trends for climatic (1958–2100), hydrologic (1958–2020), and water-
storage (2002–2021) changes using TerraClimate, CMIP6, GRACE, and GLDAS datasets.
The spatial distribution of the standardized anomaly index (SAI) and slope of the linear
regression techniques was performed for climatic and hydrologic trend analysis purposes.
CMIP6 (EC-Earth3) SSP 2 4.5 were utilized for future climate trend analysis. The GRACE of
CSR and JPL and GLDAS 2 CLM data were used for EWT, TWS, and GWS analysis purposes.
The correlation and sensitivity for hydrometeorological parameters was performed to
identify the importance of and relationship between the actual conditions. The results show
that the average rainfall for the Belg, Kiremt, Meher, and Bega seasons has been determined
to be 191.44 mm, 446.97 mm, 92.43 mm, and 47.57 mm, respectively. It was noted that less
variability has been recorded for monsoon rainfall and high variability has been recorded
for winter rainfall. An increasing annual rainfall trend has been highlighted in the eastern
part, and a decreasing annual rainfall trend has been observed in the western part of
Ethiopia. It was found that the north-west part has an increasing future precipitation trend
and the north-east and south-east parts have an increasing maximum and minimum future
temperature trends. The concentration of a high vapor pressure deficit was in the central
region; a high runoff trend result was shown for a small fraction of the upper and lower
part of the region. The interannual terrestrial water storage (TWS) range value is found
to be highest d (1974.7 mm) and lowest (1881.3 mm) during 2016 and 2021, respectively.
The lowest TWS value was observed in the eastern part of the region, with a high TWS
also measured in the western part. The analysis shows that the variability of GWS over the
study region was high in the western part while low in the eastern part during the study
period. It was observed that climate variability directly impacts the vulnerability of the
livestock industry in south-eastern Ethiopia.

Moreover, these results can help local climate-resilient development planning and
enhance coordination with other institutions to access and manage climate finance. This
research also discusses climate-resilient agriculture and development practices for sustain-
able planning and management purposes. The recommendations also included for future
development of the climate-resilient agriculture (CRA) system.
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//www.mdpi.com/article/10.3390/agronomy13020387/s1, Table S1: Details of the monthly rainfall
data for Ethiopia.
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