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Abstract: Climate extreme events have been observed more frequently since the 1970s throughout
Ethiopia, which adversely affects the socio-economic development of the country, as its economy
depends on agriculture, which, in turn, relies heavily on annual and seasonal rainfall. Climate extremes
studies conducted in Ethiopia are mainly limited to a specific location or watershed, making it difficult
to have insights at the national level. The present study thus aims to examine the observed climate
extreme events in Ethiopia at both station and agro-ecological zone (AEZ) levels. Daily rainfall and
temperature data for 47 and 37 stations, respectively (1986 up to 2020), were obtained from the National
Meteorology Agency (NMA). The Modified Mann–Kendall (MMK) trend test and the Theil–Sen slope
estimator were employed to estimate the trends in rainfall and temperature extremes. This study
examines trends of 13 temperature and 10 rainfall extreme indices using RClimDex in R software. The
results revealed that most of the extreme rainfall indices showed a positive trend in the majority of the
climate stations. For example, an increase in consecutive dry days (CDD), very heavy rainfall days
(R20), number of heavy rainfall days (R10) and consecutive wet days (CWD) were exhibited in most
climate stations. In relation to AEZs, the greater number of extreme rainfall indices illustrated an
upward trend in cool and sub-humid, cool and humid, and cool and moist AEZs, a declining trend in
hot arid AEZ, and equal proportions of increasing and decreasing trends in warm semi-arid AEZs.
Concerning extreme temperature indices, the result indicated an increasing trend of warm temperature
extreme indices and a downward trend of cold temperature extreme indices in most of the climate
stations, indicating the overall warming and dryness trends in the country. With reference to AEZs, an
overall warming was exhibited in all AEZs, except in the hot arid AEZ. The observed trends in the
rainfall and temperature extremes will have tremendous direct and indirect impacts on agriculture,
water resources, health, and other sectors in the country. Therefore, the findings suggest the need for
identifying and developing climate change adaptation strategies to minimize the ill effects of these
extreme climate events on the social, economic, and developmental sectors.

Keywords: agro-ecological zones; climate change adaptation; Ethiopia; rainfall extremes; tempera-
ture extremes
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1. Introduction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) clearly indicated that climate change is affecting climate extremes across the globe [1].
Several factors contribute to the occurrence of climate extremes, including atmospheric
circulation, topography, and human activity [1]. Climate change has increased in recent
decades and is projected to become more prevalent in the future, resulting in more frequent
and long-lasting extreme events that, in turn, cause extreme ecological responses [2–5]. For
instance, the global average surface air temperature was about 0.85 ◦C warmer from 1880
to 2012 [6–8]. In addition to the increase in temperature, a significant increase in rainfall
trend has also been observed globally (1–2% per decade) between 1951 and 2010 [9].

A warmer climate will result in increased atmospheric humidity, which will result in
more frequent and intense extreme rainfall events in the future [10–12]. As a result of climate
change, more severe climate-related events, such as floods, droughts, heat waves, and cold
waves, are occurring, which have received much attention. Climate change brings extreme
weather and climate events in a significant way and a small change in a climate variable
can result in significant changes in extreme weather and climate events [3,13]. Moreover,
extreme weather and climate events have devastating impacts on society, the economy, and
ecosystems [14,15]. The effect of climate extremes is more severe in developing countries
than in developed countries, including in Africa [16].

Ethiopia is one of the areas affected by climate extremes [17–19] as a result of its high
spatial and temporal variations in rainfall and temperature [20–22]. Consequently, changes
in the extent of climate extremes have profound impacts on local populations, economies,
and environments [23–25]. It is therefore fundamental to study long-term changes in
climate extremes, including their intensity, frequency, and duration, in order to develop
mitigation and adaptation strategies and make better predictions about future changes.
Many studies have examined the trend in rainfall and temperature, such as [22,26–34],
but few have examined the frequency and/or intensity of extreme climate throughout
the country. Ref. [35], for instance, examined the change in the observed rainfall and
temperature extremes in Upper Blue Nile Basin (UBNB) from 1980 to 2019 and reported
consistent and spatially coherent trends of increasing and decreasing extremes of hot and
cold temperature extremes, respectively. Similarly, Refs. [17,24] found that cold nights,
cold days, and frost days decreased across the country, while warm nights, warm days,
and summer days increased. On the other hand, more days with precipitation and a
decrease in the number of consecutive wet days have been observed across different parts
of Ethiopia [17,24,35]. As a result, of high spatial and temporal variability, no consistent
trends in extreme rainfall have been found [21,23,24,35]. Generally, these results for Ethiopia
are in agreement with studies on a global scale that indicate widespread warming trends in
temperature extremes and changes in rainfall extremes that are more complex, but tend
toward wetter conditions [36].

In these studies of rainfall and temperature extremes across the country, variations are
observed over a variety of study periods and agro-ecological zones (AEZs). The purpose
of this study is to present an updated analysis of the trends in rainfall and temperature
extremes, as well as to examine spatial variation in these extremes. It updates some of the
previous work presented above, which is conducted at the sub-basin level and does not
consider the behavior of spatial-temporal extremes at the countrywide level. Additionally,
a modified Mann–Kendall (MMK) statistical test is used to update most previous rainfall
and temperature trend results, providing more accurate and realistic estimates than Mann–
Kendall (MK) [37]. Therefore, the results from this study will serve as a reference for
future scientific research on climate change. This will enable the development of effective
adaptation and mitigation measures for climate extremes.
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2. Materials and Methods
2.1. Descriptions of the Study Area

The study is conducted in Ethiopia, which is located in the Horn of Africa. The
region is bordered by Sudan on the west, Eritrea and Djibouti on the northeast, Somalia
on the east and southeast, and Kenya on the south. Ethiopia lies between the Equator and
Tropic of Cancer, between 3◦ and 15◦ N in latitude or 33◦ to 48◦E in longitude (Figure 1).
Approximately 1,119,683 square kilometers of the country is occupied by water bodies,
while 7444 square kilometers is occupied by land [38]. Geographically, the country is
characterized by high and rugged mountains, flat plateaus, deep gorges, river valleys, and
plains, and this diverse relief makes it unique among African countries. Located in the
northeast part of the country, the Danakil depression at 120 m below sea level is one of the
lowest points on earth, and it is the highest peak in the country at Ras Dashen, which is
4620 m above sea level (m. a.s.l).
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According to the National Meteorology Agency (NMA), the Ethiopian lowlands are
those below 1500 m of elevation, while the Ethiopian highlands are those above 1500 m,
which make up 45% of the country [39]. The Ethiopian climate has three seasons. First,
there is the main rainy season from June to September (JJAS), then the dry season from
October to January (ONDJ), and finally the small rainy season from February/March to
May (FMAM), locally referred to as Kiremt, Bega, and Belg, respectively [39]. The climate of
the country is diverse and ranges from semi-arid deserts to humid and temperate climates.
The southwest highlands and the southeastern and northeastern lowlands of the country
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receive the highest (>2000 mm) and the lowest rainfall (<300 mm), respectively. The mean
annual temperature varies from 15 ◦C in the highlands to 25 ◦C in the lowlands [40].

Ethiopia has diverse agro-ecology, which enables the production of different crops
and livestock. According to [41], Ethiopia is subdivided into five regions based on altitude
and climate: Bereha (hot arid), Kolla (warm semi-arid), Dega (cool and humid), Weyna
Dega (cool sub-humid), and Wurch (cool and moist) (Figure 1).

2.2. Source of Data and Quality Control

This study obtained 35 years (1986–2020) of daily rainfall and temperature (maximum
and minimum temperature) data for 47 and 37 stations, respectively, from the NMA (www.
ethiomet.gov.et, accessed on 3 February 2022). The stations used in this study were selected
based on a combination of factors related to spatial distribution, length, completeness, and
quality of the data series. The number of stations were uniformly distributed throughout
Ethiopia, with a greater number in the central, eastern, and southern parts of the country,
and fewer in eastern and northwestern Ethiopia. For each series of station data, preliminary
quality controls were implemented to verify that there were no gaps in the data, and only
stations with less than 25% of missing values were reserved for analysis [42,43]. Those daily
values above or equal to four standard deviations from the long-term mean value between
1986 and 2020 were considered invalid [24,44]. Additionally, for the daily maximum
temperature less than the daily minimum temperature, both maximum and minimum
temperatures were set to empty values. There is a possibility that missing data is caused by
a malfunctioning machine or a lack of diligence on the part of a station reader.

A multivariate imputation algorithm by chained equations (MICE) package found in
R software was used to impute missing values from observed climatic data [45]. The MICE
algorithm was chosen over other methods, such as inverse distance weighting and multiple
linear regressions, due to its ability to complete missing values at a single station using
the complete observed values of all examined stations as predictors. It also makes several
predictions for each missing value, accounts for uncertainties, and provides standard
errors [45]. Outliers in daily maximum and minimum temperatures and rainfall amounts
were also detected by the quality control procedure using RClimDex 1.1 [46]. Finally, data
from 47 rainfall and 37 temperature stations with a period from 1986 to 2020 were used
for the analysis. The location and detailed information about the selected meteorological
stations can be found in Table 1.

2.3. Data Analysis
2.3.1. Trend Analysis of Rainfall and Temperature Extremes

In the present analysis, 13 temperature and 10 rainfall (Table 2) extreme indices were
computed using RClimDex 1.1 (http://etccdi.pacificclimate.org/software.shtml, accessed
on 27 April 2022) in R software. These extreme indices were developed and proposed by
the Expert Team on Climate Change Detection and Indices (ETCCDI) to enhance climate
change detection studies and to monitor changes in “moderate” extremes [47,48]. Trend
analysis of the rainfall and temperature extremes and magnitudes of the trends (1986–2020)
were calculated using the MMK trend test [49] and the Theil–Sen slope estimator [50],
respectively, in the modified MK R-package.

2.3.2. Anomaly Analysis of Rainfall and Temperature Extremes

A standardized anomaly index (SAI) has been used to analyze the frequency of dry
and wet years in the period between 1986 and 2020. The standardized anomaly of each
index is calculated as follows:

SAIi =
(Xt− Xmean)

µ
(1)

www.ethiomet.gov.et
www.ethiomet.gov.et
http://etccdi.pacificclimate.org/software.shtml
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where SAIi is the standardized anomaly index in year i, Xt is the annual index value in year
t, Xmean is the long-term mean annual indices over a period of observation, and µ is the
standard deviation of the annual index over the period of observation. We also used the
5-year moving average to show the variation of extremes within the period.

In this study, trend analysis of the rainfall and temperatures extremes and magnitudes
of the trends were undertaken at station and AEZ levels. To estimate the AEZs level trends,
the average index of all meteorological stations that are found in the specific AEZs (Table 1)
were used. Additionally, the country-wise analysis was performed by taking the average
values of the total meteorological stations that are used in this study.

Table 1. Descriptions of the studied meteorological stations.

No. Stations
Geographic Coordinates Elevation

(m a.s.l) Traditional AEZs Period of
Record

Missing Data (%)

Longitude (◦) Latitude (◦) Rainfall Tmax Tmin

1 Abomsa 39.83 8.47 1630 Cool and humid 1986–2020 17.90 - -
2 Adama 39.28 8.56 1648 Cool sub-humid 1986–2020 1.61 2.71 8.46
3 Addis Ababa 38.75 9.02 2386 Cool and humid 1986–2020 0.77 1.05 1.00
4 Ambo 37.84 8.99 2068 Cool sub-humid 1986–2020 20.48 22.72 20.56
5 Arba minch 37.56 6.06 1220 Warm semi-arid 1986–2020 3.58 - -
6 Asebe Teferi 40.87 9.07 1796 Cool sub-humid 1986–2020 16.51 17.38 17.76
7 Asela 39.14 7.96 2420 Cool and humid 1986–2020 6.84 9.60 10.16
8 Asgori 38.33 8.79 1979 Cool sub-humid 1986–2020 24.8 - -
9 Asosa 34.55 10.05 1541 Cool sub-humid 1986–2020 24.27 - -

10 Bahir Dar 37.42 11.60 1770 Cool sub-humid 1986–2020 8.57 8.97 8.43
11 Boditi 37.86 6.96 2043 Cool sub-humid 1986–2020 2.41 2.63 2.42
12 Bonga 36.24 7.28 1599 Cool sub-humid 1986–2020 7.07 8.19 9.07
13 Butajira 38.38 8.12 2074 Cool sub-humid 1986–2020 16.32 - -
14 Dangila 36.85 11.43 2116 Cool sub-humid 1986–2020 8.71 11.11 10.36
15 Debre Birhan 39.51 9.67 3206 Cool and moist 1986–2020 6.59 1.68 2.03
16 Debre Markos 37.74 10.33 2446 Cool and humid 1986–2020 3.66 5.41 5.44
17 Debre Tabor 38.00 11.87 2612 Cool and humid 1986–2020 14.86 16.51 16.43
18 Degehabur 43.56 8.23 1070 Warm semi-arid 1986–2020 13.51 - -
19 Dilla 38.31 6.38 1515 Cool sub-humid 1986–2020 10.73 - -
20 Dire Dawa 41.90 9.61 1045 Warm semi-arid 1986–2020 10.39 11.00 10.57
21 Dubity 41.09 11.73 381 Hot arid 1986–2020 13.06 15.44 17.21
22 Fiche 38.74 9.77 2798 Cool and humid 1986–2020 3.57 5.25 4.90
23 Gewane 40.66 10.16 618 Warm semi-arid 1986–2020 - 18.48 19.17
24 Gimbi 35.84 9.20 1844 Cool sub humid 1986–2020 12.35 - -
25 Gonder 37.43 12.52 1973 Cool sub-humid 1986–2020 5.08 8.34 13.51
26 Gore 35.55 8.16 2024 Cool sub-humid 1986–2020 2.52 8.03 5.55
27 Haramaya 42.04 9.42 2025 Cool sub-humid 1986–2020 17.97 18.48 19.91
28 Hawassa 38.48 7.07 1694 Cool sub-humid 1986–2020 0.53 0.41 0.45
29 Hosanna 37.86 7.57 2306 Cool and humid 1986–2020 2.02 15.90 13.82
30 Jijiga 42.72 9.37 1557 Cool sub-humid 1986–2020 17.31 19.74 23.33
31 Jimma 36.82 7.67 1710 Cool sub-humid 1986–2020 1.28 - -
32 Kombolcha 39.72 11.08 1857 Cool sub-humid 1986–2020 3.01 3.36 4.01
33 Konso 37.44 5.34 1431 Warm semi-arid 1986–2020 4.87 14.10 14.36
34 Lalibela 39.04 12.04 2487 Cool and humid 1986–2020 21.83 23.17 21.86
35 Mekele 39.53 13.47 2221 Cool and humid 1986–2020 13.57 17.46 15.61
36 Metema 36.41 12.77 790 Warm semi-arid 1986–2020 22.36 - -
37 Mizan Teferi 35.58 7.00 1444 Warm semi-arid 1986–2020 24.24 - -
38 Mojo 39.11 8.61 1763 Cool sub-humid 1986–2020 17.66 18.51 22.76
39 Moyale 39.05 5.05 1166 Warm semi-arid 1986–2020 6.45 14.40 14.26
40 Negele 39.27 5.33 1439 Warm semi-arid 1986–2020 8.47 10.83 8.66
41 Nekemte 36.55 9.08 2119 Cool sub-humid 1986–2020 14.42 21.03 18.27
42 Pawe 36.41 11.31 1119 Warm semi-arid 1986–2020 7.86 22.5 22.32
43 Robe 40.05 7.13 2480 Cool and humid 1986–2020 4.08 2.93 1.60
44 Teppi 35.44 7.20 1208 Warm semi-arid 1986–2020 7.75 7.89 7.60
45 Tulu bolo 38.22 8.67 2100 Cool sub-humid 1986–2020 11.04 21.61 21.91
46 Wolaita 37.75 6.82 1854 Cool sub-humid 1986–2020 0.59 5.36 5.17
47 Yirgachefe 38.21 6.15 1856 Cool sub-humid 1986–2020 2.25 2.27 3.99
48 Yirgalem 38.43 6.80 1786 Cool sub-humid 1986–2020 18.30 19.97 20.42
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Table 2. The selected rainfall and temperature extreme indices for the study.

Indices Index Name Definition of the Index Unit

Rainfall indices
PRCPTOT Annual total wet day rainfall Annual total PRCP in wet days (RR ≥ 1 mm) mm
R99p Rainfall on extremely wet days Annual total PRCP when RR > 99th percentile mm
R95p Rainfall on very wet days Annual total PRCP when RR > 95th percentile mm
R20 Number of very heavy precipitation days Annual count of days when PRCP ≥ 20 mm Days
R10 Number of heavy precipitation days Annual count of days when PRCP ≥ 10 mm Days
CWD Consecutive wet days Maximum number of consecutive days with RR ≥ 1 mm Days
CDD Consecutive dry days Maximum number of consecutive days with RR < 1 mm Days

SDII Simple daily intensity index Annual total precipitation divided by the number of wet
days (defined as PRCP ≥ 1.0 mm) in the year mm/day

Rx5day Highest rainfall amount in a five-day period Monthly maximum consecutive five-day precipitation mm
Rx1day Highest rainfall amount in a one-day period Monthly maximum one-day precipitation mm
Temperature indices
TXx Max Tmax/warmest day Maximum value of daily maximum temperature ◦C
TXn Min Tmax/coldest day Minimum value of daily maximum temperature ◦C
TNx Max Tmin/warmest night Maximum value of daily minimum temperature ◦C
TNn Min Tmin/coldest night Minimum value of daily minimum temperature ◦C
TN10p Cool nights Percentage of days when TN < 10th percentile Days
TN90p Warm nights Percentage of days when TN > 90th percentile Days
TX10p Cool days Percentage of days when TX < 10th percentile Days
TX90p Warm days Percentage of days when TX > 90th percentile Days
TR20 Tropical nights Annual count when TN (daily minimum) > 20 ◦C Days
FD0 Frost days Annual count when TN (daily minimum) < 0 ◦C Days
SU25 Summer days Annual count when TX (daily maximum) > 25 ◦C Days

WSDI Warm spell duration indicator Annual count of days with at least six consecutive days
when TX > 90th percentile Days

CSDI Cold spell duration indicator Annual count of days with at least six consecutive days
when TN < 10th percentile Days

3. Results and Discussion
3.1. Trends in Extreme Rainfall Indices at Station Levels

The trends of extreme rainfall indices in Ethiopia at station levels are presented in
Tables 3 and 4 and Figures 2–6. The results indicated that all ten extreme rainfall indices
displayed an increasing trend in the majority of the stations (Tables 3 and 4). With respect to
the annual total wet day rainfall (PRCPTOT), 63.8% of climate stations showed an upward
trend, with Assosa, Bahir Dar, Bonga, Debre Birhan, and Fiche exhibiting significantly
increasing trends (Table 4). Conversely, 32% and 4.2% of the stations exhibit a declining
trend and no trend, respectively (Table 4). A positive trend in PRCPTOT was seen in all the
country’s regions, including the central, northern, southern, and western parts. Of these
regions, a significantly increasing trend was observed in the central part of the country
(Figure 2A). As can be seen from the results of the PRCPTOT, insignificant trends are more
prevalent than significant trends (Figure 2A). This indicates that the trends of annual total
wet day rainfall (PRCPTOT) in Ethiopia showed negligible trends. On the other hand, there
was a declining trend in the eastern, northeastern, and southern-central regions. Central
(Haramaya station) and eastern (Tulu Bolo station) parts of the country showed no trend in
PRCPTOT (Figure 2A). This study revealed that the extreme rainfall indices of PRCPTOT
showed an increasing trend at Gore station. In contrast to this finding, Ref. [51] found
that PRCPTOT showed a downward trend at Gore station, which may be attributed to
the consideration of dissimilar time period of rainfall data. Bonga and Butajira stations
showed the highest magnitude of increasing and decreasing trends in PRCPTOT, with
a 15.25 mm/year increase and a −9.49 mm/year decrease, respectively (Supplementary
Materials Table S1). The increase in PRCPTOT at Bonga and Debre Birhan stations was
more significant (at α < 0.01 and α < 0.05, respectively) than at other stations. In line
with this study, recent findings by [24,35] also reported an increase in PRCPTOT at Debre
Birhan station.
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Table 3. The trends of extreme rainfall indices at different stations of Ethiopia.

No. Stations CDD CWD PRCPTOT R10 R20 R95p R99p Rx1day Rx5day SDII

1 Abomsa 0.11 −1.20 −0.03 0.57 −1.46 −0.20 1.06 0.18 −0.61 0.00
2 Adama 0.06 1.87 1.12 −0.47 1.03 1.32 0.93 0.85 1.48 −0.54
3 Addis Ababa 0.54 0.43 0.14 0.77 0.16 −0.94 −0.77 −0.72 −0.33 −0.11
4 Ambo 1.07 2.27+ −0.91 −0.54 −1.37 −0.88 −0.86 −0.67 −0.17 −0.83
5 Arba minch 1.54 0.54 1.45 0.80 2.12+ 1.90 1.47 0.27 1.97+ 1.85
6 Asebe Teferi 0.36 0.57 0.26 −0.14 −1.08 −1.17 −0.54 −1.43 −1.04 −1.88
7 Asela 0.40 1.71 −0.45 −1.08 −0.60 0.97 0.35 −1.92 0.00 −1.45
8 Asgori −1.52 −3.03 * 0.65 −1.41 −0.14 −0.64 −1.02 0.75 −0.67 −1.71
9 Asosa −0.07 1.66 2.33+ 1.69 1.71 1.05 0.66 0.04 1.42 0.55

10 Bahir Dar 0.24 −0.85 2.22+ 2.24+ 1.92+ 2.46 * 0.93 1.62 1.79 1.98+
11 Boditi 0.30 −0.84 −0.45 −0.23 −0.69 0.84 −0.26 0.54 0.09 1.21
12 Bonga 0.95 −0.87 3.47 * 3.24 * 2.43 * 2.36+ 1.86 1.73 2.71 * 3.65 *
13 Butajira −0.55 −1.70 −1.31 −1.18 −0.61 −2.73 * −1.57 −2.33+ −3.25 * −1.26
14 Dangila 0.55 0.54 1.62 1.77 1.44 0.99 0.84 0.17 1.11 1.55
15 Debre Birhan 1.79 1.50 2.39+ 1.78 1.60 0.48 1.40 1.99+ 0.82 2.05
16 Debre Markos 1.61 0.23+ 0.65 1.27 −0.55 −1.11 0.16 −0.26 0.74 0.57
17 Debre Tabor 1.86 0.34 1.76 2.21+ 1.20 0.97 1.76 1.19 1.73 1.14
18 Degehabur −0.01 −0.68 −0.03 1.23 0.20 −1.55 −1.03 −1.39 −1.56 −0.54
19 Dilla 2.23+ 0.24 0.62 0.44 2.04+ 1.76 1.61 1.24 1.83 1.81
20 Dire Dawa 0.63 −1.12 −0.85 −1.46 −0.79 −0.67 −0.79 −0.97 −1.92 −0.68
21 Dubity 0.62 0.00 −0.94 −0.23 −1.75 −0.75 1.18 −0.24 −0.94 −0.71
22 Fiche 1.19 −0.47 2.05+ 1.20 1.00 2.30+ 2.02+ 1.39 2.61 * 1.95+
23 Gimbi −1.35 0.49 1.25 −0.23 −1.15 0.91 0.53 0.80 −0.26 −1.95+
24 Gonder −0.04 −1.78 1.53 1.08 1.57 1.56 0.96 1.07 1.59 1.69
25 Gore 1.14 0.06 0.17 −0.63 −0.46 −0.23 0.73 0.82 0.13 −0.98
26 Haramaya 1.93+ 0.16 0.00 1.00 1.66 1.42 0.39 0.43 0.53 3.02 *
27 Hawassa 0.60 −0.49 0.81 0.94 1.19 0.78 −0.19 −0.80 −1.48 1.15
28 Hosanna 0.75 0.46 0.17 0.26 1.06 1.36 0.34 0.01 0.10 1.05
29 Jijiga 3.61 * −0.32 −0.82 −0.77 −0.84 −1.36 −1.37 −1.32 −0.54 −0.84
30 Jimma 0.92 0.09 1.70 0.40 2.02+ 2.07+ 1.23 1.75 2.34+ 1.61
31 Kombolcha 0.95 −0.62 −0.64 −1.25 −0.83 −0.06 0.50 0.36 0.36 0.68
32 Konso 2.69* 0.17 0.71 0.41 0.52 0.43 −0.24 0.00 0.68 −0.37
33 Lalibela 2.40+ 0.29 −0.57 −1.89 −0.86 −0.85 −0.54 −0.43 0.23 −1.92+
34 Mekele 2.05+ 0.24 −1.33 −1.94 −1.69 −1.01 −0.93 −0.98 −0.31 −1.35
35 Metema 1.70 0.87 0.23 −0.60 0.50 −0.51 0.50 −0.10 0.91 −0.31
36 Mizan Teferi −0.21 −0.43 −0.77 0.80 −0.73 −2.98 −3.02 −2.67 * −2.22+ −0.77
37 Mojo −1.31 −1.58 1.68 1.41 2.17 1.86 1.61 1.88 0.23 3.0 *
38 Moyale 1.51 −0.33 0.62 0.00 1.06 1.49 0.19 0.27 0.23 0.87
39 Negele 1.36 0.69 −0.78 −1.70 −1.03 −1.42 −0.93 −1.25 −1.35 −1.90
40 Nekemte 0.67 −0.29 0.98 −0.07 0.51 0.98 1.23 1.28 0.75 −0.14
41 Pawe 0.68 −0.73 0.71 0.31 0.94 1.28 −1.33 −2.16+ −0.60 1.21
42 Robe 2.84 * 0.86 1.93 1.62 1.39 2.58 * 1.76 1.48 2.00+ 1.61
43 Teppi −0.41 −0.29 0.68 0.73 0.14 0.28 0.01 0.33 1.18 0.63
44 Tulu bolo −0.21 1.11 0.00 −0.20 −0.71 −0.06 1.42 1.02 0.34 −0.43
45 Wolaita 0.00 −0.22 1.99 1.61 2.24 1.76 1.95 1.72 2.06+ 2.38+
46 Yirgachefe 1.81 −0.59 1.73 1.65 2.31+ 2.53+ 0.92 1.41 2.14+ 3.27 *
47 Yirgalem 3.20* 2.59 * −0.71 0.01 −1.12 −2.27+ −2.50 * −2.94 * −1.08 1.39

* and + are significant trends at α 0.01 and α 0.05, respectively.

Table 4. A summary of trend results for extreme rainfall indices in Ethiopia.

CDD CWD PRCPTOT R10 R20 R95p R99p Rx1day Rx5day SDII

%↑ 76.7 53.2 63.8 57.5 57.5 53.2 63.8 59.6 61.7 53.2
%↓ 21.2 44.7 32 40.4 42.5 46.8 36.2 38.3 36.2 44.7

%NT 2.1 2.1 4.2 2.1 0 0 0 2.1 2.1 2.1
%↑* 8.5 2.1 2.1 2.1 2.1 4.2 0 0 4.2 8.5
%↓* 0 2.1 0 0 0 2.1 2.1 4.2 2.1 0
%↑+ 8.5 4.2 8.5 4.2 10.6 8.5 2.1 2.1 10.6 6.3
%↓+ 0 0 0 0 0 2.1 0 4.2 2.1 4.2
%SG 17.3 8.6 10.6 6.5 12.7 17 4.2 10.6 19.5 19.5

%↑ = Percent of stations with an increasing trend, %↓= Percent of stations with a decreasing trend, %NT = Percent
of stations with no trend, %↑* = Percent of stations with a significant increasing trend at α 0.01, %↓*= Percent of
stations with a significantly decreasing trend at α 0.01, %↑+ = Percent of stations with a significant increasing
trend at α 0.05, %↓+ = Percent of stations with a significant decreasing trend at α 0.05.%, and %Sg = Percent
of significance.
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are represented by filled upright and inverted triangles.
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Similarly, 59.6% and 61.7% of the climate stations showed an upward trend in the
highest rainfall amount in a one-day period (Rx1day) and highest rainfall amount in a
five-day period (Rx5day) extreme rainfall indices, respectively (Table 4). The results are
similar to those reported by [35], who found that Rx1day and Rx5day were increasing at
54% of the stations examined in the Upper Blue Nile basin of Ethiopia. Debre Birhan is
the only station that showed a significantly increasing trend, while Butajira, Mizan Teferi,
Pawe, and Yirgalem showed a significantly decreasing trend for Rx1day indices. Butajira
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and Mizan Teferi stations experienced significant decreases in Rx5day rainfall indices,
but Bonga, Fiche, Jimma, Robe, Wolaita, and Yirgachefe exhibited a significant increase
(Table 3). The extreme rainfall indices of Rx1day and Rx5day are all on the rise in the
central, southern, western, and northern parts (Figure 2B,C).
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The simple daily intensity index (SDII) extreme rainfall indices, which monitor rainfall
intensity on wet days, also showed an upward trend in 53.2% of climate stations, while a
downward trend was observed in 44.7% of climate stations (Table 4). Among those stations
which showed an increasing trend, Bahir Dar, Fiche, and Wolaita illustrated a significant
increasing trend at α < 0.05, but Bonga, Haramaya, Mojo, and Yirachefe stations showed a
significant increasing trend at α < 0.01 (Table 3). In contrast, Gimbi and Lalibela stations
indicated a significantly decreasing trend. Mojo station showed the highest magnitude
of an increasing trend (0.14 mm/year) (Supplementary Materials Table S1). Our finding
indicated that SDII showed an upward trend at Debre Tabor station. However, [35] reported
a downward trend of Debre Tabor station in the SDII. The difference between this finding
and [35] in the trends of the SDII at Debre Tabor station may be attributed to the difference
in the data periods used for the study, which are 1986–2020 and 1980–2019, respectively.
Stations in southwest, northwest, and central Ethiopia displayed a decreasing trend in SDII,
but stations in southern, eastern, and northern Ethiopia showed a significant upward trend
(Figure 2D).

With regard to the number of heavy precipitation days (R10) and number of very
heavy precipitation days (R20), more than 57.5% of the stations exhibited an upward trend
(Table 4). A significant increasing trend (α < 0.01) in R10 and R20 was observed at Bonga
station. R10 showed a significant (α < 0.05) increase in Bahir Dar and Debre Tabor climate
stations. Among the considered climate stations in this study, Arbaminch, Bahir Dar, Dilla,
Jimma, and Yirgachefe showed a significant (α < 0.05) upward trend in the R20 indices
(Table 3). The extreme rainfall indices R10 and R20 are all on the rise in the central, southern,
western, and northern parts of the country (Figure 2E,F).

Consecutive dry days (CDD) revealed rising trends in 76.7% (36 stations) of the total
stations, with significant increases in 17.3% (8 stations) of them (Tables 3 and 4). Thus,
CDD exhibited an increasing trend in many parts of the country (Figure 3A). The highest
magnitude of rising trends in CDD was observed in Jigjiga (1.61 days/year), Metema
(1.44 days/year), and Mekele (1.31 days/year) climate stations (Supplementary Materials
Table S1). Additionally, considerable fluctuation was observed at Dilla, Haramaya, Lalibela,
and Mekelle stations. This result is consistent with the previous study by [35], who
reported a higher spatial coherence in the trend of CDD in the Upper Blue Nile Basin of
Ethiopia. Additionally, this result is similar to a recent finding by [52], in which CDD has
increased at all study sites. The increase in the frequency of CDD will have a considerable
negative impact on the length of the crop growth period (LGP), which will affect crop
growth and yield. On the other hand, warming over the study area will also increase
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water losses through evaporation from water bodies, and transpiration from plant stomata,
leading to subsequent decreases in water for agriculture, domestic and municipal uses [53].
Additionally, more frequent and prolonged droughts will reduce the amount of water flow
into rivers, streams, and lakes; the water table will drop, which will reduce the supply of
groundwater to springs and shallow wells.

Similar to the extreme rainfall indices of CDD, most climate stations (53.2%) exhibited
increasing trends in consecutive wet days (CWD) (Table 4). This phenomenon suggests
that the consecutive daily rainfall has increased in majority of the climate stations. With
reference to CWD, a significantly increasing trend was observed in the central and south-
central parts of the country (Figure 3B). There is, however, an insignificant declining trend
in CWD distributed across the country. CWD and CDD refers to the result of the presence
or absence of rainfall greater than 1 mm, respectively. Disparate to other stations, Bahir Dar,
Boditi, Bonga, Dire Dawa, Fiche, Jigjiga, Kombolcha, Moyale, Abomsa, Hawassa, Nekemte,
Pawe, and Yirgachefe stations exhibited an increasing trend in CDD and a decreasing
trend in CWD (Table 3). This suggests an increase in aridity at these stations. A significant
increase in CWD was observed at Yirgalem station (α < 0.01), as well as at Debre Markos
and Ambo climate stations (α < 0.05). Our findings are different from [35], who reported
negative trends in CWD in most of their study areas. The observed variability of trends in
extreme rainfall could therefore be related to the diverse topography and relief features of
the country [17,43]. Significant (α < 0.01) decreasing and increasing trends were observed
at Asgori and Yirgalem stations, respectively.

Rainfall on very wet days (R95p) and rainfall on extreme wet days (R99p) showed
increasing trends in 53.2% and 63.8% of the climate stations, respectively (Table 4). On the
other hand, the remaining 46.8% and 36.2% of the climate stations depicted a downward
trend in R95p and R99p, respectively. At Bahir Dar, Bonga, Fitche, Jimma, Robe, and
Yirgachefe, a significant upward trend in R95p was observed. However, significantly
decreasing trends in R95p were found in Butajira and Yirgalem stations. This finding is
similar to the findings of [51], who reported that Jimma station showed a significantly
increasing trend in R95p. On the contrary, [52] found that R95p showed a decreasing trend
at Robe station. With reference to R99p, the climate stations showed insignificant trends,
except a significant (α < 0.01) decreasing trend at Yirgalem and a significant (α < 0.05)
increasing trend at Fiche (Table 3). The highest magnitude of the increasing trend in R99p
was observed at Bonga station at a value of 2.61 mm/year (Supplementary Materials
Table S1). In general, R95p, and R99p indices showed upward trends in many parts of
Ethiopia (Figure 3C,D). Increased extreme rainfall can cause soil erosion, crop damage, and
waterlogging, which will affect the livelihoods of rural and urban communities.

The country-wide trends of the considered extreme rainfall indices also depicted an
increasing trends in over a great number of years (1986–2020), although decreasing trends
are observed in some of the years (Figure 4A–D, Figure 5A–D and Figure 6A,B). This result
is aligned with the findings of previous research undertaken in Ethiopia. For example, [35]
found that there was an increasing trend in most extreme rainfall indices except CWD
over the Upper Blue Nile basin of Ethiopia over the period 1980–2019. Ref. [24] also stated
that most extreme rainfall indices showed an increasing trend except for SDII over the
Jemma sub-basin over the period 1981–2014. The authors of [24] reported that the trend
of PRCPTOT, R95p, R99p, and Rx5day indices exhibited an upward trend. Particularly,
Rx5day showed a higher spatial coherence with 88% of climate stations having an upward
trend compared to 12% with a downward trend. Another finding [54] reported that extreme
rainfall indices showed an increasing trend in Ethiopia due to global warming over the
period 1980–2010. The authors of [54] stated that Rx1day, Rx5day, SDII, and CDD at the
Kombolcha climate station and Rx1day, Rx5day, and SDII at the Jimma climate station
displayed an increasing trend. On the other hand, Rx1day, Rx5day, CWD, R10, R20, R99p,
and PRCPTOT showed a downward trend at Addis Ababa climate station.
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3.2. Trends in Extreme Rainfall Indices within Agro-Ecological Zones

The trends of extreme rainfall indices across the five AEZs of Ethiopia are presented
in Table 5. In the hot arid AEZ, most extreme rainfall indices (PRCPTOT, R10, R20, R95p,
Rx1day, Rx5day, and SDII) exhibited a decreasing trend, but none of these indices indicated
a significant trend. CDD and R99p showed a non-significant increasing trend, whereas
CWD depicted no trend during the study periods. At warm semi-arid AEZ, 70% and
30% of the stations in CDD exhibited increasing and decreasing trends, respectively. In
addition, 60% and 40% of stations showed decreasing and increasing trends for extreme
rainfall indices, such as CWD, R99p, Rx1day, and SDII, respectively. In this AEZ, 10% of the
stations showed a significant downward trend in the Rx1day indices. On the other hand,
60% of the stations in warm semi-arid AEZ showed an upward trend in PRCPTOT, and
R10 extreme rainfall indices. The result also indicated that 50% of the stations exhibited an
increasing trend, while the other 50% of the climate stations displayed a declining trend in
R95p and Rx5day extreme rainfall indices.

Table 5. The trends of extreme rainfall indices in different AEZs of Ethiopia.

CDD CWD PRCPTOT R10 R20 R95p R99p Rx1day Rx5day SDII

H
ot

ar
id

%↑ 100 0 0 0 0 0 100 0 0 0
%↓ 0 0 100 100 100 100 0 100 100 100

%NT 0 100 0 0 0 0 0 0 0 0
%↑* 0 0 0 0 0 0 0 0 0 0
%↓* 0 0 0 0 0 0 0 0 0 0
%↑+ 0 0 0 0 0 0 0 0 0 0
%↓+ 0 0 0 0 0 0 0 0 0 0

W
ar

m
se

m
i-

ar
id

%↑ 70 40 60 60 70 50 40 40 50 40
%↓ 30 60 40 30 30 50 60 60 50 60

%NT 0 0 0 10 0 0 0 0 0 0
%↑* 10 0 0 0 0 0 0 0 0 0
%↓* 0 0 0 0 0 0 0 10 0 0
%↑+ 0 0 0 0 10 0 0 0 10 0
%↓+ 0 0 0 0 0 0 0 10 10 0

C
oo

ls
ub

-h
um

id

%↑ 68 48 68 52 56 64 68 76 68 60
%↓ 28 52 24 48 44 36 32 24 32 40

%NT 4 0 8 0 0 0 0 0 0 0
%↑* 8 4 4 0 4 8 0 0 4 16
%↓* 0 4 0 4 0 4 4 4 4 0
%↑+ 8 4 8 4 16 8 0 0 12 8
%↓+ 0 0 0 0 0 4 0 4 0 4

C
oo

la
nd

hu
m

id

%↑ 100 80 60 70 50 50 70 50 60 50
%↓ 0 20 40 30 50 50 30 50 30 40

%NT 0 0 0 0 0 0 0 0 10 10
%↑* 10 0 0 0 0 10 0 0 10 0
%↓* 0 0 0 0 0 0 0 0 0 0
%↑+ 20 0 10 10 0 10 10 0 10 10
%↓+ 0 0 0 0 0 0 0 0 0 10

C
oo

la
nd

m
oi

st

%↑ 100 100 100 100 100 100 100 100 100 100
%↓ 0 0 0 0 0 0 0 0 0 0

%NT 0 0 0 0 0 0 0 0 0 0
%↑* 0 0 0 0 0 0 0 0 0 0
%↓* 0 0 0 0 0 0 0 0 0 0
%↑+ 0 0 100 0 0 0 0 100 0 0
%↓+ 0 0 0 0 0 0 0 0 0 0

%↑ = Percent of stations with an increasing trend, %↓= Percent of stations with a decreasing trend, %NT = Percent
of stations with no trend, %↑* = Percent of stations with a significant increasing trend at α 0.01, %↓*= Percent of
stations with a significantly decreasing trend at α 0.01, %↑+ = Percent of stations with the significant increasing
trend at α 0.05, and %↓+ = Percent of stations with the significant decreasing trend at α 0.05.
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In a cool sub-humid AEZ, which encompasses 25 climate stations, 68%, 68%, 64%,
68%, 76%, 68%, and 60% of the climate stations showed an increasing trend in CDD,
PRCPTOT, R95p, R99p, Rx1day, Rx5day, and SDII, respectively. There was a significant
(α < 0.01) positive trend in CDD, CWD, PRCPTOT, R20, R95p, Rx5day, and SDII extreme
rainfall indices for 8%, 4%, 4%, 4%, 8%, 4%, and 16% of the stations, respectively (Table 5).
Meanwhile, 52% and 48% of climate stations showed decreasing and increasing trends in
CWD over the cool sub-humid AEZ, respectively.

In the cool and humid AEZ, all stations showed an upward trend in CDD with 30%
of stations showing significant increasing trends (Table 5). Additionally, 80%, 60%, 70%,
70%, and 60% of the climate stations illustrated an upward trend in CWD, PRCPTOT, R10,
R99p, and Rx5day, respectively. On the other hand, in the cool and moist AEZ, there was
an increase in all extreme rainfall indices, but most extremes rainfall indices demonstrated
insignificant positive trends, except PRCPTOT and Rx1day (Table 5).

The CDD extreme rainfall indices were shown an increasing trend across all AEZs.
The findings of the present study also indicated that there was an increasing trend in
CDD and a decreasing trend in CWD indices over warm semi-arid and cool sub-humid
AEZs of Ethiopia. Aligned with this finding, a study conducted in the Gurage zone in
different AEZs also showed mixed trends for CDD and CWD [55], which is an increasing
trend in CDD and decreasing trend in CWD over warm semi-arid AEZ. PRCPTOT showed
a positive trend in all AEZs except for the hot arid AEZ, with the highest magnitude
(15.25 mm/year) exhibited in the cool sub-humid AEZ. Nevertheless, a study conducted
in tropical highlands at Choke Mountain reported a decreasing trend in PRCPTOT over
warm semi-arid and cool sub-humid AEZs [56].

3.3. Trends in Extreme Temperature Indices at Station Levels

The trends of extreme temperature indices in Ethiopia at station levels are presented
in Tables 6 and 7 and Figures 7 and 8. Regarding the monthly maximum value of daily
maximum temperature (TXx) indices, 94.6% of the climate stations indicated an increasing
trend, but 5.4% of climate stations displayed a decreasing trend (Tables 6 and 7). From the
total stations, 37.8% and 18.9% of the stations were exhibited a significant increasing trend
at α < 0.01 and α < 0.05, respectively. The highest magnitude (0.16 ◦C/year) of the positive
trend was registered at the Gewane climate station (Supplementary Materials Table S2).
Stations in the northern, central, southern, eastern, and western parts of the study area
showed an increasing trend in TXx (Figure 7A). Two stations (Debre Tabor in the northern
and Asebe Teferi in the eastern parts) showed an insignificant decreasing trend in TXx.

Similarly, the monthly minimum value of daily maximum temperature (TXn) in 81.1%
of climate stations showed a positive trend, and 18.9% of climate stations exhibited a
negative trend (Table 7). Out of the total stations, 35.1% of the climate stations indicated a
significant trend in TXn. This result is similar to a study in the upper Blue Nile basin [35],
which found an increasing trend in TXx (88.5%) and TXn (69.2%) intensity temperature in-
dices. Additionally, as reported by [57], extreme temperature indices showed an increasing
trend. TXn indices shown a downward trend in the east, northwest, and southern part of
the study area (Figure 7B). The monthly minimum of daily maximum temperature (TXn)
indices showed the highest spatial coherence (Figure 7B).

About 75.7% of the monthly maximum value of daily minimum temperature (TNx)
showed an increasing trend (Table 7). The trends in the monthly minimum value of daily
minimum temperature (TNn) vary between stations, showing decreasing and increasing
trends. There were 59.4% of stations with an increasing trend and 40.6% with a decreasing
trend (Table 7). Hawassa station showed the highest (0.09 ◦C/year) magnitude of increasing
trend, while Moyale and Debre Tabor climate stations displayed the highest magnitude
of a negative trend (Supplementary Materials Table S2). The monthly maximum value of
daily minimum temperature (TNx) showed the highest spatial coherence (Figure 7C). In
contrast, the monthly minimum value of daily minimum temperature (TNn) observed less
spatial coherence (Figure 7D).
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Table 6. Results of the trend analysis of extreme temperature indices in Ethiopia.

No. Stations TXx TXn TNx TNn TX10p TX90p TN10p TN90p CSDI WSDI SU25 FD0 TR20

1 Adama 1.28 2.26+ 3.59 * −3.43 * −2.98 * 1.16 0.00 −3.89 * 0.00 −0.93 2.73 * 0.00 2.04
2 Addis Ababa 3.64 * 0.26 0.84 0.26 −4.35 * 4.15 * −2.53 * 3.47 * −0.50 3.16 * 4.36 * 0.00 0.00
3 Ambo 3.14 * 2.74 * 2.19+ 2.47 * −4.06 * 2.34+ −4.32 * 3.78 * −0.94 0.85 3.17 * 0.00 0.00
4 Asebe Teferi −0.54 1.07 3.26 * 2.71 * 0.65 −0.84 −4.06 * 4.15 * −3.22 * −2.04+ −1.21 0.00 1.25
5 Asela 0.04 −2.46 * 0.00 1.44 0.92 0.14 0.11 0.11 −0.43 −0.25 −0.24 0.00 0.00
6 Bahir Dar 2.94 * 0.23 −0.21 −2.65 * −3.18 * 5.28 * 3.07 * −0.80 0.13 1.50 4.46 1.14 0.00
7 Boditi 3.88 * −1.12 4.82 * 1.23 −3.32 * 3.62 * −2.10 * 6.23 * −2.84 * 1.59 3.15 0.00 1.63
8 Bonga 2.29+ −1.50 1.11 −2.19+ −1.18 1.53 −0.67 −0.50 −1.62 −1.22 0.34 0.35 1.44
9 Dangila 1.45 −0.96 1.23 0.83 −3.24 * 2.36+ −4.09 * 3.76 * −2.42+ 0.47 2.59* −0.23 0.00
10 Debre Birhan 0.91 0.80 −0.07 0.57 −4.63 * 3.89 * −1.79 −0.34 −0.45 −0.65 0.24 −0.74 0.00
11 Debre Markos 2.11+ 1.91 1.80 0.16 −3.49 * 3.72 * −4.63 * 5.25 * −2.17+ 0.87 2.33+ 0.00 0.00
12 Debre Tabor −0.47 1.75 1.17 −3.58 * −4.18 * 1.79 0.61 0.98 0.12 0.48 2.67 * 0.00 0.00
13 Dire Dawa 4.40 * 1.82 2.05+ −0.70 −4.60 * 5.95 * −0.14 2.36+ 0.16 2.31+ 1.96+ 0.00 1.01
14 Dubity 2.86 * 3.38 * −0.57 −1.70 −3.74 * 0.37 0.54 0.37 1.47 3.24 * 1.78 0.00 −1.51
15 Fiche 0.85 1.48 2.38+ −3.50 * −4.03 * 3.27 * −1.28 3.24 * −0.88 0.90 0.47 0.00 0.00
16 Gewane 4.32 * 2.49 * 2.92 * 1.84 −3.91 * 4.14 * −1.76 2.54 * −2.26+ 1.83 2.02+ 0.00 2.56
17 Gonder 2.17+ 1.60 2.07+ 0.26 −4.23 * 4.64 * −3.75 * 3.21 * −2.31+ 2.48 * 4.32 * 0.00 0.44
18 Gore 2.21+ 1.26 2.15+ 1.69 −3.21 * 3.95 * −2.81 * 2.20+ −1.46 0.73 3.45 * 0.00 0.15
19 Haramaya 1.74 2.14+ 3.45 * 0.83 −4.03 * 3.95 * −2.02 3.29 * 0.37 0.65 4.93 * −0.70 1.04
20 Hawassa 2.50 * 2.20+ 2.22+ 3.33 * −4.18 * 1.29 −6.06 * 1.29 −3.45 * 0.60 4.39 * 0.00 2.09+
21 Hosanna 2.17+ 2.06+ −0.37 −0.30 −4.80 * 4.67 * −2.37+ 2.32+ 0.07 3.09 * 4.22 * 0.00 −2.4 *
22 Jijiga 0.77 −0.26 0.88 −0.73 −0.74 −0.94 0.06 −0.61 0.07 0.52 0.55 * −0.44 0.20
23 Kombolcha 2.43+ 2.57 * 1.14 −2.29+ −5.28 * 4.80 * 1.24 3.01 * 2.70 2.07+ 5.91 * 0.00 1.48
24 Konso 3.73 * 2.00+ 1.69 1.74 −4.77 * 3.81 * −2.40+ 3.59 * −1.27 3.35 * 4.45 * 0.00 2.72
25 Lalibela 0.47 1.69 −0.63 0.84 −2.98 * 1.56 −3.21 * 0.06 −1.34 1.27 2.47 * 0.00 −1.34
26 Mekele 2.82 * 2.90 * 3.62 * −0.44 −3.28 * 3.37 * −1.02 3.88 * −1.68 1.71 4.12 * −2.23 0.00
27 Mojo 2.68 * 0.67 −0.83 −2.21+ −4.26 * 4.90 * 2.61 * −1.02 −0.02 0.61+ 3.77 * 0.00 0.00
28 Moyale 1.21 1.39 −1.54 −1.81 −1.08 2.37 1.35 −0.14 2.67 * 1.11 2.17 0.00 0.50
29 Negele 3.42 * 2.53 * 3.74 * 2.49 * −5.25 * 4.97 * −3.79 * 4.70 * −3.48 * 2.76 * 5.33 * 0.00 3.86 *
30 Nekemte 2.35+ 1.54 2.55 * 1.14 −3.41 * 3.04 * −3.95 * 3.93 * −2.47 * 0.63 2.10+ 0.00 0.00
31 Pawe 0.65 −0.60 0.73 1.33 −2.39+ 1.02 −3.83 * 1.24 −1.49 1.53 2.40+ 0.00 0.78
32 Robe 2.58 * 0.28 2.42+ 1.49 −3.83 * 4.05 * −4.29 * 4.06 * −2.13+ 2.62 * 3.30 * −2.2+ 0.00
33 Teppi 1.02 1.44 0.56 −0.75 −2.73 * 1.31 −1.99+ 1.02 0.06 1.32 0.83 0.00 −0.98
34 Tulu bolo 2.49 * 0.10 2.17+ −0.70 −1.32 1.05 −0.68 1.54 −2.15+ −0.54 1.42 −0.04 0.00
35 Wolaita 1.00 1.42 1.80 2.18+ −2.60 * 1.48 −4.46 * 4.74 * −1.54 0.63 2.20+ 0.00 1.85
36 Yirgachefe 1.60 −0.59 1.86 1.27 −1.93+ 1.65 −3.49 * 2.67 * −0.68 0.81 2.66 * 0.36 0.45
37 Yirgalem 1.03 3.25 * −1.79 0.66 −1.87 0.94 0.26 −1.19 0.64 0.31 2.67 * 0.00 −0.35

* and + are significant trend at α 0.01 and α 0.05, respectively.
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Table 7. Summary of trend results for extreme temperature indices in Ethiopia.

TXx TXn TNx TNn TX10p TX90p TN10p TN90p CSDI WSDI SU25 FD0 TR20

%↑ 94.6 81.1 75.7 59.4 5.4 94.6 24.4 78.4 29.7 83.8 94.6 8.2 48.6
%↓ 5.4 18.9 21.6 40.6 94.6 5.4 72.9 21.6 67.6 16.2 5.4 18.9 13.5

%NT 0 0 2.7 0 0 0 2.7 0 2.7 0 0 72.9 37.9
%↑* 37.8 18.9 21.6 10.8 0 51.3 5.4 48.6 2.7 18.9 54.1 0 2.7
%↓* 0 2.7 0 10.8 75.6 0 43.2 2.7 13.5 0 0 0 2.7
%↑+ 18.9 13.5 21.6 2.7 0 5.4 0 8.1 0 8.1 16.2 0 2.7
%↓+ 0 0 0 8.1 5.4 0 8.1 0 16.2 2.7 0 2.7 0
%SG 56.7 35.1 43.2 32.4 81 56.8 56.8 59.4 32.4 29.7 70.3 2.7 8.1

%↑ = Percent of stations with an increasing trend, %↓= Percent of stations with a decreasing trend, %NT = Percent
of stations there is no trend, %↑* = Percent of stations with a significant increasing trend at α 0.01, %↓*= Percent of
stations with a significantly decreasing trend at α 0.01, %↑+ = Percent of stations with the significant increasing
trend at α 0.05, %↓+ = Percent of stations with the significant decreasing trend at α 0.05%, and %Sg = Percent
of significance.
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Figure 7. Spatial distributions of trends of the extreme temperature indices over Ethiopia for the
long-term period between 1986 and 2020: (A) TXx, (B) TXn, (C) TNx, and (D) TNn. Note: Filled blue
upright and filled red inverted triangles indicate increasing and decreasing trends, respectively, while
circles filled in black indicate no trend. Significantly increasing and decreasing trends are symbolized
by filled green upright triangles and filled yellow inverted triangles, respectively. Insignificant trends
are represented by filled upright and inverted triangles.
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In contrast, 94.6% and 72.9% of the climate stations experienced negative trends on
cool days (TX10p) and cool nights (TN10p), respectively. Of these, 75.6% and 5.4% of the
climate stations showed a significant decreasing trend in TX10p at α < 0.01 and α < 0.05,
respectively (Table 7). On the other hand, TN10p extreme indices were significantly
decreased in 43.2% and 8.3% of the climate stations at α < 0.01 and α < 0.05, respectively
(Table 7). Asebe Teferi and Asela were the only climate stations that showed an upward
trend in TX10p (Table 6). Regarding warm days (TX90p) and warm nights (TN90p), the
majority of the climate stations in Ethiopia showed an increasing trend (Tables 6 and 7).
TN90p extreme indices demonstrated a highly significant positive trend in 48.6% of the
stations. This is a sign of warming in the study area. The highest and lowest magnitude
of TN90p trends were recorded at Boditi and Adama stations (0.52 and −0.54 days/year,
respectively) (Supplementary Materials Table S2). On the other hand, the highest magnitude
(0.59 days/year) of the increasing trend in TX90p was recorded at Bahir Dar and Dire Dawa
stations. Asebe Teferi (−0.11 days/year) and Jigjiga (−0.07 days/year) stations recorded
the lowest magnitudes of the declining trend in TX90p (Supplementary Materials Table S2).
The increase in warm day frequency has a negative impact on crop yield production [58].
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In general, an increasing trend in warm days (TX90p) and warm nights (TN90p) and
a decreasing trend in cool days (TX10p) and cool nights (TN10p) in most climate stations
were observed. Aligned with the findings of this study, [24] reported the increasing trend
of warm temperature extreme indices (TN90p and TX90p) and a downward trend of cold
temperature extreme indices (TN10p and TX10p) in the Jemma sub-basin of the upper Blue
Nile basin. On the other hand, a study [59] in the Greater Horn of Africa region illustrated
that warmest day, warmest night, coldest day, and coldest night frequency temperature
indices showed an increasing trend by 0.11 ◦C/year, 0.33 ◦C/year, 0.10 ◦C/year, and
0.32 ◦C/year, respectively. A decreasing trend in TX10p and TN10p (Figure 8A,B) and
an increasing trend in TX90p and TN90p were observed in most parts of the country
(Figure 8C,D).

With regard to frost days’ (FD0) extreme temperature indices, 72.9% of stations
showed no trend throughout the period of analysis. Only Bahir Dar and Yirgachefe climate
stations exhibited an upward trend whereas Dangila, Debre Birhan, Haramaya, Jigjiga,
Mekele, and Tulu Bolo climate stations showed a decreasing trend. The lowest amount
(−0.19 days/year) of FD0 was recorded at Debre Birhan station (Supplementary Materials
Table S2). Similar to the finding obtained in this study, [24] stated that Debre Birhan climate
station showed a decreasing trend in frost days.

The cold spell duration indicator (CSDI) and warm spell duration indicator (WSDI)
experienced decreasing and increasing trends in the majority of the climate stations, re-
spectively. For example, 67.6% of the climate stations in CSDI displayed a decreasing
trend, and 29.7% showed an increasing trend. CSDI showed an increasing trend in the
eastern part of Ethiopia and a decreasing trend in the central part (Table 6). The result
obtained in the present study are in agreement with [60], who found that the eastern parts
of Ethiopia illustrated an upward trend in CSDI. Conversely, 83.8% of climate stations
in WSDI showed a positive trend, and the remaining 16.2% of climate stations showed a
negative trend. Asebe Teferi, Assela, Bonga, Debre Birhan, and Tulu Bolo climate stations
exhibited a decreasing trend for both CSDI and WSDI (Table 6).

Regarding tropical nights (TR20), 48.6% and 13.5% of the total number of climate
stations illustrated an increasing and decreasing trend, respectively. TR20 did not show
any trends in 37.9% of all temperature stations. At Hosanna and Negele climate stations,
significant (α < 0.01) decreasing and increasing trends, respectively, were observed in TR20.
However, a previous study undertaken over Ethiopia displayed an increasing trend in
TR20 [54].

In general, most warm temperature indices detected an increasing trend (TXx, TNx,
TX90p, TN90p, WSDI, and SU25) in the majority of the stations. On the other hand, cold
temperature extreme indices showed a decreasing trend in the greater number of stations
from 1986 to 2020 periods (TX10p, TN10p, and CSDI) (Tables 6 and 7). This is in line
with previous studies that indicated an increase in warm extremes and a decrease in cold
extremes in the eco-environment [43]. The mean country-wide trends of extreme temper-
ature indices also showed that the standardized anomaly series of most warm extreme
temperature indices exhibit a warming trend, but cold temperature indices (CSDI, TN10p,
and TX10p) illustrated a decreasing trend in many of the years (1986–2020) (Figures 9–11).
The degree of change was more immense in cold extreme temperature indices (TN10p and
CSDI) (Figure 10 B and Figure 11C) compared to warm temperature indices (TXx, TNx,
TX90p, and SU25) ( Figure 9A,C, Figures 10C and 11A). Similarly, Ref. [24] found that the
extent of change was higher in cold extreme temperature indices than in warm extreme
temperature indices in the Jemma sub-basin of the upper Blue Nile basin.

3.4. Trends in Temperature Extremes within Agro-Ecological Zones

The trends of extreme temperature indices in the five AEZs of Ethiopia are presented in
Table 8. In the hot arid AEZ, warm temperature indices (TXx, TX90p, TN10p, TN90p, CSDI,
WSDI, and SU25) showed an increasing trend. In contrast, cold temperature indices such as
TNn, TNx, TX10p, and TR20 exhibited a negative trend. In this AEZ, a significant (α < 0.01)
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increasing trend was observed in TXx, TXn, and WSDI, while a significant decreasing trend
(α < 0.01) was observed in TX10p. In the hot arid AEZ, no trend was observed in the frost
day’s (FD0) extreme temperature indices.
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Figure 10. The mean country-wide extreme temperature indices in the period between 1986 and 2020:
(A) TX10p, (B) TN10p, (C) TX90p, and (D) TN90p. Note: The straight green line is the linear trend for
the variables, while the red curved line is the five-year moving average.
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In the warm semi-arid AEZ, most extreme temperature indices (e.g., TXx, TXn, TNx,
TNn, TX90p, TN90p, WSDI, SU25, and TR20) displayed an increasing trend in most
stations. A statistically highly significant increasing trend were observed in most extreme
temperature indices. On the other hand, TX10p, TN10p, and CSDI illustrated a negative
trend. It was observed that all stations displayed a declining trend in TX10p extreme
temperature indices. Similar to this result, [61] stated that TX10p extreme temperature
indices showed a decreasing trend over warm semi-arid and cool sub-humid AEZ. The
authors of [61] also reported that TX90p exhibited an increasing trend in warm semi-
arid, cool, and humid AEZs. The highest (0.16 ◦C/year) and the lowest (−0.01 ◦C/year)
magnitude of trends in the hottest day (TXx) were recorded in the warm semi-arid and cool
sub-humid AEZs (Supplementary Materials Table S2). Regarding TXn, the warm semi-arid
and cool sub-humid AEZs showed the highest (0.15 ◦C/year at Gewane station) and the
lowest (−0.05 ◦C/year at Asela station) magnitude of trends, respectively. Tropical night
(TR20) extreme temperature indices showed a decreasing trend in hot arid AEZ, but an
increasing trend was observed in warm semi-arid AEZ. In the warm semi-arid AEZ, a
highly significant decreasing trend in cool days (TX10p) was observed at most stations.
Comparable to the hot arid AEZ, frost days (FD0) did not exhibit any trend in the warm
semi-arid AEZ.

Similar to the warm semi-arid AEZ, most extreme temperature indices showed an
increasing trend in the cool sub-humid AEZ. On the other hand, TX10p, TN10p, and CSDI
illustrated a negative trend in this AEZ. Unlike hot arid and warm semi-arid AEZs, a mixed
trend was observed on frost days in cool sub-humid AEZ. Similar to the warm semi-arid
AEZ, the cold spell duration indicator showed a decreasing trend in most climate stations,
whereas warm spell duration showed an increasing trend in most climate stations over the
cool sub-humid AEZ. The highest (0.1 ◦C/year) and lowest (−0.09 ◦C/year) magnitude of
trends for the coldest night (TNn) was recorded in the cool sub-humid and cool and humid
AEZs, respectively. The highest magnitudes of trends in TX90p (0.59 ◦C/year) were found
at the Bahir Dar and Dire Dawa climate stations, which are found in cool sub-humid and
warm semi-arid AEZs, respectively. The majority of extreme temperature indices showed
positive trends in the cool and humid, cool and sub-humid, and warm semi-arid AEZs, but
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the extreme temperature indices, such as TX10p, TN10P, and CSDI, revealed a declining
trend in these AEZs.

Table 8. The trends of extreme temperature indices in different AEZs of Ethiopia.

TXx TXn TNx TNn TX10p TX90p TN10p TN90p CSDI WSDI SU25 FD0 TR20

H
ot

ar
id

%↑ 100 0 0 0 100 100 100 100 100 100 0 0
%↓ 0 0 100 100 100 0 0 0 0 0 0 0 100

%NT 0 0 0 0 0 0 0 0 0 0 0 100 0
%↑* 100 100 0 0 0 0 0 0 0 100 0 0 0
%↓* 0 0 0 0 100 0 0 0 0 0 0 0 0
%↑+ 0 0 0 0 0 0 0 0 0 0 0 0 0
%↓+ 0 0 0 0 0 0 0 0 0 0 0 0 0

W
ar

m
se

m
i-

ar
id

%↑ 100 85.8 85.8 57.1 0 100 14.2 85.5 42.8 100 100 0 85.8
%↓ 0 14.2 14.2 42.9 100 0 85.8 14.2 57.2 0 0 0 14.2

%NT 0 0 0 0.0 0 0 0 0 0 0 0 100 0
%↑* 57.1 28.5 28.5 1.0 0 57.1 0 42.8 14.2 28.5 28.5 0 14.2
%↓* 0 0 0 0.0 71.4 0 28.5 0 14.2 0 0 0 0
%↑+ 0 14.2 14.2 0.0 0 14.2 0 14.2 0 14.2 57.1 0 0
%↓+ 0 0 0 0.0 14.2 0 28.5 0 14.2 0 0 0 0

C
oo

ls
ub

-h
um

id

%↑ 94.7 73.6 84.2 63 5.3 89.4 26.4 68.4 26.4 78.9 94.7 15.8 63.2
%↓ 5.3 26.3 15.7 36.8 94.7 10.5 68.4 31.5 68.4 21.1 5.2 21.1 5.2

%NT 0 0 0 0 0 0 5.2 0 5.2 0 0 63.1 31.6
%↑* 31.5 15.7 26.3 15.7 0 42 2 52.6 5.2 5.2 68.4 0 0
%↓* 0 0 0 10.5 68.4 0 10 5.2 21 0 0 0 0
%↑+ 26.3 15.7 26.3 5.2 0 10.5 0 5.2 0 10.5 10.5 0 5.2
%↓+ 0 0 0 15.7 5.3 0 5.2 0 15.7 5.2 0 0 0

C
oo

la
nd

hu
m

id %↑ 88.9 88.9 66.7 55.6 11.1 100 22.2 100 22.2 88.9 88.9 0 0
%↓ 11.1 11.1 22.2 44.4 88.9 0 77.8 0 77.8 11.1 11.1 22.2 22.2

%NT 0 0 11.1 0 0 0 0 0 0 0 0 77.8 77.8
%↑* 33.3 11.1 11.1 0 0 0 0 55.5 0 33.3 66.6 0 0
%↓* 0 11.1 0 22.2 88.9 66.6 44.4 0 0 0 0 0 11.1
%↑+ 22.2 11.1 22.2 0 0 0 0 11.1 0 0 11.1 0 0
%↓+ 0 0 0 0 0 0 11.1 0 22.2 0 0 11.1 0

C
oo

la
nd

m
oi

st

%↑ 100 100 0 100 0 100 0 0 0 0 100 0 0
%↓ 0 0 100 0 100 0 100 100 100 100 0 100 0

%NT 0 0 0 0 0 0 0 0 0 0 0 0 100
%↑* 0 0 0 0 0 100 0 0 0 0 0 0 0
%↓* 0 0 0 0 100 0 0 0 0 0 0 0 0
%↑+ 0 0 0 0 0 0 0 0 0 0 0 0 0
%↓+ 0 0 0 0 0 0 0 0 0 0 0 0 0

%↑ = Percent of stations with an increasing trend, %↓= Percent of stations with a decreasing trend, %NT = Percent
of stations there is no trend, %↑* = Percent of stations with a significant increasing trend at α 0.01, %↓*= Percent of
stations with a significantly decreasing trend at α 0.01, %↑+ = Percent of stations with the significant increasing
trend at α 0.05, and %↓+ = Percent of stations with the significant decreasing trend at α 0.05.

In the cool and moist AEZ, TNx, TX10p, TN10p, CSDI, TN90p, and FD0 showed
decreasing trends, while the rest of the extreme temperature indices showed an increasing
trends (Table 8). With the exception of the cool and moist AEZ, the four AEZs had an
increasing warm spell duration indicator (WSDI) index. The warm semi-arid, cool sub-
humid, cool and humid, and cool and moist AEZs showed a decreasing tendency in terms
of the cold spell duration indicator (CSDI), but the hot arid AEZ showed an increasing trend.
This result is supported by [55], which reported that the warm spell duration indicator
showed an increasing trend over warm semi-arid, cool sub-humid, as well as cool and
humid AEZs. On the other hand, the cold spell duration indicators decreased in hot arid,
as well as cool and humid AEZs.

Cool day (TX10p) and warm day (TX90p) extreme temperature indices showed de-
creasing and increasing trends in all AEZs (Table 8). Most extreme temperature indices
showed an increasing trend, except the hot arid AEZ. TX10p showed a significant decreas-
ing trend in the five AEZs, but TX90p depicted a significant decreasing trend (α < 0.01)
only in the cool and humid AEZ. FD0 extreme temperature indices showed mixed trends in
the cool and humid AEZs, as well as in the cool and sub-humid AEZ, while no trend was
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observed in the remaining AEZs. Cool day (TX10p) extreme temperature indices showed a
statistically (α < 0.01) highly significant decreasing trend in the five AEZs.

4. Conclusions

This study analyzed the trends of 10 rainfall and 13 temperature extreme indices in
Ethiopia, both at the station and AEZ levels, using 47 rainfall and 37 temperature stations.
The result revealed that the greater number of extreme rainfall indices showed an upward
trend in most stations. For example, an increasing trend in 76.7% of the climate stations was
observed in consecutive dry days (CDD). About 57.5% of the total stations in very heavy
rainfall days (R20) and number of heavy rainfall days (R10) also depicted an increasing
trend. Moreover, consecutive wet days (CWD) displayed an increasing trend at 53.2% of
the climate stations, but illustrated a declining trend in 44.7% of the stations. The increasing
trend of consecutive dry days is a sign of enhanced dryness and a high risk of seasonal
droughts. It enhances evaporation from water bodies as well as transpiration from the
plant, which reduces surface water and dries out soils and vegetation. The observing
increasing trends in the number of very heavy rainfall days (R20) and the number of heavy
rainfall days (R10) suggests increased flood, crop damages, landslide, and soil erosion in
Ethiopia. With reference to AEZs, most of the considered extreme rainfall indices showed
an increasing trend in cool and sub-humid, cool and humid, and cool and moist AEZs. In
contrast, in hot arid AEZ, the majority of the studied extreme rainfall indices exhibited a
declining trend. The trends of the considered extreme rainfall indices in the warm semi-arid
AEZ illustrated equal proportions of increasing and decreasing trends.

Concerning extreme temperature indices, increasing trends in majority of the climate
stations were observed in TXx, TXn, TNx, TNn, TX90p, TN90p, WSDI, and SU25. However,
TX10p, TN10p, CSDI, FD0, and TR20 exhibited declining trends in most of the stations.
The increasing trend of warm temperature extreme indices (TN90p and TX90p) and a
downward trend of cold temperature extreme indices (TN10p and TX10p) in most of the
climate stations revealed overall warming and dryness trends in the country. Regarding
AEZs, the finding revealed a warming trend in all AEZs except in the hot arid AEZ.
This warming trend will increase water losses through evaporation and transpiration and
hence reduce the availability of soil water content for crop production, as well as surface
and groundwater. In general, the observed trends in rainfall and temperature extremes
will have tremendous direct and indirect impacts on agriculture, water resources, health,
and other sectors in the country. Thus, identifying and implementing climate change
adaptation strategies is imperative for coping with the negative impacts of climate extremes
in Ethiopia. This study suggests further research on identifying the exposure, sensitivity,
adaptive capacity, and vulnerability of the different sectors, as well as community groups,
toward the observed climate extremes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14030483/s1, Table S1: The magnitudes of trends in extreme
rainfall indices across different stations in Ethiopia (value of Sen’s slope); Table S2: The magnitudes
of trends in extreme temperature indices across different stations in Ethiopia (value of Sen’s slope).
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