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Abstract

Climate extremes have become increasingly frequent and intense under a changing climate, posing significant challenges to
water resources, agriculture, ecosystems, and socioeconomic development. Ethiopia is particularly vulnerable due to its strong
dependence on rain-fed agriculture and its diverse climatic and topographic conditions. This study assessed the spatiotemporal
dynamics of extreme climate indices across Ethiopia using the Expert Team on Climate Change Detection and Indices (ETCCDI)
for the period 1981-2022. Daily rainfall and temperature Grid data were analyzed to quantify trends, climatology, anomaly,
variability, and spatial distributions of precipitation and temperature extremes. Rainfall and temperature indices were evaluated
using mannkandell and sen’slope test, trend analysis and spatial interpolation techniques, and python tool used for plotting the
figures. The results revealed considerable spatial and temporal variability in both precipitation and temperature extremes across
Ethiopia. Temperature-related indices showed widespread warming, characterized by increasing frequencies of warm days and
warm nights and declining occurrences of cool days and cold nights. Annual extreme maximum and minimum temperatures
generally increased over most regions, indicating intensifying heat extremes. Rainfall extremes exhibited substantial regional
heterogeneity, with increases in heavy rainfall intensity and extreme precipitation in some parts of western and southwestern
Ethiopia, while other regions experienced longer dry spells and declining rainfall totals. These contrasting patterns suggest
increasing risks of both floods and droughts depending on location. Overall, the findings demonstrate that Ethiopia has
experienced significant changes in climate extremes during 1981-2022, with warming trends being more spatially consistent
than changes in precipitation extremes. The study provides valuable information for climate change adaptation, disaster risk
reduction, agricultural planning, and sustainable water resource management, while contributing to the understanding of regional
climate variability in Ethiopia.
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1. Introduction

On a global scale, anthropogenic climate change is climate, posing significant challenges to water resources,
fundamentally altering the frequency, intensity, and  agriculture, ecosystems, and socioeconomic development.
predictability of extreme weather events. Climate extremes The Intergovernmental Panel on Climate Change (IPCC) has
have become increasing frequent and intense under a changing consistently documented accelerating global warming trends,
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which manifest as severe thermal anomalies and disrupted
hydrological cycles worldwide [4, 12]. These shifts are not
uniform; developing regions-particularly across Sub-Saharan
Africa-bear a disproportionate burden of these impacts due to
high socio-economic vulnerability and a heavy reliance on
climate-sensitive sectors [13].

To facilitate the systematic monitoring and assessment of
climate variability and change at regional and global scales,
the World Climate Research Programme's (WCRP) Expert
Team on Climate Change Detection and Indices (ETCCDI)
developed a standardized set of climate extreme indices
derived from daily temperature and precipitation observations
[1, 10, 16]. This internationally recognized framework
provides a consistent methodology for quantifying changes in
climate extremes, thereby enabling the development of com-
parable station-based and gridded datasets across diverse cli-
matic regions. The ETCCDI core indices encompass a broad
range of temperature and precipitation extremes, including
consecutive dry and wet days (CDD and CWD), heavy
precipitation events (R10mm and R20mm), maximum 1-day
and 5-day precipitation totals (RX1day and RX5day), and
temperature extremes and percentile-based indices such as
TXx, TNx, TXn, TNn, TX90p, TN90p, TX10p, and TN10p.
Collectively, these standardized indices provide a robust and
universally applicable framework for detecting, monitoring,
and comparing changes in climate extremes, thereby
supporting assessments of localized environmental stress
within the broader context of global climate change.

These indices quantify different aspects of climate extremes,
including frequency, intensity, and duration. Among precipi-
tation indices, Consecutive Dry Days (CDD) represents the
maximum number of consecutive days with rainfall less than
1 mm, while Consecutive Wet Days (CWD) measures the
maximum sequence of days receiving at least | mm of rainfall.
Similarly, R10mm and R20mm quantify the annual number of
heavy (=10 mm) and very heavy (=20 mm) rainfall days, re-
spectively. In addition, the highest amount of rainfall dropped
in a single day (RX1day) and over a consecutive 5-day period
(RX5day), and the warm temperature extreme index (TXx-
warmest day, TNn-coldest night, TX90p-warm day in%,
TN90p-warm night in%). For temperature extremes, TX90p
represents the percentage of days when daily maximum tem-
perature exceeds the 90th percentile, serving as an indicator of
warm daytime extremes [1, 10, 16]. These indices are widely
applied for climate variability analysis, impact assessment,
and adaptation planning across different climatic regions.

Across Africa, climate extremes have become more fre-
quent and severe due to increasing climate variability and
change. East Africa is particularly vulnerable because rainfall
and temperature are strongly influenced by the Intertropical
Convergence Zone (ITCZ), El Nifio—Southern Oscillation
(ENSO), the Indian Ocean Dipole (IOD), and complex topog-
raphy. These climatic drivers have contributed to increasing
droughts, floods, and temperature extremes across the region
[13,15].
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The impacts of extreme events are disproportionately borne
by vulnerable populations and ecosystems, and this disparity
is expected to intensify under continued climate change [9].
Moreover, the observed increases in the frequency and
intensity of extreme weather events are projected to become
more pronounced as the climate changes, with the
characteristics of these extremes potentially evolving at a
faster rate than the underlying climate mean state [8].

Transitioning from the global to the regional level, the Horn
of Africa stands out as one of the most climatologically vola-
tile regions on the planet. Characterized by complex interac-
tions between the El Nifio-Southern Oscillation (ENSO), the
Indian Ocean Dipole (IOD), and shifting monsoonal wind
patterns, East Africa frequently experiences devastating
cycles of prolonged droughts and catastrophic flooding [2]. In
this regional matrix, rainfall variability directly dictates food
security, water availability, and ecological stability. Over the
past few decades, the region has seen a noticeable contraction
in traditional rainy seasons, alongside an increase in highly
intense, critical rainfall events that lead to severe soil erosion
and infrastructure damage [5].

At the heart of this regional vulnerability lies Ethiopia, a
topographically diverse nation where microclimates range
from alpine highlands to arid, low-lying deserts. Ethiopia's
agrarian economy is profoundly dependent on three distinct
seasons: the Kiremt (June—September; JJAS), which supplies
the main monsoon rainfall to the central and western
highlands; the Belg (February-May; FMAM), crucial for
short-term agricultural planning; and the Bega (October—
January; ONDJ), which is predominantly dry but dictates
secondary rains in the south-eastern lowlands [3]. Ethiopia,
situated in the Horn of Africa, exhibits a highly complex and
varied topography that fundamentally dictates its diverse
microclimates and hydrological cycles. The nation's socio-
economic structure relies intensely on rain-fed agriculture,
making it profoundly vulnerable to anomalies in seasonal
rainfall and extreme temperature thresholds lowlands [2, 14].

Over the past four decades, anthropogenic climate change
has drastically intensified the frequency and magnitude of
extreme weather events across Sub-Saharan Africa.
Systematic evaluations utilizing standardized Expert Team on
Climate Change Detection and Indices (ETCCDI) framework
have become essential for characterizing these environmental
shifts [10]. In Ethiopia, analyzing rainfall anomalies and core
rainfall indices-such as the number of heavy rainfall days
(R10mm, R20mm), maximum daily intensities (RX1day,
RX5day), and consecutive dry or wet periods (CDD, CWD)-
reveals a stark geographic divergence between the high-
yielding, resilient western provinces and the highly volatile,
arid eastern lowlands [7].

Accordingly, this study aims to investigate the spatiotem-
poral dynamics of Consecutive Dry Days (CDD), Consecutive
Wet Days (CWD), the highest amount of rainfall dropped in a
single day (RX1day) and over a consecutive 5-day period
(RXS5day). Similarly, heavy rainfall thresholds (R10mm and
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R20mm) quantify the annual number of heavy (=10 mm) and
very heavy (>20 mm) rainfall days, respectively. The warm-
cold day-nighttime temperature extreme index (Maximum of
daily maximum temperature (warmest day) - (TXx), Mini-
mum of daily minimum temperature (coldest night) - (TNn),
Warm days (%) - (TX90p), Warm nights (%) - (TN90p, Cold
days (%) - (TX10p), Cold nights (%) - (TN10p), Minimum of
daily maximum temperature (Coldest day) - (TXn), and Max-
imum of daily minimum temperature (Warmest night) (TNXx)),
and their composite across El Nino-La Nina events over Ethi-
opia, East Africa.

The findings are expected to improve understanding of the
spatial and temporal characteristics of climate extremes and
provide scientific evidence for climate adaptation strategies,
disaster risk reduction, and sustainable natural resource man-
agement in Ethiopia [10]. Understanding these long-term
spatiotemporal trends over study area is vital for building
robust localized adaptation strategies, managing agricultural
risk, and strengthening hydrometeorological resilience across

East Africa

Ethiopia's diverse landscapes.

2. Data and Methodology

2.1. Study Area

Ethiopia is located in East Africa between 3°N—15°N lati-
tude and 33°E-48°E longitude, occupying a geographically
and ecologically diverse region of the Horn of Africa. The
country is bordered by Eritrea to the north, Sudan and South
Sudan to the west, Kenya to the south, Somalia to the south-
east, and Djibouti to the east. This strategic location contrib-
utes to the country’s climatic complexity and environmental
variability. Ethiopia exhibits remarkable topographic hetero-
geneity, with elevations ranging from lowland desert areas be-
low sea level in the Afar Depression to high mountain peaks
exceeding 4,400 meters above sea level in the Ethiopian High-
lands (Figure 1) [11].
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Figure 1. Study area and elevation in meter (Source: [11].)

2.2. Datasets

This study utilized daily rainfall and temperature Grid data
from 1981-2022 were analyzed to quantify trends,
climatology, cofficient of variation, anomaly, variability,
composites of El Nino-La Nina events, and spatial
distributions of precipitation and temperature extremes.
Rainfall and temperature indices were evaluated using
mannkandell and sen’slope test, trend analysis and spatial
interpolation techniques, and python tool used for plotting the
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figures. Daily data used to anlysis the ETCCDI core indices
encompass a broad range of temperature and precipitation
extremes for consecutive dry and wet days (CDD and CWD),
heavy precipitation events (R10mm and R20mm), maximum
1-day and 5-day precipitation totals (RX1day and RX5day),
and temperature extremes and percentile-based indices such
as TXx, TNx, TXn, TNn, TX90p, TN90p, TX10p, and TN10p.

One of the most widely used global gridded datasets for cli-
mate extremes is HadEX, developed by [17]. The HadEX da-
taset contains the 27 climate extreme indices recommended by
the Expert Team on Climate Change Detection and Indices
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(ETCCDI), derived from daily temperature and precipitation
observations and described by [10]. These indices are pro-
vided on a 3.75° x 2.5° longitude—latitude grid covering the
period 1951-2003. For most indices, annual values are avail-
able for each grid cell, while selected indices, such as the
warmest day (TXx), warmest night (TNx), and wettest day
(Rx1day), are also available at seasonal resolution. The

ETCCDI framework provides standardized climate extreme
indices that facilitate consistent assessment of changes in tem-
perature and precipitation extremes across regions and time.
In the present study, ETCCDI climate extreme indices were
calculated using daily temperature and precipitation data for
the period 1981-2022 to investigate the spatial and temporal
variability of climate extremes.

Table 1. Selection of climate extreme indices developed by the Expert Team on Climate Change Detection and Indices (ETCCDI) [16].

No. Index Name Definition Unit Type
1 TNn Coldest night Annual minimum daily minimum temperature °C Fixed index
2 TXn Coldest day Annual minimum daily maximum temperature °C Fixed index
3 TNx Warmest night Annual maximum daily minimum temperature °C Fixed index
4 TXx Warmest day Annual maximum daily maximum temperature °C Fixed index
. Number of days per year when the daily minimum temper-  days per Percentile-based
> TN10p Cool nights ature (Tn) is < 10™ percentile* year threshold
Number of days per year when the daily maximum temper- Percentile-based
6 TX10p Cool days ature (Tn) is < 10™ percentile* ¢ threshold
7 TN9Op Warm nights Number of days when Tn > 90™ percentile* days per Percentile-based
year threshold
8 TX90p Warm days Number of days when Tx > 90™ percentile* days per Percentile-based
year threshold
9 Rx1day Wettest day Annual maximum precipitation in a single day mm Fixed index
10 RxSday Wettest pentad dAar;r;ual maximum precipitation falling on 5 consecutive mm Fixed index
Consecutive dry . days per . .
11 CDD Longest spell of consecutive days when PR < Imm Fixed index/spell
days year
12 CWD Consecutive wet Longest spell of consecutive days when PR > 1mm days per Fixed index/spell
days year
13 R10mm Heavy precipita- Number of days when precipitation > 10mm days per Fixed threshold
tion days year
Very heavy pre- s days per .
14 R20mm L Number of days when precipitation > 20mm Fixed threshold
cipitation days year
and Python for spatial and temporal analysis of ETCCDI-cli-
2.3. Methods matology and anomaly during the period of 1981-2022.

The ETCCDI data were processed and analyzed using man
Kadell, Sen’ slope, enabling efficient large-scale geospatial
computation and long-term vegetation monitoring. Seasonal
ETCCDI climatology, coefficient of variation, anomaly, and
composites of El Nino-La Nina events was calculated by av-
eraging ETCCDI values for the three principal seasons: Octo-
ber—January (ONDJ), February—May (FMAM), and June—
September (JJAS). These seasonal averages provided a base-
line for evaluating vegetation dynamics and identifying spatial
and temporal patterns across Ethiopia. Additional tools used,
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3. Results and Discussion

3.1. Seasonal and Annual Rainfall Distribution

This set of maps analyzes how rainfall varies spatially
across different seasons and over the entire year across Ethio-
pia. ONDIJ Rainfall: Represents the October, November, De-
cember, and January season (often covering parts of the Bega
dry season or southern rainfall regions). It demonstrates that
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the southwestern parts receive the highest rainfall during this
period (up to 375+ mm), whereas northern and northeastern
regions remain predominantly dry (down to 15 mm) (Figure
2a).

FMAM Rainfall: Represents the February, March, April,
and May season (Belg or short rainy season). Rainfall is heav-
ily concentrated in the southwestern and southern highlands,
reaching peaks around 650 mm, showing that this season crit-
ically supports agriculture primarily in these regions (Figure
2b).

JJAS Rainfall / Climatology: Represents the June, July,
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August, and September season (Kiremt or main rainy season).
This is the most intense rainy period for the majority of the
country. Rainfall peaks dramatically in the northwestern and
western highlands (exceeding 1050 to 1440 mm), while the
eastern and southern lowlands receive very little to no rainfall
during these months (Figure 2c¢).

Annual Rainfall: Summarizes the total yearly rainfall. It
clearly establishes Ethiopia's strong rainfall gradient, showing
that the southwest is the wettest region (exceeding 2000 mm
annually), while the eastern and northeastern lowlands are ex-
tremely arid (receiving under 320 mm) (Figure 2d).
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Figure 2. Seasonal (a) Bega, (b) Belg, (c) Kiremt, and (d) Annual rainfall distribution during the period of 1981-2022.

Rainfall Coefficient of Variation (CV %) measures the sta-
bility or reliability of rainfall. High CV values (orange to dark
red, 48% to over 60%) are concentrated in the northern, north-
eastern, and southeastern lowlands, meaning rainfall there is
highly volatile and unpredictable from year to year. Con-
versely, the western and southwestern highlands display a
very low CV (blue, 12% to 24%), indicating highly reliable
and stable annual rainfall (Figure 3e¢).
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Rainfall Anomaly depicts departures from the long-term
historical average. The map shows significant negative anom-
alies (dark blue, down to -300) in the western and central parts,
contrasted with positive anomalies (red) in the far south and
southeast, indicating regional shifts or specific cyclical devia-
tions from historical averages over the study period (Figure

3f).
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Figure 3. Spatial analysis of (e) Coefficient of variation (CV %) and (f) Rainfall Anomaly during the period of 1981-2022.

3.2. Extreme Rainfall Frequency Indices,
Rainfall Intensity and Dry-Wet Spells

R10mm Spatial Distribution tracks the annual number of
days with heavy rainfall (= 10 mm). The western highlands
experience the highest frequency (up to 78 days per year),
whereas eastern areas see fewer than 6 to 15 days per year
(Figure 4g). R20mm Spatial Distribution tracks very heavy
rainfall days (= 20 mm). Following a similar pattern, the
southwest/west experiences up to 26 days of very intense rain-
fall per year, while the rest of the country rarely sees such fre-
quent daily extremes (Figure 4h).

RXl1day & RX5day Spatial Distribution maps capture the
highest amount of rainfall dropped in a single day (RX1day)
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and over a consecutive 5-day period (RX5day). Interestingly,
the highest single-day and 5-day extreme totals shift toward
the south and southeastern lowlands (up to 80+ mm in a single
day and 132+ mm in 5 days), implying that while these arid
regions get less total rainfall, when it does rain, it often occurs
as highly intense, potentially flood-inducing storm events
(Figures 41 & j).

Consecutive Wet Days (CWD) measures the maximum du-
ration of consecutive rainy days. The northwestern and west-
ern highlands see prolonged wet spans (up to 40+ consecutive
days), reflecting a sustained Kiremt monsoon season (Figure
4k). Consecutive Dry Days (CDD) measures the maximum
duration of consecutive days without rain. The eastern, north-
eastern, and southeastern borders mark intense prolonged dry
spells (ranging from 88 to over 112 consecutive dry days),
highlighting their vulnerability to drought (Figure 41).
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Figure 4. Spatial analysis of (g) Number of days per year with rainfall > 10 mm (R10mm), (h) Number of days per year with rainfall > 20 mm
(R20mm), (i) Maximum 1-day rainfall (RX1day), (j) Maximum 5-day rainfall (RX5day), (k) Consecutive Wet Days (CWD) and (1) Consecutive

Dry Days (CDD) during the period of 1981-2022.

3.3. Extreme Warm and Cold Temperature
Indices

TXx Spatial Distribution (Warmest Day) shows the maxi-
mum daily maximum temperature recorded. The lowlands
surrounding the country-particularly the northeastern Afar re-
gion and northwestern/southeastern borders - experience ex-
treme heat peaking between 46°C and 52°C. Central highland
areas remain much cooler due to elevation across 28°C-31°C
(Figure 4m). TNn Spatial Distribution (Coldest Night): Rec-
ords the minimum daily minimum temperature. The central
highlands experience the coldest nights (dropping down to
6°C), while the peripheral lowlands remain warm even during

their coolest periods (staying above 18°C to 20°C) (Figure 5n).

TX90p Spatial Distribution (Warm Days %): Maps the per-
centage of days when daily maximum temperature exceeded
the 90th percentile. The eastern and southeastern lowlands
show a high percentage (exceeding 100 days/extent in some
index boundaries), indicating an increasing frequency of unu-
sually hot daytime temperatures (Figure 40). TN90p Spatial
Distribution (Warm Nights %): Maps the percentage of nights
where the minimum temperature stayed above the 90th per-
centile. High values are heavily concentrated in the north-cen-
tral regions and south-central zones, showing that nights are
warming up significantly in these specific areas (Figure 5p).

TX10p Spatial Distribution (Cold Days %) maps the per-
centage of days that were unusually cold (below the 10th per-
centile). The highest concentration is visible in the northwest-
ern highlands and parts of the south, signifying regions that
have preserved a higher relative frequency of cooler daytime
windows over the decades compared to the rapidly warming
lowlands (Figure 5q).

Cold Nights (%) -TN10p the highest percentage of cold
nights (reaching up to 114% to 150%) is concentrated in the
southeastern lowlands (Somali region) as well as localized
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pockets in the northwestern highlands. The central highlands,
Rift Valley, and south-central regions exhibit significantly
lower values (dropping down to 6% to 24%). The elevated oc-
currence of cold nights in the southeastern lowlands highlights
strong regional radiative cooling during nocturnal hours, typ-
ical of arid/semi-arid environments with lower cloud cover
and atmospheric moisture. Conversely, the central highland
region experiences fewer extremes below its historical base-
line percentile, reflecting localized thermal buffering or mi-
croclimatic variations (Figure 5r).

Minimum Daily Maximum Temperature (°C) - TXn the
central and northern Ethiopian highlands feature the lowest
minimum daily maximum temperatures, ranging between
18.6°C and 21.0°C (deep blue colors). Values increase stead-
ily moving away from the central plateau toward the periph-
eral lowlands, peaking at 29.4°C to >31.2°C in the eastern,
southeastern, and far western lowland borders (red hues). TXn
heavily reflects the underlying topographic lapse rate of Ethi-
opia. High-altitude regions maintain cooler daytime peak tem-
peratures even on their coldest days. The expansive low-alti-
tude regions in the east and southeast record consistently high
daytime maximum temperatures throughout the year due to
lower elevations and intense daytime solar radiation (Figure
5s).

Maximum Daily Minimum Temperature (°C) - TNx high-
elevation areas of the central and north-central highlands dis-
play the lowest values, dropping to 13.6°C — 16.0°C (deep
blue zone). The highest maximum night-time temperatures are
observed in the northeastern Afar depression and the east-
ern/southeastern lowland areas, reaching 28.0°C to >32.8°C
(deep red hues). TNx measures the warmest night-time mini-
mum temperatures recorded. Lowland areas (particularly Afar
and Somali regions) trap heat effectively overnight, leading to
elevated night-time minimums that exceed 30°C. In contrast,
high-elevation zones retain cool nighttime temperatures even
during warm seasonal spikes due to efficient terrestrial long
wave radiation to space at higher altitudes (Figure 5t).
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Figure 5. Spatial analysis of (m) Maximum of daily maximum temperature (warmest day) - (TXx), (n) Minimum of daily minimum temperature
(coldest night) - (TNn), (o) Warm days (%) - (TX90p), (p) Warm nights (%) - (TN90p, (q) Cold days (%) - (TX10p), (r) Cold nights (%) -
(TN10p), (s) Minimum of daily maximum temperature (Coldest day) - (TXn) and (t) Maximum of daily minimum temperature (Warmest night)
(TNx) during the period of 1981-2022.
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3.4. Temporal Analysis of Rainfall and
Temperatures Indices across Anomaly and
Annual Trends

R10mm Anomaly Figure 6a indicates the annual anomaly
of days where daily rainfall was greater than or equal to 10
mm. Statistically increasing trend in the number of heavy rain-
fall days over the 40-year period. The upward trajectory ac-
celerates dramatically after 2016 and large positive anomalies
after 2018, with the highest positive anomalies recorded
around 2019-2020, suggest that recent years experienced sub-
stantially more heavy rainfall events than the long-term aver-
age. This indicates that heavy rainfall events are becoming
more frequent. Earlier years (1980s—1990s) mostly exhibited
negative anomalies, indicating fewer heavy rainfall days.
Heavy rainfall events have become more frequent, suggesting
an intensification of moderate-to-heavy rainfall.

R20mm Anomaly shows the anomaly for days with daily
rainfall greater than or equal to 20 mm. Similar to the R10mm
index, there is an increasing trend in very heavy rainfall days,
though the positive slope value. Most years before 2015 fluc-
tuated around the mean, while a marked increase occurred af-
ter 2018 (Figure 6b). The highest positive anomalies occurred
during 2019-2022, indicating more frequent extreme rainfall
events. Very heavy rainfall events have become increasingly
common in recent years, although the increase is slower than
for R10mm.

RX1day Anomaly indicates the annual anomaly of the max-
imum amount of rainfall received in a single day. The trend
line shows a stable increase over time. This means that the
single wettest day of the year is getting progressively wetter,
indicating that intense, short-duration storm events are inten-
sifying. Most years before 2015 fluctuated near or below av-
erage. Strong positive anomalies after 2018 indicate excep-
tionally intense one-day rainfall events (Figure 6¢). The inten-
sity of the single wettest day each year has increased, raising
the likelihood of flash floods.

RX5day Anomaly measures the anomaly for the maximum
consecutive 5-day rainfall total, which is a strong indicator of
prolonged rainfall that can trigger heavy flooding. This index
shows the steepest upward positive slope value among the
rainfall amount. Although variability is high, the recent years
show sustained positive anomalies. Peaks around 2020-2022
reflect exceptionally wet multi-day rainfall periods (Figure
6d). The increasing trend signifies that prolonged, multi-day
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severe rainfall events are growing more severe, posing a
higher risk for major regional flooding persistent heavy rain-
fall episodes have intensified, landslides, and soil saturation.

CDD Anomaly (Consecutive Dry Days) monitors the max-
imum number of consecutive days with less than 1 mm of rain-
fall (a metric for meteorological drought duration). This index
shows a decreasing trend, indicated by the negative slope
value. While the data exhibits massive year-to-year volatility
(such as severe dry spells around 1984, 1999, and 2012), the
overall trend suggests that the longest continuous stretches of
completely dry weather are slightly shortening over time (Fig-
ure 6e). Dry spells have become marginally shorter, possibly
reflecting more frequent rainfall interruptions.

CWD Anomaly (Consecutive Wet Days) shows the maxi-
mum number of consecutive days with rainfall greater than or
equal to 1 mm. The trend line is nearly flat but shows a very
slight increase with positive value. Interestingly, while con-
secutive wet days peaked around 2010-2014, there is a sharp
drop-off to negative anomalies after 2016 (Figure 6f). This
suggests that while overall heavy rainfall amounts are up, they
are happening in shorter, more intense bursts rather than ex-
tended, multi-week rainy spells. Rainfall is becoming more
concentrated into fewer consecutive days, meaning rainfall
events are more intense but not necessarily longer-lasting.

Collectively, the six indices (Figure 6) indicate a shift to-
ward more intense rainfall extremes over the 1981-2022 pe-
riod: R10mm, R20mm, RX1day, and RX5day all exhibit pos-
itive trends, demonstrating increases in the frequency and in-
tensity of heavy rainfall events. RX5day shows the strongest
upward trend, highlighting an increasing risk of prolonged
heavy rainfall and flooding. CDD exhibits a slight declining
trend, suggesting marginally shorter dry spells. CWD shows
only a weak positive long-term trend, but recent negative
anomalies imply that rainfall is occurring in shorter, more in-
tense episodes rather than as prolonged wet periods.

The overall pattern suggests that the climate in the study
area is becoming wetter in terms of rainfall intensity rather
than rainfall duration. The increasing occurrence of heavy and
extreme rainfall events (R10mm, R20mm, RXlday, and
RX5day), coupled with only minor changes in wet- and dry-
spell duration (CWD and CDD), is consistent with a climate
experiencing more concentrated rainfall. This has important
implications for flood risk, water-resource management, agri-
culture, and infrastructure planning, as intense rainfall events
are becoming more frequent even though the duration of wet
periods has not increased substantially.
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Figure 6. ETCCDI rainfall index trends (a) Number of days per year with rainfall > 10 mm (R10mm), (b) Number of days per year with rainfall
> 20 mm (R20mm), (c) Maximum 1-day rainfall (RX1day), (d) Maximum 5-day rainfall (RX5day), (e) Consecutive Dry Days (CDD), and (f)

Consecutive Wet Days (CWD) during the period of 1981-2022.

This Figure 7 presents annual anomalies of eight tempera-
ture extreme indices from 1981-2022. The blue line repre-
sents annual anomalies relative to the long-term average,
while the red dashed line shows the linear trend. Positive
anomalies indicate values above the climatological mean,
whereas negative anomalies represent below-average condi-
tions.

TXx Anomaly (Annual maximum value of daily maximum
temperature) the positive slope (+0.0373°C/year) indicates
that the warmest daytime temperature recorded each year has
gradually increased. The early years (1980s) were generally
characterized by negative anomalies, while positive anomalies
became more frequent after the late 1990s. The highest posi-
tive anomaly occurred around 2017, indicating an exception-
ally hot year (Figure 7a). The intensity of annual daytime heat
extremes has increased, suggesting more severe heat wave
conditions.

TXn Anomaly (Annual minimum value of daily maximum
temperature) the positive trend indicates that the coolest day-
time maximum temperatures are becoming warmer. Despite
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considerable year-to-year variability, positive anomalies be-
came more common after 2000. A pronounced negative
anomaly around 2019 reflects an unusually cool daytime max-
imum during that year (Figure 7b). Even the coolest daytime
temperatures are warming, indicating a reduction in cool day-
time extremes.

TNx Anomaly (Annual maximum value of daily minimum
temperature) the positive slope indicates increasing warm-
night extremes over the study period. Most years after 2005
show positive anomalies, with exceptionally high values
around 2018-2019 (Figure 7c). A sharp decline in the final
years reflects temporary interannual variability rather than a
reversal of the long-term warming trend. The warmest nights
are becoming hotter, increasing the occurrence of oppressive
nighttime heat.

TNn Anomaly (Annual minimum value of daily minimum
temperature) the trend is weakly positive, suggesting a modest
increase in the coldest nighttime temperatures. Large fluctua-
tions occur throughout the record, including an exceptionally
cold year around 2019 (Figure 7d). Strong positive anomalies
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during 2020-2022 indicate much warmer minimum nighttime
temperatures in recent years. Cold-night extremes are becom-
ing less severe, although interannual variability remains sub-
stantial.

TX90p Anomaly (Warm days - percentage of days when
maximum temperature exceeds the 90th percentile) this index
exhibits a pronounced upward trend, indicating a substantial
increase in the frequency of unusually warm days. Negative
anomalies dominated the 1980s and early 1990s, whereas pos-
itive anomalies became increasingly frequent after 2000. The
highest anomalies occurred during the late 2010s, reflecting
exceptionally frequent warm days (Figure 7¢). Warm daytime
extremes have become much more common, consistent with
ongoing climate warming.

TN90p Anomaly (Warm nights - percentage of days when
minimum temperature exceeds the 90th percentile) the posi-
tive trend indicates a steady increase in the occurrence of un-
usually warm nights. The most pronounced positive anomaly
occurred around 2018, followed by continued above-average
conditions (Figure 7f). Earlier decades were dominated by
negative anomalies, indicating fewer warm nights. Warm
nights are becoming increasingly frequent, reducing nighttime
cooling and increasing heat stress.

TX10p Anomaly (Cool days - percentage of days when
maximum temperature falls below the 10th percentile) the
negative slope indicates a decline in the frequency of unusu-
ally cool daytime temperatures. Positive anomalies were com-
mon during the early 1980s but gradually shifted toward neg-
ative anomalies after the late 1990s (Figure 7g). Although oc-
casional positive anomalies appear in recent years, the long-
term tendency remains downward. Cool daytime extremes are
becoming less frequent, consistent with a warming climate.

TN10p Anomaly (Cool nights - percentage of days when
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minimum temperature falls below the 10th percentile) the neg-
ative trend indicates that unusually cool nights have become
less frequent over time. The largest positive anomalies oc-
curred during the early 1980s, whereas most years after 1990
show values below the long-term average. Some recovery in
recent years is evident, but the overall trend remains negative
(Figure 7h). Cold nighttime extremes are declining, reflecting
warmer night-time conditions over the study period.

The temperature extreme indices consistently indicate a
warming climate during 1981-2022. Indices representing
warm extremes (TXx, TXn, TNx, TNn, TX90p, and TN90p)
all exhibit positive trends, indicating increases in both the in-
tensity and frequency of hot days and warm nights. In contrast,
indices representing cold extremes (TX10p and TN10p) show
negative trends, demonstrating a decline in the occurrence of
unusually cool days and nights. Among all indices, TX90p
and TN90p display the strongest increases, highlighting a
marked rise in the frequency of warm temperature extremes.
Meanwhile, TX10p and TN10p show persistent decreases, in-
dicating that cold extremes have become increasingly rare.

Overall, the Figure 7 demonstrates a clear shift toward
warmer temperature extremes over the study period. The in-
creasing intensity of annual maximum temperatures (TXx and
TNx), together with the growing frequency of warm days and
warm nights (TX90p and TN90p), and the simultaneous de-
cline in cool days and cool nights (TX10p and TN10p), pro-
vides strong evidence of ongoing regional warming. These
changes have important implications for heat wave occurrence,
human health, agriculture, ecosystem functioning, and energy
demand, as higher temperatures and more frequent warm ex-
tremes increase thermal stress while reducing the occurrence
of cold events.
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Figure 7. ETCCDI temperature index trends (g) Maximum of daily maximum temperature (warmest day) - (TXx), (h) Minimum of daily max-
imum temperature (TXn), (i) Maximum of daily maximum temperature (TNx), (j) Minimum of daily minimum temperature (coldest night) -
(TNn), (k) Warm days (%) - (TX90p), (1) Warm nights (%) - (TN90p), (m) Cold days (%) - (TX10p), and (n) Cold nights (%) - (TN10p) during

the period of 1981-2022.

Based on the provided Figure 8, here is the explanation and
interpretation of each climate index trend recorded between
1981 and 2022. Each figure features three data points: the
yearly value (blue line), a 5-year moving average (orange line),
and the long-term trend line (green dashed line).

TXx: Maximum of Daily Maximum Temperature (Warm-
est Day) the warmest single day of the year has experienced a
clear upward trajectory over the 40-year period, indicating
that extreme daytime heat events are becoming progressively
hotter (Figure 8a). TNn: Minimum of Daily Minimum Tem-
perature (Coldest Night) the coldest night of the year is warm-
ing up, though at a much slower rate compared to daytime ex-
tremes. A significant drop occurred around 2017, followed by
a sharp rise toward 2022 (Figure 8b).

TNx: Maximum of Daily Minimum Temperature the high-
est nighttime temperature recorded annually shows a steady
increase. This indicates that the warmest nights of the year are
growing significantly hotter over time, despite a sharp down-
turn after 2018 (Figure 8c). TXn: Minimum of Daily
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Maximum Temperature even on the coolest days of the year,
the maximum daytime temperature is steadily climbing. This
point toward a generalized reduction in cooler day options
year-round (Figure 8d).

TX90p: Warm Days (%) the percentage of days exceeding
the 90th percentile for temperature has grown aggressively.
This shows a substantial and rapid increase in the overall fre-
quency of unusually hot days (Figure 8¢). TN90p: Warm
Nights (%) similar to warm days, the frequency of unusually
warm nights has risen drastically over the decades, meaning
nights are failing to cool down as often as they used to (Figure
8f).

TX10p: Cold Days (%) the percentage of unusually cool
days has seen a steady, steep decline. Extreme cold daytime
weather is becoming a much rarer occurrence (Figure 8g).
TN10p: Cold Nights (%) the frequency of unusually cold
nights is dropping over time, corroborating the general warm-
ing trend across all temperature vectors (Figure 8h).
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Figure 8. Temperature indices of (a) Maximum of daily maximum temperature (warmest day) - (TXx), (b) Minimum of daily minimum temper-
ature (coldest night) - (TNn), (c) Maximum of daily minimum temperature (TNx), (d) Minimum of daily maximum temperature (TXn), (e) Warm
days (%) - (TX90p), (f) Warm nights (%) - (TN90p), (g) Cold days (%) - (TX10p), and (h) Cold nights (%) - (TN10p) during the period of 1981-

2022.

R10mm: Number of Days with Rainfall > 10 mm the fre-
quency of moderate-to-heavy rainfall days is climbing. The
region experienced a sharp increase in these rainy days around
2019-2020 (Figure 9a). R20mm: Number of Days with Rain-
fall > 20 mm days with very heavy rainfall is increasing
slightly. A prominent spike in frequency is visible in the final
years leading up to 2022 (Figure 9b).

RXlday: Maximum 1-Day Rainfall the maximum amount
of rainfall dropped in a single 24-hour period is rising. This
point toward an increase in the intensity of sudden, heavy rain-
fall events, peaking sharply at the end of the timeline (Figure
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9¢). RX5day: Maximum Consecutive 5-Day Rainfall the total
volume of rain falling during the wettest 5-day streak of the
year is increasing. This indicates that sustained, heavy rainfall
systems are intensifying (Figure 9d).

CDD: Consecutive Dry Days the maximum length of dry
spells has decreased very slightly over time, though it remains
highly variable year-to-year (Figure 9¢). CWD: Consecutive
Wet Days the longest consecutive streak of rainy days shows
a flat-to-slight long-term increase, though a major multi-year
dip occurred right at the end of the recording period (2020—
2022) (Figure 9f).
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Figure 9. Rainfall indices of (a) Number of days with rainfall > 10 mm (R10mm), (b) Number of days with rainfall > 20 mm (R20mm), (c)
Maximum 1-day rainfall (RX1day), (d) Maximum consecutive 5-day rainfall (RX5day), (e) Consecutive Dry Days (CDD), and (f) Consecutive

Wet Days (CWD) during the period of 1981-2022.

These Figures below depict how temperature anomalies be-
have during El Nifio compared to La Nifia. Positive values
(red/orange) mean El Nifio is warmer than La Nifia, while neg-
ative values (blue) mean El Nifio is cooler.

Composite of TXx (Maximum of Daily Maximum Temper-
ature / Warmest Day): During El Nifio years, the warmest day
of the year becomes significantly hotter across northern,
northwestern, and northeastern Ethiopia (reaching up to
+0.60°C warmer than La Nifia). Conversely, the southern and
southeastern regions experience slightly cooler peak tempera-
tures (down to —0.36°C) during El Nifio compared to La Nifia
(Figure 10a).

Composite of TNn (Minimum of Daily Minimum Temper-
ature / Coldest Night): This map indicates that the coldest
night of the year is substantially warmer during El Nifio in the
easternmost "horn" of Ethiopia (the Somali region), with val-
ues up to +0.75°C higher than in La Nifia years. In contrast,
central and north-central Ethiopia experience colder minimum
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temperatures during El Nifio (dropping to —0.45°C lower
than La Nifia) (Figure 10b).

Composite of TX90p (Warm Days% / Percentage of Days
when TX > 90th Percentile): El Nifio reduces the frequency of
extremely warm days substantially in the southern and south-
eastern parts of the country (by up to 12% fewer warm days).
A small pocket in the northwest experiences a slight increase
(+2.4% to +4.8%) in the frequency of warm days during El
Nifio compared to La Nifa (Figure 10c).

Composite of TN90p (Warm Nights% / Percentage of
Nights when TN > 90th Percentile): During El Nifio, the per-
centage of unusually warm nights spikes drastically in the far
east and south of the country, showing an increase of up to
18% more warm nights compared to La Nifla. Most of the
country experiences an increase in warm nights, except for
small isolated pockets in the north and south-central areas
(Figure 10d).
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Figure 10. Temperature indices across El Nino and La Nina events on the (a) Composite of TXx (Maximum of Daily Maximum Temperature /
Warmest Day), (b) Composite of TNn (Minimum of Daily Minimum Temperature / Coldest Night), (c) Composite of TX90p (Warm Days % /
Percentage of Days when TX > 90th Percentile), and (d) Composite of TN90p (Warm Nights% / Percentage of Nights when TN > 90th Per-

centile).

These maps depict the differences in rainfall characteristics.
Negative values (blue) mean El Nifio years receive less rain-
fall or fewer rainy days than La Nifia years (i.e., El Nifio is
drier). Positive values (red/orange) mean El Nifio is wetter.

Composite of RX1day (Maximum 1-Day Rainfall): EI Nifio
suppresses heavy, single-day rainfall events across almost the
entire country, particularly in the south and southeast (reach-
ing down to —9.0 mm less than La Nifia). A small region in
northeastern Ethiopia shows a minor positive anomaly, mean-
ing its heaviest single-day rainfall increases slightly during El
Niiio (Figure 11e).

Composite of RX5day (Maximum Consecutive 5-Day
Rainfall): Similar to the 1-day maximum, the maximum
amount of rainfall falling over a consecutive 5-day period is
deeply suppressed during El Nifio across the northern high-
lands and the southern region (with reductions exceeding
—12.0 mm). Only a small pocket in north-central/northeastern
Ethiopia sees a minor increase in 5-day rainfall totals (Figure
111).

Composite of R10mm (Number of Days with Rainfall >
10 mm): The number of days with significant rainfall (=
10 mm) drops sharply across the western and northwestern
highlands during El Nifio (experiencing up to 8.4 fewer
heavy rainy days compared to La Nifia). The southeastern
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region shows near-neutral or slightly higher frequencies (+1.2
days) (Figure 11g).

Composite of R20mm (Number of Days with Rainfall >
20 mm): Very heavy rainfall days (= 20 mm) are heavily re-
duced during El Nifio in northwestern Ethiopia (up to 3.6
fewer days). The rest of the country generally experiences a
deficit in these heavy rainfall days as well, confirming that El
Nifio curbs intense rainfall events across the Ethiopian high-
lands (Figure 11h).

Composite of CDD (Consecutive Dry Days): Counter intu-
itively, the center of the country shows a large negative anom-
aly (up to —9.6 days), indicating that the longest stretch of
consecutive dry days is actually shorter during El Nifio com-
pared to La Nifia in central Ethiopia. However, the far north
and far south show positive anomalies, meaning consecutive
dry periods lengthen in those border regions during El Nifio
(Figure 111).

Composite of CWD (Consecutive Wet Days): During El
Niflo, a prominent region in west-central Ethiopia experiences
a strong increase in consecutive wet days (up to +6.0 days
longer wet spells compared to La Nifia). Conversely, the
northern tip of the country sees a reduction in consecutive wet
days, meaning prolonged rainy streaks are truncated there dur-
ing El Niflo (Figure 11j).
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Figure 11. Rainfall indices across El Nino and La Nina events on the (e) Composite of RX1day (Maximum 1-Day Rainfall), (f) Composite of
RX5day (Maximum Consecutive 5-Day Rainfall), (g) Composite of R10mm (Number of Days with Rainfall 210 mmy), (h) Composite of R20mm
(Number of Days with Rainfall = 20 mm), (i) Composite of CDD (Consecutive Dry Days), and (j) Composite of CWD (Consecutive Wet Days).

Several studies have examined climate extremes in Ethiopia
using the Expert Team on Climate Change Detection and In-
dices (ETCCDI) framework, consistently reporting increasing
trends in temperature-related extreme indices alongside pro-
nounced spatial variability in precipitation extremes. For in-
stance, [15] documented significant increases in warm tem-
perature extremes and shifts in precipitation extremes across
Ethiopia, Kenya, and Tanzania. Likewise, subsequent studies
conducted in Ethiopia have reported increasing frequencies of
heavy precipitation events (R10mm and R20mm), changes in
the duration of consecutive dry and wet spells (CDD and
CWD), and increases in warm daytime temperature extremes
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(TX90p). However, the magnitude, significance, and spatial
patterns of these trends differ across climatic regions, reflect-
ing the influence of Ethiopia's complex topography and di-
verse climatic regimes.

Within Ethiopia, the spatiotemporal expression of climate
change exhibits pronounced geographical heterogeneity. The
relatively humid and high-yielding western regions have
retained greater hydrological resilience, whereas the arid and
semi-arid eastern lowlands continue to experience persistent
moisture deficits and increasing environmental degradation
[7]. Concurrently, Ethiopia has undergone significant
warming, as evidenced by long-term increases in temperature
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extremes. [6] reported a significant rise in the annual
maximum daily maximum temperature (TXx) at a rate of
0.37°C decade™! and an increase in the frequency of warm days
(TX90p) of 10.38% decade™. These changes have shifted
thermal baselines, altered frost occurrence in high-elevation
areas, and intensified environmental stress across vulnerable
agroecological zones.

Concurrently, the thermal regime across the region has
undergone significant changes. Long-term analyses indicate a
persistent warming trend, characterized by increases in
extreme temperature indices, including the annual maximum
daily maximum temperature (TXx), which increased at a rate
0f 0.37°C decade™, and the percentage of warm days (TX90p),
which increased by 10.38% decade™ [6]. These changes have
shifted thermal baselines, altered frost occurrence in high-
elevation areas, and intensified environmental stress across
vulnerable agroecological Understanding  the
spatiotemporal variability and long-term trends in climate ex-
tremes during the 1981-2022 period is essential for develop-
ing evidence-based adaptation strategies, improving agricul-
tural risk management, and enhancing hydrometeorological
resilience.

zones.

4. Conclusion and Recommendations

This study investigated the spatiotemporal dynamics of
ETCCDI-based daily rainfall and temperature extreme indices
across Ethiopia during the period 1981-2022. The analysis
demonstrated that climate extremes have undergone substan-
tial changes, although the magnitude and direction of these
changes vary across climatic and topographic regions.

Temperature extremes exhibited a more coherent pattern
than precipitation extremes. The increasing frequency of
warm days and warm nights, together with declining occur-
rences of cool days and cold nights, indicates persistent warm-
ing across much of Ethiopia. In addition, increases in annual
maximum and minimum temperatures suggest that both day-
time and nighttime heat extremes have intensified over the
past four decades. These findings are consistent with broader
regional and global warming trends.

Rainfall extremes displayed marked spatial variability.
While several regions experienced increases in heavy precip-
itation events and rainfall intensity, others showed prolonged
dry spells and declining precipitation, highlighting the coex-
istence of heightened flood and drought risks. This spatial het-
erogeneity reflects the complex interactions among atmos-
pheric circulation, topography, and regional climate variabil-
ity that characterize Ethiopia's climate.

The observed changes have important implications for ag-
riculture, water resources, food security, public health, and
ecosystem resilience. Increasing temperatures may accelerate
evapotranspiration and exacerbate drought conditions, while
more intense rainfall events can increase the likelihood of
flooding, soil erosion, and infrastructure damage. Conse-
quently, adaptation and mitigation strategies should consider
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the distinct climatic characteristics and vulnerabilities of dif-
ferent regions.

Overall, the study demonstrates the value of ETCCDI indi-
ces for monitoring long-term climate extremes and provides a
scientific basis for developing evidence-based climate adapta-
tion policies and sector-specific planning in Ethiopia.

Based on the findings of this study, the following recom-
mendations are proposed:

National and regional climate monitoring systems should
strengthen the continuous observation and analysis of climate
extreme indices to support timely detection of emerging cli-
matic changes.

Sectors and researchers should integrate information on cli-
mate extremes into national and regional adaptation strategies,
disaster risk reduction programs, and development planning to
improve resilience against droughts, floods, and heat extremes.

The national meteorological and disaster management
agencies should strengthen early warning systems for extreme
rainfall, heat waves, droughts, and floods by improving fore-
casting capacity and dissemination of climate information to
local communities.

Future studies should incorporate high-resolution climate
datasets, satellite observations, and climate model projections
to evaluate future changes in extreme climate indices under
different greenhouse gas emission scenarios.

Further research should investigate the relationships be-
tween climate extremes and large-scale climate drivers such
as the El Nifo—Southern Oscillation (ENSO), the Indian
Ocean Dipole (IOD), and other regional circulation systems
that influence Ethiopia's climate variability.

Additional interdisciplinary studies are recommended to as-
sess the socioeconomic, agricultural, hydrological, ecological,
and public health impacts of climate extremes to support com-
prehensive climate adaptation planning.

Abbreviations

ETCCDI  Expert Team on Climate Change Detection

and Indices

HadEX Global Gridded Datasets for Climate
Extremes

IPCC Intergovernmental Panel on Climate Change

WCRP World Climate Research Programme's

TNn Coldest Night

TXn Coldest Day

TNx Warmest Night

TXx Warmest Day

TN10p Cool Nights

TX10p Cool Days

TN9Op Warm Nights

TX90p Warm Days

Rx1day Wettest Day

Rx5day Wettest Pentad

CDD Consecutive Dry Days

CWD Consecutive Wet Days
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R10mm Heavy Precipitation Days
R20mm Very Heavy Precipitation Days

ITCZ Intertropical Convergence Zone

ENSO El Nifio—Southern Oscillation

10D Indian Ocean Dipole

ONDJ October, November, December, January

FMAM February, March, April, May

JJAS June, July, August, September

°C Degree Centigrade

mm Millimeter

% Percent

MA Moving Average

Ccv Coefficient of Variation

°N Degree North

°E Degree East
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