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Abstract

Extreme precipitation events pose significant challenges to water resources, ag-
riculture, infrastructure, public health, ecosystems, energy production, fishing,
timber production, and other rain-dependent socioeconomic sectors across
Eastern Africa, threatening the environment and regional livelihoods. This
study analyzes spatial and temporal trends of extreme precipitation in Eastern
Africa from January 1981 to 2023, using high-resolution CHIRPS data. Key ex-
treme precipitation indices, including R10mm, R75p, and SDII, were calculated
to assess variations in the frequency, intensity, and contribution of extreme
rainfall events. The temporal analysis reveals a statistically significant increas-
ing trend in January precipitation (0.844 mm/year, p = 0.0191), confirmed by
Sen’s Slope (0.74 mm/year). R10mm increased by 0.036 days/year (p = 0.0079),
with Sen’s Slope estimating 0.04 days/year. R75p showed a rise of 0.025
days/year (p = 0.0113), with Sen’s Slope at 0.02 days/year. SDII exhibited the
most significant trend, increasing by 0.056 mm/day per year (p = 0.0002), with
Sen’s Slope at 0.06 mm/day per year. These results indicate a rise in extreme
precipitation in Eastern Africa, increasing the risk of flooding and other cli-
mate-related hazards. Spatial analysis shows distinct regional variations, with
Southern Tanzania, Mozambique, Malawi, Zambia, Zimbabwe, and Madagas-
car exhibiting statistically significant increasing trends in January precipitation
and extreme precipitation indices. These regions are becoming more vulnera-
ble to flooding and other climate-related hazards. Moreover, correlation anal-
ysis identifies significant links between global SST anomalies and extreme pre-
cipitation trends, demonstrating the influence of large-scale climate drivers.
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The study indicates the growing intensity and frequency of extreme precipita-
tion in parts of Eastern Africa, significantly influenced by the South Pacific
Convergence Zone (SPCZ). This necessitates a deeper understanding of SPCZ
dynamics and their impacts on precipitation patterns to enhance climate pre-
diction and develop adaptive strategies for mitigating extreme weather events.
Such efforts will contribute to safeguarding water resources, agriculture, infra-
structure, public health, energy production, fisheries, transportation, and live-
lihoods across the region.
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1. Introduction

Precipitation is a fundamental component of the hydrological cycle, sustaining
ecosystems, agricultural productivity, and livelihoods on a global scale. In Eastern
Africa, a region heavily reliant on rainfall for agriculture and water resources, pre-
cipitation patterns directly influence food security, energy production, and socio-
economic stability. However, the region faces significant climatic variability, with
extreme precipitation events, such as heavy rainfall and prolonged droughts, fre-
quently disrupting the region’s delicate balance. These changes have far-reaching
consequences on both the environment and the economy, affecting various sec-
tors in complex ways (IPCC, 2021; Nicholson, 2017; Funk et al., 2019).

Extreme precipitation events in Eastern Africa have significant environmental,
societal, and economic consequences, including floods, landslides, and dry spells
(Shongwe et al.,, 2011; Niang et al., 2014; Otieno & Anyah, 2013). Given the re-
gion’s dependence on rain-fed agriculture, precipitation patterns jeopardize food
production, increase the risk of water scarcity, and exacerbate social inequalities.
Analyzing the spatial and temporal trends of extreme precipitation is key to effec-
tive and sustainable water resource management, agricultural planning, disaster
risk reduction, and the development of effective climate adaptation strategies, par-
ticularly in light of the growing impacts of climate change (Conway & Schipper,
2011; IPCC, 2021).

Eastern Africa’s substantial climatic variability, high population density, and
socio-economic disparities heighten its vulnerability to extreme weather events,
including shifts in precipitation patterns (Ayugi et al., 2022; Pereira, 2017). Rapid
population growth, particularly in Tanzania, Kenya, Uganda, and Rwanda, in-
creases pressure on land and water resources, leading to environmental degrada-
tion. Unsustainable practices such as deforestation and overgrazing further
weaken the region’s resilience, amplifying the impacts of extreme precipitation
events (Msofe et al., 2020).

Extreme precipitation events, including heavy rainfall and prolonged droughts,

pose significant threats to the livelihoods and well-being of Eastern African pop-
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ulations (Haile et al., 2020). These events can have devastating consequences, se-
verely affecting livelihoods and disrupting multiple sectors. Intense rainfall can
overwhelm drainage systems, causing widespread flooding that damages infra-
structure, disrupts agricultural activities, and leads to displacement and loss of life.
The intensity of these events can be exacerbated by factors like deforestation and
soil degradation, further compounding their negative impacts. Conversely, pro-
longed periods of low rainfall result in severe droughts, leading to crop failures,
livestock losses, water scarcity, and an increased risk of famine (Haile et al., 2020;
Mokria et al., 2017). Drought can have particularly severe impacts on already vul-
nerable communities that depend heavily on rain-fed agriculture (Teshome &
Zhang, 2019).

The region’s agricultural and hydrological systems are highly sensitive to ex-
treme precipitation, with far-reaching effects on food security and water resources
(Cai et al., 2015). Prolonged droughts, often exacerbated by the warming climate,
reduce agricultural productivity (Miiller et al., 2011; Mafie, 2022), endangering
the livelihoods of smallholder farmers. These farmers, who form the backbone of
the region’s economy, are especially vulnerable to unpredictable rainfall (Schlen-
ker & Lobell, 2010; Morton, 2007; Cooper et al., 2008; Rowhani et al., 2011). Con-
versely, intense rainfall events, while beneficial for replenishing water resources,
often result in floods that damage crops, infrastructure, and homes (Di Baldas-
sarre et al., 2010; Field et al., 2014; Chang’a et al., 2020). Floods disrupt transpor-
tation, destroy agricultural fields, and exacerbate the spread of waterborne dis-
eases such as diarrhea, cholera, typhoid fever, and malaria.

Climate change is expected to further influence extreme precipitation trends.
Studies project increasing temperatures and changing precipitation patterns (Osima
et al., 2018). Rising global temperatures intensify the hydrological cycle by in-
creasing atmospheric moisture capacity, leading to heavier and more frequent
rainfall events (Allan et al., 2010; Kijazi & Reason, 2009; Trenberth, 2011). Tropi-
cal and subtropical regions, including Eastern Africa, are particularly vulnerable
to these changes, with a rising frequency of catastrophic floods driven by both
warming-induced shifts and natural climate variability (Chang’a et al., 2020; Pascale
et al., 2016; Taylor et al., 2017). These trends stress the need for effective climate
risk management strategies.

The hydrological and climatic variability of Eastern Africa is shaped by complex
interactions among atmospheric circulation patterns, ocean-atmosphere coupling,
and regional factors such as topography, forests, and the effects of water bodies.
The region’s diverse climatic zones are influenced by key atmospheric systems,
including the Intertropical Convergence Zone (ITCZ), the Indian Ocean Dipole
(IOD), and the El Nifio-Southern Oscillation (ENSO). These systems, coupled
with local weather dynamics, have a strong impact on rainfall patterns across the
region (Kebacho, Ongoma, & Chen, 2024; Ingeri et al., 2024; Pierre Camberlin,
2018; Schott, Xie, & McCreary, 2009). The impact of these climate systems on

precipitation varies across the region, with coastal areas often experiencing differ-
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ent effects from the interior highlands.

Previous studies have examined various aspects of extreme precipitation in
Eastern Africa, but a comprehensive analysis covering the entire region from Jan-
uary 1981 to December 2023 is still lacking. Many studies have focused on specific
sub-regions or shorter periods, using different methodologies and datasets. For
example, Ayugi et al. (2022) analyzed extreme precipitation indices in East Africa
under 1.5°C and 2.0°C global warming levels, finding that population exposure to
extreme precipitation is more strongly influenced by demographic changes than
by climate-related factors alone. However, the geographical scope of this study is
narrower than the scope of the current research. Other studies have examined the
projected impacts of climate change on drought patterns in East Africa (Haile et
al., 2020), focusing on changes in drought area, frequency, duration, and intensity
across various sub-regions.

Despite significant research efforts, long-term, region-wide studies on ex-
treme precipitation trends remain limited, hindering the development of effec-
tive climate adaptation strategies and evidence-based policymaking. The local-
ized nature of extreme events, such as floods in some areas and droughts in oth-
ers, calls for a more detailed understanding of precipitation patterns, influenced
by factors like topography, proximity to water bodies, and regional climate dy-
namics.

This study seeks to address these gaps by analyzing the spatial and temporal
trends of extreme precipitation across Eastern Africa from January 1981 to De-
cember 2023. By utilizing high-resolution precipitation datasets and advanced sta-
tistical methods, the research seeks to identify underlying patterns and examine
correlations between extreme precipitation events and global sea surface temper-
ature (SST) anomalies. The findings will clarify how specific oceanic regions in-
fluence extreme precipitation patterns, enhancing the predictability of such events
and strengthening climate risk management. This knowledge will contribute to
developing early warning systems and shaping effective climate adaptation and
disaster risk reduction strategies. Moreover, the study’s results will serve as a val-
uable resource for policymakers, researchers, and practitioners committed to im-

proving climate resilience in the region.

2. Study Area, Data, and Methodology
2.1. Study Area

Eastern Africa is a geographically and climatically diverse region. For this study,
the region comprises several countries, including Tanzania, Kenya, Uganda,
Rwanda, Burundi, Malawi, Zambia, Zimbabwe, Mozambique, and Madagascar
(Figure 1). The region spans latitudes from approximately 4°40' N to 26°52' S and
longitudes from 22°00" E to 50°40' E, encompassing a wide range of ecosystems,
including expansive savannas, coastal plains, highland plateaus, and towering
mountain ranges. This diversity in topography and geography strongly influences

its complex climatic patterns and varied precipitation regimes.

DOI: 10.4236/gep.2025.134004

52 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.134004

D. J. Masunga et al.

50°0'0"E
N NU
X A ' /&7
o F
e ;
@,
[
o
=2
e
» Legend
o I
o1 | Waterbodies
(=]
o Elevation (m)
High : 5780
Low : -9
0 295 590 1,180 Kilometers

Figure 1. Geographic representation of the study area. (Left) Map of Eastern Africa,
depicting altitude variations across the region, with darker shades representing higher
elevations. Notable features include Mount Kilimanjaro in Tanzania, the tallest mountain
in Africa. (Right) Location of Eastern Africa within the African continent.

Massive forests, particularly the Congo Rainforest, significantly impact precip-
itation patterns in Eastern Africa by acting as critical moisture sources and influ-
encing regional atmospheric circulation. The Congo Forest generates substantial
evapotranspiration, releasing vast amounts of water vapor into the atmosphere,
which contributes to cloud formation and rainfall (Washington et al., 2013; Werth
& Avissar, 2002) This moisture is transported by prevailing westerly winds, par-
ticularly affecting the western and central parts of the region, where it enhances
precipitation in areas downwind of the forest. Additionally, these forests influence
atmospheric circulation by creating low-pressure systems that attract moist air
masses, further amplifying rainfall. However, deforestation can disrupt these
moisture cycles, reducing precipitation and exacerbating the frequency and inten-
sity of extreme weather events (Lawrence & Vandecar, 2015). The interplay be-
tween the Indian Ocean’s climatic drivers and the Congo Forest’s moisture con-
tributions creates a complex and dynamic rainfall pattern across Eastern Africa.

Prominent geographic features such as Mount Kilimanjaro in Tanzania, the
highest mountain in Africa at 5895 meters, and Mount Kenya in Kenya contribute
significantly to local and regional precipitation patterns (Hastenrath, 2001; Kijazi
& Reason, 2009). These towering peaks, along with other highlands like the
Nyungwe and Virunga ranges in Rwanda, the Kibira Highlands in Burundi and
the central highlands of Madagascar (Plumptre et al., 2007; Vande Weghe, 2004)
act as orographic barriers. These barriers force moist air from the Indian Ocean
to rise, cool, and condense, resulting in increased rainfall on the windward slopes

and creating drier conditions on the leeward sides. The Great Rift Valley further
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introduces localized rainfall variations in the region, primarily due to orographic
lifting and rain-shadow effects, especially in areas with steep escarpments.

In Madagascar, the central highlands not only contribute to orographic precip-
itation but also influence local climatic conditions, with moist winds from the In-
dian Ocean depositing rainfall on eastern slopes while leaving western regions rel-
atively arid (Donque, 1972). The combined effects of these geographic features
contribute to the region’s highly complex precipitation patterns and climatic var-
iability, necessitating detailed analysis to understand extreme precipitation trends.

The region is home to some of the world’s most significant inland water bodies.
Lake Victoria, the largest tropical lake and the second-largest freshwater lake by
surface area globally, substantially influences local convection and rainfall pat-
terns (Anyah & Semazzi, 2004; Song et al., 2004). Lake Tanganyika, Africa’s deep-
est lake and one of the oldest lakes on Earth, alongside Lake Nyasa, known for its
extraordinary biodiversity, contributes to the development of localized microcli-
mates (O’Reilly et al., 2003; Verburga & Hecky, 2009). These lakes enhance pre-
cipitation dynamics through lake-induced convection, where the differential heat-
ing of water and land surfaces intensifies moisture availability and generates lo-
calized rainfall in adjacent regions.

Rainfall seasonality varies across the region. In Kenya, Uganda, and Tanzania,
two main rainy seasons occur: the long rains (March-May (MAM)) and the short
rains (October-December (OND)) (Camberlin & Okoola, 2003; Nicholson, 2017).
In Mozambique and southern Madagascar, rainfall peaks during the austral sum-
mer (November-April), with the most intense rains from December to February.
Northern Madagascar experiences relatively consistent rainfall year-round, with
a distinct wet season from November to April (Reason & Keibel, 2004; Jury, 2013).
Rwanda experiences a long rainy season (MAM) and a short rainy season (Sep-
tember-December (SOND)). In Burundi, there is a short dry season from Decem-
ber to January, followed by a long rainy season from February to May. Between
May and October, precipitation remains low, with June to August often being
completely dry, before substantial rains return from October to December (Seba-
ziga et al., 2024). Zambia and Zimbabwe experience a more defined wet season
from November to March. In contrast, Burundi and Rwanda, located in the high-
land regions, experience relatively evenly distributed rainfall throughout the
year, with less pronounced seasonal variations compared to other parts of the
region.

Additionally, countries such as Mozambique and Madagascar are heavily influ-
enced by tropical cyclones, which significantly affect their rainfall distribution and
flood risks. These nations face the compounded challenge of dealing with cyclones
that have increased in frequency and intensity, causing devastating effects across
multiple countries. These storms lead to long-term socio-economic and environ-
mental consequences throughout the region. Cyclones often trigger heavy precip-
itation and flooding in low-lying areas, disrupting livelihoods, displacing popula-

tions, and damaging critical infrastructure (Reason & Keibel, 2004).
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The coastal areas of Tanzania, Kenya, and Mozambique are heavily influenced
by their proximity to the Indian Ocean. Warm SST's drive moisture-laden mon-
soonal winds that increase humidity and contribute to frequent precipitation
events. These regions are particularly vulnerable to tropical cyclones, bringing tor-
rential rains and widespread flooding (Chang’a et al., 2020; Kijazi & Reason,
2009). In Mozambique, major river basins such as the Zambezi and Limpopo are
especially prone to flooding during these events, exacerbating the country’s cli-
mate vulnerability.

Moreover, urban areas in countries like Kenya, Tanzania, and Mozambique are
particularly vulnerable to flooding due to the rapid pace of urbanization, which
has outpaced the development of proper drainage systems. Nairobi, Dar es Sa-
laam, and Maputo have all experienced severe urban flooding in recent years,
leading to economic losses and the displacement of vulnerable populations living

in informal settlements.

2.2.Data

The analysis of spatial and temporal trends of extreme precipitation in Eastern
Africa during January 1981-2023 relies on a comprehensive dataset that includes
precipitation, SST, wind components, vertical velocity, and specific humidity.
These datasets were selected based on their high resolution, accuracy, and exten-
sive temporal coverage, providing a thorough understanding of precipitation dy-
namics in the region. Advanced statistical and geospatial techniques were applied
to process and analyze the data, revealing trends, variability, and relationships
with global climatic factors.

Precipitation data were sourced from the Climate Hazards Group InfraRed Pre-
cipitation with Stations (CHIRPS) dataset, which offers daily precipitation records
at a 0.05-degree resolution from 1981 to 2023. CHIRPS blends satellite imagery
with in-situ measurements, making it particularly valuable in Eastern Africa,
where ground-based observations are sparse. The dataset was used to derive ex-
treme precipitation indices (R10mm, R75p, and SDII) for a detailed assessment of
extreme rainfall events.

To improve accuracy, CHIRPS employs a statistical blending approach that
merges satellite and ground station data through Cold Cloud Duration (CCD) es-
timates, climatological calibration, and interpolation techniques like inverse dis-
tance weighting (IDW) and kriging. These methods correct biases and improve
spatial accuracy by giving more weight to ground-based measurements in areas
with dense networks while relying more on satellite estimates in regions with
fewer stations. Furthermore, CHIRPS implements rigorous quality control proce-
dures, such as bias correction, data validation, and outlier detection, ensuring the
reliability of the dataset for climate studies and extreme weather analysis.

Despite its strengths, CHIRPS has limitations, particularly in mountainous re-
gions where satellite-based infrared estimates struggle to capture orographic pre-

cipitation, and in areas with sparse ground observations. Additionally, CHIRPS
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tends to underestimate short-lived, high-intensity convective storms due to the
limitations of infrared satellite imagery. Nonetheless, it remains the primary da-
taset in this study due to its high-resolution coverage, temporal consistency, and
suitability for analyzing precipitation trends in data-scarce regions.

SST data were obtained from NOAA’s Extended Reconstructed Sea Surface
Temperature Version 5 (ERSSTv5). This dataset, known for its long-term conti-
nuity and global coverage, provides monthly SST values dating back to 1854. For
this study, SST data from December 1980 to 2022 was analyzed to examine the
influence of oceanic conditions on January precipitation patterns in Eastern Af-
rica. The dataset had a spatial resolution of 2° by 2°, allowing for an in-depth in-
vestigation of teleconnections between global SST anomalies and precipitation
variability.

Wind components (zonal and meridional winds) datasets from the NCEP Rea-
nalysis project, representing monthly mean wind speeds, facilitated the analysis of
atmospheric circulation patterns influencing precipitation variability. The data
include u-wind (east-west) and v-wind (north-south) components, covering a
spatial grid with 2.5° intervals. The temporal coverage from 1981 to 2023 enabled
an assessment of large-scale wind patterns, moisture transport, and convergence
zones impacting extreme rainfall in the region.

Vertical velocity (omega) data from NCEP Reanalysis were analyzed to under-
stand atmospheric convection linked to extreme precipitation. Omega values in-
dicate vertical air movement, with negative values associated with rising motion
and convective activity, often leading to precipitation. The dataset includes
monthly means at various pressure levels from 1000 hPa to 100 hPa.

Specific humidity data, another key atmospheric variable, were utilized to assess
moisture availability in the region. Specific humidity, measured in grams of water
vapor per kilogram of air, directly influences cloud formation and precipitation
processes. These data, spanning from 1981 to 2023, were extracted from the NCEP
Reanalysis project and analyzed across multiple pressure levels to evaluate mois-
ture transport patterns.

All of these datasets provided a robust foundation for analyzing extreme pre-
cipitation trends in Eastern Africa. The integration of precipitation data with at-
mospheric and oceanic variables facilitates the identification of the key mecha-
nisms influencing changes in extreme rainfall events and their spatial variability

across the region.

2.3. Methodology

This study employed a systematic approach to analyze the spatial and temporal
trends of extreme precipitation in Eastern Africa from January 1981 to 2023. The
methodology involved data preprocessing, calculation of precipitation indices,
statistical analyses, and visualization techniques. These steps ensured data quality,
consistency, and accuracy in identifying trends and patterns in extreme precipita-

tion events across the study region.
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Preprocessing of the acquired data involved removing outliers, filling missing
values using interpolation, and converting the dataset into a uniform grid format.
The precipitation data were clipped using shapefiles to exclude areas outside East-
ern Africa.

A monthly precipitation analysis was conducted by aggregating daily precipita-
tion values at each grid point, providing a comprehensive dataset that captured
seasonal variations. The monthly climatology for the study period was calculated,
along with area-averaged mean precipitation and standard deviation, to assess
variability. These calculations helped establish baseline precipitation patterns and
visualize seasonal fluctuations across Eastern Africa.

Extreme precipitation indices, including R10mm (days with precipitation > 10
mm), R75p (precipitation amount exceeding the 75th percentile), and SDII (Sim-
ple Daily Intensity Index), were computed to evaluate the frequency and intensity
of extreme rainfall events. These indices were analyzed spatially and temporally
to determine patterns of extreme precipitation and their variability. Spatial maps
were generated using Python to illustrate the distribution of these indices.

To detect trends in extreme precipitation, statistical analyses were performed
using the Mann-Kendall trend test, which identifies monotonic trends in time se-
ries data. Sen’s Slope Estimator was used to quantify the rate of change, while lin-
ear regression models offered a detailed representation and understanding of pre-
cipitation trends. Both temporal and spatial trends were examined to determine
variations at different locations and timescales. These statistical methods enabled
a robust assessment of how extreme precipitation has evolved over the study pe-
riod.

Furthermore, a composite analysis was conducted to examine the influence of
the South Pacific Convergence Zone (SPCZ) on precipitation variability in East-
ern Africa. Years were categorized into SPCZ warm and cold phases based on sea
surface temperature anomalies (20.5°C for warm years and <-0.5°C for cold
years). Anomalies in precipitation, moisture transport, and vertical velocity were
analyzed for each phase to assess their impact on extreme precipitation. Spatial
maps of these anomalies were generated to reveal the atmospheric circulation and

moisture transport mechanisms associated with SPCZ variability.

3. Results and Discussions

3.1. Annual Cycle of Precipitation over Eastern Africa: Temporal
Distribution and Standard Deviation of January Rainfall
(1981-2023)

The annual cycle of monthly precipitation over Eastern Africa is illustrated in Fig-
ure 2, with the bars representing the mean monthly precipitation (in millimeters)
and the error bars indicating the standard deviation.

November to April exhibit higher precipitation totals than the other months,
with January recording the highest mean precipitation (nearly 200 mm) and the

greatest interannual variability, as indicated by its highest standard deviation,
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ranging from around 50 mm to 340 mm. The large standard deviation suggests
substantial variation in January’s rainfall from year to year, indicating significant

unpredictability or fluctuations in precipitation patterns.
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Figure 2. Annual cycle of precipitation over Eastern Africa, illustrating the temporal
distribution and standard deviation of monthly rainfall from 1981 to 2023.

Conversely, the period from May through September demonstrates relatively
the lowest mean precipitation values, reflecting the region’s dry season. This ex-
tended dry period, characterized by minimal rainfall, stresses the heightened vul-
nerability of Eastern Africa to water scarcity, reduced agricultural productivity,
and broader socioeconomic challenges during these months. The low standard
deviations during this time indicate more consistent precipitation patterns than
the wet months. This consistency could facilitate planning for water resource man-
agement and dry-season crop scheduling.

In October, precipitation begins to increase, signaling the onset of the rainy
season. Rainfall intensifies further from November to January, reaching its peak,
and then gradually decreases from February to April, marking the end of the rainy
season. December, in particular, exhibits a notable rise in mean precipitation, ac-
companied by significant variability, as indicated by the error bars. This indicates
that while December often experiences substantial rainfall, the amounts can fluc-
tuate significantly from one year to the next.

October to May rains are primarily influenced by the southward migration of
the ITCZ, which enhances convective activity. The seasonal precipitation pattern
shows that November to April constitutes the primary wet season, with January
and February also experiencing notable rainfall, particularly in the southern parts
of the region. January’s peak rainfall further suggests that not all areas strictly fol-
low the conventional OND and MAM rainfall seasons.

The temporal distribution of precipitation in the Eastern Africa region is char-
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acterized by distinct wet and dry seasons. The pronounced variability in precipi-
tation during the wet months, showcases the challenges faced by the region in
managing water resources, ensuring agricultural productivity, safeguarding food
security, mitigating infrastructure damage, and addressing the impacts of extreme
precipitation events.

The annual precipitation cycle over Eastern Africa identified in this study aligns
with previous studies. The seasonal transition in rainfall from October to May,
driven by the southward migration of the ITCZ, is consistent with findings by
Williams and Funk (2011), who linked this migration to shifts in convective ac-
tivity and large-scale atmospheric circulation patterns. The identification of Jan-
uary as the peak rainfall month, rather than strictly following the conventional
OND and MAM rainfall seasons, is supported by Liebmann et al. (2014), who
highlighted variability in seasonal onset and intensity across different subregions

of Eastern Africa.

3.2. Climatological Spatial Patterns of January Precipitation and
Extreme Precipitation Indices (R10mm, R75p, and SDII)

The climatological spatial distributions of January precipitation and the three
key extreme precipitation indices (R10mm, R75p, and SDII) were analyzed for
January (1981-2023) across Eastern Africa (Figure 3). These indices reveal the
frequency, intensity, and contribution of extreme rainfall events to total precip-

itation, aiding in the identification of regional patterns of precipitation variabil-

ity.
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Figure 3. Eastern Africa’s January 1981-2023 climatological spatial distributions of (a)
January precipitation (mm), (b) R10mm (days), R75p (days), and SDII (mm/day).
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The January climatology of precipitation across Eastern Africa for the period
1981-2023 (Figure 3(a)) illustrates that the southern part of the region experi-
ences significantly higher rainfall than the northern part, with precipitation rang-
ing from 0.1 mm to 152 mm in the north and 152 mm to over 700 mm in the
south. The rainfall distribution indicates pronounced spatial variations in precip-
itation patterns, reflecting the diverse climatic conditions across the region.

The R10mm index, which represents the number of days with daily rainfall ex-
ceeding 10 mm, identifies areas with frequent moderate to heavy rainfall events.
The climatology of R10mm indicates that the highest frequencies ranging from
around 7.2 to 20.1 days are observed over the southern parts of the region (Figure
3(b)), particularly Madagascar (except the southern part), Zambia, Malawi, north-
ern Mozambique, northern Zimbabwe, and the southern, southwestern, and west-
ern parts of Tanzania. This suggests a higher likelihood of regular moderate to
heavy rainfall in these regions during January Moderate frequencies, between 4.3
and 7.2 days, are observed around the Lake Victoria basin, central Zimbabwe and
Mozambique, Rwanda, Burundi, southern Madagascar, and Tanzania’s central
and southern coastal regions, indicating a less frequent occurrence of moderate to
heavy rainfall in these areas. In contrast, northern areas, including Uganda, Kenya,
the northeastern highlands and extreme northern coast of Tanzania, and the
southern parts of Mozambique and Zimbabwe, are relatively drier.

The R75p index, which quantifies the contribution of moderate extreme rainfall
events (above the 75th percentile threshold) to total precipitation, further empha-
sizes the dominance of rainfall in most parts of the southern and southwestern
regions (Figure 3(c)), particularly Zambia, Malawi, Burundi, northern Mozam-
bique, northern Zimbabwe, Madagascar (except the southern part), and the south-
ern, southwestern, and western parts of Tanzania. These areas show the highest
contributions, indicating their vulnerability to heavy rainfall events during Janu-
ary. Moderate contributions are observed around the Lake Victoria basin, central
Zimbabwe and Mozambique, Rwanda, southern Madagascar, and the central and
southern coastal regions of Tanzania. This reflects that these areas are relatively
less frequently experiencing heavy rainfall events during January. In contrast,
northern areas, including northern Uganda, Kenya, the northeastern highlands
and northern coast of Tanzania, and the southern parts of Mozambique and Zim-
babwe, exhibit much lower contributions, consistent with their lower overall rain-
fall totals in this month.

The SDII index, which reflects the average intensity of rainfall on wet days,
reveals the spatial variability of rainfall strength across Eastern Africa (Figure
3(d)). High rainfall intensities, exceeding 16.9 mm/day, are observed in central
and southern Mozambique, parts of Madagascar, and eastern Zimbabwe. Scat-
tered areas of light to moderate rainfall intensities are observed in eastern Tan-
zania and southwestern Kenya, indicating that wet days in these regions are
characterized by relatively frequent but less intense rainfall events. In contrast,

the northern parts of the region, including northern, western, and central parts
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of Tanzania, Uganda, northern and eastern Kenya, Zambia, Malawi, western
Zimbabwe, Rwanda, Burundi, northern Mozambique, and some areas of south-
ern Madagascar, experience lower rainfall intensities, ranging from around 1.1
to 16.9 mm/day. These areas generally experience less intense rainfall events on
wet days.

This distribution is in line with the seasonal shifts of the ITCZ and other at-
mospheric systems that influence rainfall patterns across the region during this

period.

3.3. Temporal Trends of Rainfall Characteristics over Eastern
Africa (January 1981-2023)

The temporal trends of January precipitation and extreme rainfall indices (R10mm,
R75p, and SDII) for January across Eastern Africa from 1981 to 2023 are illus-
trated in Figure 4. The analysis of January precipitation trends (Figure 4(a)) re-
veals a statistically significant increase, indicating potential shifts in the region’s
rainfall patterns during the study period. The findings demonstrate a consistent
upward trend, suggesting that January precipitation has intensified over time.
This trend is visually evident and supported by robust statistical analyses, con-

firming the reliability and significance of the results.
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Figure 4. Temporal trends of January (1981-2023) precipitation and extreme rainfall indices across Eastern Africa, based on
the Mann-Kendall Test: (a) January precipitation (b) RI0mm, (c) R75p, and (d) SDIL
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A linear regression analysis of the data shows an overall increase in January
precipitation, with a slope of 0.844 mm per year. This steady upward trend is rep-
resented by the red dashed trendline, providing a clear depiction of increasing
precipitation over 43 years. This suggests a progressive shift in precipitation dy-
namics, with January becoming wetter over time. The statistical robustness of this
trend is further supported by the Mann-Kendall test, a widely used non-paramet-
ric method for detecting monotonic trends in time series data. The Mann-Kendall
test yields a p-value of 0.0191, confirming that the observed trend is statistically
significant at the 95% confidence level. This result allows for the rejection of the
null hypothesis, which posits no trend, and reinforces the conclusion of a positive
trend in January precipitation over the region.

The magnitude of this trend is further quantified using Sen’s Slope estimator, a
non-parametric method known for its effectiveness in calculating trend magni-
tudes in environmental and climatic datasets. Sen’s Slope estimate indicates an
annual increase of 0.74 mm per year in January precipitation, which provides ad-
ditional confidence in the identified trend. The agreement between the linear re-
gression and Sen’s Slope results further strengthens the consistency and robust-
ness of the findings.

This upward trend in January precipitation has significant implications for ex-
treme precipitation events in the region. As overall precipitation increases, the
likelihood of more frequent and intense extreme events grows.

Additionally, three extreme precipitation indices (R10mm, R75p, and SDII)
were analyzed to investigate the temporal trends of extreme precipitation in East-
ern Africa. These indices represent distinct aspects of extreme rainfall events and
are necessary for understanding precipitation dynamics across the region.

The analysis of RI0Omm days (days with precipitation exceeding 10 mm) for
January from 1981 to 2023 reveals a statistically significant increasing trend (Fig-
ure 4(b)). This trend signifies a notable shift in the region’s precipitation patterns,
with an increase in the frequency of intense precipitation events. The linear re-
gression analysis indicates an annual increase of 0.036 R10mm days per year, rep-
resented by the red dashed trendline. This consistent upward trend reflects the
growing frequency of heavy rainfall events in January across the region.

The Mann-Kendall test supports the statistical significance of this trend, with a
p-value of 0.0079, confirming at the 99% confidence level that the observed in-
crease in R10mm days is not due to random variability but a consistent change in
precipitation dynamics. Additionally, Sen’s Slope analysis estimates an annual in-
crease of 0.04 R10mm days per year, further validating the findings from the linear
regression.

In addition to R10mm, R75p days, which represent days with precipitation ex-
ceeding the 75th percentile, also show a statistically significant upward trend over
the study period (Figure 4(c)). The linear regression analysis reveals an annual
increase of 0.025 R75p days per year, indicating a steady rise in the frequency of
extreme precipitation events across Eastern Africa. This upward trend suggests
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that the region is experiencing a growing intensity of extreme rainfall, which could
have significant consequences for hydrological processes such as runoff and water
availability.

The Mann-Kendall test shows a p-value of 0.0113, indicating statistical signifi-
cance at the 95% confidence level. This result reinforces the observation of a per-
sistent increase in R75p days across the region. Sen’s Slope estimator further cal-
culates an annual increase of 0.02 days per year in R75p days, which aligns with
the results from the linear regression and Mann-Kendall tests.

An increasing trend in the standardized precipitation intensity index, Simple
Daily Intensity Index (SDII), for January from 1981 to 2023 reflects the variability
in the average rainfall intensity on wet days. indicates changes in rainfall intensity
over the study period (Figure 4(d)). The linear regression analysis shows an an-
nual increase of 0.056 mm/day in SDII, as indicated by the red dashed trendline.
This upward trend suggests that rainfall events have become increasingly intense
over the study period.

The significance of the SDII trend is further validated by the Mann-Kendall test,
which yields a p-value of 0.0002, well below the 1% threshold, confirming statis-
tical significance at the 99% confidence level. This result emphasizes the con-
sistency of the observed trend and provides strong evidence of increasing rainfall
intensity on wet days across the region. Sen’s Slope estimator estimates an annual
increase in SDII of 0.06 mm/day per year, supporting the conclusions drawn from
both the linear regression and the Mann-Kendall test.

The increasing trends in R75p, R10mm, and SDII emphasize a shift toward
more frequent and intense precipitation events in Eastern Africa. This change
brings potential benefits, such as improved water availability for agriculture,
and negative impacts, including flooding and soil erosion, which increase the
region’s vulnerability to extreme weather events. The intensification of extreme
precipitation further calls attention to the urgent need for adaptive strategies to
manage these risks, particularly in mitigating flooding and ensuring agricultural
resilience.

The spatial patterns of extreme precipitation indices reaffirm the influence of
the ITCZ, moisture advection from the Indian Ocean, and orographic effects in
shaping rainfall extremes across Eastern Africa. The observed variations in rainfall
intensity reflect the combined effects of large-scale atmospheric circulations and
local geographic factors, including elevation and proximity to water bodies. The
strong contrasts in R10mm, R75p, and SDII stress the heightened vulnerability of
southern and central regions to heavy rainfall events, while northern areas expe-
rience lower frequencies and intensities of extreme precipitation.

The increasing trends in January precipitation and extreme rainfall indices
(R10mm, R75p, and SDII) over Eastern Africa align with previous studies on re-
gional rainfall variability. The rise in heavy rainfall events is consistent with pro-
jections by Shongwe et al. (2011), while findings by Ayugi et al. (2022) further

indicate intensified precipitation and growing variability. These results strengthen
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the evidence of shifting precipitation patterns and increasing extreme rainfall

events in the region.

3.4. Spatial Trends of January Precipitation and Extreme
Precipitation Indices for January in Eastern Africa (1981-2023)

The spatial trends of January precipitation and associated extreme precipitation
indices in Eastern Africa between 1981 and 2023 are displayed in Figure 5. The
spatial map of January precipitation trends (Figure 5(a)) reveals distinct regional
variations in both the direction and magnitude of trends. The map illustrates areas
with increasing and decreasing rainfall, represented by a color gradient ranging
from deep blue (negative trends) to red (positive trends). Areas with significant
trends, as determined by the Mann-Kendall test, are marked with black dots, in-
dicating regions where the trends are statistically significant. These patterns show-
case the heterogeneous nature of January precipitation variability across the re-
gion.

In the southern parts of the study area, particularly parts of Mozambique,
northern and eastern Madagascar, northern Zimbabwe, southern Zambia, Ma-
lawi, as well as the southern and southwestern areas of Tanzania, significant pos-
itive precipitation trends are observed. These regions, highlighted in red and or-
ange, show an increase in January rainfall over the study period, with some areas

experiencing the most pronounced upward changes.
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Figure 5. Spatial trends of January (1981-2023) Precipitation and extreme rainfall indices across

Eastern Africa based on the Mann-Kendall Test: (a) January Precipitation Trend (mm/year), (b)
R10mm Trend (days/year), and (c) R75p Trend (days/year) (d) SDII Trend (mm/day/year).
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This trend suggests a general rise in precipitation across these areas, which
could have positive and negative implications. While increased rainfall may ben-
efit water resources and agriculture, it could also raise the risk of flooding, soil
erosion, and other hazards, particularly in vulnerable regions.

Conversely, the northern and central parts of the study area, particularly Kenya,
Uganda, the western and northern to central parts of Tanzania, and parts of
Rwanda and Burundi, exhibit predominantly negative precipitation trends. These
areas, shown in blue, have experienced a decline in January rainfall over the past
four decades, indicating a drying trend. Such changes raise concerns about poten-
tial water scarcity and the resulting challenges for agriculture, livelihoods, and
sustainable resource management.

The spatial distribution of R10mm trends over Eastern Africa during January
from 1981 to 2023 (Figure 5(b)) demonstrates significant regional variations in
extreme precipitation trends. These differences illustrate areas experiencing in-
creasing and decreasing frequencies of heavy rainfall days.

Regions in the central to southern parts of the study area, including western
Mozambique, northern Madagascar, western Zimbabwe, Malawi, parts of Zam-
bia, and some areas in the southern and southwestern Tanzania, exhibit signifi-
cant positive trends in R10mm, illustrated in shades of yellow, orange, and red.
These areas show an increase in the frequency of heavy rainfall days during Janu-
ary. While these upward trends may improve water availability for agriculture,
drinking water, and hydropower generation, they also increase the risks of flood-
ing, soil erosion, damage to infrastructure, and displacement of communities, par-
ticularly in southern Tanzania, Malawi, northern Madagascar, and western
Mozambique.

Conversely, the northern and central parts of the region, including Kenya,
Uganda, northern and central Tanzania, Rwanda, and Burundi, show weak to
moderate negative and positive trends in R10mm, represented by varying shades
of blue and yellow, respectively. Areas with negative trends have experienced a
decline in the frequency of heavy rainfall days over the past four decades, indicat-
ing drying trends. This decline further raises concerns about water scarcity, di-
minished agricultural productivity, and increased vulnerabilities for rural liveli-
hoods reliant on consistent rainfall. The observed drying trends in these regions
reveal the socioeconomic challenges associated with decreasing water availability,
including heightened competition for resources and the potential for conflict.

The spatial distribution of trends in the R75p index (precipitation on very wet
days), similarly showcases significant regional differences across Eastern Africa
during January from 1981 to 2023 (Figure 5(c)).

Regions shaded in yellow, orange, and red indicate an increase in precipitation
on very wet days. These include northern and southern parts of Mozambique,
southern, coastal, central, western, and southwestern parts of Tanzania, northern
and southeastern Madagascar, Malawi, and parts of Zambia and Zimbabwe. While

these increases can support agriculture, domestic water supplies, and hydropower
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production, they also heighten the risks of flooding, soil degradation, infrastruc-
ture vulnerability, and population displacement in areas with pronounced in-
creases.

On the other hand, much of Kenya and Uganda, northeastern Tanzania, and
parts of Rwanda, Burundi, and western Zambia exhibit weak to moderate negative
trends in R75p, shaded in varying intensities of blue and lime. These declines re-
flect a reduction in rainfall amounts on very wet days, raising concerns about wa-
ter shortages, declining agricultural productivity, and greater challenges to sus-
taining livelihoods in arid and semi-arid regions.

The spatial trend plot for the SDII during January from 1981 to 2023 (Figure
5(d)) demonstrates significant spatial variability. Positive trends, represented by
varying shades of red, indicate an increase in daily rainfall intensity over time,
whereas negative trends, depicted in shades of blue, suggest a decrease in rainfall
intensity. The dotted areas on the map denote statistically significant trends, em-
phasizing the reliability of these observed changes. Yellow and green hues repre-
sent moderate positive trends, whereas cyan and light blue indicate slight negative
trends.

Areas with deep red shading, such as coastal areas and northeastern parts of
Tanzania, northern and eastern Madagascar, few areas in southwestern Kenya,
Zimbabwe, and much of southern Mozambique, demonstrate strong positive
trends, suggesting intensifying rainfall events. This intensification is linked to an
increased frequency and severity of extreme precipitation, contributing to a
higher likelihood of heavy rainfall days, which could exacerbate flood risks and
impact water management in these areas.

In contrast, isolated areas with blue shading scattered across the region, partic-
ularly in northern Mozambique and parts of Tanzania, Zambia, Rwanda, Burundi,
and Kenya, indicate declines in rainfall intensity. This suggests a reduction in the
frequency and intensity of extreme precipitation events in these regions, poten-
tially leading to drier conditions and affecting water availability, agriculture, and
overall ecosystem health.

The contrast between these positive and negative trends in January precipita-
tion, along with the January R10mm, R75p, and SDII indices, particularly in areas
identified as significant by the Mann-Kendall test, demonstrates the spatial varia-
bility of extreme precipitation changes across the region. These variations indicate
shifts in the frequency and intensity of extreme rainfall events, which could have
significant implications for flood risk, water resource management, and agricul-
tural sustainability.

Our analysis validated the consistency and robustness of the results by compar-
ing our findings with previous studies on extreme precipitation trends in Eastern
Africa. Changes in extreme precipitation under different warming scenarios, as
reported by Ayugi et al. (2022), revealed increasing trends in precipitation inten-
sity, a pattern that aligns with our January findings. In a similar vein, an explora-
tion of CMIP5-simulated climate conditions by Otieno and Anyah (2013) high-
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lighted growing variability in extreme precipitation across East Africa, which is
reflected in our spatial trend analysis. Historical rainfall trends analyzed by Ni-
cholson (2017) and Funk et al. (2019) also indicated an increase in rainfall ex-
tremes in certain regions, further supporting our conclusions about heightened
flood risks. Additionally, Shongwe et al. (2011) projected intensified heavy rainfall
across parts of Africa, mirroring our findings in southern, southwestern, and
southeastern parts of Eastern Africa. These studies collectively support the relia-
bility of our results and showcase the growing impact of extreme precipitation in

the region.

3.5. Spatial Trends of Specific Humidity (g/kg) and Moisture
Transport Vectors and Vertical Velocity for January
(1981-2023)

Figure 6 illustrates the spatial trends distribution of specific humidity (q, g/kg) at
850 hPa, along with moisture transport vectors and vertical velocity (Pa/s) for Jan-
uary from 1981 to 2023. The spatial trends of specific humidity overlaid with wind
vector trends for January from 1981 to 2023 are displayed in Figure 6(a). The
results indicate a clear contrast in moisture trends across the Eastern Africa re-
gion. Black dots denote regions where these trends are statistically significant, sug-
gesting an elevated likelihood of extreme precipitation events in these areas.

An increasing trend in specific humidity is observed over southern, western,
and southwestern parts of the Eastern Africa region, suggesting an increasing
moisture content. In contrast, negative trends are evident over Kenya, northern
Uganda, and the northern coast and northeastern parts of Tanzania, pointing to
a reduction in atmospheric moisture, which may be linked to long-term drying
trends. This spatial divergence suggests that certain areas are experiencing in-
creased moisture availability while others are facing a decline, potentially affecting

regional precipitation patterns.
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Figure 6. Mann-Kendall trend of (a) specific humidity (shading, g/kg per year) at 850 hPa with moisture
transport vector trends (m/s per year), and (b) vertical velocity (omega) trends (shading, Pa/s per year)
across pressure levels (hPa), with overlaid zonal-mean meridional and vertical wind trend vectors (m/s
per year) for January 1981-2023.
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The black wind vectors illustrate changes in moisture transport over time, re-
vealing cyclonic patterns over parts of Zambia, western Tanzania, and the Mozam-
bique Channel extending to western Madagascar. This circulation pattern likely
enhances moisture convergence, contributing to increased precipitation in these
areas. Additionally, confluent wind patterns are evident over parts of Madagascar,
the Lake Victoria Basin, western Zimbabwe, and Zambia, further supporting mois-
ture accumulation and the potential for enhanced rainfall.

The observed drying tendencies may contribute to a decline in extreme pre-
cipitation events and an increase in consecutive dry days, affecting agricultural
productivity, water availability, and other socioeconomic sectors, such as food
security, hydropower generation, and ecosystem stability. Conversely, the in-
creasing moisture trends suggest a higher likelihood of extreme rainfall events,
potentially leading to flooding and associated hazards such as soil erosion, in-
frastructure damage, displacement of populations, and waterborne disease out-
breaks. These extreme precipitation events could disrupt transportation net-
works, overwhelm drainage systems, and negatively impact urban and rural set-
tlements. Furthermore, increased moisture availability may alter regional hy-
droclimatic patterns, influencing river discharge and groundwater recharge,
which could have positive and negative implications for water resource man-
agement.

Figure 6(b) presents the vertical trends in atmospheric circulation and pres-
sure-level anomalies for January from 1981 to 2023, illustrating the large-scale at-
mospheric dynamics influencing extreme precipitation trends in Eastern Africa
and adjacent regions. The color shading represents the linear trend in vertical ve-
locity, where negative values (shaded in blue) indicate enhanced upward motion
(rising air), which is associated with convection and increased precipitation, while
positive values (shaded in red) represent increasing downward motion (subsid-
ence), which is linked to drying conditions and suppressed convection. The over-
laid arrows depict the meridional and vertical wind components, showing the
changes in the circulation patterns over time. The y-axis represents the atmos-
pheric pressure levels, ranging from 1000 hPa (near the surface) to 100 hPa (in the
upper troposphere), while the x-axis represents latitude, covering the equatorial
and subtropical regions.

A distinct feature in this figure is the strong upward motion trend over the
equatorial region, particularly between 15° S and 2° N, covering the southern,
southeastern, and southwestern parts of the region. In these areas, significant neg-
ative vertical velocity trends extend from the lower levels near the surface up to
the upper troposphere, indicating an increasing tendency for convection. The sig-
nificant rising motion trends (marked by black dots) align with observed increases
in extreme precipitation, suggesting a growing likelihood of heavy rainfall events.
This trend reflects strengthening convective activity, which favors the develop-
ment of deep cloud systems and intense precipitation.

Conversely, a strong positive vertical velocity trend is observed centered around
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5° N to 15° N, indicating increasing subsidence over this latitude. The enhanced
downward motion suggests a drying tendency, which suppresses convection and
may lead to more frequent dry spells or drought conditions, particularly in Kenya
and Uganda.

The strengthening of upward motion over the southern part of the region indi-
cates an increasing trend in extreme precipitation events, while the enhanced sub-
sidence to the north suggests a shift toward drier conditions. This contrasting pat-
tern of rising and sinking motions reflects large-scale atmospheric circulation ad-
justments, likely driven by changes in the Hadley or Walker circulation over the
region. The wind vector trends further emphasize the structural changes in the
vertical circulation. The arrows indicate a strengthening of upper-level divergence
in ascending regions, which enhances convection and supports the development
of extreme precipitation events, such as intense storms and heavy rainfall. Con-
versely, an enhanced downward transport of air is observed in subsiding regions,
reinforcing stable and dry conditions, which can contribute to prolonged dry
spells and an increased risk of drought.

The observed moisture transport and vertical velocity trends are strongly influ-
enced by large-scale circulation patterns associated with the Northeast Monsoon
and the seasonal position of the ITCZ during January. The strengthening of up-
ward motion and increased moisture availability over the southern, southwestern,
and western parts of Eastern Africa coincide with the influence of monsoonal
winds, which transport moisture-laden air from the Indian Ocean and the Congo
Basin. This convergence supports convective activity and enhances precipitation
in these areas. Conversely, the suppressed convection and drying tendencies over
northern and northeastern parts of the region align with the position of the ITCZ,
which shifts southward during this period, reducing moisture inflow and favoring

subsidence.

3.6. Correlation between Extreme Precipitation Indices (R10mm,
R75p, and SDII) and Global SST

The Pearson correlation coefficients were used to examine the relationship be-
tween extreme precipitation indices (R10mm, R75p, and SDII) and global SST
over Eastern Africa from January 1981 to 2023, with significant correlations high-
lighted in various oceanic regions (Figure 7). Regions with significant correla-
tions, as tested using the Mann-Kendall test, are marked with black dots.
R10mm shows significant positive correlations with SSTs in the southwestern
and southeastern Pacific Oceans and the tropical Atlantic Ocean (Figure 7(a)).
The southwestern Pacific region corresponds to the SPCZ, a key area of deep con-
vection and atmospheric moisture convergence. Warmer SST's in these regions
enhance atmospheric moisture and convection, leading to more frequent heavy
rainfall events in Eastern Africa. However, negative correlations are observed in
the far southwestern Pacific, where warmer SSTs are linked to fewer heavy pre-

cipitation days.

DOI: 10.4236/gep.2025.134004

69 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.134004

D. J. Masunga et al.

R75p reveals strong positive correlations in the tropical Atlantic, SPCZ, and the
Indian Ocean (Figure 7(b)). These areas show that warmer SSTs increase the fre-
quency and intensity of extreme precipitation events. In contrast, some regions in
the southwestern and far southeastern Pacific show negative correlations, suggest-
ing that higher SST's may suppress extreme precipitation due to changes in atmos-
pheric circulation.

SDII demonstrates strong positive correlations with SST's in the Indian Ocean,
some regions in the western and eastern Pacific Oceans, and the Atlantic Ocean
(Figure 7(c)), implying that higher SSTs intensify rainfall over Eastern Africa.
Negative correlations are observed in the southwestern Pacific, indicating that
cooler SST's are linked to increased precipitation intensity in the region.

Although multiple oceanic regions exhibit significant correlations with extreme
precipitation indices, the SPCZ (the region labeled “A” in Figure 7) emerges as
the most persistent and influential driver of rainfall variability in Eastern Africa.
Other regions, including the tropical Atlantic, eastern Pacific, northwestern Pa-
cific, and Indian Oceans, exhibit notable correlations, but their influence appears
more variable and less consistent across different indices. Notably, the SPCZ con-
sistently displays strong correlations, accurately capturing the precipitation pat-
terns in the study region. Given the high correlation between R10mm and other
extreme precipitation indices (R75p and SDII), R10mm is used as a representative
index to analyze the SPCZ’s influence on precipitation variability. To further in-
vestigate this relationship, Figure 8 illustrates the distinct anomalies in R10mm
precipitation, moisture transport, and vertical velocity associated with SPCZ
warm and cold years, pointing out their direct impact on rainfall distribution over
Eastern Africa.

3.6.1. Impact of SPCZ Warm and Cold Years on Precipitation Anomalies in
Eastern Africa

To assess the influence of SPCZ variability on precipitation patterns over Eastern
Africa, precipitation anomalies for January (1981-2023) were analyzed during
SPCZ warm (20.5°C) and cold (£-0.5°C) years. The SST anomalies defining
SPCZ warm and cold years were computed for December (1980-2022). The SPCZ
warm years identified are 1988, 1996, 1998, 2005, 2008, 2010, 2011, 2013, 2018,
2020, 2021, and 2022, while the SPCZ cold years include 1980, 1982, 1983, 1984,
1986, 1987, 1989, 1991, 1992, 1994, 1997, 2006, 2014, and 2015.
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Figure 7. Correlation between extreme precipitation indices (a) R10mm, (b) R75p, and (c) SDII, and Global SSTs.
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Figure 8. Composite anomalies during SPCZ warm (left) and cold (right) years (defined in
December), showing their impact on precipitation and atmospheric circulation in Eastern
Africa (January 1981-2023). (a, b) R1I0mm anomalies (days/year), (c, d) vertical velocity
(shading, 1072 Pa/s) with meridional wind vectors (m/s) across pressure levels (hPa), and (e,
f) moisture transport (kg-m-s7!) at 850 hPa, with shading for specific humidity (g/kg) and
arrows for wind anomalies.

R10mm anomalies, moisture transport anomalies, and vertical velocity anom-
alies during SPCZ warm and cold years (January 1981-2023), illustrate the signif-
icant influence of SPCZ on extreme precipitation in Eastern Africa (Figure 8).

Figure 8(a) depicts the anomalies in the number of days exceeding 10 mm of
precipitation (R10mm) during SPCZ warm years. A shift towards wetter condi-

tions is observed across most of Eastern Africa, with widespread positive anoma-
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lies indicating more extreme precipitation days. The most significant increases,
exceeding +2.4 days/year, are concentrated in Tanzania, Zimbabwe, southern
Mozambique, and parts of Zambia. However, Madagascar experiences negative
precipitation anomalies in the southern part, where reductions reach below —1.2
days/year. This indicates that SPCZ warm phases enhance moisture transport and
convection over mainland Eastern Africa, leading to wetter conditions, while
causing drier conditions over southern Madagascar.

Conversely, Figure 8(b) illustrates the spatial distribution of RI0mm anomalies
during SPCZ cold years. The results indicate a significant decrease in precipitation
across most of the region. The strongest reductions in precipitation are observed
in Zimbabwe, southern Mozambique, Uganda, Kenya, and most parts of Tanza-
nia, with anomalies reaching below —2.4 days/year. However, localized positive
precipitation anomalies are evident in parts of Madagascar, where precipitation
increases up to approximately +1.8 days/year. The results suggest that SPCZ cold
phases are associated with drier conditions over mainland Eastern Africa, likely

due to suppressed convection and reduced moisture transport.

3.6.2. Vertical Velocity Anomalies during SPCZ Warm and Cold Years
Figures 8(c) and Figure 8(d) demonstrate the vertical velocity anomalies (Pa/s)
during SPCZ warm and cold years, respectively, illustrating the atmospheric cir-
culation differences associated with changes in the SPCZ. The shading represents
vertical velocity anomalies, where blue indicates negative values (upward motion),
which are associated with enhanced convection and precipitation, and red signi-
fies positive values (downward motion), which are linked to suppressed convec-
tion and drier conditions.

Figure 8(c) shows a pronounced upward motion in the central region, partic-
ularly around the southern latitudes, suggesting intensified convective activity and
an increased likelihood of extreme precipitation in these areas. In contrast, during
the SPCZ cold years (Figure 8(d)), these areas experienced a dominant downward
motion, signifying suppressed convection, enhanced atmospheric stability, and a
corresponding reduction in rainfall.

Wind vectors overlaid on both panels illustrate circulation patterns. In the
warm SPCZ years, enhanced convergence supports stronger ascent, promoting
precipitation, whereas in cold years, increased subsidence limits convective devel-
opment, leading to drier conditions. This demonstrates how SPCZ variability sig-

nificantly influences extreme precipitation in the region.

3.6.3. Moisture Transport Anomalies during SPCZ Warm and Cold Years
(January 1981-2023)

Figures 8(e) and Figures 8(f) present the composite anomalies of moisture
transport during SPCZ warm and cold years, respectively, based on January data
from 1981 to 2023. The shading represents specific humidity anomalies (q, in g/kg),
while the arrows indicate wind anomaly vectors. The analysis reveals atmospheric

moisture flux variations and their potential influence on precipitation patterns over
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Eastern Africa.

During SPCZ warm years, characterized by positive SST anomalies (=0.5°C),
there is a notable increase in moisture transport across most of the Eastern Africa
region (Figure 8(e)). The positive specific humidity anomalies (red shading) in-
dicate enhanced moisture availability. The southwestern region and the Lake Vic-
toria basin exhibit relatively higher moisture levels than other areas. The wind
anomaly vectors indicate a strong convergence of moisture-laden air and cyclonic
flow patterns over the southwestern part of the region. Additionally, the conver-
gence of moist wind patterns is evident over southern, southwestern, and north-
ern coast parts of Tanzania and northern Madagascar, which may contribute to
increased convective activity and precipitation in these areas. This pattern sug-
gests a more active hydrological cycle with a higher likelihood of extreme precip-
itation events.

Conversely, during SPCZ cold years, associated with negative SST anomalies
(£-0.5°C), the moisture transport patterns exhibit significant reductions in spe-
cific humidity (blue shading) over the Eastern Africa region (Figure 8(f)). The wind
anomalies indicate a shift in circulation, with an apparent divergence over western
Tanzania and the southwestern parts of the region. Furthermore, the ridge system
is seen over southern and northern Madagascar and the northern part of the re-
gion. This condition suggests reduced moisture influx, suppressing convective ac-
tivity and potentially leading to a decrease in precipitation, increasing the likeli-
hood of prolonged drier conditions over these areas. However, convergence pat-
terns over northern Madagascar may counteract this trend, promoting enhanced
convective activity and potentially leading to increased precipitation in the region.

The observed differences in moisture transport between SPCZ warm and cold
years illustrate its role in modulating large-scale ocean-atmosphere interactions
and influencing precipitation extremes over Eastern Africa. The increased mois-
ture convergence during SPCZ warm years supports enhanced rainfall, potentially
leading to extreme precipitation events. In contrast, SPCZ cold years are charac-
terized by moisture divergence and reduced precipitation, increasing the risk of
drought conditions. This emphasizes the strong teleconnections between the SPCZ
and Eastern African rainfall variability, contributing to the broader understanding
of regional climate dynamics and extreme precipitation trends. It also reinforces the
necessity of accounting for SPCZ-related influences in climate trend assessments.

This analysis confirms that SPCZ variability significantly modulates extreme
precipitation trends in Eastern Africa. Therefore, changes in SPCZ-related SST
patterns can serve as key indicators for predicting extreme precipitation events,
improving seasonal forecasts, and enhancing climate resilience strategies in the

region.

4. Conclusion and Recommendations

4.1. Conclusion

This study examines the spatial and temporal dynamics of extreme precipitation
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in Eastern Africa from January 1981 to 2023, focusing on key precipitation indices
such as R10mm, R75p, and SDII. The analysis reveals significant trends in the
frequency and intensity of extreme precipitation events, indicating the region’s
increasing vulnerability to extreme weather. Key findings include:

1) Temporal Trends: Statistically significant increasing trends in January pre-
cipitation and extreme precipitation indices (R10mm, R75p, and SDII) signal a
rise in the frequency and intensity of extreme precipitation events, which may
exacerbate the severity of weather-related challenges across the region.

2) Spatial Variations: Positive trends in extreme precipitation were observed in
southern regions, including parts of Mozambique, Madagascar, Malawi, Zambia,
Zimbabwe, and southern Tanzania. In these areas, increases in extreme rainfall
are likely to exacerbate flooding, waterlogging, and soil erosion, leading to signif-
icant disruptions in agriculture, infrastructure, and local economies. The frequent
occurrence of such events could increase vulnerability to crop failure, as much of
the population in the region relies on rain-fed agriculture, and strain water man-
agement systems. Furthermore, these hydrological impacts could lead to displace-
ment of communities, damage to infrastructure, and increased economic losses,
further deepening food insecurity and hampering development efforts. In con-
trast, northern and central regions exhibited mixed trends, suggesting varied im-
pacts on resources and livelihoods throughout the region. These spatial differ-
ences reflect the varied climatic influences and localized effects of extreme precip-
itation events across Eastern Africa.

3) Global SST Influence: The study reveals that global SST's are significantly linked
to extreme precipitation patterns in Eastern Africa. Higher SSTs in the tropical At-
lantic, Indian Ocean, and Pacific enhance moisture availability and convection, am-
plifying the frequency and intensity of extreme precipitation events.

4) Role of SPCZ Variability: A key finding of this study is the dominant influ-
ence of the SPCZ on extreme precipitation in Eastern Africa. SPCZ warm years
correspond with widespread positive precipitation anomalies across most parts of
the region, while SPCZ cold years are generally associated with drier conditions
over mainland Eastern Africa. These results indicate that variations in SPCZ-re-
lated SST patterns serve as a key driver of rainfall variability. The observed links
between SPCZ variability and extreme precipitation trends emphasize its potential
as a predictor for seasonal precipitation anomalies in Eastern Africa. Changes in
SPCZ-related SST's are important factors to be considered when forecasting ex-
treme precipitation, improving early warning systems, and informing climate ad-
aptation measures. Given the increasing intensity of extreme rainfall events in the
region, integrating SPCZ-based forecasting into climate resilience strategies can
enhance preparedness for weather extremes and reduce socio-economic vulnera-

bilities
4.2. Recommendations

Given the increasing frequency and severity of extreme precipitation events in
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Eastern Africa, it is imperative to adopt proactive measures to mitigate impacts
and build resilience in the region. The following initiatives are essential to ad-
dressing these challenges and improving preparedness across the region:

i) Strengthening monitoring systems through the establishment of robust me-
teorological networks and satellite-based remote sensing technologies can enhance
the prediction of extreme events and improve early warning systems.

ii) Investments in climate-resilient infrastructure, particularly in urban areas
prone to flooding, such as Nairobi, Dar es Salaam, Kampala, and Maputo, are es-
sential to reduce risks related to inadequate drainage and rapid urbanization.

iii) Promoting sustainable land management practices, reforestation, and soil
conservation will help mitigate flood risks and enhance natural resilience.

iv) Integrating climate adaptation strategies into national development plans,
and fostering regional collaboration like the East African Community (EAC) frame-
work, will facilitate resource sharing and address cross-border challenges.

v) Enhancing early warning systems tailored to regional weather patterns, along-
side raising awareness and empowering local communities to engage in adaptation
planning, will ensure better preparedness for extreme precipitation events.

vi) Encouraging further research on climate variability and extreme precipi-
tation while extending the analysis to other months for a more comprehensive
understanding of year-round precipitation patterns. Conducting in-depth re-
search on the links between extreme precipitation events and climate variability
will provide a deeper understanding of evolving climate risks in Eastern Africa.
Studies should focus on the role of global and regional climate drivers, including
SST anomalies, atmospheric circulation patterns, and land-atmosphere interac-
tions, to enhance predictive capabilities and inform climate adaptation strate-
gies. Given the demonstrated influence of SPCZ dynamics on regional rainfall,
future research should explore how SPCZ-related SST anomalies drive regional
precipitation variability. Understanding the interactions between land-atmos-
phere processes, large-scale circulation patterns, and SPCZ dynamics will im-
prove seasonal forecasting and early warning systems. Strengthening collabora-
tions between universities, research institutions, and meteorological agencies is
so necessary to generate knowledge and develop innovative solutions for climate

resilience in the region.
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