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ABSTRACT 11 

Interannual rainfall variability presents critical challenges across eastern Africa. However, 12 

studies often focus on trends in seasonal rainfall totals, overlooking the intraseasonal 13 

characteristics that directly affect societal livelihoods. Our analysis of daily rainfall from the 14 

Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset (1982–2023) 15 

reveals significant and contrasting shifts across the region. In northern East Africa, the rainy 16 

season has lengthened by over a month and become wetter due to a higher frequency of rainy 17 

days. Similarly, the season in southern East Africa has lengthened by three weeks and become 18 

wetter, primarily due to rising rainfall intensity. Over the bimodal eastern Horn of Africa, the 19 

trends diverge sharply: the boreal spring "long rains" have shortened by up to a month and 20 

become drier with fewer rainy days, with intensity increasing in the southeast but decreasing 21 

in the northeast. Conversely, the boreal fall "short rains" have become longer and wetter in the 22 

northeast, while shortening and becoming drier in the southeast. Crucially, for both the long 23 

and short rains, changes in the number of rainy days are the primary factor determining seasonal 24 

totals; even where intensity has increased, it often fails to offset the decline caused by fewer 25 

rain events. These findings underscore the need for climate adaptation strategies to specifically 26 

account for sub-regional shifts in rainfall frequency and intensity. Longer dry periods between 27 

rainfall events may produce stress not represented by seasonal totals, while more intense 28 

rainfall may offer opportunities for water storage and infiltration. 29 

1. Introduction 30 

Most rural communities in eastern Africa depend on seasonal rains not only for agriculture 31 

(Cocking et al. 2024; Schwarzwald and Seager 2024) but also for the replenishment of 32 

groundwater wells that supply drinking water (Adloff et al. 2022). In recent years, the 33 

increasing variability of these rains has had devastating socioeconomic consequences. For 34 

example, the anomalously wet October-November-December (OND) 2019 rains (Nicholson et 35 

al. 2022) caused widespread flooding and landslides, affecting over 2 million people 36 

(Wainwright et al. 2020). Similarly, the exceptionally wet March-April-May (MAM) 2020 37 

season led to a rapid rise in Lake Victoria’s water levels, reaching record heights and resulting 38 

in further floods and displaced populations, including those in South Sudan (Marsham 2020). 39 

In contrast, from late 2020 to late 2022, both the OND and MAM seasons were unusually dry, 40 

triggering a severe humanitarian crisis across Ethiopia, Kenya, and Somalia (IGAD Climate 41 

Prediction and Applications Center (ICPAC) 2022; Funk et al. 2023b; Kimutai et al. 2025). 42 
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Over 20 million people faced acute food insecurity due to widespread crop failures and 43 

livestock losses (ICPAC 2022; Funk et al. 2023b).  44 

Beyond the variability in the seasonal rainfall totals, it is the increasing year-to-year 45 

fluctuations in the timing of the rainy season, as well as the distribution and intensity of 46 

individual rain events, that more directly impact societal livelihoods. For instance, consecutive 47 

seasons with delayed onsets and fewer rainy days can lead to reduced crop yields and failed 48 

harvests, posing serious threats to food security. It is therefore crucial to examine changes in 49 

these intraseasonal characteristics. Insights from such an assessment can reveal where these 50 

shifts are occurring across eastern Africa, providing essential information for developing 51 

targeted adaptation strategies and supporting the resilience of climate-vulnerable communities 52 

in the face of future climate change. 53 

Numerous studies, based on station observations (e.g., Seleshi and Zanke 2004; Majaliwa 54 

et al. 2015; Otte et al. 2017), satellite data (e.g., Jury and Funk 2013; Funk et al. 2015b; Rowell 55 

et al. 2015; Cattani et al. 2018; Diem et al. 2019; Seregina et al. 2019; Palmer et al. 2023; 56 

Schwarzwald and Seager 2024), and local farmers’ recollections (e.g., Nimusiima et al. 2013; 57 

Diem et al. 2017; Salerno et al. 2019; Yvonne et al. 2020) have documented changes in seasonal 58 

rainfall across eastern Africa. On a regional scale, studies have reported contrasting trends. For 59 

instance, Seregina et al. (2019) found a wetting trend in northern East Africa during June-July-60 

August-September (JJAS) and in the Horn of Africa during OND over the period 1983–2013. 61 

In contrast, they observed a drying trend from November to April in southern East Africa and 62 

during MAM in the Horn. Similarly, Maidment et al. (2015) found comparable patterns in a 63 

continental-wide analysis from 1983–2010. However, the majority of these studies have 64 

primarily focused on trends in seasonal rainfall averages or totals, often defining rainy seasons 65 

by fixed calendar months. This approach overlooks the substantial spatial and temporal 66 

variability in the timing and duration of rainy seasons (Dunning et al. 2016; Seregina et al. 67 

2019; Cocking et al. 2024). Notably, Wainwright et al. (2019) showed that the decline in MAM 68 

rains from the early 1980s to the late 2000s was associated with a shorter rainy season, marked 69 

by delayed onset and earlier cessation.  70 

Besides, changes in seasonal rainfall totals can result from variations in both the number of 71 

rainy days and rainfall intensity (Camberlin et al. 2009; Liebmann et al. 2017). Together with 72 

the timing and duration of the rainy season, these factors, collectively referred to as 73 

intraseasonal characteristics, are key determinants of overall seasonal rainfall and play a pivotal 74 
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role in agricultural decision-making. Despite their importance, these characteristics have 75 

received relatively little attention in studies of eastern Africa. In particular, it remains unclear 76 

whether observed trends in seasonal rainfall totals are primarily due to changes in the frequency 77 

of rainy days, rainfall intensity, or a combination of both. Moreover, the spatial and temporal 78 

patterns of these intraseasonal characteristics, how they are changing over time, and where 79 

these changes are most pronounced remain poorly understood. This study addresses these gaps 80 

by asking: “Have the characteristics of the rainy seasons in eastern Africa changed in recent 81 

decades, and if so, how do these changes differ between areas with unimodal (one rainy season 82 

per year) and bimodal (two rainy seasons per year) rainfall regimes?”  83 

Unlike many previous studies that use fixed calendar months to define rainy seasons, we 84 

employ an objective, location-specific method to determine the timing of the rainy season. This 85 

approach allows for a more accurate investigation of interannual variability based on location-86 

specific definitions of seasonality. Using daily rainfall data from the Climate Hazards Infrared 87 

Precipitation with Stations (CHIRPS) dataset (Funk et al. 2015c), we examine changes in 88 

seasonal rainfall totals in relation to key intraseasonal characteristics: onset, cessation, rainy 89 

season length, number of rainy days, and rainy-day intensity. By decomposing the annual 90 

rainfall cycle into measures of timing, duration, amount, frequency, and intensity, we quantify 91 

how these aspects of seasonality have evolved across eastern Africa over the past four decades 92 

(1982–2023), with particular attention to differences between unimodal and bimodal rainfall 93 

regimes. 94 

The remainder of this paper is structured as follows: Section 2 outlines the data and 95 

methods. Section 3 presents the results. Finally, Section 4 provides the discussion and 96 

conclusions, synthesizing the study’s implications for understanding changes in the 97 

characteristics of the rainy seasons in eastern Africa. 98 

2. Data and Methods 99 

a. Rainfall data 100 

We use the daily CHIRPS dataset, which provides rainfall estimates at a 0.05° (5 km) grid 101 

resolution from January 1, 1981, to the present. Our analysis focuses on the period 1981–2024. 102 

CHIRPS combines multiple data sources, including thermal infrared satellite imagery, direct 103 

rain gauge measurements, monthly precipitation climatology (the Climate Hazards group 104 
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Precipitation Climatology; CHPClim), and reanalysis fields from the Coupled Forecast System 105 

version 2, to generate high-resolution rainfall estimates (Funk et al. 2015c).  106 

Researchers at the University of California, Santa Barbara have long focused on improving 107 

rainfall estimation in sub-Saharan Africa, particularly in regions with complex terrain critical 108 

for crop production. In the early 2000s, a gravity wave-based model of orographic rainfall 109 

enhancement (Funk and Michaelson 2004) was combined with interpolated station data to 110 

create the Collaborative Historical African Rainfall Model (Funk et al. 2003). Later research 111 

led to the development of advanced satellite-enhanced climatologies (Funk et al. 2015a), which 112 

enabled the CHIRPS product (Funk et al. 2015c) to capture precipitation more accurately in 113 

mountainous areas. An important aspect of the satellite-only Climate Hazards group Infrared 114 

Precipitation (CHIRP) product is its low bias compared to station data. This helps reduce 115 

spurious influences that can arise when the distribution of stations changes over time (Funk 116 

and Shukla 2022).  117 

In East Africa, Dinku et al. (2018) compared CHIRP and CHIRPS with ARC (African 118 

Rainfall Climatology) and TAMSAT (Tropical Applications of Meteorology using SATellite 119 

and ground-based observations) products using data from 1,200 independent stations. At 120 

dekadal and monthly timescales, CHIRP and CHIRPS showed the best performance and had 121 

almost no average bias. Across Africa, CHIRPS has been shown to be resistant to spurious 122 

trends arising from changes in station distribution (Maidment et al. 2015) due to the low bias 123 

in CHIRP (Dinku et al. 2018). While all satellite-based rainfall estimates face some limitations, 124 

CHIRPS is considered the most reliable product for East Africa because it was specifically 125 

designed for the region and incorporates additional station data from meteorological agencies 126 

and other partners. 127 

b. Classifying rainfall seasonality 128 

The seasonality of rainfall over eastern Africa is complex and exhibits pronounced 129 

regionality (Herrmann and Mohr 2011; Lyon 2014). This complexity is largely attributed to 130 

the region’s significant topographic variations (Fig. 1a) and its equatorial location (Herrmann 131 

and Mohr 2011).  132 

To simplify this complexity, we distinguished three broad seasonality classes: areas that 133 

are dry year-round, areas with one rainy season per year (unimodal regime), and areas with two 134 

rainy seasons per year (bimodal regime).  135 
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The classification process was as follows: First, we excluded grid points with a mean annual 136 

rainfall of less than 50 mm year-1, as these represent dry year-round areas with no distinct rainy 137 

season (grey areas in Fig. 1b). These areas, which are consistent  with the arid seasonality class 138 

identified by Herrmann and Mohr (2011), are primarily located in the Sahara Desert, parts of 139 

Djibouti and Eritrea, the northern tip of the Horn of Africa, and the Turkana region in Kenya.  140 

The remaining grid points were then classified as either unimodal or bimodal based on the 141 

natural logarithm of the ratio of the amplitude of the first harmonic to the amplitude of the 142 

second harmonic (Yang et al. 2015; Schwarzwald et al. 2023a). If this ratio is greater than zero, 143 

the grid point has a unimodal regime (one rainy season per year); if it’s less than zero, it has a 144 

bimodal regime (two rainy seasons per year), as shown in Fig. 1b. A unimodal regime is found 145 

in the northern and southern parts of the region, while a bimodal regime is predominant east of 146 

the highlands and near the equator. The identified unimodal and bimodal regimes are consistent 147 

with findings from previous studies (Liebmann et al. 2012; Yang et al. 2015; Dunning et al. 148 

2016; Schwarzwald et al. 2023b). 149 

The typical seasonal rainfall cycle for each regime is shown in panels (c) to (e) of Fig. 1 150 

for three representative countries. South Sudan and Tanzania each experience one rainy season 151 

per year, occurring during boreal summer (Fig. 1c) and boreal winter/austral summer (Fig. 1e), 152 

respectively. In contrast, Somalia experiences two rainy seasons per year (Fig. 1d), commonly 153 

referred to as the boreal spring “long rains” and boreal fall “short rains.”  154 
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 155 

Fig. 1. Topography and rainfall seasonality of eastern Africa. (a) Elevation map of eastern 156 

Africa, highlighting the 11 countries in the region. (b) Map showing the natural logarithm of 157 

the ratio of the amplitude of the first harmonic to the amplitude of the second harmonic. Grey 158 

shading indicates areas that are dry year-round. Panels (c)-(e) show representative 159 

climatological seasonal rainfall cycles. The light-colored shading indicates the 0.1–0.9 160 

interquartile range of the area-weighted average calculated across all years (1981–2024) for 161 

each calendar day. The lines are smoothed using a 30-day running mean. 162 

c. Determining the onset and cessation of the rainy season 163 

The onset and cessation dates of the rainy season were determined using the anomalous 164 

accumulation method of Dunning et al. (2016), which builds on the methodology originally 165 

developed by Liebmann et al. (2012) for regions with a unimodal rainfall regime. Unlike 166 

approaches that rely on fixed thresholds, this method defines the rainy season as the period 167 

when rainfall is continuous in occurrence, duration, and intensity relative to the local 168 

climatological daily mean (Diaconescu et al. 2015). By emphasizing a sustained wet period, it 169 

reduces the likelihood of false onsets, that is, single heavy rainfall events followed by 170 

prolonged dry spells, which can be particularly damaging to recently planted crops (Dunning 171 

et al. 2016). Full methodological details are provided in Dunning et al. (2016); a summary is 172 

given here. 173 
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For each grid point, the climatological wet season is determined by identifying the minima 174 

and maxima in the climatological cumulative daily rainfall anomaly, 𝐶(𝑑), calculated as: 175 

𝐶(𝑑) = ∑ (𝑄𝑖 − 𝑄̅)𝑑
𝑖=1𝐽𝑎𝑛  176 

where 𝑄𝑖 is the climatological mean rainfall for each day 𝑑 within the range of 177  [1 Jan − 31 Dec], and 𝑄̅ is the climatological daily mean rainfall. The minima and maxima of 178 𝐶(𝑑) define the start (𝑑𝑠) and end (𝑑𝑒) of the climatological wet season, respectively. This 179 

calculation is performed separately for grid points with unimodal and bimodal regimes. 180 

Next, the onset and cessation of the rainy season in each individual year are determined. 181 

For each season and year, a cumulative rainfall anomaly 𝐴(𝐷) similar to 𝐶(𝑑) above, is 182 

calculated as:  183 

𝐴(𝐷) = ∑ (𝑅𝑗 − 𝑄̅),   𝑘 ∈ {20, 50}𝐷
𝑗=𝑑𝑠−𝑘  184 

where 𝑄̅ is the climatological daily mean rainfall (as defined as above) and 𝑅𝑗 is the rainfall on 185 

day 𝑗. Unlike in the climatological calculation, 𝑗 does not span the entire year but instead ranges 186 

from 𝑑𝑠 − 𝑘 to 𝑑𝑒 + 𝑘.  For grid points with bimodal regime, 𝑘 = 20; for unimodal grid points, 187 𝑘 = 50. The onset date is defined as the day following the minima in 𝐴(𝐷), after which rainfall 188 

becomes persistent in occurrence, duration, and intensity (Diaconescu et al. 2015). The 189 

cessation date is the day of the maxima that follows this minima. Because some seasons can 190 

overlap into the next calendar year, as is the case in Burundi and Tanzania, we did not calculate 191 

onset and cessation dates for the first (i.e., 1981) and last (i.e., 2024) years of the dataset. 192 

After determining the onset and cessation dates for each year, we calculated the following 193 

rainy season metrics:  194 

• Length of the rainy season: The number of days between the onset and the cessation, 195 

which indicates the season's duration. 196 

• Total seasonal rainfall: The sum of daily rainfall from the onset to the cessation. 197 

• Number of rainy days: The count of days between the onset and cessation with rainfall 198 

≥ 1 mm day-1, which is indicative of the frequency of rain events. This threshold is 199 
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widely used and is an operational standard for the regional climate centre for eastern 200 

Africa, ICPAC (Gudoshava et al. 2020). 201 

• Average rainfall per rainy day: The mean rainfall over all rainy days, which provides a 202 

measure of intensity. 203 

d. Trend calculation 204 

Trends in rainy season metrics were assessed using two non-parametric methods: the Theil-205 

Sen slope estimator (Theil 1950; Sen 1968) and the Mann-Kendall test (Kendall 1938; Mann 206 

1945). The Theil-Sen slope estimator, which is robust to outliers, calculates the trend as the 207 

median of all pairwise slopes between data points. The Mann-Kendall test then evaluates the 208 

statistical significance of these trends, with the null hypothesis being that no trend is present. 209 

Significance was assessed at the 95% confidence level (𝑝 < 0.05).  210 

To quantify trend uncertainty, we applied a non-parametric bootstrap procedure alongside 211 

the Theil-Sen slope estimator. For each sub-region (Fig. 5), area-averaged annual time-series 212 

for each rainy season metric were first extracted. We then performed 10,000 bootstrap 213 

iterations, where each iteration consisted of generating a resampled series of equal length (42 214 

years) by drawing annual values with replacement from the original record. For every 215 

resampled series, Sen’s slope and intercept were recomputed, producing an ensemble of 216 

bootstrapped trend lines. The 95% confidence intervals were derived from the empirical 217 

distribution of these trend realizations, defined by the 2.5th and 97.5th percentiles. This non-218 

parametric approach provides a robust, distribution-free measure of uncertainty that 219 

complements the Mann-Kendall significance test. 220 

e. Interpretation of trend metrics 221 

Trends are expressed in units relevant to each metric: days decade-1 for onset, cessation, 222 

rainy season length, and number of rainy days; mm decade-1 for total seasonal rainfall; and mm 223 

day-1 decade-1 for average rainfall per rainy day. A negative (positive) trend in onset or 224 

cessation indicates a shift toward an earlier (later) onset or cessation date. A positive (negative) 225 

trend in rainy season length indicates that the season is becoming longer (shorter). For the other 226 

metrics, a positive (negative) trend reflects an increase (decrease). 227 

3. Results 228 
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a. Changes in the characteristics of the rainy season within the unimodal regime 229 

We begin by examining areas with a unimodal regime, which is characterized by one rainy 230 

season per year. As depicted in Fig. 1b, this regime is typically found across northern and 231 

southern East Africa. Northern East Africa (NEA) encompasses areas north of the equator, 232 

including northern Uganda, northwestern Kenya, South Sudan, Sudan, Djibouti, Eritrea, and 233 

northern and western Ethiopia. Southern East Africa (SEA) refers to areas south of the equator, 234 

broadly covering parts of southern Kenya, Burundi and Tanzania. 235 

Across NEA, on average, the onset of the rainy season progresses northward from northern 236 

Uganda in early April to northern Sudan and northern Ethiopia by mid-July (Fig. S1). In 237 

contrast, the cessation progresses southward from early September in northern Sudan, Eritrea, 238 

and Ethiopia to early November in South Sudan and northern Uganda (Fig. S1). Fig. 2a shows 239 

an earlier onset of the rainy season, with a trend of 6 days decade-1, while Fig. 2b indicates a 240 

later cessation of 4 days decade-1. Both trends are statistically significant across many locations 241 

within the 5oN–15oN latitude band. Consistent with this, climate change projections also 242 

suggest that the cessation of this rainy season will shift later by more than a week, a change 243 

linked to a slower retreat of the tropical rainband and a deepening of the Saharan heat low 244 

(Dunning et al. 2018; Wainwright et al. 2021b). The combined tendency toward a later 245 

cessation and an earlier onset suggests the dry season may be shifting later in the calendar year. 246 

Overall, the rainy season is lengthening by over 8 days decade-1, a trend that is statistically 247 

significant across Sudan, western Ethiopia, eastern South Sudan, and northeastern Uganda 248 

(Fig. 2c).  249 

Figure 2d shows a statistically significant increase in seasonal rainfall totals of 60 to more 250 

than 80 mm decade-1 within the 10oN to 15oN latitudinal band. Previous studies have also 251 

identified a coherent wetting trend across this band (Maidment et al. 2015; Seregina et al. 252 

2019), and some of this trend likely reflects a recent recovery in rainfall following the drought 253 

conditions of the 1980s (Panthou et al. 2018; Biasutti 2019). This Sahelian rainfall recovery, 254 

which extends into NEA, has been extensively documented using multiple precipitation 255 

datasets (Nicholson 2005; Lebel and Ali 2009; Giannini 2015; Maidment et al. 2015; Sanogo 256 

et al. 2015; Nicholson et al. 2018; Panthou et al. 2018; Biasutti 2019) and satellite-observed 257 

vegetation records (Fensholt et al. 2009, 2013; Dardel et al. 2014; Pausata et al. 2020). 258 
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The increase in seasonal rainfall totals is accompanied by a significant increase in the 259 

number of rainy days, exceeding 8 days decade-1, a pattern that is spatially coherent across the 260 

northern sub-region (Fig. 2e). However, the intensity of individual rainy days is decreasing, 261 

with a statistically significant decline of 0.4 to 1 mm day-1 decade-1, particularly evident in 262 

northern Uganda, South Sudan, and northern Ethiopia (Fig. 2f). This suggests that the observed 263 

increase in seasonal rainfall totals over NEA is primarily driven by an increasing number of 264 

rainy days. It is worth noting that a distinct zone encompassing northeastern Uganda, 265 

northwestern Kenya, and southeastern South Sudan shows pronounced trends in rainy season 266 

length and total rainfall. As Herrmann and Mohr (2011) highlight, these areas are characterized 267 

by unstable rainfall seasonality with high interannual variability, and therefore, the results 268 

should be interpreted with caution. 269 

Turning to SEA, the onset of the rainy season generally progresses eastward from Burundi 270 

in early October to central and southern Tanzania by early December (Fig. S1). In contrast, the 271 

cessation moves northward, beginning in early April in southern Tanzania and continuing to 272 

mid-May in Burundi, northern and eastern Tanzania, and parts of southern Kenya (Fig. S1). 273 

Across SEA, a trend toward an earlier onset of 4 days decade-1 is evident across most of the 274 

region. However, parts of southern Kenya and southern Tanzania show a contrasting trend of 275 

a later onset of 6 days decade-1 (Fig. 2a). A trend toward a later cessation of 6 days decade-1 is 276 

generally consistent across the region and is statistically significant between 10oS and 5oS (Fig. 277 

2b). Overall, the rainy season is lengthening by 6 days decade-1 across most areas, except in 278 

southeastern Tanzania, where it is shortening at a similar rate (Fig. 2c). However, this trend is 279 

not statistically significant. 280 

Total seasonal rainfall shows a statistically significant increasing trend of more than 60 mm 281 

decade-1across northern, northwestern, and central Tanzania (Fig. 2d). This pattern contrasts 282 

with the declining seasonal rainfall reported by Maidment et al. (2015) and Seregina et al. 283 

(2019), indicating that seasonal rainfall has recently increased in SEA, particularly in Burundi 284 

and Tanzania. This recent increase in the unimodal rains over Tanzania has also been 285 

documented by Magang et al. (2024) and Msuya et al. (2025). Accompanying this overall 286 

increase in seasonal rainfall is a slight, but not statistically significant, change in the number of 287 

rainy days (Fig. 2e). However, the intensity of individual rainy days is increasing at a 288 

statistically significant rate of more than 1.2 mm day-1 decade-1, particularly across Burundi 289 

and Tanzania (Fig. 2f). Notably, the spatial trend pattern of average rainfall per rainy day in 290 
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SEA closely mirrors that of total seasonal rainfall. This suggests that changes in rainfall 291 

intensity have been a key driver of the observed increase in seasonal rainfall totals, a 292 

relationship further supported by the consistency of statistically significant areas in Figs. 2d 293 

and 2f. 294 

In summary, the rainy seasons in both NEA and SEA have lengthened and become wetter. 295 

However, the underlying causes of this increased wetness differ significantly. In NEA, the 296 

rainy season has lengthened by over 33 days (i.e., 8 days decade-1), with the increase in total 297 

seasonal rainfall is primarily due to an increasing number of rainy days. In contrast, the rainy 298 

season in SEA has lengthened by 25 days (i.e., 6 days decade-1), with the increase in total 299 

rainfall being largely influenced by higher rainfall intensity. This rise in intensity is often 300 

associated with an increased risk of flooding and erosion, though it can also enhance 301 

groundwater recharge, potentially increasing groundwater availability (Taylor et al. 2013; 302 

Cuthbert et al. 2019). It is also important to note a key exception: in southeastern Tanzania, an 303 

important surplus maize-producing area, the rainy season has shortened by 25 days (i.e., 6 days 304 

decade-1), with its onset typically in early December and cessation in early April.  305 

 306 
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Fig. 2. Spatial trends in the characteristics of the rainy season for areas with a unimodal 307 

regime (one rainy season per year). The panels show spatial trends for (a) onset, (b) cessation, 308 

(c) rainy season length, (d) total seasonal rainfall, (e) number of rainy days, and (f) average 309 

rainfall per rainy day. Hatching indicates statistical significance at the 95% confidence level. 310 

For panels (a) and (b), a negative trend indicates a shift toward an earlier onset or cessation of 311 

the rainy season.  312 

b. Changes in the characteristics of the rainy season within the bimodal regime 313 

We now turn to the bimodal regime, which is characterized by two rainy seasons per year: 314 

the long rains during boreal spring and the short rains during boreal fall. As shown in Fig. 1b, 315 

this regime is typically observed across central and southern Uganda, Rwanda, parts of 316 

Tanzania, and the Horn of Africa (HoA), which includes eastern Kenya, Somalia, and 317 

southeastern Ethiopia. The discussion begins with the long rains, followed by the short rains. 318 

1) LONG RAINS 319 

On average, the onset of the long rains progresses northward, starting in mid-February in 320 

Rwanda and reaching late April in Somalia (Fig. S1). Cessation follows a similar northward 321 

pattern, occurring between mid- and late May, while in Kenya, the long rains typically end in 322 

late April (Fig. S1). Figure 3a shows a mixed pattern for the onset timing. A predominant trend 323 

toward an earlier onset of 4 days decade-1 is evident in parts of Ethiopia, Somalia, Kenya, 324 

Uganda, and northern Tanzania, with statistically significant changes west of Lake Victoria in 325 

Uganda. Conversely, a later onset of 2 to 6 days decade-1 is observed in isolated areas of Kenya, 326 

Somalia, Ethiopia, and northern Rwanda, though this trend is not statistically significant. 327 

Figure 3b shows a widespread trend toward an earlier cessation of the long rains, with decreases 328 

of up to 7 days decade-1 across much of the HoA (east of 38oE) and western Uganda. This trend 329 

is statistically significant in southeastern Ethiopia, Somalia, and coastal Kenya. These regions 330 

include important crop production areas, where an earlier cessation could have significant 331 

implications for agricultural productivity by shortening the growing season and increasing 332 

water stress for crops. In contrast, isolated areas in eastern and southwestern Uganda, western 333 

Kenya, and southwestern Ethiopia exhibit a later cessation trend of 3 days decade-1 (Fig. 3b), 334 

although this is not statistically significant.  335 

The tendency toward an earlier cessation of the long rains (Fig. 3b) and earlier onset of the 336 

rainy season in NEA (Fig. 2a) suggests that the onset of the boreal summer dry season in the 337 

HoA may be shifting earlier in the calendar year. This pattern appears consistent with results 338 
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from Wainwright et al. (2019) and may be related to warming in the northern Indian Ocean and 339 

an early start to the boreal summer Indian Monsoon circulation. The changes in onset and 340 

cessation have resulted in a widespread shortening of the long rains across much of the HoA 341 

(east of 38oE), with significant reductions in season length ranging from 2 to 8 days decade-1 342 

along the coastline (Fig. 3c). In contrast, much of Uganda, southwestern Ethiopia, and some 343 

isolated areas in Kenya and Somalia show a trend toward a longer rainy season, with increases 344 

exceeding 3 days decade-1 (Fig. 3c). This latter trend is only statistically significant in eastern 345 

and southwestern Uganda. 346 

Figure 3d shows a decline in seasonal rainfall totals across much of the HoA (east of 38oE), 347 

ranging from 10 to over 30 mm decade-1, with the exception of the Kenya-Somalia border and 348 

parts of northern Somalia. This decline is collocated with the observed shortening of the rainy 349 

season (Fig. 3c) and early cessation (Fig. 3b). The reduction in seasonal rainfall totals is 350 

statistically significant in Ethiopia and along the HoA coastline. Consistent with these trends, 351 

future climate change projections indicate continued declines in seasonal rainfall along the 352 

coastline of HoA (Wainwright et al. 2021a). This has been associated with a shift in sea breeze 353 

convergence further inland (Finney et al. 2020). Conversely, areas west of 38oE, including 354 

southwestern Ethiopia, parts of Kenya, Uganda, and Rwanda, exhibit an increase in seasonal 355 

rainfall ranging from 10 to over 40 mm decade-1 (Fig. 3d). This wetting trend is collocated with 356 

a lengthened rainy season as shown in Fig. 3c.  357 

Accompanying these rainfall changes, the number of rainy days has decreased by 1 to 3 358 

days decade-1 across much of the HoA (Fig. 3e). This decline is statistically significant along 359 

the coastline, aligning with the observed shortening of the rainy season (Fig. 3c). Conversely, 360 

areas west of 38oE have experienced an increase in rainy days, ranging from 2 to 5 days decade-361 

1, with statistically significant increases in southern Uganda (Fig. 3e). The intensity of 362 

individual rainy days during the long rains exhibits contrasting patterns (Fig. 3f). A significant 363 

increase in average rainfall per rainy day, ranging from 0.6 to over 2.4 mm day-1 decade-1, is 364 

observed across eastern Kenya, southern Somalia, and southwestern Ethiopia. Conversely, a 365 

significant decline of 0.4 to 1.8 mm day-1 decade-1 is evident in the northeastern HoA (east of 366 

40oE in eastern Ethiopia and Somalia ), western Uganda, and a localized area in eastern Kenya 367 

(centered north and south of 40oE).  368 
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The drying trend in the long rains over the eastern HoA has been a central research focus 369 

for more than two decades. First identified by Verdin et al. (2005), this decline has since been 370 

confirmed by numerous studies using a range of precipitation datasets (Funk et al. 2005; 371 

Williams and Funk 2011; Lyon and DeWitt 2012; Liebmann et al. 2014; Lyon 2014; Lyon et 372 

al. 2014; Yang et al. 2014; Maidment et al. 2015; Rowell et al. 2015; Seregina et al. 2019; 373 

Wainwright et al. 2019; Schwarzwald and Seager 2024). Many explanations link the decline to 374 

Pacific Ocean variability (Williams and Funk 2011; Funk 2012; Lyon and DeWitt 2012; Hoell 375 

and Funk 2013; Lyon 2014; Liebmann et al. 2014, 2017; Hoell et al. 2017). Studies highlight 376 

changes in the Pacific zonal sea surface temperature (SST) gradient (Seager et al. 2019), 377 

warming in the Indo-Western Pacific SSTs, and increased convection over the Western 378 

Equatorial Pacific (Funk et al. 2018). These oceanic changes are associated with an anomalous 379 

Walker circulation over the Indian Ocean. This circulation strengthens upper-level easterlies 380 

and intensifies its descending branch. The result is increased subsidence over the eastern HoA 381 

and reduced rainfall (Williams and Funk 2011; Lyon 2014; Liebmann et al. 2014; Funk et al. 382 

2018, 2023a, 2023b). Another explanation points to a shorter rainy season driven by regional 383 

circulation changes (Wainwright et al. 2019).  384 

It should be noted that the hypotheses of Wainwright et al. (2019) and Funk et al. (2023a, 385 

2023b) are not mutually exclusive. Warmer SSTs in the west Pacific, the southwestern Indian 386 

Ocean, and the northern Indian Ocean may all have contributed to the drying of the long rains. 387 

Added to these factors is a decline in the frequency of rainy days, which our results show is 388 

spatially exclusive to the eastern HoA.  389 
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 390 

Fig. 3. Spatial trends in the characteristics of the boreal spring (long rains) season. Panels 391 

show spatial trends for (a) onset, (b) cessation, (c) rainy season length, (d) total seasonal 392 

rainfall, (e) number of rainy days, and (f) average rainfall per rainy day. Hatching indicates 393 

statistical significance at the 95% confidence level. For panels (a) and (b) a negative trend 394 

indicates a shift toward an earlier onset or cessation of the rainy season.  395 

2) SHORT RAINS 396 

Regarding the short rains, the onset generally follows a southward progression, occurring 397 

between mid-July in Uganda and early October to early November in Ethiopia, Somalia, and 398 

Kenya (Fig. S1). The cessation follows a similar southward pattern, beginning in Ethiopia in 399 

mid-October and continuing until late December in Kenya and Uganda (Fig. S1). Figure 4a 400 

reveals a varied spatial pattern for onset timing. Many areas, particularly in Somalia, western 401 

and southern Ethiopia, and parts of  Kenya and Uganda, show a trend toward an earlier onset, 402 

ranging from 2 to 8 days decade-1. This shift is statistically significant along the Ethiopia-403 

Kenya-Somalia border. Conversely, areas in eastern Ethiopia, eastern Kenya, and parts of 404 

western Uganda show a trend toward a later onset, ranging from 1 to 6 days decade-1 (Fig. 4a). 405 

In terms of cessation timing, a trend toward a later cessation of 2 to 7 days decade-1 is observed 406 

across the HoA, with statistical significance in much of Ethiopia and northern Somalia (Fig. 407 

4b). An exception to this pattern is seen in eastern Kenya, where there is a tendency toward an 408 
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earlier cessation, ranging from 2 to 6 days decade-1. Across much of Uganda, a later cessation 409 

trend of 2 to 4 days decade-1 is observed, though this trend is not statistically significant (Fig. 410 

4b).  411 

Similar to the later cessation of the rainy season in NEA (Fig. 2b), the trend toward a 412 

delayed cessation across much of the HoA aligns with future climate projections (Dunning et 413 

al. 2018; Wainwright et al. 2021a). This has been linked to a slower southward retreat of the 414 

tropical rainband, associated with the deepening of the Saharan heat low (Dunning et al. 2018). 415 

Overall, the trend toward a later cessation of the short rains suggests that the onset of the 416 

January-February dry season may be shifting later in the calendar year across the HoA, with 417 

Kenya as the primary exception. This has resulted into the short rains season lengthening across 418 

the HoA and Uganda (Fig. 4c). In these areas, the season has extended by 4 to over 8 days 419 

decade-1, with statistically significant extensions, particularly across Ethiopia and Somalia. 420 

Conversely, eastern Kenya, parts of western Uganda, and a small region in eastern Ethiopia 421 

largely show a shortening of the season, with a trend ranging from 3 to 7 days decade-1, though 422 

this trend is not statistically significant. 423 

Compared to the long rains, the short rains show a more widespread increase in seasonal 424 

total rainfall, with trends ranging from 10 to over 40 mm decade-1 across the HoA and Uganda 425 

(Fig. 4d). This increase, which is statistically significant in Ethiopia, Somalia, northeastern 426 

Kenya, and eastern Uganda, coincides with a rise in the number of rainy days, with increments 427 

of 2 to 6 days decade-1 (Fig. 4e). Eastern Kenya presents an exception, where a drying trend of 428 

10 to 30 mm decade-1 is observed. This is attributed to a shorter rainy season (Fig. 4c) and a 429 

significant reduction in the number of rainy days, which has decreased by 1 to 3 days decade-1 430 

(Fig. 4e). However, when rainfall does occur in this region, it is more intense, with daily rainfall 431 

intensity significantly increasing by 1.6 to 3.2 mm day-1 decade-1 (Fig. 4f). Similar changes are 432 

observed during the long rains, indicating an overall drying trend in both seasons for eastern 433 

Kenya. Ironically, even in areas with decreasing seasonal rainfall, the increase in extreme daily 434 

rainfall intensity may potentially enhance groundwater recharge (Adloff et al. 2022). 435 

The wetting trends observed during the short rains (Fig. 4d) align with those identified in 436 

previous studies (e.g., Liebmann et al. 2014; Maidment et al. 2015; Cattani et al. 2018; Seregina 437 

et al. 2019; Adloff et al. 2022; Palmer et al. 2023). These trends have been associated with an 438 

enhanced east-west SST gradient in the Indian Ocean, which is linked to the increasing 439 
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frequency and intensity of positive Indian Ocean Dipole (IOD) events (Liebmann et al. 2014; 440 

Dhame et al. 2020; Wainwright et al. 2020; Nicholson et al. 2022; Sun et al. 2022). 441 

Additionally, more intense El Niño events, such as those observed in 2015/16 and 2023/24, 442 

have further contributed to intense short rains.  443 

In summary, the long and short rains in the eastern HoA show spatially contrasting changes 444 

in rainy season characteristics. In the northeastern HoA, the long rains are becoming shorter 445 

and drier, with fewer rainy days and declining rainfall intensity. Conversely, the short rains are 446 

becoming significantly longer and wetter, with more rainy days but decreasing rainfall 447 

intensity. In contrast, in the southeastern HoA, both the long and short rains are becoming 448 

significantly shorter and drier, with fewer rainy days. However, rainfall intensity in this region 449 

is significantly increasing. Overall, the long rains across the eastern HoA have shortened by 8 450 

to 33 days (i.e., 2-8 days decade-1), while the short rains have lengthened by 16 to 33 days (i.e., 451 

4-8 days decade-1). Changes in seasonal rainfall totals for both seasons are primarily driven by 452 

variations in the number of rainy days rather than changes in rainfall intensity. This is because, 453 

even in areas with increased rainfall intensity, this change does not fully offset the decline in 454 

seasonal rainfall totals caused by the decreasing number of rainy days. In the next section, we 455 

examine the interannual changes in the rainy season characteristics for selected sub-regions. 456 

 457 
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Fig. 4. As in Fig. 3, but for the boreal fall (short rains) season.  458 

c. Interannual changes in the characteristics of the rainy seasons 459 

To complement the spatial patterns in Figs. 2-4, we analyzed year-to-year variability to 460 

determine if the observed trends are consistent over the 1982–2023 period or if specific years 461 

disproportionately influence them. We selected four sub-regions for detailed examination (Fig. 462 

5): 463 

(1) Northern East Africa (NEA): Encompassing Sudan, northern Ethiopia, and southern 464 

Eritrea (10oN–15oN, 22oE–40oE), this region shows statistically significant trends in all 465 

rainy season characteristics.  466 

(2) Northeastern Horn: This region, which covers eastern Ethiopia and central Somalia 467 

(2oN–7oN, 43oE–48oE), exhibits statistically significant trends in total seasonal rainfall 468 

during both the long and short rains. 469 

(3) Southeastern Horn: Located in eastern Kenya (2oS–1oN, 37oE–40oE), this region shows 470 

a drying trend in both the long and short rains, with a statistically significant increase 471 

in average rainfall per rainy day. 472 

(4) Southern East Africa (SEA): This region, located in Burundi and Tanzania (8oS–3oS, 473 

30oE–38oE), exhibits significant trends in average rainfall per rainy day. 474 
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 475 

Fig. 5. Regions used for analyzing interannual changes in the rainy season characteristics. 476 

The figure delineates NEA (Northern East Africa), SEA (Southern East Africa), and the 477 

Northeastern and Southeastern Horn subregions to highlight areas with notable changes. 478 

Background shading indicates unimodal, bimodal, and arid rainfall regimes, consistent with 479 

the classification shown in Fig. 1b.  480 

We separately analyzed these regions by comparing the interannual changes in four key 481 

metrics: rainy season length, total seasonal rainfall, number of rainy days, and the average 482 

rainfall per rainy day. A consolidated numerical summary of the regional trend magnitudes for 483 

these four metrics is provided in Supplementary Table S1. The interannual changes in the onset 484 

and cessation dates are shown in Figures S2-S7. The discussion begins with the two regions 485 

under the unimodal regime and concludes with those in the bimodal regime. 486 

1) NORTHERN EAST AFRICA 487 

Over NEA, the rainy season has significantly lengthened, with a trend of 4.31 days decade-488 

1 during 1982–2023 (Fig. 6a). This lengthening is accompanied by significant increases in total 489 

seasonal rainfall (27.88 mm decade-1; Fig. 6b) and number of rainy days (3.52 days-1 decade-1; 490 

Fig. 6c). By contrast, the average rainfall per rainy day has significantly declined by 0.22 mm 491 
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day-1 decade-1 (Fig. 6d). The robustness of these trends is confirmed as the 95% confidence 492 

intervals do not overlap zero in any case. Part of the observed increase in seasonal rainfall is 493 

likely related to the recent recovery of rainfall in the West African Sahel at similar latitudes 494 

following the severe droughts of the 1980s (Biasutti 2019), as well as influences from decadal 495 

climate variability (Maidment et al. 2015; Pausata et al. 2020).  496 

Upon examining the time-series in Figure 6b, a distinct pattern emerges: a drier period from 497 

1982 to 1992, followed by a gradual rainfall recovery starting in 1993, despite significant year-498 

to-year variability. The early drier period was marked by shorter rainy seasons (9 seasons out 499 

of 11 seasons) with fewer rainy days (10 seasons out of 11), though with increasing rainfall 500 

intensity (7 seasons out of 11). In contrast, the period since 1993 has seen longer rainy seasons 501 

with a greater number of rainy days, though with decreasing rainfall intensity.  502 

This recent increase in seasonal rainfall has contributed to the greening of the Sahel-503 

Sudanian zone (Dardel et al. 2014; Pausata et al. 2020), but it has also led to devastating 504 

consequences. Since 2017, and especially following the exceptional 2019 OND rains, recurring 505 

seasonal riverine floods have impacted South Sudan’s Bahr el Ghazal and Greater Upper Nile 506 

provinces. These floods have displaced thousands, damaged infrastructure, and inundated 507 

croplands, triggering severe humanitarian crises (Relief and Rehabilitation Commission (RRC) 508 

2023).  509 

 510 
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Fig. 6. Time-series of (a) rainy season length, (b) total seasonal rainfall, (c) the number of 511 

rainy days, and (d) average rainfall per rainy day over Northern East Africa. Interannual 512 

anomalies are shown as solid lines and are computed relative to the 1991-2020 baseline. The 513 

shaded envelope around each time series represents the standard deviation of that metric across 514 

the region for each year. The red dotted line denotes the linear trend estimated using the Theil-515 

Sen slope estimator, and the red shaded area represents the 95% confidence interval derived 516 

from the non-parametric bootstrap procedure (see methods section). Statistically significant 517 

trends (p < 0.05) are marked with double asterisks (**).  518 

2) SOUTHERN EAST AFRICA 519 

In SEA, only the increase in rainfall intensity (0.42 mm day-1 decade-1; Fig. 7d) is 520 

statistically significant. While the rainy season has lengthened by 3.63 days decade-1 (Fig. 7a) 521 

and both total seasonal rainfall (40.33 mm decade-1; Figure 7b) and the number of rainy days 522 

at (1.17 days-1 decade-1; Fig. 7c) have risen, these trends are not significant as their 95% 523 

confidence intervals overlap zero.  524 

A closer look at Figure 7b reveals a drier period spanning from the early 1980s to the early 525 

2010s, followed by a shift to a wetter period. The drier period, particularly from 1990 to 2014, 526 

was marked by shorter rainy seasons with fewer rainy days of lower intensity. This era included 527 

notable droughts, such as the prolonged 1998–2005 event, which led to widespread crop 528 

failures, livestock losses, and reduced water reservoir levels (Kijazi and Reason 2009). Since 529 

2015, the region has entered a wetter period with longer rainy seasons, accompanied by an 530 

increase in the number of rainy days and rainfall intensity. The marked rise in average rainfall 531 

per rainy day since 2015 has significantly contributed to the overall increase in total seasonal 532 

rainfall over SEA, despite only a modest rise in the number of rainy days.  533 
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 534 

Fig. 7. As in Fig. 6, but for (a) rainy season length, (b) total seasonal rainfall, (c) the number 535 

of rainy days, and (d) average rainfall per rainy day over Southern East Africa.  536 

3) EASTERN HORN OF AFRICA 537 

Figures 3 and 4 show that in the eastern HoA, the long rains and short rains have contrasting 538 

trends in average rainfall per rainy day. Rainfall intensity has increased in the southeast and 539 

decreased in the northeast. This contrast forms the basis for dividing the eastern HoA into two 540 

distinct regions, which we will now discuss. 541 

For the long rains in both the southeastern and northeastern Horn, trends in most rainy 542 

season characteristics are not statistically significant, as their 95% confidence intervals overlap 543 

with zero. The exception to this is average rainfall per rainy day. In both regions, the rainy 544 

season has shortened, with a trend of 0.58 days decade-1 in the southeast (Fig. 8a) and 1.02 545 

days decade-1 in the northeast (Figure 9a). This shorter rainy season is accompanied by a decline 546 

in total seasonal rainfall, with a trend of 3.67 mm decade-1 in the southeast (Fig. 8c) and 9.94 547 

mm decade-1 in the northeast Fig. 9c). This decline is primarily associated with fewer rainy 548 

days (0.50 days-1 decade-1 in the southeast, Fig. 8e; 0.56 days-1 decade-1 in the northeast, Fig. 549 

9e). Rainfall intensity, however, shows contrasting patterns: it has significantly increased in 550 

the southeast (0.98 mm day-1 decade-1; Fig. 8g) but has significantly declined in the northeast 551 

(0.60 mm day-1 decade-1; Fig. 9g). Despite the rise in intensity in the southeastern Horn, it does 552 

not offset the reduction in rainy days, which ultimately leads to an overall decline in long rains 553 
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rainfall totals. Total seasonal rainfall and the number of rainy days appear to be in phase, 554 

indicating that seasonal rainfall totals may be more influenced by the frequency of rainy days. 555 

The decline in the long rains is consistent with the changes in the season length noted by 556 

Wainwright et al. (2019). Our findings expand on this by showing the decline is also 557 

accompanied by a reduction in the number of rainy days. This may have implications for 558 

agriculture, since more frequent dry days can stress crops. 559 

For the short rains, all metrics in both regions are not statistically significant, as their 95% 560 

confidence intervals overlap zero, except for rainfall intensity in the southeastern Horn. In the 561 

southeastern Horn, total seasonal rainfall has declined by 7.78 mm decade-1 (Fig. 8d), a trend 562 

accompanied by a significant reduction in rainy days (1.26 days decade-1; Fig. 8f) and a 563 

significant increase in rainfall intensity (3.41 mm day-1 decade-1; Fig. 8h). This tendency toward 564 

higher short rains rainfall intensities could increase the risks of flooding and erosion but also 565 

provide opportunities for water retention and management (Adloff et al. 2022). In the 566 

northeastern Horn, the rainy season length (3.29 days decade-1; Fig. 9b), total seasonal rainfall 567 

(13.27 mm day-1 decade-1; Fig. 9d), and number of rainy days (1.15 days decade-1; Fig. 9f) all 568 

show increasing trends, while rainfall intensity has decreased by 0.23 mm day-1 decade-1 (Fig. 569 

9h). Similar to the long rains, the frequency of rainy days appears to be the primary driver of 570 

total seasonal rainfall in both regions.  571 

It is worth noting that focusing solely on trends can over-emphasize the impact of a few 572 

wet years and obscure shifts in water stress. A striking observation is therefore related to shifts 573 

in the frequencies of below-normal rainy season metrics between the 1982–1998 era and the 574 

1999–2023 period. Despite several wet recent seasons in the long rains (2018, 2020, 2023) and 575 

short rains (2019, 2023), there is a shift towards more frequent drier conditions in the 576 

southeastern Horn (Fig. 8). In the 25 years since 1999, only 10 (40%) of the long rains seasons 577 

and 9 (36%) of the short rains seasons were longer than average. Similarly, only 9 (36%) of 578 

the long rains seasons and 7 (28%) of the short rains seasons received above-normal rainfall. 579 

This trend extends to the number of rainy days, with only 9 seasons in both the long and short 580 

rains after 1999 having more than the average number of rainy days. These shifts are likely 581 

related to a drying tendency associated with stronger Pacific SST gradients and Walker 582 

Circulation intensification (Funk et al. 2023b; Schwarzwald and Seager 2024).  583 

A review of the time-series for the northeastern Horn (Fig. 9), reveals a marked divergence 584 

in the frequency of above-normal outcomes between the long and short rains since 1999. The 585 
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long rains have shown a consistent tendency toward being shorter, drier, and less intense. Only 586 

9 (36%) seasons have had above-normal rainfall. 12 (48%) seasons were longer than average, 587 

only 10 (25%) seasons had more than average number of rainy days, and just 6 (24%) seasons 588 

experienced above-normal rainfall intensity on rainy days. The short rains, on the other hand, 589 

appear to have become substantially and significantly longer, with greater total rainfall, a 590 

higher number of rainy days, and higher rainfall intensities. More than half the seasons were 591 

longer than average, and 11 (44%) seasons had above-normal rainfall, a higher number of rainy 592 

days, and above-normal rainfall intensity on rainy days. 593 

 594 
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Fig. 8. As in Fig. 6, but for the long rains (left panel) and short rains (right panel) over the 595 

southeastern Horn. Panels show time-series for (a, b) rainy season length, (c, d) total seasonal 596 

rainfall, (e, f) number of rainy days, and (g, h) average rainfall per rainy day.  597 

 598 

Fig. 9. As in Fig. 6, but for the long rains (left panel) and short rains (right panel) over the 599 

northeastern Horn. Panels show time-series for (a, b) rainy season length, (c, d) total seasonal 600 

rainfall, (e, f) number of rainy days, and (g, h) average rainfall per rainy day.  601 

4. Discussion and Conclusions 602 

Whereas previous studies across eastern Africa have largely examined seasonal rainfall 603 

totals in isolation, our analysis links these totals with the intraseasonal characteristics that shape 604 

them. This approach reveals contrasting trends in rainy season characteristics both within and 605 
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between unimodal and bimodal rainfall regimes, from which we draw the following 606 

conclusions: 607 

• The rainy seasons in both northern and southern East Africa have lengthened and 608 

become wetter. The season in the north has extended by over a month, while that in the 609 

south has extended by more than three weeks. However, the underlying drivers of these 610 

changes differ. In the north, the increase in seasonal rainfall totals is mainly due to a 611 

higher frequency of rainy days. In contrast, in the south, the increase in rainfall is largely 612 

a result of rising rainfall intensity. 613 

• The long rains season in the eastern HoA has become shorter and drier. The season has 614 

shortened by a range of one week to over a month, with fewer rainy days overall. 615 

However, the intensity of individual rainy days shows a contrasting pattern: it has 616 

significantly increased in the southeastern Horn but decreased in the northeastern Horn.  617 

• The short rains season shows contrasting patterns in the eastern HoA. In the 618 

northeastern Horn, the short rains have significantly lengthened (by over two weeks to 619 

more than a month) and become wetter, accompanied by an increase in the number of 620 

rainy days. Conversely, in the southeastern Horn, the short rains have shortened (by 621 

more than three weeks) and become drier. This is accompanied by an increase in rainfall 622 

intensity, even as the number of rainy days decreases.  623 

• Changes in seasonal rainfall totals for both the long and short rains are primarily due to 624 

variations in the number of rainy days rather than changes in rainfall intensity. This is 625 

because in areas like southeastern Horn, where rainfall intensity has increased, this 626 

increase does not fully offset the decline in seasonal rainfall totals that results from 627 

having fewer rainy days.  628 

• A changing seasonal pulse in the annual north–south progression of East African rains 629 

is apparent. Specifically, the observed shortening of the long rains appears consistent 630 

with both the lengthening of the southern unimodal rainy season and the earlier onset 631 

of the northern unimodal rainy season. Additionally, the lengthening of the northern 632 

unimodal rainy season aligns with the earlier onset of the short rains, collectively 633 

signaling to a broader regional shift in the timing of seasonal rainfall.  634 

These findings are based on the CHIRPS dataset, which has limitations: it relies solely on 635 

geostationary thermal infrared satellite observations, which cannot directly sense hydrometeors 636 

and precipitation, and is further affected by sparse and declining observation networks. 637 
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However, CHIRPS is less likely to produce spurious trends (Maidment et al. 2015) due to the 638 

inherent low bias in CHIRP (Dinku et al. 2018). Despite these limitations, which are present 639 

not only in CHIRPS but also in other satellite-based precipitation estimates, confidence in our 640 

main findings is supported by numerous prior studies focused on seasonal rainfall trends.  641 

The strength of the trends identified in this study are moderate and we have presented them 642 

as moderately conclusive. It is not surprising that many 0.05o grid cells do not show 643 

significance at this fine spatial resolution, given that many factors can influence precipitation 644 

within such a grid cell. For this reason, areas of non-significance should be interpreted 645 

cautiously. However, while confidence at the grid scale is low, it may increase when results 646 

are summarized over homogeneous areas. Additionally, a more detailed, process-level 647 

understanding of these results should also enhance confidence. 648 

Caution is also warranted when interpreting results for transition zones (i.e., the boundary 649 

between unimodal and bimodal rainfall regimes) and humid areas such as the Lake Victoria 650 

Basin, which are important agricultural regions. In these areas, the anomalous accumulation 651 

method is less reliable due to year-to-year shifts in the seasonal cycle. As Herrmann and Mohr 652 

(2011) note, such regions are characterized by unstable rainfall seasonality with high 653 

interannual variability. 654 

The interannual variability of seasonal rainfall totals is modulated by changes in the 655 

intraseasonal characteristics of the rainy season. In individual years, anomalously wet or dry 656 

conditions can result from different combinations of factors, including variations in season 657 

length, the number of rainy days, and rainfall intensity per rainy day, a finding consistent with 658 

Camberlin et al. (2009). Although the influence of major climate modes (e.g., El Niño Southern 659 

Oscillation (ENSO) and IOD) on interannual rainfall variability in eastern Africa is well 660 

documented (Nicholson 2017; Palmer et al. 2023; Cai et al. 2025), further research is needed 661 

to characterize their effects on sub-seasonal rainfall frequency and intensity. For instance, El 662 

Niño and positive IOD events are known to enhance rainfall during the short rains, but do they 663 

lead to more rainy days or to higher or lower rainfall intensities? In practice, seasonal outlooks 664 

from ICPAC (https://www.icpac.net/seasonal-forecast/) are often framed in terms of above- or 665 

below-normal seasonal rainfall totals. Yet from a societal perspective, it is not the seasonal 666 

totals but the frequency and intensity of rainfall events that most affect livelihoods. Addressing 667 

this question can provide valuable insights for improving sub-seasonal forecasting products 668 

https://www.icpac.net/seasonal-forecast/
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and help societies better prepare for future wet or dry seasons. Interestingly, the links suggested 669 

here between seasonal rainfall totals and the frequency of rainy days may indicate opportunities 670 

for prediction. If seasonal rainfall can be predicted, presumably the number of rainy days may 671 

also be forecast effectively.  672 

Over the eastern HoA, both the long and short rains exhibit a characteristic drying trend in 673 

eastern Kenya. This decline is marked by a decreasing number of rainy days coupled with a 674 

significant increase in rainfall intensity on days when it does rain. This pattern, which combines 675 

fewer rainy days with more intense rain events, is likely the result of several overlapping 676 

physical processes. The general expectation is that warm air holds more water vapor, leading 677 

to increased rainfall intensity on rainy days. Supporting this, spatial maps showing substantial 678 

signals along higher elevation areas near the coast might suggest orographic processes may be 679 

interacting with changes in atmospheric stability and water vapor to concentrate the available 680 

moisture into fewer, heavier rainfall events. Additionally, eastern Kenya lies under the 681 

descending Indian Ocean branch of the Walker Circulation, and the strengthening of this 682 

branch suppresses rainfall (Hastenrath et al. 2010; Funk et al. 2023b) by increasing static 683 

stability over eastern East Africa (Schwarzwald et al. 2023b). This region is also influenced by 684 

multiple teleconnections, including ENSO, the IOD, the Madden-Julian Oscillation (MJO), and 685 

warming in the west Pacific. For instance, an increased frequency of La Niña events 686 

particularly double La Niñas, can suppress rainfall in subsequent long rains seasons due to 687 

sustained changes in SSTs in the tropical Pacific Ocean (Anderson et al. 2023). Additionally, 688 

warming of the tropical Indo-Pacific Warm Pool intensifies the thermodynamic forcing of the 689 

Walker Circulation, contributing to drier long rains seasons over eastern East Africa (Funk et 690 

al. 2023b). While these links remain to be rigorously quantified, developing a clearer 691 

understanding of how such large-scale drivers interact with orographic processes could provide 692 

opportunities for improved seasonal forecasts. 693 

While this study attributes some of the observed trends to remote teleconnections, 694 

separating natural variability from anthropogenic influences would be an interesting and 695 

necessary extension. Previous detection-attribution studies (e.g., Funk et al. 2018, 2019, 2023b; 696 

Kimutai et al. 2025) already suggest that anthropogenic climate change has significantly 697 

contributed to the drying of the long rains in eastern East Africa. For future work, a systematic 698 

attribution of changes to different drivers is needed to clarify whether recent trends result from 699 

natural or anthropogenic forcing, and to what extent common mechanisms explain current and 700 
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future changes. In particular, simulations from the Detection and Attribution Model 701 

Intercomparison Project (DAMIP, part of CMIP6; Gillett et al. 2016) could provide clearer 702 

attribution of these observed changes. At present, the declines in the long rains are thought to 703 

arise from an interaction of climate and natural variability, related to the relative warming of 704 

the western Pacific compared to the equatorial eastern Pacific. Funk et al. (2023b) provide 705 

explicit CMIP6-based attribution analyses for western and eastern Pacific SSTs. The western 706 

Pacific is clearly dominated by a very strong externally-forced warming trend. However, the 707 

eastern Pacific, in observations, has been characterized by a lack of warming, which is at odds 708 

with the CMIP6 projections. As discussed in Funk et al. (2023b) and Seager et al. (2019), this 709 

discrepancy may relate to model deficiencies, an extremely strong episode of natural decadal 710 

variability, or some combination of the two. 711 

The changes documented here, together with increasing year-to-year variability, have 712 

significant implications for societal livelihoods across eastern Africa. Alterations in rainy 713 

season length and increasingly erratic rainfall undermine agricultural planning and reduce crop 714 

yields (Diem et al. 2019; Ahmed 2023; Ahmed et al. 2025). Rising rainfall intensity also 715 

heightens flood risks in both urban and rural areas, though through different ways (Douglas 716 

2017; Gebrehiwot 2018; Ahmed et al. 2025). On a positive note, higher rainfall intensities may 717 

enhance groundwater recharge in drylands (Taylor et al. 2013; Cuthbert et al. 2019), providing 718 

a potential buffer against seasonal rainfall deficits (Adloff et al. 2022). Variations in season 719 

length may likewise offer opportunities to adjust cropping calendars, crop choices, and water 720 

management strategies to better align with the changing rainfall seasonality. 721 

In closing, it is important to note that ongoing efforts are being made to build climate-722 

resilient communities within the region. For example, a collaborative initiative involving the 723 

Kenya Meteorological Department, PlantVillage, Shamba Shape Up, and the Climate Hazards 724 

Center provides text and television-based advisories to rural communities in Kenya to help 725 

them manage climate shocks. However, in the face of future climate change, adaptive strategies 726 

will need to be comprehensive, prioritizing current impacts while anticipating the expected 727 

ones. Studies of historical shifts, such as those presented here, can help climate service 728 

providers “close the last mile” (Baylis et al. 2025) and provide trusted and actionable 729 

information. 730 
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