This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

Kenya’s annual and bimodal seasonal rainfall trends, 1991-2024

1 Increasing national annual rainfall alongside trends in Kenya’s
2 equatorial bimodal rainy seasons and recurrent lower-tail years, 2000—
3 2024: dependence-aware analysis with exploratory 1991-1999 context

4 Kenya’s annual and bimodal seasonal rainfall trends, 1991-2024

5 Research Article

6 Solomon M. Nzioka'*, Bosco L. Lolem?, Emmanuel Wamalwa?, Jeremiah Mushosho*

7 ! Phoenix Climate and Health Impact Experts, Nairobi, Kenya

8 2 Climate Change and Health Unit, Ministry of Health, Nairobi, Kenya

9 3 Department of Public Health, Daystar University, Nairobi, Kenya
10 “ Climate Change, Health and Environment, WHO Regional Office for Africa, Brazzaville, Republic of the Congo
11 Corresponding author: Solomon M. Nzioka | solomonmn@climate-health-impacts.net | ORCID: 0009-0004-7915-1270

12  Abstract

13 National annual rainfall trends can conceal seasonal changes relevant to water availability and climate-
14 sensitive health risks. This study examined whether increasing national rainfall in Kenya was reflected
15  consistently across its two principal rainy seasons, March-May (MAM) and October—December
16  (OND), and whether seasonal lower-tail years coincided. The analysis covered 2000-2024, with 1991
17 1999 examined separately as exploratory historical context. Trends were estimated using Theil-Sen
18  slopes, Newey—West heteroskedasticity- and autocorrelation-consistent (HAC) regression, and circular
19 block bootstrapping. Complementary one-sided tests assessed directional rainfall increases, while
20  season-specific empirical twentieth-percentile thresholds identified lower-tail seasons.

21  National annual rainfall increased by 78.25 mm per decade (95% block-bootstrap confidence interval
22 [CI]: 43.74-102.91; HAC p=0.0103). Three annual totals were at or below the empirical 10th-
23 percentile threshold and five at or below the 20th percentile. MAM rainfall increased by 28.66 mm per
24 decade (95% block-bootstrap CI: 7.55-40.78; two-sided HAC p=0.0266), with directional support
25  across tested HAC lags and bootstrap block lengths (one-sided p=0.0164), although the Holm-adjusted
26  two-sided result was just above the 0.05 threshold (p=0.0532). OND had a smaller positive trend
27  estimate of 14.65 mm per decade (95% block-bootstrap CI: —2.28 to 31.03; two-sided p=0.0707). Its
28  directional result was supported under primary settings (p=0.0411), but was not robust across
29  sensitivity settings. Five MAM (20%) and five OND (20%) seasons fell below their respective
30  empirical twentieth-percentile thresholds, with no year experiencing deficits in both seasons.

31  The findings reveal that increasing national annual rainfall does not translate into uniform seasonal
32 rainfall increases or eliminate recurrent seasonal deficits. Evidence of an increase was stronger for
33 MAM than OND. This seasonally differentiated evidence provides a basis for climate—health
34  vulnerability assessments that integrate rainfall dynamics with the spatial distribution of populations
35  exposed to climate hazards; health outcomes were not directly assessed.

36  Keywords: Kenya; CHIRPS; annual precipitation; rainfall variability; lower-tail rainfall; drought monitoring;
37  Theil-Sen; moving-block bootstrap; autocorrelation.
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38 1. Introduction
39

40  Rainfall is a principal control on water availability, agricultural production, pastoral livelihoods, ecosystem
41  function and the operation of essential services across eastern Africa. Its consequences depend not only on the
42 annual amount received, but also on when rainfall occurs, how it is distributed between seasons and whether
43  deficits persist long enough to affect soil moisture, water storage and livelihoods. A national annual total is
44  therefore useful, but incomplete, as a description of drought-related conditions.

45

46  Rainfall behaviour in eastern Africa is spatially and seasonally heterogeneous. The March—May long rains and
47  October—December short rains have different circulation controls and have not followed a single regional
48  trajectory. Reviews describe long-rains drying over parts of eastern Africa during particular periods, alongside
49  wetter short-rains tendencies and strong interannual modulation by ocean—atmosphere variability [1,2].

50

51  The long-rains decline has also been associated with later onset and earlier cessation, rather than a uniform
52 reduction in peak rainfall intensity [3]. Satellite-product comparisons likewise show that inferred trends depend
53 on the rainfall product, geographic domain and precipitation metric [4]. Kenyan county-level evidence has
54  documented wetting and drying anomalies in both rainy seasons and increased rainfall variability [5]. These
55  findings make it inappropriate to infer a uniform local response from a national annual trend.

56

57  Gridded precipitation products support climate analysis where rain-gauge networks are sparse or uneven.
58  CHIRPS combines infrared satellite information, climatology and station observations to provide a long-term
59  precipitation record at relatively fine spatial and temporal resolution [6]. Validation over eastern Africa supports
60 its regional utility but also identifies spatial differences in performance, including weaker performance in some
61  coastal and mountainous settings [7]. The data source, aggregation method and analytical uncertainty are
62  therefore accompanying the reported trend estimates.

63

64 A positive annual rainfall trend is sometimes interpreted as evidence that drought has become less frequent or
65  less consequential. That inference should not follow from annual totals alone. Annual accumulation can increase
66  while one rainy season becomes drier or shorter, if another season becomes wetter or a small number of intense
67  events contribute more to the annual sum. Annual precipitation amount and the occurrence of lower-tail annual
68 totals are related, but distinct, quantities.

69  This study examined national annual rainfall trends in Kenya alongside changes in the country's two principal
70  bimodal rainy seasons, March—-May (MAM) and October—December (OND), during 2000-2024. It addressed
71 four related objectives: (i) to quantify the direction and magnitude of national annual rainfall change and
72 determine whether lower-tail annual rainfall years continued to occur; (ii) to estimate MAM and OND rainfall
73 accumulation trends independently and assess the strength and robustness of evidence for directional increases;
74  (iii) to evaluate changes in the relative behaviour of the two rainy seasons through paired comparisons of their
75  estimated trend rates and the temporal trend in their annual MAM—OND rainfall accumulation gap; and (iv) to
76  characterise season-specific rainfall deficits using empirical twentieth-percentile (P20) thresholds and examine
77  their occurrence and concurrence within calendar years.

78  The principal analysis used the 2000-2024 CHIRPS record. A separate 1991-1999 national rainfall series was
79  examined as exploratory historical context, with estimates retained independently and without pooling across
80  the source transition. Annual and seasonal trends were assessed using Theil-Sen estimation, circular moving-
81  block residual bootstrapping and Newey—West heteroskedasticity- and autocorrelation-consistent (HAC)
82  inference. Complementary one-sided tests evaluated directional evidence of increasing seasonal rainfall, while
83  paired analyses distinguished changes in individual seasonal trends from changes in the annual difference
84  between MAM and OND. This integrated approach distinguishes national annual rainfall change, season-
85  specific trend evidence and the occurrence of lower-tail seasonal conditions, providing a more differentiated
86  basis for interpreting rainfall variability and its relevance to climate-risk and climate—health vulnerability
87  assessment.
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88 2. Materials and Methods

89 2.1 Study period and rainfall data

90  The principal inferential period covered January 2000 to December 2024. The annual CHIRPS series comprised
91 25 complete national observations derived from 300 monthly CHIRPS version 2.0 precipitation records.
92  CHIRPS v2.0 has a nominal spatial resolution of 0.05° x 0.05° (approximately 5 km) [6,8].

93 A separate historical national rainfall series covered January 1991 to December 1999, comprising 108 monthly
94  observations and nine annual observations. It was extracted from the January 1991-December 1999 subset of
95  the Kenya Climate Data | 1991-2016 rainfall dataset catalogued by Code for Africa on openAFRICA [9]. The
96  analytical historical input is a national tabular series without spatial coordinates, raster-cell identifiers or county-
97  level fields. Its upstream grid resolution and aggregation procedure is linked to World Bank CCKP CRU TS
98  4.07 in its contextual catalogue metadata [10]. As the provenance of the openAFRICA tabular form could not be
99  independently established, the two source periods were therefore retained separately and were not homogenised
100 or pooled for trend estimation or formal cross-era hypothesis testing. Source characteristics and spatial support
101  are summarised in Supplementary Table S1.

102 2.2 Spatial extraction and national rainfall aggregation

103  Monthly CHIRPS precipitation was extracted from the native approximately 0.05° geographic grid
104  (EPSG:4326), without resampling or reprojection. Kenya's national boundary and 47 county polygons defined
105  the spatial extraction support. A boundary-inclusive cell-selection procedure retained raster cells intersecting the
106  relevant administrative polygons, including partial boundary cells, using their complete native rainfall values
107  without fractional-area adjustment.

108  For each month, national rainfall was calculated as the arithmetic mean of all valid CHIRPS pixel values selected
109  within the national spatial mask. The resulting estimator was pixel-count weighted, rather than geographically
110  area weighted or population weighted:

1
111 Rt:EZRi,t
i=1

112 where R, is the national mean-pixel rainfall for month t, R; ¢ is the rainfall value of valid pixel i, and N, is the
113 number of valid pixels in that month.

114  NoData cells were excluded from the numerator and valid-pixel denominator; they were not treated as zero
115  rainfall or imputed. The valid-pixel count was retained for each monthly observation and was constant at 18,896
116  across the 300 CHIRPS months.

117  County rainfall estimates were calculated independently from their respective valid native-grid pixels. The
118  national series was derived directly from the national spatial mask and was not reconstructed by averaging
119  county means. The national annual and seasonal analyses reported here use the national rainfall series; county-
120  level exposure and population overlays were not estimated in this study.

121 2.3 Annual and seasonal rainfall series construction

122 Monthly rainfall values were aggregated into calendar-year annual totals by summing the 12 monthly
123 observations within each year:

12
124 Ay = z Rym
m=1
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125  where A,, is annual national rainfall in year y, and R,,,,, is the national mean-pixel rainfall for month m of that
126 year. The resulting series comprised 25 annual observations for 2000-2024 and nine separate historical
127  observations for 1991-1999.

128  Two principal rainy-season accumulation series were derived independently for each source period. March—May
129  (MAM) rainfall was calculated as the sum of national monthly rainfall in March, April and May, while October—
130  December (OND) rainfall was calculated as the sum in October, November and December:

5
131 MAM,, = Z Rym
m=3
132
12
133 OND, = Z Rym
m=10

134 Each source period therefore yielded paired annual MAM and OND observations: nine paired years for 1991—
135 1999 and 25 paired years for 2000-2024. Seasonal totals are expressed in millimetres per season.

136 The historical and CHIRPS seasonal series were constructed and analysed independently. No pooled seasonal
137 series, pooled trend estimate or formal hypothesis test comparing the two source periods was undertaken.
138 Alternative annual rainfall representations, including mean monthly rainfall and absolute, percentage and
139  standardised anomalies, were treated as transformations of the same annual observations rather than independent
140  inferential outcomes.

141 2.4 Trend estimation and dependence-aware inference

142 Theil-Sen estimation was used to quantify the magnitude and direction of annual and seasonal rainfall trends.
143 The estimator is based on the median of pairwise slopes and is reported in millimetres per decade [11,12]:

— Y;—Y;
144 Bsen = 10 X median T =t ) i<j
] 4

145 Where Y; and Y; are the observed rainfall values at calendar years t; and t;, respectively. Kendall's tau-b was
146  additionally used to describe monotonic association between calendar year and annual rainfall [13].

147 @) Residual circular moving-block bootstrap, uncertainty in Theil-Sen slope estimates was assessed using

148 residual circular moving-block bootstrap (CBB) procedures. A linear trend was fitted to each series, and
149 contiguous blocks of its detrended residuals were resampled with circular indexing. Resampled residuals
150 were added to the fitted trend, and the Theil-Sen slope was re-estimated for each replicate.

151  The fitted trend and residual representation was:

152 Y, =Y, +e

153 Where ft is the fitted linear trend and e, is the corresponding residual. For bootstrap replicate b:
154 yi® _ 7, 4 e ®

®)

155  where e, represents the residual sequence reconstructed by circular block resampling.
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156  The primary analysis used 10,000 bootstrap replicates with a five-year block length. Three- and seven-year
157  blocks were examined as sensitivity specifications. The 95% percentile confidence interval was defined by the
158  2.5th and 97.5th percentiles of the bootstrap slope distribution [14,15]:

159 Closvos = [Q0.025(8%),Q0.975(8)]

160  b) Heteroskedasticity- and autocorrelation-consistent regression (HAC); a complementary ordinary least-
161 squares regression estimated the linear temporal trend using Newey—West HAC covariance estimation [16]:
162 Yi=a+B(t—10) +e&

163 where Y, is annual or seasonal rainfall, « is the intercept, f is the annual linear trend coefficient, ¢ is the mean
164  observation year, and & is the regression error. HAC inference was used to account for heteroskedasticity and
165  serial correlation in the regression errors.

166  The primary HAC specification used a two-year lag, with one- and three-year lags assessed for sensitivity. A t-
167  based reference distribution was used for confidence intervals and hypothesis tests. The coefficient of
168  determination R? was reported descriptively and was not used as a criterion for trend significance.

169  For the seasonal analysis, four independent within-era models were fitted: MAM and OND for 1991-1999, and
170 MAM and OND for 2000-2024. The primary CBB and HAC settings were applied consistently across these
171  models. The nine-year historical estimates were treated as exploratory because of the limited number of annual
172 observations and the resulting uncertainty in dependence-aware inference.

173 ¢) Multiplicity adjustment, two-sided HAC p-values for the MAM and OND trend models were adjusted for

174 multiple comparisons using the Holm procedure separately within each source era. Thus, the two seasonal
175 tests were corrected within 1991-1999 and independently within 2000-2024; no correction or hypothesis
176 test was performed across eras.

177  Complementary directional analysis. Separate one-sided tests evaluated evidence of increasing seasonal rainfall,
178  using the directional hypotheses:

179 Hy:B<0
180 Hy:B>0

181  Directional HAC inference was evaluated using the primary two-year lag and alternative one- and three-year
182  lags. Directional bootstrap lower confidence bounds were also examined across the five-year primary and three-
183  and seven-year sensitivity block lengths. These one-sided results were reported separately from the two-sided
184  secasonal tests and their Holm-adjusted p-values; they were not included in the Holm correction. Their
185  interpretation as confirmatory evidence depends on whether the directional hypotheses were specified
186  independently of the observed trend results.

187 2.5 Paired MAM—-OND comparative analyses

188  Two distinct paired estimands were used to examine the relationship between MAM and OND rainfall
189  accumulation. Calendar year was the pairing unit, and both analyses were conducted independently within the
190  1991-1999 and 2000-2024 source periods.

191  a) Difference between seasonal trend rates, the first estimand was the difference between the separately
192 estimated seasonal Theil-Sen slopes:

193 AB = Sen(MAM) — Sen(OND)
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194  This quantity assesses whether the estimated MAM and OND trend rates differ. Its uncertainty was evaluated
195  using a joint paired residual circular moving-block bootstrap. The same resampled calendar-year block indices
196  were applied to the MAM and OND residual vectors, preserving their contemporaneous cross-season pairing.
197  The analysis used 10,000 replicates, a five-year primary block length, and three- and seven-year sensitivity
198  blocks. The primary result was reported as the paired 95% CBB confidence interval for the difference in seasonal

199  slopes.

200  b) Trend in the signed annual seasonal gap; the second estimand examined the temporal trend in the annual
201 paired difference:

202 Dy =MAM,— OND,

203

204  The Theil-Sen slope of D, estimated change in the signed additive MAM—OND rainfall gap over time:

205

206 Bp = Sen(D,)

207

208  Its uncertainty was assessed using a residual CBB with 10,000 replicates, a five-year primary block length and
209 three- and seven-year sensitivity specifications. A complementary two-sided HAC regression tested the temporal
210 trend in D¢, using a two-year primary lag and one- and three-year sensitivity lags:

211

212 Dt=aD+,8D(t—f)+sD,t

213

214  These estimands answer different questions. The difference between the separate seasonal Sen slopes, Sen
215 (MAM) — Sen(OND) is not generally equivalent to the Sen slope of the annual signed difference, Sen
216  (MAM — OND). The latter represents an additive difference in millimetres; it is neither the unsigned magnitude
217  of the seasonal gap nor a comparison of proportional rainfall shares. Both estimands were interpreted within
218  their respective source periods, without pooling or cross-era testing.

219 2.6 Annual empirical lower-tail thresholds and classification

220  Annual rainfall P10 and P20 thresholds were estimated independently within each source period using linear
221  empirical quantile interpolation:

222 P10 = QO.lO(Ay)
223 P20 = Qo.zo(Ay)
224

225  where A, represents the annual rainfall observations within the relevant source period. The thresholds therefore
226  describe the lower tail of each source-era annual rainfall distribution rather than externally prescribed drought
227  thresholds.

228  Annual observations were classified into three mutually exclusive categories:

229
230 C, =14, < P10

231 2, P10<A,<P20
232 3, A, > P20

233 These inclusive boundaries ensured that every annual observation belonged to exactly one category. Annual
234 counts and proportions were reported descriptively. Uncertainty in the estimated thresholds and associated
235  annual proportions was assessed using circular moving-block bootstrap resampling, with a five-year primary
236 block length. No p-values were assigned to frequencies derived from thresholds estimated from the same
237  observations.

238  For frequency reporting, years strictly below each threshold were identified using (R, < P10) and (R,, < P20),
239 respectively. For mutually exclusive annual classification, inclusive boundary rules were applied: P10 or lower
240 (R, < P10); above P10 through P20 (P10 < R, < P20); and above P20 (R, > P20). This distinction preserves
241  a complete, non-overlapping classification, including any observation exactly equal to an estimated threshold.
242 The threshold estimation and annual classification procedures are summarised in Figure 1.
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243  Uncertainty in the seasonal deficit frequencies and threshold estimates and associated annual proportions was
244 assessed using 10,000 paired-year circular moving-block bootstrap replicates, with a five-year primary block
245  length. MAM and OND indicators were resampled together using the same calendar-year block indices,
246  preserving their annual pairing. For each replicate, the corresponding event frequency was recalculated from the
247  resampled paired observations. The resulting percentile 95% confidence intervals were conditional on the
248 season-specific P20 thresholds estimated from the full source-era series; threshold-estimation uncertainty was
249  not propagated. Given the nine-year historical sample, its seasonal deficit frequencies and bootstrap intervals
250  were treated as exploratory. No p-values were assigned to frequencies derived from thresholds estimated from
251  the same 25 annual observations.

252 2.7 Statistical reporting, software and reproducibility

253 Geospatial preprocessing and raster operations were undertaken using the Ubuntu system Python 3.14.4. Raster
254  processing and data access used Rasterio 1.5.1 and GDAL 3.12.2; vector and spatial data operations used
255  GeoPandas 1.2.0, Shapely 2.1.2, pyproj 3.8.0, affine 3.0.1 and pyogrio 0.13.0. The associated geospatial libraries
256  included GEOS 3.13.1 and PROJ 9.8.1, as reported by Shapely and pyproj, respectively. The system
257  environment additionally included NumPy 2.3.5, pandas 3.0.6 and SciPy 1.16.3. Statistical analyses were
258  conducted in a separate Python 3.14.4 CHRIS virtual environment. Numerical computation and array operations
259  used NumPy 2.5.4; tabular data management used pandas 3.1.0; statistical estimation, including Theil-Sen trend
260  estimation, used SciPy 1.18.1; and regression modelling with heteroskedasticity- and autocorrelation-consistent
261 covariance estimation used statsmodels 0.15.0. The virtual environment included Matplotlib 3.11.2 and Pillow
262 13.0.0 for figure generation and image processing. Both environments operated on a 64-bit Ubuntu Linux
263  platform under WSL2, using Linux kernel 6.6.87.2-microsoft-standard-WSL2 and glibc 2.43.

264  The analysis code, source-separated monthly national rainfall inputs, derived annual and seasonal series,
265  machine-readable statistical results, data dictionaries, provenance documentation and quality-assurance
266  manifests are archived in Zenodo (https://doi.org/10.5281/zen0do.23951555). The package reproduces the
267  analytical workflow from the governed national monthly rainfall input series onward; it does not contain the
268  original CHIRPS GeoTIFF archive or the upstream raster-to-national aggregation workflow.

269 3. Results

270 3.1 Exploratory historical rainfall profile, 1991-1999

271  The nine-year historical series shows substantial interannual variability and an exploratory upward tendency. Its
272 Theil-Sen slope was approximately +134.19 mm per decade. The series includes an unusually wet year in 1997,
273  while 1991 and 1996 fall within the source-era lower tail. Given the short record and the historical series’
274  unresolved upstream grid provenance, this slope is descriptive and is not directly comparable with the CHIRPS
275  estimate.

276  Against the historical source’s empirical thresholds, one year (1996; 11.1%) was at or below P10 and two years
277 (1991 and 1996; 22.2%) were at or below P20. Thus, one year (1991; 11.1%) fell above P10 and at or below
278 P20, while seven years (77.8%) were above P20. Eight of nine years (88.9%) were above P10. These categories
279  identify relative annual deficits within the short source-era distribution, not drought duration or seasonal severity.
280  The 1991-1999 historical rainfall series is not combined with the CHIRPS period for inferential trend estimation.

281 3.2 National annual rainfall trend, 2000-2024
282  January 2000 marks the transition to the principal CHIRPS series. The short nine-year historical segment is

283  useful for contextual description only. It was not used to infer a like-for-like change in annual rainfall trend
284  between the two source eras.
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285  The primary five-year circular moving-block bootstrap 95% confidence interval was 43.74—102.91 mm per
286  decade. The complementary HAC regression estimated an increase of 80.86 mm per decade (SE 28.96; 95% CI
287  20.96-140.76; p=0.0103). Kendall’s tau-b was 0.273, and the R? was 0.211.

288 Table 1: National annual rainfall trend and primary inference, Kenya, 2000-2024.
Measure Estimate

Annual observations 25 (2000-2024)

Mean annual rainfall 640.08 mm

Annual standard deviation 129.42 mm

Theil-Sen slope +78.25 mm/decade
Theil-Sen 95% circular block-bootstrap CI 43.74 t0 102.91 mm/decade
HAC linear slope +80.86 mm/decade

HAC standard error 28.96

HAC 95% CI 20.96 to 140.76 mm/decade
HAC p-value (two-year lag) 0.0103

Kendall’s tau-b 0.273

OLS R? 0.211

289 The trend direction remained positive across the evaluated bootstrap block lengths and HAC lag specifications.
290  Alternative displayed representations produced Theil-Sen slopes of +78.25 mm per decade for annual rainfall and
291 absolute anomalies, +6.52 mm per month per decade for mean monthly rainfall, +12.22 percentage points per decade
292 for percentage anomalies, and +0.605 standard deviations per decade for standardised anomalies. Their shared p-
293 value reflects the same underlying annual observations, not independent confirmations.

294

Table 2: Alternative representations of the same national rainfall trend; these are not independent tests.

Theil-Sen  slope  per

Representation 95% bootstrap CI

decade
Annual rainfall +78.25 mm 43.74 t0 102.91 mm 0.0103
Annual mean monthly rainfall +6.52 mm/month 3.64 to 8.58 mm/month 0.0103
Absolute rainfall anomaly +78.25 mm 43.74 t0 102.91 mm 0.0103
Percentage anomaly +12.22 percentage points 6.83 to 16.08 0.0103
Standardised anomaly +0.605 SD 0.338 t0 0.795 SD 0.0103

295

296  Figure 2 illustrates annual rainfall variability, the separation between the two source periods and the source-era-
297  specific empirical lower-tail classifications.

298 3.3 Robustness to dependence specifications

299  The positive Theil-Sen estimate persisted across all three bootstrap block lengths. The primary five-year interval and
300  the repeated five-year sensitivity calculation were identical after removal of a duplicated earlier calculation. The
301 direction and statistical support of the HAC trend were also retained across the one-, two- and three-year lag
302  specifications.

303 Table 3: Moving-block bootstrap sensitivity to block length

Specification Slope (mm/decade) 95% CI
Circular bootstrap, 3-year blocks +78.25 17.43 to 125.23
Circular bootstrap, 5-year blocks (primary) +78.25 43.74 t0 102.91
Circular bootstrap, 7-year blocks +78.25 37.97 to 103.37

304

305 Table 4: Newey—West HAC lag sensitivity
HAC lag Slope (mm/decade) SE 95% CI p-value
1 year +80.86 34.61 9.27 to 152.45 0.0285
2 years (primary) | +80.86 28.96 20.96 to 140.76 0.0103
3 years +80.86 22.41 34.50 to 127.22 0.0015
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306  As shown in Figure 3, all evaluated bootstrap confidence intervals excluded zero, and all HAC p-values were below
307  0.05. This agreement supports a positive trend within the tested specifications. It does not remove uncertainty arising
308  from the short annual record, the selected precipitation product or the untested forms of temporal variability.

309 3.4 Lower-tail rainfall thresholds and dry-year frequency

310 The empirical P10 threshold was 514.04 mm (95% bootstrap CI 444.31-540.12 mm), and the P20 threshold was
311 536.90 mm (95% bootstrap CI 513.72-573.45 mm). Three of the 25 annual observations (12%) were at or below P10.
312 Five (20%) were at or below P20, comprising the three P10 years and two additional years between P10 and P20. The
313 remaining 20 observations (80%) were above P20 as shown in Table 5 and Figure 4.

314

315 Table 5: Empirical lower-tail annual rainfall thresholds and mutually exclusive frequencies, Kenya, 2000-2024
Threshold/category ﬁi:ﬁfa“ threshold or Observed share  95% bootstrap interval
P10 threshold 514.04 mm — 444.31 to 540.12 mm
P20 threshold 536.90 mm — 513.72 to 573.45 mm
At or below P10 3/25 12% 4% to 20%
Above P10 to P20 2/25 8% 0% to 16%
Above P20 20/25 80% 64% to 92%

316

317  The lower-tail classifications demonstrate that a positive long-term annual trend coexisted with relatively dry years.
318  Their frequencies describe the realised distribution against sample-derived cut-offs; they are not a separate hypothesis
319  test of a change in drought frequency or severity.

320 3.5 Complementary Rainfall Seasonality comparative analytics

321  The seasonal analysis examined two related but distinct aspects of Kenya's bimodal rainfall regime: whether
322 MAM and OND rainfall accumulation exhibited different temporal trend rates, and whether the annual
323  difference between their accumulations changed over time. These questions were addressed using the difference
324  between their independently estimated Theil-Sen slopes, Sen(MAM) — Sen(OND), and the Theil-Sen trend in
325  their annual paired difference, Sen(MAM — OND), respectively.

326  Two distinct estimands were examined to assess the relationship between MAM and OND rainfall accumulation,
327  with inference based on circular moving-block bootstrap (CBB) procedures. The first assessed the difference in
328  seasonal trend rates, calculated as the difference between the separately estimated Theil-Sen slopes, Sen(MAM)
329  —Sen(OND). Its uncertainty was evaluated using a joint paired residual CBB, with the 95% confidence interval
330  (CI) providing inference on whether the estimated seasonal trend rates differed.

331  The second assessed temporal change in the annual seasonal rainfall gap, defined as the annual paired difference
332 between MAM and OND rainfall accumulation (MAM — OND). The Theil-Sen slope of this annual difference
333  quantified whether the relative accumulation gap changed over time. Inference combined the residual CBB 95%
334  CI with a two-sided Newey—West heteroskedasticity- and autocorrelation-consistent (HAC) test.

335  Both analyses used 10,000 bootstrap replicates, with 3-, 5- and 7-year block lengths evaluated for sensitivity.
336  For the annual MAM—-OND gap analysis, HAC sensitivity was additionally assessed using 1-, 2- and 3-year
337  lags. Figure 5 presents the trends and the results from the two estimands.

338
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339  Panels A-B: Temporal trends in the signed annual MAM—-OND rainfall accumulation gap. The annual
340  contrast is calculated as MAM minus OND seasonal rainfall accumulation (mm/season). Points represent
341 observed annual differences, dashed lines indicate within-era Theil-Sen trends, and the horizontal dotted line
342 denotes zero difference. Annotations report the Theil-Sen slope, 95% residual circular moving-block bootstrap
343  (CBB) confidence interval, HAC regression slope and confidence interval, and two-sided HAC p-value (Newey—
344  West lag 2).

345  Panels C-D: Individual seasonal rainfall trajectories and differences in trend rates. Blue and green series
346  represent observed MAM and OND seasonal rainfall accumulation, respectively, with corresponding dashed
347  lines showing independent within-era Theil-Sen trends. Annotations provide season-specific slope estimates
348  and 95% residual CBB confidence intervals. The difference between seasonal trend rates is calculated as
349  Sen(MAM) minus Sen(OND), with uncertainty estimated using joint paired residual circular moving-block
350  bootstrap resampling. The same five-year calendar-block indices are applied to contemporaneous MAM and
351  OND residual vectors to preserve cross-season dependence (10,000 replicates).

352 Panel E: Seasonal trend effect sizes. The four source-era-specific MAM and OND Theil-Sen estimates
353  (mm/decade) are presented with 95% residual CBB confidence intervals. The vertical reference line denotes
354  zero temporal trend. Panel E shows confidence intervals for individual seasonal slopes; it does not itself test the
355  difference between MAM and OND. The paired bootstrap in Panels C—D addresses that separate question. All
356  estimates are source-era-specific. The historical nine-year record is treated as exploratory. No pooled trend,
357  pooled seasonal estimate or formal cross-era significance test was undertaken.

358  Panel F: Dependence-aware trend summary. The table reports sample size, Theil-Sen slope, 95% residual
359  CBB confidence interval, two-sided HAC p-value, Holm-adjusted p-value within each source era and descriptive
360  coefficient of determination (R?) for the four independent seasonal models. HAC inference uses a Newey—West
361  estimator with a two-year lag and a t-based reference distribution (df=7 for 1991-1999 and df=23 for 2000-
362  2024). Holm adjustment is applied separately to the MAM and OND tests within each era. R? is descriptive and
363  isnotused to determine trend significance. Separate one-sided directional tests of increasing rainfall are reported
364  as complementary inference and are not combined with the two-sided tests in Panel F.

365  For each era independently:

366 D, = MAM,— OND,

367 e Hj: The temporal trend in the paired annual MAM—OND rainfall contrast is zero.

368 e Hj: The temporal trend in the paired annual MAM—OND rainfall contrast is non-zero.
369  The primary effect estimate is the Theil-Sen slope of D, in mm per decade.

370 e Positive slope: MAM rainfall is increasing relative to OND.

371 e Negative slope: OND rainfall is increasing relative to MAM.

372 3.5.1 Temporal change in the relative contribution of MAM and OND rainfall

373  Seasonality was assessed through the temporal trend in annual paired differences between March-May (MAM)
374  and October—December (OND) national rainfall accumulation. This approach retained the calendar year as the
375  pairing unit and directly evaluated whether the relative rainfall contribution of the two principal rainy seasons
376  changed over time as shown in Figure 5.

377  Panels A-B: Bgap = Sen(MAM — OND)

378  Panels C-D: AP = Sen(MAM) — Sen(OND)
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379  3.5.2 Seasonal rainfall trends and relative MAM-OND accumulation

380  A) Individual seasonal rainfall trends

381  During 1991-1999, both seasons had positive Theil-Sen estimates, although uncertainty was substantial. MAM
382  increased at an estimated 50.84 mm per decade (95% CBB CI: —1.02 to 128.13), while OND increased at 12.95
383  mm per decade (—106.05 to 152.23). Neither trend was supported by two-sided HAC inference (p=0.125 and
384  p=0.417, respectively; Holm-adjusted p=0.249 and p=0.417). The short historical record therefore provides
385  insufficient evidence of systematic seasonal rainfall increases.

386  During 2000-2024, MAM exhibited a positive Theil-Sen slope of 28.66 mm per decade (95% CBB CI: 7.55-
387  40.78). Its two-sided HAC test indicated nominal significance before multiplicity adjustment (p=0.0266). The
388  corresponding Holm-adjusted p-value was 0.0532, marginally above the conventional 0.05 threshold. Thus,
389  MAM had a positive bootstrap interval and nominally significant unadjusted HAC evidence, but did not meet
390  the 5% threshold after within-era multiplicity correction. OND also exhibited a positive estimated trend of 14.65
391  mm per decade, but its 95% CBB confidence interval (—2.28 to 31.03) included zero.

392  The two-sided HAC test was not significant (p=0.0707; Holm-adjusted p=0.0707). Consequently, the two-sided
393  analysis provides less conclusive evidence of increasing OND rainfall.

394  B) Directional evidence of increasing seasonal rainfall, 2000-2024

395 A separate one-sided analysis evaluated the hypothesis of increasing seasonal rainfall accumulation (Ho: < 0;
396  Hj: B>0), using HAC lag and circular block-bootstrap sensitivity analyses. The results summarized in Table 6
397  are presented alongside the two-sided seasonal trend inference to distinguish evidence of a positive directional
398  trend from evidence based on two-sided testing and within-era multiplicity adjustment.

399 Table 6: Two-sided and directional evidence of increasing MAM and OND rainfall accumulation in Kenya, 2000-2024

Evidence MAM OND

Theil-Sen slope (mm/decade) +28.66 +14.65

Two-sided residual CBB 95% CI (mm/decade) +7.55 to +40.78 | —2.28 to +31.03
Two-sided HAC p-value (lag 2) 0.0266 0.0707

Two-sided HAC p-value, Holm-adjusted 0.0532 0.0707

One-sided HAC p-value (lag 2) 0.0164 0.0411

One-sided HAC 95% lower confidence bound (mm/decade) | +9.59 +1.61

One-sided bootstrap 95% lower bound (mm/decade) +17.88 +11.73

Directional robustness classification Robust Primary settings only

400 Abbreviations: CBB, circular residual moving-block bootstrap; HAC, heteroskedasticity- and autocorrelation-consistent
401 inference. The two-sided Holm adjustment applies to the two seasonal tests within the 2000-2024 source era. One-sided
402 results are from a separate directional analysis and are not multiplicity-adjusted in this table.

403  MAM showed the strongest evidence of an increasing trend. Its positive CBB confidence interval and unadjusted
404  two-sided HAC test (p=0.0266) supported an increase, although the Holm-adjusted p-value (0.0532) narrowly
405  exceeded the 0.05 threshold. The separate one-sided analysis provided additional directional support (p=0.0164),
406  with positive lower confidence bounds under both HAC and bootstrap inference. This support persisted across
407  all tested HAC lags (1, 2 and 3 years) and bootstrap block lengths (3, 5 and 7 years), supporting classification
408  as arobust increase under the specified sensitivity criteria.

409  OND also had a positive estimated trend, but its two-sided CBB confidence interval included zero and its HAC
410  test was not significant (p=0.0707). Although the one-sided analysis supported an increase under the primary
411 settings (p=0.0411), the result was not consistent across all sensitivity settings. In particular, directional support
412 varied with HAC lag and therefore did not meet the full robustness criterion.
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413  Neither season demonstrated robust directional evidence of increasing rainfall during the shorter 1991-1999
414  historical period. Overall, the directional analysis reinforces the stronger evidence of increasing MAM rainfall
415  during 20002024, while indicating less consistent support for OND. These findings complement the paired
416  inter-seasonal results, which did not establish a statistically distinguishable difference between the MAM and
417  OND trend rates or a temporal change in their signed annual rainfall accumulation gap. The increasing direction
418  should be interpreted as confirmatory only if it was specified independently of the observed trend estimates;
419  otherwise, the one-sided results provide complementary exploratory evidence.

420  C) Paired comparison of seasonal trend rates

421  The difference between the independently estimated seasonal Sen slopes was positive in both source eras: +37.89
422 mm per decade during 1991-1999 and +14.01 mm per decade during 2000-2024. However, the corresponding
423 joint paired residual bootstrap 95% confidence intervals included zero (—101.39 to 160.05 and —8.52 to 31.01
424  mm per decade, respectively). Thus, neither era provided sufficient evidence that the MAM and OND trend rates
425  differed statistically.

426 D) Temporal change in the annual MAM—OND accumulation gap

427  The signed annual MAM-minus-OND contrast provided a second, distinct assessment of relative seasonal
428  rainfall accumulation. During 1991-1999, its Theil-Sen slope was +47.35 mm per decade (95% CBB CI: —85.56
429  t0210.09). HAC regression produced a slope of —14.63 mm per decade (95% CI: —206.41 to 177.15; p=0.862).
430  During 2000-2024, the signed annual gap had a Theil-Sen slope of +7.75 mm per decade (95% CBB CI: —20.22
431  to 32.25). HAC regression estimated a slope of +10.83 mm per decade (95% CI: —25.48 to 47.14; p=0.543).
432 Neither source era provided statistically supported evidence of a temporal trend in the annual additive MAM—
433 OND rainfall difference.

434 3.5.3 Season-specific P20 rainfall deficits
435  Season-specific P20 rainfall deficits were assessed independently for the two source periods, 1991-1999 and
436 20002024, as summarised in Figure 6.

437  A) Season-specific P20 rainfall deficit results
438  Tables 7 and 8 present the season-specific P20 deficit frequencies and the joint occurrence of seasonal deficits
439  across the two source periods.

440 Table 7: Season-specific P20 rainfall deficit details

Source era | Season P20 threshold | Deficit Specific deficit years Observed Paired-year
(mm) years probability | CBB 95%
(n/N) CI

1991-1999 | MAM 226.19 2/9 1992, 1993 22.22% 0-44.44%

1991-1999 | OND 138.89 2/9 1996, 1998 22.22% 0-44.44%

20002024 | MAM 190.44 5/25 2000, 2009, 2011, 2019, 20.00% 8-32%
2022

2000-2024 | OND 175.14 5/25 2005, 2007, 2008, 2010, 20.00% 4-40%
2016

441 Notes: P20 denotes the season-specific empirical 20th-percentile rainfall threshold, calculated independently for each
442 season and source era using linear quantile interpolation. A deficit year is one in which seasonal rainfall was strictly
443 below its respective P20 threshold. CBB denotes circular moving-block bootstrap. Confidence intervals are conditional
444 on the estimated thresholds, threshold-estimation uncertainty was not propagated.
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445

446 Table 8: Joint seasonal P20 occurrence results
Source era | MAM-only deficit | OND-only deficit | Both seasons deficit | Neither season deficit
1991-1999 | 2/9 (22.22%) 2/9 (22.22%) 0/9 (0%) 5/9 (55.56%)
20002024 | 5/25 (20.00%) 5/25 (20.00%) 0/25 (0%) 15/25 (60.00%)

447

448  Figure 6 presents the source-era-specific analyses of MAM and OND seasonal rainfall accumulation and lower-
449  tail deficit occurrence. Annual seasonal totals and Theil-Sen trends are shown alongside complementary one-
450  sided HAC tests of directional increases, while the lower panels summarise season-specific empirical P20 deficit
451  frequencies and paired-year circular block-bootstrap confidence intervals. The two periods (1991-1999 and
452 2000-2024) are analysed independently, allowing seasonal trend behaviour and deficit occurrence to be assessed
453  without pooling the source records.

454  B) Season-specific P20 rainfall deficit probabilities

455  The season-specific P20 analysis provided a complementary description of rainfall deficit frequency. During
456 1991-1999, the MAM P20 threshold was 226.19 mm and the OND threshold was 138.89 mm. Each season
457  recorded two deficit years among the nine available years, corresponding to empirical probabilities of 22.22%.
458  The paired-year CBB 95% intervals were 0—44.44% for both seasons, reflecting the substantial uncertainty
459  associated with the short historical record.

460  During 2000-2024, the MAM P20 threshold was 190.44 mm, while the OND threshold was 175.14 mm. Each
461 season recorded five deficit years among 25 observations, producing an empirical deficit probability of 20.00%.
462  The paired-year CBB interval was 8-32% for MAM and 4-40% for OND. The wider OND interval indicates
463  greater uncertainty around its estimated deficit probability.

464  The similar empirical probabilities across MAM and OND during 2000-2024 indicate that neither season had a
465  higher observed frequency of season-specific P20 deficits in this analysis. However, the thresholds were
466  estimated separately for each source era and season. Consequently, these probabilities describe within-era
467  seasonal deficit frequency rather than change in absolute rainfall-deficit risk between historical and recent
468  periods. The analysis also does not propagate uncertainty in estimation of the P20 thresholds into the reported
469  probability intervals.

470  C) Joint occurrence and non-occurrence of seasonal rainfall deficits

471  No calendar year in either source era experienced simultaneous MAM and OND rainfall deficits below their
472 respective P20 thresholds. The deficit events occurred in different years, with neither-season deficit conditions
473  recorded in five of nine years (55.6%) during 1991-1999 and 15 of 25 years (60.0%) during 2000-2024. Thus,
474  most observed years in both periods had neither rainy season falling below its season-specific P20 threshold.
475  These complementary frequencies indicate the absence of concurrent lower-tail rainfall events in the paired
476  annual records, although they do not establish the absence of other forms of drought or within-season rainfall
477  deficits.

478 4. Discussion

479 4.1 Annual wetting and the contrasting evidence from seasonal rainfall

480  The national annual rainfall analysis indicates a statistically supported upward trend in Kenya's CHIRPS rainfall
481  series over 2000-2024. The Theil-Sen slope was +78.25 mm per decade (95% circular block-bootstrap
482  confidence interval [CI]: 43.74-102.91), while the complementary Newey—West heteroskedasticity and
483  autocorrelation-consistent (HAC) estimate was +80.86 mm per decade (95% CI: 20.96-140.76; p = 0.0103).
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484  The direction of the annual trend was retained across the tested block-bootstrap lengths and HAC lag
485  specifications. This result establishes an upward national annual rainfall tendency over the period examined, but
486 its interpretation needs to account for the considerable interannual variation in the series. Annual rainfall
487  averaged 640.08 mm, with a standard deviation of 129.42 mm. Three of the 25 years (12%) were at or below
488  the empirical P10 threshold, and five (20%) were at or below P20.

489  The seasonal analysis provides an additional level of interpretation. During 2000-2024, the estimated MAM
490  Theil-Sen slope was +28.66 mm per decade, with a 95% circular block-bootstrap interval of +7.55 to +40.78
491  mm per decade. Its two-sided HAC test produced a nominal p-value of 0.0266; however, the within-era Holm-
492  adjusted value was 0.0532. The evidence therefore falls just short of the conventional 0.05 threshold after
493  multiplicity adjustment. A separately conducted one-sided analysis also supported a positive MAM trend (p =
494  0.0164), with positive lower confidence bounds across the tested HAC lag and bootstrap block-length
495  specifications. That directional result strengthens the evidence for an increase.

496  OND also had a positive estimated trend, with a Theil-Sen slope of +14.65 mm per decade. However, its 95%
497  circular block-bootstrap interval extended from —2.28 to +31.03 mm per decade. The corresponding two-sided
498  HAC estimate was +28.21 mm per decade (95% CI: —2.58 to +59.01; p = 0.0707). A separate one-sided test
499  produced p = 0.0411, but its positive lower bounds were retained only under the primary settings, rather than
500 across the full sensitivity analysis. The OND result was consequently interpreted as a positive but less robust
501  indication of increasing seasonal accumulation, not as equivalent in strength to the MAM evidence.

502  This distinction matters for the interpretation of the two rainy seasons. Both had positive point estimates during
503  2000-2024, but the evidence supporting an increase was stronger for MAM. The paired analysis did not,
504  however, establish that MAM rainfall increased faster than OND rainfall. The estimated difference between their
505  seasonal Sen slopes was +14.01 mm per decade, with a paired circular block-bootstrap 95% CI of —8.52 to
506  +31.01 mm per decade. Because this interval includes zero, the observed difference in point estimates does not
507  establish a statistically distinguishable difference in the rates of seasonal change.

508  The separate analysis of the annual MAM—-OND rainfall gap leads to the same restraint in interpretation. The
509  Sen slope for the annual signed difference, defined as MAM minus OND rainfall, was +7.75 mm per decade
510  (95% CI: —20.22 to +32.25). The corresponding HAC coefficient was +10.83 mm per decade (95% CI: —25.48
511 to +47.14; p = 0.543). Thus, there was no statistically supported temporal change in the annual difference
512 between the two seasonal totals. This analysis addresses a different estimand from the paired difference between
513  the two individual seasonal Sen slopes: the trend in the annual MAM—-OND gap is not interchangeable with the
514  difference between the two estimated seasonal trends. Neither analysis provides evidence that the two seasons
515  have become progressively more divergent.

516  The short 1991-1999 historical record provides limited additional context. The estimated MAM and OND Sen
517  slopes were +50.84 and +12.95 mm per decade, respectively, but their confidence intervals were broad and
518  included zero. The paired difference between the seasonal slopes was also imprecise, with a 95% interval of
519 —101.39 to +160.05 mm per decade. The trend in the annual MAM—OND gap was not established either: its Sen
520  estimate was +47.35 mm per decade (95% CI: —85.56 to +210.09), while the HAC estimate was —14.63 mm per
521  decade (p = 0.862).

522  With only nine annual observations, these historical estimates are exploratory and are not given the same
523 inferential weight as the 25-year CHIRPS analysis. In addition, the historical series was supplied as a national
524  tabular dataset whose upstream grid provenance and aggregation procedure could not be verified; it was not
525  homogenised with CHIRPS. The two periods therefore were not treated as a single continuous record from which
526  aformal change in rainfall trend can be inferred.

527
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528  The annual and seasonal findings are consequently consistent in showing positive rainfall tendencies in the
529  recent period, but they do not establish a uniform or seasonally divergent response. The annual estimate concerns
530  rainfall accumulated across the calendar year, while MAM and OND represent only two components of that
531  total. The annual increase cannot be attributed entirely to either rainy season without examining the other months
532  and the contribution of rainfall outside the two main seasons. Moreover, the seasonal results indicate that positive
533 accumulation trends can coexist with individual years of relatively low seasonal rainfall.

534 4.2 Convergence with evidence of seasonal and spatial rainfall variability in eastern Africa

535  The combined findings are consistent with the broader evidence that eastern African rainfall is characterised by
536  distinct seasonal regimes, multiple climatic controls and substantial spatial variation. Nicholson's regional
537  synthesis describes the differences in rainfall seasonality and variability across eastern Africa, including the
538  distinct relationships between the long and short rains and their respective climate drivers [1]. Palmer and
539  colleagues similarly identify the influence of the El Nifio—Southern Oscillation and Indian Ocean Dipole on
540  interannual rainfall variability, while emphasising that observed trends differ between seasons and have varied
541 over time [2].

542  The seasonal context in Palmer et al. is particularly relevant. Their synthesis describes a tendency towards
543 declining long-rains rainfall from the mid-1980s to around 2010, followed by partial recovery in some areas,
544  while the short rains generally became wetter over much of eastern Africa. The present analysis, which covers
545 20002024, identifies a positive MAM accumulation trend and a positive but less statistically secure OND trend.
546 ~ The MAM result is therefore compatible with the reported partial recovery in the more recent part of the regional
547  record, although the two analyses differ in spatial coverage, data treatment and period of inference. The positive
548  OND estimate is also consistent with the broader regional evidence of increasing short-rains accumulation, but
549  the present result does not establish an equally robust increase for Kenya at the national scale [2].

550  Research using higher-resolution rainfall datasets further supports the need to distinguish regional and national
551  patterns from local rainfall behaviour. Gebrechorkos et al. reported spatially differentiated rainfall trends across
552 Ethiopia, Kenya and Tanzania, including decreasing long-rains rainfall in eastern parts of the region and
553  contrasting changes elsewhere. Their short-rains analysis identified generally non-significant increases across
554 large parts of the region [17]. Similarly, Kotikot et al. found both wetting and drying patterns across Kenyan
555  counties during the long and short rains, alongside evidence of increased seasonal and intraseasonal variability
556  and more frequent extreme wet and dry events [5]. These studies demonstrate that a positive national seasonal
557  or annual estimate does not necessarily represent a consistent response across counties.

558  The present findings add to this literature by bringing together national annual rainfall trends, separate MAM
559  and OND trend estimates, paired seasonal comparisons and the joint occurrence of lower-tail seasonal years.
560  This combination helps distinguish three features that may otherwise be conflated: the direction of annual rainfall
561  change, the strength of evidence for seasonal changes, and the extent to which low-rainfall conditions occur in
562  both seasons during the same year. The findings suggest that the recent national annual increase occurred
563  alongside positive seasonal estimates, but without statistical evidence that the two rainy seasons followed
564  different rates of change. At the same time, the continued occurrence of seasonal lower-tail years shows that a
565  positive accumulation trend does not remove year-to-year rainfall deficits.

566  The convergence with regional evidence is therefore not that all studies demonstrate the same direction of rainfall
567  change. It is that rainfall change is strongly dependent on the season, geographical domain, observation period

568  and indicator used. The present national annual and seasonal results should be interpreted within that framework,
569  rather than as a replacement for county-level or sub-seasonal assessments.

570
571
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572 4.3 Divergence from reported long-rains drying and the importance of the observation period

573  The positive MAM estimate in the present analysis differs in direction from studies that documented long-rains
574  drying across parts of eastern Africa during earlier periods. Wainwright et al. described a decline in the eastern
575  African long rains associated with later onset and earlier cessation, rather than a comparable reduction in peak
576  area-averaged daily rainfall intensity. Their analysis also identified partial recovery in the more recent years of
577  their observation period [3]. Palmer et al. likewise describes the long-rains drying tendency that persisted from
578  the mid-1980s to around 2010, followed by some recovery thereafter [2].

579  The difference in period is important. The present MAM analysis covers 2000-2024 and therefore includes years
580  within the previously reported drying period as well as the subsequent period of partial recovery. Its positive
581  trend should not be interpreted as evidence that the earlier long-rains drying observations were incorrect. Rather,
582 it represents the net direction of the national seasonal rainfall series over a later and differently defined period.
583 It is possible for a trend estimated across 2000-2024 to be positive even when part of that period experienced
584  lower rainfall, particularly where later recovery contributes to the overall slope. The current analysis does not,
585  however, identify the timing or mechanism of any such change.

586  Cattani et al. provide a further reason for caution when comparing seasonal trends. Their analysis of ARC2,
587  CHIRPS and TAMSAT rainfall products for 1983-2015 found that trend patterns varied by product,
588  geographical area and rainfall indicator. Their results included indications of declining MAM rainfall over
589  substantial parts of eastern Africa, but the spatial distribution and statistical support were not consistent across
590 the three satellite products. Their analysis also identified increases in several OND indicators over eastern Africa,
591  with Kenya an exception to the broader regional pattern [4]. The present results do not resolve these earlier
592  product and spatial differences. They provide a later national estimate derived from the specified CHIRPS series,
593  rather than a county-resolved comparison among satellite products.

594  The difference between annual and seasonal findings also has an important statistical explanation. Annual
595  rainfall represents the accumulated rainfall from all months of the year. A positive annual trend can therefore
596 arise from changes in MAM, OND, other rainfall periods, or a combination of them. It can also coexist with
597  changes in the timing and distribution of rainfall within a season.

598  Anincrease in a seasonal total does not necessarily indicate that rainfall is spread more evenly across the season,
599  that the season starts earlier, or that it lasts longer. Wainwright et al.'s finding that the long-rains decline was
600  associated with later onset and earlier cessation, rather than a comparable decline in peak daily rainfall, illustrates
601  how seasonal accumulation can change through altered rainfall timing [3].

602  The 2024 Kenya climate assessment provides a recent illustration of why national and seasonal rainfall indicators
603  need to be interpreted together. The Kenya Meteorological Department reported substantial spatial variation
604  during 2024, with above-normal MAM rainfall in parts of the western and central highlands, but near- or below-
605  normal conditions in other areas. The report also documented below-average OND rainfall and deteriorating
606  drought and food-security conditions in affected areas [18]. These observations illustrate the practical
607  consequences of seasonal and geographical contrasts, but do not independently validate the long-term trend
608  estimated here.

609 It is also important not to equate the Kenya Meteorological Department's classification of a season as below
610 average with the present study's P20 deficit classification. The two classifications use different thresholds and
611  may be based on different spatial and temporal aggregations. A season can be below its climatological average
612  without falling below the empirical twentieth percentile used in this analysis. This distinction is particularly
613  important when comparing the 2024 assessment with the present annual and seasonal classifications. Taken
614  together, the apparent divergence from earlier reports of long-rains drying is best understood in terms of
615  differences in observation period, spatial coverage and rainfall metric.
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616  The positive MAM trend during 2000—2024 is evidence of increasing national seasonal accumulation over that
617  interval. It does not establish a long-term reversal of all previously documented drying patterns, nor does it
618  demonstrate that the timing, duration or reliability of MAM rainfall has recovered uniformly across Kenya.

619 4.4 Seasonal deficit occurrence and the absence of concurrent MAM—OND lower-tail years

620  The P20 analysis adds a dimension that is not captured by trend estimates alone. During 2000-2024, five MAM
621  years and five OND years fell strictly below their respective season-specific P20 thresholds. These were not the
622  same years. The MAM deficit years were 2000, 2009, 2011, 2019 and 2022, while the OND deficit years were
623 2005, 2007, 2008, 2010 and 2016. No calendar year was classified as a deficit year in both seasons.
624  Consequently, 10 of the 25 years (40%) experienced a lower-tail deficit in one season only, while 15 years (60%)
625  had neither MAM nor OND rainfall below its corresponding P20 threshold.

626  The historical series showed the same pattern of non-concurrent seasonal deficits. MAM fell below its P20
627  threshold in 1992 and 1993, while OND fell below its threshold in 1996 and 1998. Again, no year had both
628  seasons below their respective thresholds. Five of the nine years (55.6%) had neither a MAM nor an OND
629  deficit.

630  These results show that the observed lower-tail MAM and OND events were seasonally non-concurrent within
631  the annual records examined. In the recent period, most years did not fall below either season's own P20
632  threshold, despite the continued occurrence of lower-tail years in both seasons. This is compatible with the
633  positive seasonal accumulation estimates: an overall upward tendency does not preclude individual years with
634  relatively low seasonal totals.

635  The joint classification also provides an important qualification to the marginal P20 frequencies. The five MAM
636  deficit years and five OND deficit years during 2000—2024 each represent 20% of their respective annual series.
637  Because the thresholds were estimated from the same period's observations, these marginal frequencies describe
638  the empirical lower tails of the selected series; they should not be interpreted as independent estimates of future
639  drought probability. The absence of a year classified below P20 in both seasons is a feature of the observed
640  paired annual classifications. It does not establish statistical independence between MAM and OND rainfall, nor
641  does it demonstrate that Kenya was free from drought in years classified as having neither seasonal P20 deficit.

642  In particular, neither-season classification should not be equated with an absence of agricultural, hydrological
643  or socioeconomic drought. A seasonal total can remain above its P20 threshold while containing prolonged dry
644  spells, delayed onset, early cessation or an uneven distribution of rainfall. Similarly, rainfall deficits at county
645  or sub-county scales may not be reflected in the national seasonal total. The observed joint states therefore
646  describe the concurrence of two specific national seasonal lower-tail indicators, rather than the full range of
647  drought conditions at sub-national levels.

648  The historical and recent state distributions are descriptively similar in that neither period recorded simultaneous
649  MAM and OND P20 deficits. However, the small historical sample and the differences in source data preclude
650  a strong comparative claim about changes in the probability of concurrent seasonal deficits. Overall, we
651 concluded that no concurrent lower-tail MAM—OND year was observed in either era-aware source period.

652 4.5 Measurement and inferential considerations

653  The results depend on both the characteristics of the rainfall product and the spatial and temporal aggregation
654  used in the analysis. CHIRPS is widely used for rainfall monitoring over eastern Africa, and its evaluation
655  against gauge observations supports its utility at regional scales. However, Dinku et al. found that product
656  performance varies geographically, with weaker performance in some coastal and mountainous settings [7]. This
657 is relevant to Kenya, where terrain, coastal influences and pronounced rainfall gradients can affect the
658  representation of precipitation in gridded products.
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659  National aggregation also reduces the visibility of local differences. It provides a useful summary of country-
660 level rainfall accumulation, but it does not describe the distribution of rainfall among counties or identify the
661  locations where rainfall changed most strongly. A positive national trend may therefore coexist with declining
662  rainfall in some areas, just as a positive seasonal trend may coexist with county-level seasonal deficits. The
663  findings should be interpreted as national estimates from the supplied CHIRPS series, not as evidence of
664  equivalent rainfall changes throughout the country.

665  The length of the CHIRPS record also constrains inference. Twenty-five annual observations provide a basis for
666  estimating the trend, but remain a relatively short sample for characterising low-frequency rainfall variability.
667  HAC and circular block-bootstrap procedures address specified forms of temporal dependence, and the
668  sensitivity analyses provide some assurance that the main annual result is not dependent on a single lag or block-
669  length choice. They cannot, however, eliminate uncertainty associated with a short record, possible non-
670  stationarity or errors in the underlying rainfall estimates.

671  The seasonal analyses introduce further inferential distinctions. The seasonal Sen estimates, HAC regression
672  coefficients and paired bootstrap intervals are not interchangeable statistics. Theil-Sen estimates the median
673  pairwise slope, while the HAC model estimates a linear regression coefficient with a covariance adjustment for
674  heteroskedasticity and autocorrelation. Their numerical differences do not necessarily indicate inconsistency.
675  Similarly, the paired difference between MAM and OND Sen slopes answers a different question from the trend
676  in the annual signed MAM—OND gap. Keeping these estimands distinct is essential when interpreting whether
677  the two seasons have changed at different rates.

678  The P20 analysis is also conditional on the thresholds estimated from the respective annual series. Its paired-
679  year confidence intervals do not propagate the uncertainty arising from estimation of the P20 thresholds
680  themselves. The historical period, with only nine years, is especially sensitive to the small number of
681  observations. Its deficit frequencies and joint states should be treated as descriptive rather than as stable estimates
682  of the long-term occurrence of seasonal rainfall extremes.

683 4.6 Implications for drought monitoring, population exposure and climate—health vulnerability
684  assessment

685  The combined annual, seasonal and joint-deficit findings have direct implications for the way rainfall
686  information is used in climate-risk monitoring. The positive annual trend should not, by itself, be used to infer
687  that drought preparedness can be reduced. Annual accumulation is only one dimension of rainfall exposure. The
688  seasonal results show that MAM and OND require separate interpretation, while the P20 classifications
689  demonstrate that lower-tail seasonal years continued to occur despite positive trend estimates. For agriculture
690  and food security, seasonal rainfall totals need to be interpreted alongside the timing and distribution of rainfall
691  during crop and pasture development. A season with a positive long-term accumulation trend may still contain
692  years with low total rainfall, delayed onset, early cessation or extended dry spells. These characteristics can
693 affect planting decisions, crop development and pasture availability, but were not directly measured in the
694  present analysis. The findings therefore support retaining season-specific indicators rather than relying on annual
695  rainfall trends as a proxy for agricultural water availability. The same distinction applies to water resources.
696  Annual rainfall accumulation alone cannot establish changes in soil moisture, groundwater recharge, streamflow,
697  reservoir inflow or the duration of water shortages. These outcomes depend on rainfall intensity and distribution,
698  evapotranspiration, catchment characteristics, land cover and water-management practices. The present analysis
699  provides a national precipitation signal and a description of selected lower-tail conditions; it does not quantify
700  changes in hydrological drought or water security.

701 For climate-health assessment, rainfall is an important hazard-related variable, but the annual and seasonal
702  estimates reported here do not constitute evidence of changing disease incidence or health outcomes. Heavy
703  rainfall and flooding can affect water quality, sanitation and access to health services, while rainfall deficits can
704  place pressure on domestic water supplies, food security and livelihoods.
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705  The consequences depend on where rainfall occurs, when it occurs, the intensity and duration of the event, and
706  the population's exposure and adaptive capacity. The 2024 Kenya climate assessment illustrates how contrasting
707  seasonal conditions can produce flooding and drought-related pressures within the same year [18].

708  Health implications therefore require integration of rainfall indicators with relevant environmental,
709  epidemiological, health-service and vulnerability data. These findings also have implications for population-
710  based climate-health vulnerability assessment. Seasonal rainfall should be treated as a time-varying hazard
711  indicator rather than a direct measure of population health risk. Climate-related risk arises through the interaction
712 of hazards with the location of exposed populations and their sensitivity and adaptive capacity [19].
713 Consequently, nationally aggregated annual or seasonal rainfall estimates cannot establish how many people are
714  exposed, where exposure is concentrated, or which populations may have limited capacity to cope. Separate
715  season-aware (MAM and OND) hazard assessments should therefore be spatially aligned with population
716  distributions to estimate the number and proportion of people within season-specific climate-hazard zones.

717  These exposure estimates can then be integrated with indicators of population sensitivity and adaptive capacity,
718  including water and sanitation access, food security, livelihoods and health-service capacity. This would help
719  distinguish seasonal hazard patterns from their geographically differentiated population and health-system
720  implications [20,21].

721 A more complete monitoring framework should combine season-specific rainfall indicators with spatially
722 resolved hazard assessments and gridded or census-based population data. Population counts and proportions
723  within seasonal hazard zones should be estimated at sub-national and, where data permit, sub-county resolution.
724  Rainfall indicators should therefore extend beyond annual to seasonal accumulation, and where stable datasets
725  exist to include onset and cessation, wet-day frequency, consecutive dry days, rainfall intensity and precipitation
726  indices at appropriate accumulation periods. These indicators should be interpreted alongside soil moisture,
727  evaporative demand, streamflow, groundwater and crop-condition measures. Integration with population
728  sensitivity, epidemiological surveillance and health-service coverage would provide a stronger basis for
729  identifying geographically differentiated climate—health vulnerabilities and targeting seasonal preparedness.
730  Such an approach would also help distinguish meteorological rainfall variability from agricultural, hydrological
731  and socioeconomic drought. This paper’s findings was conceptually translated into recommended next step as
732 shown in figure 7.

733 4.7 Limitations

734 Several limitations qualify the interpretation of these findings. First, the current CHIRPS annual analysis covers
735  2000-2024 and contains only 25 observations covering the Kenya county regimes. Although the dependence-
736  aware methods and sensitivity analyses support the reported annual trend, the record cannot fully characterise
737  longer-term variability or establish whether the trend will persist. Second, the 1991-1999 historical series was
738  obtained as a national tabular dataset whose upstream grid provenance and aggregation procedure could not be
739  verified; it was not homogenised with CHIRPS. Though almost all era-aware inferences are consistent through
740  the 1991-2024 window, the 1991-1999 era was treated as a separate exploratory period and was not pooled with
741  the recent series for inferential trend estimation. It however provided us with opportunity to appreciate possible
742  inferential differences based on source datasets and spatial resolution differences [4]. Third, the annual analysis
743  is national in scale. It does not resolve county-level differences in rainfall accumulation or localized lower-tail
744  conditions. Fourth, the seasonal totals do not capture rainfall onset, cessation, intraseasonal distribution, wet-
745  day frequency, intensity or consecutive dry periods.

746  The observed positive seasonal trends should not be interpreted as evidence of improved seasonal reliability.
747  Fifth, the empirical P10 and P20 thresholds are relative to the observed series, rather than externally calibrated
748  thresholds like SPI-3 for agricultural or hydrological drought. The P20 joint-state estimates are conditional on
749  these thresholds and do not account for their estimation uncertainty.
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750  Finally, satellite rainfall estimates have spatially varying performance, particularly in coastal and mountainous
751  areas [7]. The findings are consequently conditional on the selected CHIRPS product and national aggregation.
752  Independent gauge-based assessment, comparison with other long-term rainfall products, and county-resolved
753  analyses would strengthen the interpretation of spatial trends and lower-tail conditions. These limitations do not
754  negate the observed national annual increase, but they define the scope of the conclusions that can be drawn
755  from it.

756 5. Conclusion

757  National annual rainfall in Kenya showed an upward trend during the 2000-2024 CHIRPS period, but the
758  seasonal analysis demonstrated that the evidence was not uniform across the two principal rainy seasons. Both
759  MAM and OND had positive estimated trends, with stronger evidence supporting an increase in MAM.
760  However, the paired analyses did not establish a statistically distinguishable difference between their trend rates
761  or a temporal change in the annual MAM—OND rainfall accumulation gap.

762  Season-specific lower-tail rainfall years continued to occur in both rainy seasons. However, no calendar year in
763  either source period recorded simultaneous MAM and OND rainfall below their respective P20 thresholds. These
764  classifications describe relative seasonal rainfall deficits within the observed distributions and do not establish
765  the absence of other forms of drought. The 1991-1999 historical series remains exploratory and is interpreted
766  separately from the CHIRPS period.

767  For climate-risk monitoring, national annual rainfall trends should therefore be considered alongside separate
768  MAM and OND indicators, seasonal deficit occurrence and spatially resolved rainfall patterns. Further
769  assessment incorporating rainfall onset and cessation, dry-spell duration, intensity, hydrological conditions and
770  population exposure is necessary before drawing conclusions about agricultural drought, water security or
771  climate-related health risks.
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SUPPLEMENTARY INFORMATION

S1 Table. Rainfall data provenance, spatial support and resolution in the Kenya analysis

Purpose. This table distinguishes the native spatial support of the primary CHIRPS series from the tabular form of the historical reference and from separate CCKP
catalogue metadata. The 0.5° CRU TS specification is not attributed to the historical CSV because the public archive record does not establish that lineage.

Provenance, processing and interpretive limits

Source and period used

CHIRPS version 2.0 [8]

Primary analysis: January 2000—-December
2024

300 monthly records

Delivered format and spatial support

Native gridded precipitation rasters (GeoTIFF),
EPSG:4326. The Kenya working subset is
described in the manuscript as 159 x 195 cells.
National and county supports were selected using
the Kenya national boundary and 47 county
polygons.

Resolution and temporal coverage

0.05° x 0.05° nominal grid spacing
(approximately 5 km); monthly
precipitation values. Annual and
MAM/OND seasonal accumulations were
derived from monthly values.

The national monthly estimate is the arithmetic mean of valid
selected pixels (pixel-count weighted), not area- or population-
weighted. Boundary-intersecting cells contribute their full
native pixel value; no fractional-area adjustment is used.
NoData cells are excluded, not imputed or treated as zero.

Code for Africa openAFRICA, “Kenya
Climate Data | 1991-2016" Rainfall(MM)
CSV [9].

Study subset: January 1991-December
1999 (108 monthly records; nine annual
observations).

Resource ID: 25acacc5-c606-4958-9c8a-
1b7d6b12d66d.

Package ID: 1106e169-24ab-404e-bdbf-
42a7e2f77c6e.

CSV national monthly tabular series as used in the
analysis. The retained analytical file has no spatial
coordinates, grid-cell identifiers or county-level
identifiers. It is not a georeferenced raster or
county-resolved dataset in the form analysed.

Monthly observations, 1991-2016 in the
archive; 1991-1999 used. No native grid
spacing or underlying spatial resolution
is reported or verified for the CSV.

The openAFRICA record attributes the data to the World Bank
Climate Change Knowledge Portal. Catalogue creation and
last-update dates are 30 Nov 2020; these are not the original
CHRIS retrieval date. This nine-year subset is exploratory and
was not homogenised or pooled with CHIRPS.

World Bank CCKP, Observed Climate
Data: CRU TS version 4.07 0.5-degree
dataset [10].

Contextual catalogue metadata only; not
confirmed as the source product of the
openAFRICA CSV.

Separate gridded observational climate product.
The CCKP catalogue describes interpolation of
monthly climate anomalies from weather-station
observations and notes that both gridded and
spatially aggregated products are available.

0.5° x 0.5° latitude—longitude grid.
Catalogue coverage: 1901-2022;
monthly, seasonal and annual time
series. Metadata last updated 31 Jan
2024.

The CCKP catalogue entry does not demonstrate that the
particular openAFRICA CSV is a direct extraction or national
aggregation of CRU TS 4.07. Therefore, the 0.5° resolution is
contextual metadata and must not be assigned to the historical
CSV.

Interpretive notes

The historical input is national tabular data without retained coordinates or cells; CHIRPS is a georeferenced 0.05° monthly raster series.
e The 0.5° CRU TS 4.07 specification belongs to a separate CCKP catalogue entry and is not evidence of the historical CSV’s resolution, exact product version or

aggregation procedure.

The 30 November 2020 date is the openAFRICA catalogue date, not the historical CSV’s CHRIS ingestion date.

The short 1991-1999 historical segment remains exploratory and is not pooled with CHIRPS because the source series were not homogenised.

Source references

[8] Climate Hazards Center. CHIRPS v2 dataset page. https://chc.ucsb.edu/data/chirps/.
[9] Code for Africa. Kenya Climate Data (1991-2016), Rainfal(MM) resource 25acacc5-c606-4958-9c8a-1b7d6b12d66d. https://open.africa/dataset/kenya-climate-data-1991-2016/resource/25acacc5-c606-4958-9c8a-1b7d6b12d66d.
[10] World Bank. CCKP Observed Climate Data: CRU TS 4.07 0.5° dataset metadata. https://datacatalog.worldbank.org/infrastructure-data/search/dataset/0040276/climate-change-knowledge-portal-observed-climate-data-cru-ts4-07-0-5-degree.
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Figure 1: Workflow for calculating empirical annual rainfall P10 and P20 thresholds and classifying annual observations
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Figure 2: National annual rainfall variability and drought thresholds in Kenya, 1991-2024.

Panels A E display alternative transformations of the same national annual rainfall series; they are nol independent iesis. Blue
denotes the separaie 19911999 historical baseline (n—Y), and orange denoies the 20002024 CHIRFS period {n—253). The veriical
dashed line marks the January 2000 source transifion. Panels F-H show source-era-specific PIVP20 thresholds and lower-iail
classifications. Anomalies and thresholds are calculated separately for each source era; no pooled trend is estimated across the

transition. The 19911999 segment is exploratory only.
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Dependence-specification sensitivity of the national rainfall trend

Circular moving-block bootstrap Newey-West HAC sensitivity
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Figure 3: Theil-Sen confidence intervals under three circular block lengths and Newey-West HAC CI under three lag
specifications
The painl eslimales are conslani within each method because the same annual series and irend estimalor are used, unceriainty
changes with the dependence specification. All displayed intervals exclude zero
Empirical lower-tail classification, 2000-2024
At or below P10 3/25 (12%)
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Figure 4: Distribution of annual rainfall observations across the three mutually exclusive empirical lower-tail categories
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Kenya: source-cra-specific seazonal rainfall trends and MAM-OND contrast, 1991-2024
A-B: signed annual MAM-OND gap: C-0: seasonal rajectories and paired Sen-rate difference: E: effect sipes: F: dependence-aware inference
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Figure 5: Source-era-specific seasonal rainfall trends and relative MAM-OND accumulation in Kenya, 1991-2024
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Figure 5 presents independent analyses of March May (MAM) and October-December (OND)
seasonal rainfall accumulation across two source eras: 1991 1999, based on the historical
national rainfall source, and 20002024, based on CHIRPS national rainfall daia. Each era was
analysed independently, without pooling observaiions or undertaking formal cross-era hypothesis

lesting.
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MaAM seasonal rainfall; independent within-era trend analyses
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Figure 6: Season-trends and specific P20 rainfall deficit
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Climate intelligence to populations living in hazard zones

A four-stage pathway for population-based climate-health vulnerability assessment

MAM and OND rainfall accumulation » lower-tail conditions

o SEASON-SPECIFIC CLIMATE HAZARDS
and other relevant climate indicators

v

o SPATIAL POPULATION EXPOSURE

Number and proportion of people living within
season-specific climate-hazard zones
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o POPULATION SENSITIVITY AND ADAPTIVE CAPACITY

Demographics = livelihoods » water and sanitation
nutrition + health-service access

+

o CLIMATE-HEALTH VULNERABILITY ASSESSMENT

Geagraphically differentiated vulnerability
and seasonal preparedness priorities

Conceptual framework: hazard =+ exposure = l.-'lJ|I"|E¢-='IEi|It:,' = gssessment pricrities

Figure 7: Conceptual steps from climate intelligence to implementation science
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