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Abstract. Urban flooding has worsened significantly in Cotonou (major flood events in 2010, 2018, and 2020),
yet this deterioration occurs against a backdrop of largely stable extreme precipitation. This study analyses the
temporal variability of extreme precipitation indices in Cotonou over 40 years (1984-2024) in order to explain
this paradox. Based on daily rainfall data from the Cotonou synoptic station, eleven standardised ETCCDI cli-
mate indices were calculated at four temporal scales (annual, monthly, seasonal, and decadal). Monotonic trends
were detected using the Mann-Kendall test and Sen’s slope estimator, while structural breakpoints were iden-
tified through a combined application of the Pettitt and Buishand tests. Contrary to widespread expectations of
intensifying extremes, the results reveal that only the Simple Daily Intensity Index (SDII) presents a significant
downward trend (Sen’s slope = —0.084 mmd~! yr=!, p =0.034). Three structural breakpoints were detected
during the 2008-2012 period based on the Buishand criterion (Q > 1.45): SDII in 2011, CWD in 2008, and
R50mm in 2012. The frequency and intensity of extreme events (R95p, R99p, R95pTOT, R99pTOT) show no
significant trend at any of the temporal scales considered. These findings demonstrate that the worsening of ur-
ban flood impacts in Cotonou results primarily from accelerated urbanisation — population growth of 4140 %
and soil impermeability of 70 %—80 % — rather than from climate change intensification, a pattern consistent with
observations in other rapidly urbanising West African coastal cities.

1 Introduction Benin is not immune to these changes. Cotonou, the eco-
nomic capital of Benin, acutely illustrates this problem. The

events of 2010, 2018 and 2020 recorded in this city caused

Climate change constitutes a major challenge for West
Africa, although this region contributes minimally to global
greenhouse gas emissions (less than 4 % according to the
IPCC) (IPCC, 2021). Since the 1970s, rainfall regimes have
become increasingly irregular and extreme events have in-
tensified, profoundly disrupting environmental and socio-
economic balances (Nicholson, 2013; Biasutti, 2019). The
Sixth Assessment Report of the IPCC (2021) predicts a sub-
stantial modification of precipitation regimes with a signif-
icant upward trend in the occurrence of extreme events in
Sub-Saharan Africa (IPCC, 2021), a region identified as the
most vulnerable to climate change (Ategbo et al., 2020).

considerable human and economic losses, exacerbated by
galloping urbanisation (Ategbo et al., 2020; Azagoun et al.,
2024). Paradoxically, despite these growing impacts, scien-
tific understanding of the actual evolution of extreme pre-
cipitation remains limited. Several recent studies have docu-
mented the evolution of precipitation in Benin (Kiki, 2011;
Boko, 1998; Badou et al., 2018), but none has systemati-
cally exploited the complete set of standardised ETCCDI cli-
mate indices over a 41-year series at the scale of a station in
Cotonou. This methodological gap limits the capacity for an-
ticipation in the face of hydro-climatic risks.
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2 Material and methods

2.1 Study area

Cotonou (6°20/-6°24' N; 2°20'—2°29’E) occupies 79 km?
between the Atlantic Ocean and Lake Nokoué. The com-
mune has approximately 720000 inhabitants (2024 esti-
mate), with a density exceeding 15000 inhabitants km™>2
in certain districts (INSAE, 2013). The sub-equatorial cli-
mate presents four seasons: long rainy season (April-July),
short dry season (August), short rainy season (September—
November) and long dry season (December—March). The flat
topography (altitudes 0.4—6.5 m) and massive impermeabil-
isation (70 %—80 % in urban areas) accentuate vulnerability
to flooding (Ategbo et al., 2020).

2.2 Data used

Daily rainfall data (1984-2024, n =41 years) come from
the synoptic station at Cardinal Bernardin Gantin Airport in
Cotonou (6°37' N, 2°42' E, altitude 5 m), managed by Météo-
Bénin in collaboration with ASECNA (Agency for the Safety
of Air Navigation in Africa and Madagascar). Observations
are carried out daily at 06:00 local time with a WMO-
approved standard rain gauge. Data quality was verified by
cross-checking against the Météo-Bénin/ASECNA archives,
and no significant gaps or anomalies were detected for the
study period.

2.3 ETCCDI climate indices

Eleven standardised indices were calculated according to
ETCCDI definitions (Zhang et al., 2011; Peterson et al.,
2001; Alexander et al., 2006) in the R environment (ver-
sion 4.x). A manual implementation was favoured to al-
low multi-scale temporal aggregation (monthly, seasonal,
decadal) not directly supported by the standard climdex.pcic
package. The indices are categorised as follows:

— Intensity. RX1day (maximum precipitation in 1 d, mm),
RX5day (maximum accumulation over 5 consecutive
days, mm), SDII (average daily intensity, mmd~"),
R95pTOT and R99pTOT (annual accumulation of pre-
cipitation exceeding the 95th and 99th percentiles, mm)

— Frequency. R20mm and R50mm (number of days with
precipitation > 20mm and > 50 mm), R95p and R99p
(number of days exceeding the 95th and 99th per-
centiles)

— Duration. CDD (maximum number of consecutive dry
days, < 1 mm), CWD (maximum number of consecu-
tive wet days, > 1 mm)

The percentile thresholds (95th and 99th) were calculated
over the entire 1984-2024 series and kept constant for all
temporal scales, in accordance with ETCCDI recommenda-
tions (Zhang et al., 2011).
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2.4 Statistical analyses

Monotonic trends were detected using the Mann-Kendall
test (Z statistic, significance threshold o = 0.05) and Sen’s
slope estimator (Panthou et al., 2014; Nakou et al., 2022).
Structural breakpoints were identified using a combined ap-
proach: the Pettitt test (non-parametric, rank-based) (Pet-
titt, 1979) and the Buishand test (parametric, mean-change
based) (Buishand, 1982). The combined application of both
tests provides more robust breakpoint detection than either
test alone. In cases where the two tests yield discordant re-
sults, significance is attributed on the basis of the Buishand
criterion (Q > 1.45 for n & 40 years), which has greater sta-
tistical power for detecting mean shifts in hydroclimatic se-
ries of this length (Pettitt, 1979; Buishand, 1982). The Pet-
titt test results are reported as indicative of the change-point
location. All analyses were conducted at annual, seasonal,
monthly and decadal scales in the R environment (version
4.x) with the “trend”, “zoo” and “dplyr” packages.

3 Results

3.1 Interannual Variability and Annual Trends

From the analysis of Table 1, we note that contrary to ex-
pectations of generalised intensification, only SDII presents
a significant decreasing trend (Z = —2.123, p =0.034,
slope = —0.084 mmd—! yr~!), representing a decrease of
approximately 3.4 mmd~" over 40 years. The other indices
(RX1day, RX5day, CDD, CWD, R50mm, R20mm) show no
significant trend (all p > 0.05).

The analysis reveals strong interannual variability (Fig. 2).
The coefficients of variation (CV) are particularly high for
R50mm (52.16 %), CWD (31.63 %) and RX5day (35.12 %),
indicating marked irregularity. These high CV values reflect
the intrinsically sporadic nature of extreme precipitation in
the Guinean coastal zone, dominated by convective events,
rather than a detectable directional climate signal: in the ab-
sence of significant Mann-Kendall trends for these indices,
high variability is interpreted as natural interannual fluc-
tuation. RX1day varies from 51.9 mm (1984) to 194.2 mm
(2003), with a mean of 103.95 mm.

3.2 Climate breaks 2008-2012

The breakpoint tests detect three abrupt changes during the
2008-2012 period (Table 2). These breakpoints are identi-
fied as significant on the basis of the Buishand test criterion
(Q > 1.45 for n = 40 years): SDII (Q = 2.269), CWD (Q =
2.013), and R5S0mm (Q = 1.748) all exceed this threshold.
The Pettitt test, whilst not reaching the conventional signif-
icance threshold of o = 0.05 (p = 0.067, 0.099, and 0.425
respectively), identifies the same change-point years and is
consistent with the Buishand results, reinforcing the detec-
tion of these structural shifts.
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Figure 1. Location map of the city of Cotonou; Map data courtesy of IGN (Institut Géographique National), 2018.

Table 1. Results of Mann-Kendall tests and Sen’s slope at annual scale.

Index Z pvalue Sen’s slope (unit yr_l) Interpretation

RX1lday —0.337 0.736  —0.142mmyr~! No trend

RX5day 0326 0745 +0.241 mmyr~! No trend

SDII —2.123  0.034 —0.084mmd~lyr!  Significant decreasing trend
CDD —1.102 0270 —0.167dyr! No trend

CWD 0.069 0945 0.000dyr! No trend

R50mm —1.157 0247 —0.037dyr! No trend

R20mm 0.079 0.937 0.000d yr_1 No trend

From the combined analysis of Table 2 and Fig. 3, it
emerges that SDII falls in 2011, dropping from 18.1 to
152mmd~!, representing a 16 % decrease; CWD increases
slightly in 2008, from 5 to 5.6 consecutive wet days; and
R50mm collapses in 2012, dropping from 6.2 to 4.4dyr~',
representing a 29 % fall. Consequently, between 2008 and
2012, Cotonou’s rainfall regime was restructured: moderate
rains weaken but concentrate over slightly longer sequences,

whilst very intense events become rarer.

3.3 Stability of Extreme Event Frequency and Intensity

The analysis of R95p, R99p, R95pTOT and R99pTOT re-
veals no significant trend at any of the four temporal scales
(all p > 0.05). The frequency of extreme days oscillates be-
tween 0 and 12.5dyr~! without directional signal. The cu-
mulative intensity presents strong variability, ranging from

https://doi.org/10.5194/piahs-389-55-2026

Omm - during dry months with no events exceeding the
percentile thresholds — to a maximum of 380.8 mm for
R95pTOT and 256.7 mm for R99pTOT at the monthly scale.
The zero values correspond to months during the dry season
(December—March) when no day exceeds the 95th or 99th
percentile threshold, while peak values correspond to excep-
tionally rainy months concentrating multiple extreme events.
This variability is dominated by isolated peaks (1988, 1994,
2003, 2010) without temporal progression.

3.4 Seasonal and Monthly Specificities

At the seasonal scale, only SDII in April-July (long
rainy season) presents a significant decreasing trend
(p =0.010, slope=—0.141 mmd~!yr~!), representing a
23.7% decrease (from 19.4 to 14.8mmd~'). This de-
cline largely explains the annual signal. At the monthly

Proc. IAHS, 389, 55-62, 2026
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Figure 2. Interannual variability of climate indices in Cotonou.
Table 2. Results of Pettitt and Buishand tests.
Index Break Year  p value (Pettitt) Q (Buishand) Interpretation
SDII 2011 0.067 2.269  Breakpoint detected (significant Buishand, indicative Pettitt)
CWD 2008 0.099 2.013  Breakpoint detected (significant Buishand, indicative Pettitt)
R50mm 2012 0.425 1.748  Breakpoint detected (significant Buishand, indicative Pettitt)

Significant at threshold & = 0.05 based on Buishand criterion (Q > 1.45; n & 40 years). Pettitt p values are indicative of change-point location.

scale, three isolated trends emerge: RX1day in April (p =
0.040, slope=—0.537mmyr~!), CDD in October (p =
0.005, slope = —0.105d yr~!), and CWD in November (p =
0.019). The break in CDD in October 2001 (40 % decrease:
9.3 — 5.6d) indicates better temporal distribution of precip-
itation during the short rainy season.

3.5 Decadal Confirmation and Nature of Change

The decadal analysis (1984-1993, 1994-2003, 2004-2013,
2014-2023, and the partial decade 2024-2033 comprising
only 2024) confirms the decreasing trend of SDII observed
annually: 18.7mmd~" (1984-1993) to 15.6mmd~" (2014
2023), representing a —16.5 % decrease over 41 years. The

Proc. IAHS, 389, 55-62, 2026

absolute extreme indices (RX1day, RX5day) present strong
decadal variability without clear directional trend (Fig. 4),
confirming their stability observed at annual and seasonal
scales. Maximums systematically exceed decadal means by
27 % to 86 % depending on decades and indices, highlight-
ing the sporadic character of the most extreme events. This
constancy of extreme events, combined with the progressive
decrease in SDII and the rarefaction of RS0mm, supports the
hypothesis of a redistribution of rainfall energy: weakening
of moderate events (10—-30 mm) that contributed to the mean,
maintenance of extremes (> 50 mm) that occur a few days
per decade but retain their catastrophic potential.

https://doi.org/10.5194/piahs-389-55-2026
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Figure 3. Climate breaks detected by the Buishand test.
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Figure 4. Decadal evolution of absolute extreme indices (RX1day and RX5day).
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4 Discussion

4.1 Main results and central paradox

The central finding of this study is the existence of a fun-
damental paradox: hydro-climatic impacts are worsening in
Cotonou whilst extreme precipitation remains largely sta-
ble over the 1984-2024 period. Only SDII shows a sig-
nificant downward trend (—0.084 mm d-! yr’l, p =0.034),
with three structural breaks in 2008-2012 marking a bipolar-
isation of the rainfall regime: moderate events are weakening
whilst the most intense events maintain their catastrophic po-
tential. The frequency and intensity of extreme events (R95p,
R99p, RO5pTOT, R99pTOT) show no significant trend at any
of the four temporal scales analysed. This finding challenges
the common assumption that worsening flood impacts nec-
essarily reflect climate-driven intensification of extreme pre-
cipitation.

4.2 Dominant role of urbanisation

The worsening of floods (2010, 2018, 2020) despite the sta-
bility of climate extremes reveals that accelerated urbanisa-
tion constitutes the main explanatory factor rather than cli-
mate change. Between 1990 and 2020, Greater Cotonou grew
from 500 000 to more than 1.2 million inhabitants (+140 %),
accompanied by massive impermeabilisation (runoff coeffi-
cient 70 %—80 % in urban areas versus 20 %-30 % in nat-
ural areas) (Azagoun et al., 2024), suppression of natural
buffer zones (depressions, mangroves), and saturation of
drainage networks initially dimensioned for 200 000 inhab-
itants (Azagoun et al., 2024).

Our results support this interpretation: RS0mm decreases
after 2012 (from 6.2 to 4.4dyr~!) whilst SDII also de-
creases, suggesting that the overall rainfall regime is not in-
tensifying. Yet floods continue to worsen. The urban system
has become so sensitive that even moderate rainfall events
are now sufficient to cause overflows, as drainage infrastruc-
tures struggle to absorb runoff peaks (Azagoun et al., 2024).
This anthropogenic vulnerability amplifies the impacts of a
globally stable climate hazard, a configuration documented
in other West African coastal cities facing rapid urbanisa-
tion, notably in Accra, Ghana, where flood vulnerability has
been shown to co-evolve with informal urbanisation dynam-
ics (Amoako and Inkoom, 2018), and in Lagos, Nigeria,
where urbanisation and inadequate drainage infrastructure —
rather than climate change — have been identified as the pri-
mary drivers of flooding (Adeloye and Rustum, 2011).

4.3 Comparison with regional studies: West African
heterogeneity

Our results partially diverge from Sahelian trends. Panthou et
al. (2014) document a marked intensification of extreme pre-
cipitation (440 % for certain indices since 1950) in the Sa-
hel, not confirmed in Cotonou. This geographical divergence
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highlights West African climate heterogeneity (Nicholson,
2013; Biasutti, 2019); the distinct atmospheric dynamics be-
tween the concentrated Sahelian regime (one rainy season)
and the bimodal Guinean regime (two seasons) generate dif-
ferentiated responses to global climate forcing. The absence
of significant intensification in Cotonou’s record can be fur-
ther explained by: (1) the analysis period (1984-2024) begin-
ning after the major Sahelian drought, reducing the histor-
ical contrast compared to studies covering 1960-2010; and
(2) the nature of ETCCDI indices themselves, which measure
gradual trends potentially masked by the strong interannual
variability characteristic of convective regimes.

Our results partially converge with Kiki (2011) (intensi-
fication observed in Porto-Novo, Cotonou, Ouidah, 1961—
2010), but the temporal divergence is explained: Kiki in-
cluded the drought decades of 1970-1990, creating a more
marked historical contrast. Our identification of 2008-2012
breaks converges with Nakou et al. (2022) (disturbances in
the lower Mono valley, 1967-2017), confirming the chronic
instability of Beninese rainfall regimes. Badou et al. (2018)
confirm a worsening of extremes in the coastal zone, but
their multi-station aggregation masks the local specificities
revealed by our single-station approach.

4.4 Strengths, limitations and perspectives

The strengths of this study include: (1) the use of 41 years
of daily data from a single reference station, allowing fine-
scale temporal analysis; (2) a multi-scale approach (annual,
monthly, seasonal, decadal) providing a comprehensive view
of variability patterns; (3) the use of standardised ETCCDI
indices, ensuring comparability with international studies;
and (4) the combined application of two complementary
breakpoint detection tests.

Limitations include: (1) the single-station approach, which
limits spatial generalisation across the greater Cotonou area;
(2) the absence of quantitative flood data (discharge, inunda-
tion extent) preventing a direct statistical link between pre-
cipitation indices and flood occurrence; and (3) the non-
inclusion of temperature data, which could provide addi-
tional insight into evapotranspiration dynamics and net water
availability.

Future research perspectives include: (1) extension of the
analysis to other Beninese synoptic stations to assess spa-
tial heterogeneity; (2) integration of land use and land cover
change data to quantify the respective contributions of urban-
isation and climate variability to flood risk; and (3) coupling
of precipitation indices with hydraulic modelling to establish
threshold relationships between rainfall intensity and urban
drainage capacity.

4.5 Implications for policy and adaptation

The causal attribution of observed impacts relates more to
deficient urban management than to the pure climate sig-
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nal. Adaptation policies must therefore primarily target ur-
ban planning, drainage rehabilitation and preservation of nat-
ural buffer zones. This finding has direct implications for
investment prioritisation: rather than focusing exclusively
on climate-centred adaptation measures, policymakers in
Cotonou and similar West African coastal cities should pri-
oritise improvements to drainage infrastructure capacity and
enforce land use regulations that limit further impermeabili-
sation.

5 Conclusion

This study reveals that hydro-climatic impacts are worsen-
ing in Cotonou whilst extreme precipitation remains largely
stable over the 1984—2024 period. Only the SDII index de-
creases significantly (—0.084 mmd~" yr~!, p = 0.034), with
three structural breaks detected during 2008-2012 based
on the Buishand criterion, marking a bipolarisation of the
regime: moderate events weaken whilst extreme events main-
tain their catastrophic potential. The frequency and intensity
of extreme events (R95p, R99p, RO5pTOT, R99pTOT) show
no significant trend at any of the four temporal scales anal-
ysed.

The worsening of flood impacts therefore results pri-
marily from accelerated urbanisation (population growth
+140 %, impermeabilisation 70 %—80 %, infrastructural sat-
uration) rather than from climate change intensification. This
finding is consistent with observations in other rapidly ur-
banising West African coastal cities and challenges the com-
mon assumption that deteriorating flood situations necessar-
ily reflect intensifying precipitation. Adaptation strategies in
Cotonou must prioritise urban planning and drainage infras-
tructure improvements alongside — and in many cases ahead
of — climate-focused measures.
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