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Abstract. Reliable characterization of extreme rainfall across a continuum of temporal scales is fundamental to hydrological
applications, from flood risk assessment to the design of water infrastructure. In a changing climate, however, characterizing
this continuum is particularly challenging, as both the distribution of extreme rainfall and its temporal scaling may evolve.
Convection-permitting models (CPMs), which explicitly represent convection and provide precipitation at high spatial and
temporal resolutions, offer promising opportunities to address this challenge. Yet, their added value for hydrological appli-
cations remains poorly explored, particularly regarding model biases and their ability to consistently represent and project
extreme rainfall across timescales. We develop a methodological framework to project extreme rainfall distributions from from
CPM simulations. The framework combines the identification of potential CPM biases with indicators of simulated changes
in extreme rainfall distributions to guide the selection of analytical and empirical approaches for addressing these biases.
Extreme rainfall is characterized across durations spanning 2 to 24 hours using synthetic intensity-duration-frequency (IDF)
curves based on extreme value and simple scaling theories. The methodology is illustrated over the West African Sahel us-
ing CP4-Africa simulations to project locally observed IDF curves under future climate conditions. Onto the Niamey region,
results indicate a substantial decrease in the return periods for given extreme rainfall intensities. The simulations are further
analyzed to assess the applicability of the framework and guide projections across the Sahelian region. Its generic nature
makes the methodology transferable to other regions, given the growing number of climate modeling initiatives based on CPM

simulations worldwide.

1 Introduction

As anticipated in the 2000’s, based on theoretical considerations (Allen and Ingram, 2002; Trenberth et al., 2003), and as now
largely observed over the past 15 years or so, global warming is profoundly impacting rainfall regimes worldwide (Allan et al.,
2020). Both the occurrence and the intensity of rainfall events are modified, leading to an intensification of the hydrological

cycle that involves a reinforcement of extreme rainfalls over a large range of time duration (Westra et al., 2013; Dunn et al.,
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2020). This, in turn, is challenging the engineering practices and techniques on which hydrologists rely for dimensioning
and managing the infrastructures used for water resources management and flood control(Milly et al., 2008; Frangois et al.,
2019; Sharma et al., 2021). The cornerstone of these techniques is to address the multi-dimensional nature of hydrological
processes that are not linearly additive when upscaling in space or in time, which is especially true for rainfall generating
processes. Because they may have to deal simultaneously with catchments of different sizes, hydrologists have developed
scaling approaches that guarantee a coherent representation of rainfall regimes through time and areal scales (Bloschl and
Sivapalan, 1995). The inference of the attached statistical parameters requires long series of observations assuming stationarity
to be an acceptable hypothesis. As mentioned above this no longer holds in the context of global warming and there is no
guarantee that the statistical distributions of rainfall accumulation are affected in similar proportion on all timescales. In such
a situation, hydrologists can but rely on climate models and their ability to produce warmer world rainfall climatologies for
assessing i) how rainfall statistical distributions are modified for a given time step and ii) whether scaling properties over a
range of time scales are conserved or not.

While it is generally accepted that global and regional climate models (GCMs/RCMs) with a resolution higher than 10
km reproduce daily extreme rainfall satisfactorily, their ability to simulate sub-daily extremes remains limited (Martel et al.,
2021). In particular, these models tend to underestimate the intensity of extreme rainfall on timescales shorter than a day (Berg
et al., 2019). This is especially problematic since the response of extreme rainfall to global warming depends heavily on the
temporal scale considered: while daily extreme rainfall generally increases at a rate close to the Clausius—Clapeyron scaling law
(~7%/°C) (Guerreiro et al., 2018; Westra et al., 2013), hourly extreme rainfall often exhibits higher rates of increase, described
as “super-Clausius-Clapeyron” (Berg et al., 2013; Lenderink and Van Meijgaard, 2010; Panthou et al., 2014a; Westra et al.,
2014). This dependence of rainfall sensitivity on timescales highlights the difficulty of accurately representing the continuum
of extreme rainfall—from hourly to daily timescales—in GCMs and RCMS. These models, which are limited by coarse spatial
resolution and an approximate parameterization of key processes such as convection and microphysics (Berg et al., 2018; Dosio
et al., 2021; Willems, 2012; Kendon et al., 2012), do not meet the needs of hydrologists, who require an accurate representation
of extreme rainfall on sub-daily to sub-hourly scales.

Convection-permitting models (CPMs), with a horizontal grid spacing of O(1-10 km), partially overcome this limitation
through an explicit representation of deep convection (Kendon et al., 2012; Ban et al., 2014, 2020), leading to a more realistic
simulation of extreme rainfall intensities on sub-daily and sub-hourly timescales (Ban et al., 2015; Kendon et al., 2014; Prein
et al., 2015). Due to this higher spatial resolution and because they are designed to explicitly simulate the physics of storms
these models allow for better consideration of the spatial and temporal scale continuum of precipitation extremes necessary
for the development of reliable hydrological impact studies under future climates (Fosser et al., 2024; Martel et al., 2021).
However, it remains to be determined whether CPMs are able to accurately reproduce the temporal continuum of extreme
rainfall required for hydrological applications—that is, a consistent representation of rainfall over different durations scales
relevant to hydrologists and what implications this has for projections of future rainfall extremes.

One of the most commonly used frameworks for documenting the scale continuum is the one provided by the inten-

sity—duration—frequency (IDF) curves (Koutsoyiannis et al., 1998). It is based on a coherent multi-scale statistical characteriza-
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tion of extreme rainfall distribution and is widely used by engineers involved in operational hydrology, whether flood mapping
or the design of storm water management infrastructures such as sewers or bridges. Assuming temporal scale invariance (Gupta
and Waymire, 1990; Menabde et al., 1999), IDF curves can be determined using only a few parameters (Blanchet et al., 2016;
Burlando and Rosso, 1996; Van De Vyver, 2015, 2018). While return period values are typically calculated for different rainfall
durations, the IDF-Simple Scaling (IDF-SS) method combines information from all durations into a parsimony-based statisti-
cal model by adding an additional scale parameter (7). This method provides a better fit and greater consistency—that is, the
absence of overlap in recurrence levels across durations—and allows for the extension of rainfall durations to values within the
range of durations used for the fit (Van De Vyver et al., 2023). In a stationary climate, IDF curves were considered a stable and
reliable design tool. In the context of climate change, the hydrology community is seeking ways to project IDF curves into the
future (Schlef et al., 2023).

The IDF-SS framework has already been adopted for analysing the potential of CPMs, whether be for assessing the realism
of CPMs under present climate (Van De Vyver et al., 2021) or for projecting the distribution of extremes rainfall within a scale
continuum (see (Cannon and Innocenti, 2019), for Canada and (Nguyen et al., 2025), for the Midwestern United States, both
using WRF simulations). In (Cannon and Innocenti, 2019), bias correction was not applied, as the authors considered present
rainfall simulated by the WRF convection-permitting model to be sufficiently realistic. Future IDF curves were therefore pro-
jected within the IDF-SS framework directly from simulated future rainfall. In a different way, (Nguyen et al., 2025) projected
future IDF curves separately for each rainfall duration using the CDF-t bias-correction method, calibrated with observations
and applied to both historical and future simulations. The objective of our study is to provide a generic methodological frame-
work that explains how to account for the scale continuum within the theoretical framework of extreme values in simple scaling
(IDF-SS). This “step-by-step” method allows us to clarify the assumptions underlying the IDF projection including the bias-
correction process. It draws on precipitation simulations from a CPM model, examining the consistency of certain parameters
across simulations in present and future climates, while retaining as much information as possible from observation-based IDF
reference curves, in order to project future distributions of extreme precipitation at multiple scales. The added value of the
methodological framework we propose lies in first guiding the projection of IDF curves toward an analytical approach, and
then proposing empirical approaches where appropriate.

This methodology is applied to the West African Sahel, a region where the population is particularly vulnerable to climate
change and related hydrological risks generating an urgent demand from regional services responsible for the development
and implementation of adaptation strategies for reliable information on future climate conditions (Miller et al., 2022). The IDF
curves are first projected locally onto the Niamey region through combining high-spatial- and temporal-resolution data from the
AMMA-CATCH Niger observation network (Galle et al., 2018; Lebel et al., 2009) with simulated precipitation under present
and future climate conditions from the CP4-Africa convection-permitting simulation (Stratton et al., 2018; Senior et al., 2021).
The methodology is then extended to the entire Sahel, for the first-time providing insight into future multi-duration extreme

rainfall distributions over the region.
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2 Theoretical framework and general methodology
2.1 IDF curves within the GEV simple scaling framework

In our study, the framework used to build IDF curves relies on the association of extreme value theory (EVT) with simple
scaling theory. Within EVT, we adopt a block maxima analysis (BMA) for sampling extremes (Coles, 2001). Let I be the
random variable associated with the annual maximum precipitation accumulation; ¢ then denotes a value taken by I in its
range of variation. In the context of BMA analysis, EVT asserts that for sufficiently large blocks, a sample of independent and
identically distributed maxima converges in distribution to one of the generalized extreme value (GEV) distributions, whose

cumulative distribution function F' is:

i— -1/¢ i
F(i§ﬂ,0,§)=Pr(I§i):eXp{_{14_6( Uﬂ)] }’ 5#071+§Tu>0 "

where 1, 0 >0, and & are respectively the location, scale, and shape parameters. The first two parameters respectively
control the location and the spread of the distribution around its center, while the shape parameter defines the behavior of the
distribution tails. The intensity of a rainfall event with return period T', called the return level and denoted by (T), is then

derived from the following equation:

i(T) = P! (1 _ ;) @)

The classic approach to obtaining IDF curves consists of fitting a GEV distribution to annual maximum rainfall series for each
duration and extracting the corresponding precipitation intensities for given return periods. This method has the advantage of
being flexible but requires estimating 3 x N parameters (/N being the number of durations), which makes the process non-
parsimonious and may affect the robustness of the IDF curve estimates (Chagnaud et al., 2023b). The simple scaling model,
whose theoretical work was initiated by (Gupta and Waymire, 1990), and extensively used for deriving IDF curves, is based on
the assumption of scale invariance, independent of return period, which implies similarity between precipitation distribution
laws for different durations. Derived from fractal theory, the mathematical model used to describe the simple scaling property

is:

D

I(D) £ 1(Dy) <Do)n 3)

where Dy is an arbitrary reference duration and 2 means that there is equality between the statistical distribution of the
reference values and that of the values scaled by the multiplicative factor. The parameter 1 (€ [—1,0] when dealing with
rainfall intensities) governs the slope of the decay of rainfall intensities with the duration of aggregation: the lower it is (close
to -1), the stronger the decay. Combining Equations (2) and (3) gives a simple scaling GEV model (GEV-SS) that provides the

return level for a given return period T and duration D:
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The GEV simple scaling model has the advantage of being more parsimonious, with only four parameters to adjust for a
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120 range of precipitation durations studied.
2.2 General framework for projecting intensity-duration-frequency curves from convection-permitting model

The method to project IDF curves relies on reference IDF curves derived from observations, as well as IDF curves simulated
for present and future climates using a convection-permitting climate model with the GEV-SS model. The general principle of

the proposed projection framework is schematically illustrated in Figure 1.

Precipitation data
Simulated in present climate I Simulated in future climate

GEV-SS parameters GEV-SS parameters
Wsim ps Osim ps §simps Nsimp Wsim f» Osim fr Esim f3 Nsim f

Precipitation data
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GEV-SS parameters
Hrefs Orefs Srefs Nref
Reference IDF

No

Comparison between
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IDF curves in the present present IDF
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et et
ANALYTICAL -
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» CDF-T GENERALIZED —
CDF-T BY DURATION

Projected GEV-SS parameters
Wprojs Oprojs Sprojs Nproj

Projected IDF

Figure 1. Schematic view of the methodology for projecting IDF curves. The red section is developed in this article. The symbols ~ and #

used mean “not significantly different” and “significantly different” respectively.

125 The first step is to compare the reference IDF curves with the simulated IDF curves for the present climate in order to assess

whether a bias exists, defined here as a systematic discrepancy between the reference and simulated IDF curves under present-
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day conditions. In the absence of significant bias, the simulated future IDF curves can be directly considered as projected IDF
curves. It should be noted, however, that the absence of bias in the present climate does not necessarily guarantee the absence of
bias in future climates. Nevertheless, confidence in future projections is generally strengthened when the simulated present-day
climatology exhibits limited bias.

When the simulated IDF curves exhibit significant bias, the second step consists of analyzing changes in the yu, o, 1, and n
parameters of the GEV-SS model derived from CPM simulations.

In our approach, we seek to retain as much information as possible from the reference IDF curves, which are considered
more robust than the simulated ones, while limiting the amount of information extracted from the convection-permitting model
in order to minimize the influence of simulation biases.

To this end, we first focus on the evolution of the o/ ratio in the CPM simulations. Whether this ratio remains constant or
changes between the present and future periods determines the projection framework to be adopted. Three cases can then be
distinguished:

Case 1: Z:—:Z ~ Zi‘%f
The ratio o/ is not significantly different between the present and future simulated periods.

Assessing the assumption of a constant o/ ratio provides, on the one hand, a formal framework for projection, as will be

shown below, and, on the other hand, reduces the number of parameters whose changes need to be estimated, thereby promoting
a parsimonious projection framework. A constant o /u ratio implies that, even if extremes intensify, their relative variability
remains stable. Consequently, for a given duration, all rainfall quantiles increase by the same proportion regardless of their
return period. This is relevant information that can be used to project IDF curves within the theoretical framework of simple
scaling. It is then possible to analytically project the parameter 1 without having to test its statistical constancy between the
present and future climate simulated. We will refer to this first method as the analytical method, the assumptions of which are

explained below:

— The projected location parameter p is adjusted proportionally to the change in simulated location in the present and

future periods, according to the following relationship:

,U/sim, future
,Ufproj = — * Mref (5)
Msim, present

— The projected scale parameter o is then calculated according to the constancy relationship o/
O'ref
Oproj = — * Mproj (6)
€

— The shape parameter £ is assumed to be constant over time, derived from the reference IDF curves, as it is considered

more robust.
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— It is then possible to project the parameter 7 into the theoretical framework of simple scaling. Let us start from the

following relationship, which links the location parameters for different precipitation durations:

KD, proj  MD, sim future

@)
KD, ref KD, sim present
The equations that define 1 for the different cases are :
D Mproj
160 KUD, proj = <DO> * Kproj (®)
D Mref
MDD, ref = (DO> * Href 9
D 7)sim future
KD, sim future = <D) * Msim future (10)
0
165
D T)sim present
KD, sim present = (D> * Msim present (1 1)
0
By expressing the ratios on both sides of the equations, we obtain:
KD, proj D Tproi = et Nproj
— (= . £proj (12)
/~LD7 ref -D 0 Mref
170 /~LD7 sim future _ <D> hsim fure Tt . Msim future (13)
KD, sim present D 0 Msim present
(D) Tlproj — Mref . Nproj _ (D) T)sim future — 7)sim present . Lhsim future (14)
D 0 Mref -D 0 Msim present
Hence :
nproj - (nsim future — T)sim presem) + Mref (15)
175

Case 2: Z2=p of Tsiml
Msim p Msim f

The ratio o/ is not significantly constant between the present and future simulated periods.

If this case, an empirical method, the CDF-t (Cumulative Distribution Function — transform) method can be applied for the
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projection of IDF curves. Developed by (Michelangeli et al., 2009), the CDF-t method is based on the assumption that there
is a transformation 7" that can translate the CDF of a simulated variable (in this case, temperature) into a CDF representing
the climate variable observed locally by a given weather station (Figure 2). We define Fi.s as the CDF derived from local
data observed by a weather station for the historical period and Fiim, present as the CDF of the simulated variable at the station
location for the same period. Fier and Fiim, present are the CDFs equivalent to Fio; and Fiim, future for the future period. Knowing

Fim. future, there exists a transformation 7" such that:

Fref (JJ) = T(Fsim,present (.’IJ)) (16)

We can then approximate the CDF F,; by applying the transformation 7" to Fiim fuwre, Which consists of first modeling 7'

by replacing = with Fs?rr},presenr- We then obtain the definition of 1™
T(U) = Fref(F.s;}n,pTesent (u)) (17)

Therefore, assuming that Fjy,; () = T(Fsjm, future(z)) is valid in the future, the CDF sought is provided by:

FPTOj (x) = FT@f (Fs_ijn,present (Fsim,futur(x))) (18)
A
CDF
Observed
(Reference)

L
a Calibrated I
$) CDF-Transform
function T ;
CDF CDF
Present — _ ~ ; Future
climate climate
simulation simulation

v

Precipitation intensity (mm/h)

Figure 2. Schematic diagram showing the application of the CDF-t method.

In this article, applications of CDF-t were applied to empirical distributions, rather than to the GEV parameters themselves.
Two distinct cases (case 2a and 2b) are identified for the application of the CDF-t depending on the constancy of the parameter
7). A constant 1) means that the temporal scaling properties remain the same over time. In other words, the ratio of short-duration

rainfall intensity to long-duration rainfall intensity remain stable over time. A constant 1 suggests that the physical structure of
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extreme precipitation events (convective versus stratiform processes, storm organization) remains largely unchanged, implying
that temporal scaling properties are preserved.

Case 2a: Nsimp ~ Nsim f

The parameter 7 is not significantly different between the present and future simulated periods. The method is applied using a
generalized CDF-t approach, where a single transfer function 7" is calibrated from the normalized extreme rainfall distribution
for all durations.

Case 2b: 1)simp # Nsim f

The parameter 7 is significantly different between the present and future simulated periods. The method is applied using a
CDF-t by duration approach, in which a transfer function 7' is calibrated independently on the extreme rainfall distribution for

each duration.

3 Case study description
3.1 West Africa Sahel context

The study focuses on the West African Sahel, defined here as the region bounded by 11°~17°N and 18°W-6°E (Figure 3). An
intensification of the precipitation regime has been observed since the late 1980s. This evolution has been documented using
both daily (Panthou et al., 2018) and sub-daily in-situ observations (Chagnaud et al., 2021), and has been largely attributed
to anthropogenic climate forcing (Taylor et al., 2017; Chagnaud et al., 2023a). Combined with rapid population growth and
high vulnerability to climate change, this intensification challenges hydrological risk managers to develop adequate adaptation
strategies. The demand for climate services such as intensity—duration—frequency (IDF) curves is therefore high in the region
(Amani and Paturel, 2017). This has led to recent research efforts on the topic (Bodian et al., 2016; Panthou et al., 2014a;
Agbazo et al., 2016; Chagnaud et al., 2021), sometimes in direct collaboration with national meteorological services (Sane
et al., 2018; Miller et al., 2022; Diedhiou et al., 2024).

3.2 Data
3.2.1 AMMA-CATCH Niger observed data

The AMMA-CATCH Niger (ACN) observatory, located in south-western Niger (between 1.6° and 3° E, and 13° and 14° N),
has been documenting the evolution of the Sahelian rainfall regime since 1990, with high spatio-temporal resolution (Lebel
et al., 2009). The observation network comprises 30 tipping bucket rain gauges, spread over an area of around 16,000 km?
(Figure 3), providing rainfall timeseries with a timestep of 5 minutes for the period 1990-2019 (Galle et al., 2018). This in situ
dataset, unrivalled in sub-Saharan Africa, provides a unique opportunity to characterize mean and extreme rainfall regimes at

sub-daily scales. It has already supported research on IDF curves in the region (Panthou et al., 2014a; Chagnaud et al., 2021),
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which confirmed the suitability of the assumptions underlying the GEV simple scaling framework used to develop the reference

IDF curves in this study.
3.2.2 CP4-Africa climate model simulation

The CP4-Africa simulation is based on a convection-permitting, regional configuration of the Met Office Unified Model (UM)
used for operational numerical weather prediction and whose physics and dynamics have been described in (Stratton et al.,
2018). The simulation spans the African continent at horizontal grid spacing ranging from 4.4 km at the Equator to 3.2 km
at 45S. Lateral boundary conditions are provided by a global atmospheric simulation performed with the Global Atmosphere
7.0 (GAT7) configuration of the UM, with atmospheric concentration in ozone, aerosols and greenhouse gases typical of the
1990-2000 period (Stratton et al., 2018) to produce a 10-year simulation in present period (1997-2006). Sea surface tempera-
tures (SSTs) are taken from Reynolds daily observations. The future simulation uses boundary conditions from the same global
atmospheric simulation under RCP8.5 scenario, for a 10-year period around the end of the 21st century (2095-2104). SSTs are
the sum of the SSTs used in the present-day simulations and the climatological average SST change between 1975-2005 and
2085-2115 in a HadGEM2-ES RCP8.5 run (Jones et al., 2011).
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Figure 3. Map of West Africa with the western Sahel region outlined in red and the AMMA-CATCH Niger region with its rain gauges
outlined in yellow.
3.3 Implementation

The methodology described in Section 2 is applied at both local and regional scales. The local-scale application illustrates,

through a concrete case study, how the proposed projection framework can be implemented using reference IDF curves derived

240 from present-climate observations. The availability of the AMMA-CATCH Niger rainfall dataset, in addition to the CP4-

10
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Africa simulated rainfall data, enables the projection of reference IDF curves for the Niamey region. At the regional scale, the

objective is to identify the most appropriate method for projecting IDF curves across the West African Sahel and to characterize

the spatial patterns of change in GEV-SS model parameters inferred from CP4-Africa simulations. Each scale requires specific

implementation choices, which are detailed below. In all cases, the CDF-t approach was implemented using the CDFt R

package.

331

3.3.2

In a local context

Extreme rainfall sampling: The series of annual maxima were constructed using rainfall data recorded every 5 minutes
(AMMA-CATCH) and simulated every hour (CP4-Africa), applying a moving average over windows ranging from 2
to 24 hours. (Panthou et al., 2014b) showed that the invariance property of the parameter 7 applies to AMMA-CATCH
data in Niger for durations between 1 and 24 hours, although a deviation is observed for D =1 hour. Given that the
time step of the CP4-Africa simulations is hourly, this assessment focuses on durations ranging from 2 to 24 hours.
Applying a sliding window smooths the data and avoids fragmentation of rainfall events. For each duration considered,
the sliding annual maxima are extracted, thus producing, for each station, m vectors of length IV, corresponding to the

annual maxima, where m is the number of durations (D € {2,4,6,12,24 h}) and N is the number of available years.

Pooling approach: In order to reduce sampling variance, the 30 rainfall stations were grouped together in a regional
sample. This approach is justified by the nature of rainfall extremes in the region, which are mainly linked to convective
systems with a short lifespan and limited spatial extent. As a result, annual maximum series generally show low spatial
correlation, much lower than that observed for annual totals. The stations can therefore be considered as sampling the
same regional population of precipitation extremes (as already demonstrated in (Chagnaud et al., 2021). The regional
sample obtained takes the form of a matrix with m columns (the different durations) and N x q rows (where q is the
number of stations), each corresponding to an observation of a sliding annual maximum. The pooling approach was
also applied to CP4-Africa rainfall data for both present and future periods by selecting the 30 pixels located at the
AMMA-CATCH stations (Figure 4).

In a regional context

Assessment of GEV-SS parameters: The GEV-SS parameters {u,0,£,n} for precipitation data from the climate model
for the present and future climate were calculated by grouping precipitation data using sliding windows centered on
each pixel. Each window covers 5 x 5 pixels i.e., 20 km x 20 km, excluding border effects. This approach has increased
the robustness of GEV parameter estimates by providing 250 sampled precipitation values over 10 years of present and
future climate data, respectively (Figure 5a). As a result, GEV parameter estimates are much more coherent in space,

compared to a more noisy pixel by pixel approach that reflects sampling effects (not shown).

Assessment of the significance of changes in GEV-SS parameters: The significance of the constancy of the o /u ratio

and the n parameter between the present and future periods of the climate model were assessed using the Wilcoxon

11
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Figure 4. Schematic view of the pooling approach for the AMMA-CATCH, CP4 present and CP4 futur extreme rainfall sampling.

test, a nonparametric test based on median values (Figure 5b). Its null hypothesis (HO) corresponds to the absence of a

significant difference in the the median between the present period and the future period, while the alternative hypothesis

(H1) assumes the existence of a significant difference between the medians of these two periods, with a 5% risk of error.

The Wilcoxon test was applied to precipitation data sets defined using sliding windows centered on each pixel of the

CP4-Africa climate model. To combine statistical robustness and test power with climatological considerations, we used

a sliding window of 25 x 25 pixels, i.e., 100 km x 100 km. From these pixels, only the 10% farthest apart were selected

for the test, to limit spatial dependencies. From a statistical point of view, this choice provides a sufficient number of

data points that can be considered independent. In terms of climate, it is consistent

with the spatial scale of mesoscale

convective systems, which are the main contributors to the precipitation studied (Mathon et al., 2002).
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(b) Schematic diagram of the Wilcoxon test applied pixel by pixel us-
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tween present CP4 (in blue) and future CP4 (in red), considering only
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5 x 5 pixels, i.e., 25 precipitation pixels. pixel, the test result is expressed by the associated p-value.

Figure 5. Schematic diagram of the assessment of GEV parameters and the Wilcoxon test.
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4 Results

4.1 Projection of IDF curves: application case study in the Niamey region of Niger

EGUsphere\

4.1.1 Assessment of CP4-Africa precipitation in the current climate in the Niamey region (AMMA-CATCH Niger)

The first step is to determine whether the rainfall data show any bias by comparing the maximum annual reference intensities

with those simulated in the current climate by the CP4-Africa model. In this context, IDF curves serve as a tool for assessing

local climatology. Table 1 shows the GEV parameters for AMMA-CATCH for each of the three periods (1990-1999, 2000-

2009 and 2010-2019) and for CP4-Africa present. Figure 6 shows the IDF curves for the 10-year and 100-year return periods

for:

— The reference climate in the AMMA-CATCH zone over three 10-year periods: 1990-1999, 2000-2009, and 2010-2019 ;

— The climate simulated for the present period by the CP4-Africa model (1997-2006). Simulated precipitation data were

extracted at pixels corresponding to the locations of AMMA-CATCH stations.

100

50

20

Precipitation intensity (mm/h)

IDF curves

3 periods of AMMA-CATCH and CP4 present (1997-2006)
Return periods: 10 years et 100 years

Return period
— 10years

100 years

Data

~ AMMA-CATCH (1990-1999)
~ ——  AMMA-CATCH (2000-2009)

——  AMMA-CATCH (2010-2019)

——  CP4 present

4 6 12
Precipitation duration (hours)

24

Figure 6. IDF curves for the three 10-year periods of AMMA-CATCH (1990-1999, 2000-2009, and 2010-2019) and for CP4 present (1997-

2006) for return periods of 10 years and 100 years.

The results of the IDF curves show a bias in precipitation data between the observed AMMA-CATCH data (3 periods of 10

years) and the simulated CP4-Africa data in the present climate (1997-2006). The CP4-Africa climate model with a resolution
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of 4.5 km tends to overestimate precipitation intensities. This finding is consistent with what is described in the CP4-Africa
guide (Senior et al., 2020): if CP4-Africa is analyzed on its native 4.5 km grid, precipitation is generally too intense (low
precipitation rates are underestimated and high rates are overestimated), for example in July-August in the Sahel (Berthou

et al., 2019).
4.1.2 Selection of the projected method for the Niamey region case study (AMMA-CATCH Niger)

The method described in Section 2 involves identifying the specific case in order to select the most appropriate approach for
projecting IDF curves. Based on the p-values obtained from the Wilcoxon test applied at the scale of the West African Sahel
(Figure 11a), the o/ ratio appears to be constant in the Niamey region regarding the pixels of CP4-Africa corresponding to
the rainfall stations of the AMMA-CATCH Niger network. Only 3 out of 30 stations are located on pixels with a p-value lower
than the 5% threshold and 85% of the AMMA-CATCH area has a non-significant o /s ratio (Figure 7, zoom from Figure 11a).
Since the IDF curves are derived from pooled rainfall data, the application of the analytical method for their projection in the

Niamey region appears justified.

Wilcoxon p-value map for the o/ ratio

p < 0.05 : significant (color gradient)
p 2 0.05 : not significant (white)

14.0°N

13.8°N

13.6°N

13.4°N

13.2°N

13.0°N

Figure 7. Results of the Wilcoxon test p-values for the AMMA-CATCH region for the o/ ratio. The black triangles represent the rain gauge
stations of the AMMA-CATCH Niger network.

Table 1 provides the GEV parameters obtained for CP4 present and future, as well as for the analytical method, and those
corresponding to the reference IDF curves. Figure 8a illustrates the reference IDF curves, and those derived from the CP4-
Africa model for present and future climates. Figure 8b shows the IDF curves projected for the AMMA-CATCH Niger area
with the analytical method. Projections indicate a significant reduction in return periods (Figure 8b): an event with an estimated
return period of 100 years under the reference climate would now correspond to a return period of approximately 10 years in

the future climate.
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(a) Reference (in black), present CP4 (in blue), and future CP4
(in red).

(b) Reference (in black) and projected using the analytical

method (in orange).

Figure 8. IDF curves of 10 years (solid line) and 100 years (dashed line).

4.1.3 Sensitivity among the three projection methods for the Niamey region case study (AMMA-CATCH Niger)

Although the analytical method is suitable for projecting IDF curves onto the Niamey region, in this section we will examine
how the projected IDFs vary to the choice of method. Table 1 provides the GEV law parameters obtained for each of the
projection methods, and those corresponding to the reference IDF curves. Figure 9 shows the IDF curves projected for the
AMMA-CATCH Niger area according to the three approaches considered: the analytical method, the generalized CDF-t, and
the CDF-t duration by duration.

The results show a strong similarity between the projected IDF curves obtained by the three methods for the AMMA-CATCH
area. The relative difference between these methods, calculated in relation to the projected average intensities, is around 10%
or less depending on the duration of precipitation. In comparison, the difference between the reference intensities and the
projected average intensities reaches values between 35% and 40%, depending on the duration considered.

The similarity of the results obtained with the three methods is reassuring. It shows that, in cases where the change in the o /1t
ratio between present and future climates is not statistically significant, an empirical approach does not substantially degrade

the quality of the projections. However, it should be noted that the analytical method proposed here is preferable, as it is more

parsimonious and consequently more robust.
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Figure 9. IDF curves AMMA-CATCH (1990-2019) and projected using the tree methods for return periods of 10 years and 100 years.

4.2 Regional mapping of IDF projection methods in the Sahel

The generic framework offers three methods (analytical, generalized CDF-t, CDF-t duration by duration), the choice of which
is determined by the constancy of the o/ ratio and 7 parameter between present and future CP4 simulations. Figure 10 shows
the p, o, and 7 parameters and o/ ratio for the CP4-Africa model under present and future climate conditions, as well as their
relative differences across the West African Sahel. The i and o parameters show latitudinal gradients (Figures 10a and 10b)
consistent with what is known about the region’s climatology (Panthou et al., 2012). The relative difference in the o/ ratio is
particularly pronounced over Senegal (Figure 10i). The relative difference in the 1 parameter (Figure 101) does not show any
particular spatial distribution.

We then applied the Wilcoxon test to determine whether these differences were statistically significant, in particular for the
o/ ratio and the n parameter (Figures 11a and 11b). The results indicate that the 7) parameter differs significantly across the
Sahel between the present and future climates simulated by CP4-Africa, without showing any particular spatial structure. On
the other hand, for the o/ ratio, some areas are characterized by insignificant differences, reflecting a relatively constant ratio,
particularly around the Niamey region (AMMA-CATCH area outlined in red in the figures), in Burkina Faso and central Mali.

By combining the two significance maps, we obtain a summary map that identifies the most appropriate projection method

for each geographical area in the Sahel West African (Figure 12).
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IDF curves n o 3 n o/
CP4 present (1997-2006) 23.94 8.51 0.11 -0.90 0.36
CP4 future (2095-2104) 37.82 12.6 0.11 -0.86 0.33
Reference
AMMA-CATCH 22.94 6.07 0.07 -0.94
(1990-2019)
AMMA-CATCH
22.16 5.73 0.13 -0.93
(1990-1999)
AMMA-CATCH
23.11 6.02 0.07 -0.94
(2000-2009) -
AMMA-CATCH
23.58 6.37 0.01 -0.94
(2010-2019)
Projected with analytical
! Y 36.25 9.58 0.07 -0.90
method (reference value)
Projected with CDF-t
! 37.74 8.55 -0.09 -0.94
generalized (reference value)
37.7712h 8.8512h 0.04 12h -0.88 110 ans
Projected with 21.3114h 4.51 1 4h 0.08 | 4h -0.85 1100 ans
CDF-t by duration 14.91 | 6h 3.1716h 0.1216h
7.93112h 1.74112h 0.09112h
4.13124h 0.96 1 24h 0.12 | 24h

Table 1. GEV parameters for IDF curves (CP4 present, CP4 future, Reference AMMA-CATCH, AMMA-CATCH with 3 periods: 1990-
1999, 2000-2009 and 2010-2019) and projected IDF curves using the three methods (Analytical method, CDF-t generalized and CDF-t by

duration).

The principle adopted is as follows: when the condition for applying the analytical method is not satisfied, i.e., the assumption
of constancy of the o/u ratio, an empirical approach must be used, in this case the CDF-t method. The CDF-t method can
be broken down into two approaches — “generalized” and “by duration” — depending on whether the parameter 7 can be

345 considered constant or not. The constancy of this parameter, which reflects an invariance in the relationship between the
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Figure 10. GEV parameters u, o, 7 parameters and o/ ratio, for CP4 present and future and their relative difference. The dark red area

outlines the AMMA-CATCH region of Niger.

intensity and duration of rainfall events, suggests that the physical structure of convective systems (spatial and temporal pattern,

size and propagation speed) remain unchanged.

The analytical method (o/p ratio significantly constant) covers 49% of the region. The CDF-t method by duration (o/u

ratio and parameter 7) not significantly constant) covers 38% of the territory while the generalized CDF-t method (o /u ratio

not significantly constant and parameter 7 significantly constant) remains marginal, with only 13% coverage. A spatial trend

also seems to be emerging, with the analytical method predominating in the southern to southeastern and northeastern part of

the Sahel. The AMMA-CATCH Niger zone is mainly associated with this method. However, in Senegal, the use of empirical
methods (generalized CDF-t or CDF-t by-duration) is largely dominant, which could suggest specific changes in the physical

mechanisms underlying convective systems in the future in this country. This will be discussed in more detail in section 5.
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Figure 11. Results of the Wilcoxon test p-values for the Sahel region for the o/u ratio (11a) and n (11b) parameters. The dark red area
outlines the AMMA-CATCH Niger region.
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Figure 12. Cartography of projection methods in the Sahel region : Analytic method, CDF-t generalized and CDF-t by duration. The dark
red box delimits the AMMA-CATCH Niger region.
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5 Discussions
5.1 Changes in GEV parameters and future climatology

The maps in Figure 10 highlight distinct patterns in the evolution of GEV distribution parameters between present and future
climates. The potential relationship between these regional changes in extreme value distributions and the mean precipitation
regime is examined here.

The extreme value theory shows under certain assumptions (Coles, 2001; Madsen et al., 1997; Panthou et al., 2014a) that
the 1 parameter depends on the combined effect of the average occurrence of precipitation and its average intensity, while o
depends mainly on the average intensity.

Figures 13a and 13b show the relative differences in daily rainfall occurrence and intensity simulated by CP4. The maps
exhibit spatial patterns consistent with those reported in the literature on climate projections for the West African Sahel (Chag-
naud et al., 2023a; Sow et al., 2025; Monerie et al., 2020). They highlight a widespread intensification of precipitation, reflected
primarily in a marked increase in the average intensity of daily rainfall, with the exception of the western tip of Senegal. In
addition, changes in the occurrence of daily rainfall are also observed, revealing contrasting trends at the regional level: a
gradual increase in occurrence appears towards the northeast of the region, while a more pronounced decrease is observed in
the western part of the study area.

These changes in mean climatology are also reflected in the spatial patterns of relative differences in the GEV distribution
(Figures 10c and 10f). The relative difference map for the p parameter shows stronger increases in the northeast of the region
and fairly marked decreases in the west. The relative difference map for the o parameter shows a general increase across the
region except for the far west.

Given the spatial pattern on the o and p maps, the increase in the o/ ratio visible in the western part of the study area
might therefore be attributed to this significant change in average rainfall intensity at the regional scale. When this regional
intensification signal is superimposed on east-west gradients controlled mainly by occurrences, the o/ ratio changes little or
even decreases, as is the case over most of the center and east of the region. However, some spatial pattern of increases in the
o/ ratio are still visible, which prevents us from being entirely certain about this observation (Figure 10i). At present, it is
difficult to estimate whether these are sampling effects or local changes in climatology.

The question of robustness also arises when attempting to analyze the climatological reasons that could explain changes in
the ) parameter. The dominant spatial distribution shows a decrease in the n parameter (Figure 101). This decrease could be
analyzed as a temporal persistence of convection, larger or slower convective systems. It is difficult to draw conclusions about
such hypotheses here. This is particularly true given that sampling effects and possible parameter compensation in the GEV-SS

model may interfere with the spatial pattern of the 1 parameter.
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Figure 13. Relative difference of occurrence and intensity daily rainfall between CP4 future and present. The dark red area outlines the

AMMA-CATCH region of Niger.

5.2 The limitations of the method
5.2.1 Uncertainties affecting IDF curve projections

Several sources of uncertainty affect the projection of extreme precipitation. The first one arises from the statistical fitting of
IDF curves. This could be assessed using bootstrap techniques (Chagnaud et al., 2021). Although such tehcniques are useful for
the operational use of IDF curves (Sane et al., 2018; Chagnaud et al., 2021), they are not evaluated here, as their contribution to
overall uncertainty is assumed to be minor compared to other sources (Zhao et al., 2022). The other sources of uncertainty arise
from climate simulations. First, CP4-Africa is forced by a single global climate model (GA7 from the MetOfffice). Moreover,
only one greenhouse gas concentration scenario is used, the RCP 8.5 scenario, whose probability now seems reduced in view
of current policies. Finally, the simulation is based on a single ensemble member. This last point poses the following question:
does CP4-Africa simulate a drier or wetter trajectory of possible climate variability? In the absence of a set of simulations,
internal climate variability is not represented. All these limitations prevent the construction of uncertainty intervals around
the projected IDF curves. The CP4-Africa model is primarily an opportunity to apply our methodology, as its fine spatial
resolution (4 km) is compatible with AMMA-CATCH reference data. However, it does not allow us to establish a plausible
range of projected IDF curves for the future and the projected IDF curves presented here cannot be considered as reliable

projections for operational use.
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5.2.2 Wilcoxon test to assess the significance of the o/ 1 ratio and n) parameter

The significance results for the o/u ratio and the 7 parameter may be sensitive to the size of the window considered and the
size of the sample it contains. For the AMMA-CATCH region, this sensitivity does not have an impact on the projections of the
IDF curves, which turned out to be very similar across the three methods. However, in other regions of the world, a question
may be posed: is the Wilcoxon test sufficiently powerful to assess the significance of the consistency of the o /u ratio and
1 parameter? Other statistical tests, such as the Student’s t-test, could be used to assess the significance of the ratio and eta
parameters. The classic 5% p-value threshold is an arbitrary choice that could also be adjusted. An ad hoc method could be
considered in order to obtain a more robust assessment of the significance of changes in the ratio and eta parameters, similar
to the approach proposed by (Chagnaud et al., 2021) for detecting trends in GEV parameters. This methodological approach
could enable more reliable diagnoses to be made, particularly in regions where climatic contrasts or sample sizes make the

Wilcoxon test less discriminating.
5.2.3 Using the CDF-t method

The CDF-t method was chosen to address the need to project the multi-scale distribution of extremes within an empirical
framework that preserves CPM bias characteristics. Its main advantage is that it is non-parametric and thus directly driven by
the data. It has also several limitations. First, it is sensitive to the quality of the observed data. In the case of AMMA-CATCH,
we have a continuous 30-year series of very high-quality precipitation data, which makes the application of this method
particularly relevant. An alternative approach, particularly when data availability is limited, relies on directly estimating relative
changes in IDF curve parameters from CPM simulations and applying these changes to reference IDF curves. This method,
as proposed for example by (Cannon and Innocenti, 2019), implicitly assumes that model biases cancel out in relative space,
which is debatable. The CDF-t method is also based on the assumption of stationarity of distributions. This assumption can be
considered reasonable for the 10-year periods of the CP4 model, for both the present and future climate. However, for the 30
years of AMMA-CATCH reference data, (Chagnaud et al., 2021) have shown significant non-stationarity in the parameters of
the GEV distribution. Usually, a trend removal step is applied to the data before using the CDF-t method in order to satisfy the
stationarity assumption. In this study, we do not remove the trend, as our focus is on the projection of reference IDF curves
rather than on the development of non-stationary reference curves. The extension of our framework to non-stationary IDF

curves could be envisaged, but lies beyond the scope of this study.

6 Conclusion

The presented study has allowed us to propose a generic methodological framework for the projection of multi-scale extreme
value distributions. This approach can be transferred to any region for which reference series and two simulated precipitation
periods are available—representing the current climate and the future climate, respectively, and with spatial resolution compat-

ible with the reference data. The analysis focused on extracting information from CPMs by regarding the GEV-SS parameters.
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In this case, the constancy of the o/ ratio and 7 parameter, were evaluated using the Wilcoxon test, in order to determine the

most appropriate method for projecting IDF curves. This resulted in three methodological configurations:
— Case 1: a significantly not different o/ ratio, leading to the formulation of an analytical method to project IDF curves.

If the o/ i ratio proves to be significantly different, then we turn to an empirical method, in this case the CDF-t method. Two

cases are then possible:
— Case 2a: a significantly not different 7 parameter, justifying the application of the generalized CDF-t;
— Case 2b: a significantly different 7 parameter, implying the use of the CDF-t by duration.

In our study the methodological framework was applied to the West African Sahelian context using CP4-Africa simulations
and the high-resolution rainfall dataset AMMA-CATCH Niger in the Niamey region.

At the local scale of the Niamey region, the o/ ratio is considered constant, based on the Wilcoxon test applied at the
regional scale, which implies using the analytical method to project the distributions of precipitation extremes, represented by
the IDF curves. The sensitivity to the three methods was also examined for this region and shows a high degree of similarity
between the results (order of 10%).

At the regional scale, the results of the Wilcoxon tests for the o/ ratio and the 1 parameter also enabled the three methods
to be mapped across the West African Sahel. The analytical method (Case 1) covers 49% of the region, the CDF-t by duration
method (Case 2b) covers 38% of the territory, while the generalized CDF-t method (Case 2a) remains marginal, with only 13%
coverage. The regional study also made it possible to characterize changes in the parameters of the GEV-SS model. Both the
local and regional analyses provide additional insights into the climatological interpretation of the results. At the local scale,
the projection of IDF curves over the Niamey region suggests that an event associated with a 100-year return period under
present-day conditions could correspond to a return period of approximately 10 years under the future climate simulated by
CP4-Africa. At the regional scale, coherent spatial patterns emerge in the evolution of multi-scale extreme value distribution
parameters. These patterns are consistent with the projected changes in the mean precipitation regime, suggesting a degree of
physical consistency between changes in mean and extreme precipitation characteristics. These results should nevertheless be
interpreted with caution, given the limitations associated with the CP4-Africa experimental design discussed in this study, in
particular the limited number of simulated years and the dependence on a single global forcing configuration. The increasing
availability of CPM-based simulations at continental and global scales is expected to provide a more robust basis for assessing
the robustness and uncertainty of these findings. The methodological framework proposed in this study is intended to contribute
to this effort. It is transferable to other CPM datasets and can be applied in other hydro-climatic regions beyond the present

West African case study.

Data availability. CP4-Africa is a high-resolution regional climate model simulation as part of the Future Climate for Africa (FCFA) pro-

gram. Its precipitation data are accessible from the website (Centre for Environmental Data Analysis (CEDA), 2018).
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