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Abstract Rainfall in the West African Sahel has partially recovered since thghboaf the 1970s and
1980s, but the form of this recovery matters as much as its size, sipsdenefit from more wet days
whereas heavier rainfall causes flooding. Using daily records from ten synapitinstn Burkina Faso
from 1981 to 2023, we examined three dimensions of rainfall (frequency, intensityueatn),
assessing trends in ETCCDI indices and in rainy-season onset and cessatiavitlates Mann-
Kendall test and innovative trend analysis, decadal dynamics by statiolinaaig zone, and extreme
events through return levels. Frequency changed most, with wet days increasiagtatifins (by two
to three days per decade in the north), whereas intensity changed les$ amivéay wet days rising
by 16 to 27 per cent per decade at four stations without a significaease for the average wet day or
the annual maximum, and duration changed least, only the end of the seasonsdigjiftityg Most of
this change occurred between the 1980s and the 1990s, early in the south and east and later in the north
and Ouagadougou, and we interpret it as a recovery from drought rather than a nélweaginfe;
annual totals rose mainly because wet days became more numerous, while heavpeaarfadl more
frequent without a notable increase in intensity, except in Ouagadougou. Policy-maket sretretbre
pay particular attention to the frequency of heavy-rainfall days, whose effectdaritagy, dams and
towns could be detrimental.

Keywords: daily rainfall, rainfall frequency, rainfall intensity, rainy season, decadal dysaBuickina
Faso



Introduction

A warmer atmosphere contains more water vapour, which explains why heavy haisfaécome more
frequent and more intense over most of the landmas].[Eor societies, however, the way in which
rain falls is just as important as the amount received, since whether théevattts crops, runs off as
surface runoff or floods inhabited areas depends on the frequency of rédiwfainount falling in a
single event and the duration of the rainy season.

These issues are particularly acute in the West African Sahel, a region seveotgddfy the droughts

of the 1970s and 1980s, where rainfall has partly recovered since the 1990s withairgétuthe

levels seen in the 1950s and 1960s [4, 5]. This recovery has been described asifecativans the

rainfall regime [68], linked to that of mesoscale convective systems [9, 10]. Rivers leaswio this,

DV VXUIDFH UXQRIlI KDV LQFUHDVHG HYHQ DV SDDLI@aieafo ZbVV Gt
attributed to land clearing and soil crusting, and subsequently also to mtemeei rainfall [11, 12].

However, trends vary from one location to another [13] and, over the period2Dd5) rainfall records

indicate a decrease in the number of rainy days, but more pronounced extremes [14].

Located in the Sudano-Sahelian zone, Burkina Faso is directly affected, as agriculteres ther
predominantly rain-fed and livestock graze during the rainy season. Furthermoredamslstore
runoff water for the dry season, whilst towns have expanded into flood-pieee &unoff and peak
flows have thus increased in the Nakanbé catchment despite the decline in, rinfadlds have
replaced the natural vegetation [15]. In Ouagadougou, reported flooding becanfeeoumeat during
the 2000s, even though rainfall indices, for the most part, did not vary significantly [16] veasithe
record rainfall on 1 September 2009 that caused one of the worst urbantfleattsuntry has ever
experienced [17]. This situation has attracted the attention of both pultiorities and researchers,
and several studies have been carried out in Burkina Faso to bettestamdiéts climatology. West et
al. [18] and Zampaligré et al. [19] have thus highlighted the variabilitgliofatic variables in the
country, whilst the perceptions of local populations show only a weak correlation atitim secords.

According to Sougué et al. [20], indices of extreme events have also decreased astatiomsin the
south over recent decades, whilst they have increased in the Nakanbé and Sirba basingdJ@ier22]
recent studies have produced mixed results regarding rainfall trends in Bedsba Yanogo and
Yameéogo [23] indicate that extreme rainfall was more pronounced in the nortba)S8éiam in the south
(Gaoua) during the period 199020, whilst Yaméogo [24] observes high variability in annual rainfall
totals in the Sahel region. Over the period 12823, Yaméogo et al. [25] also noted high variability
in annual rainfall, which resulted in a concentration of rainfall along a wsarthh axis, with intensity
indices increasing to varying degrees dependk@ WKH FOLPDWLF JRQH > @ :KLO
climatology is well documented at the national level, the analysis of extremallragmhains very
limited, as few studies consider frequency, intensity and duration togethetytseatfieem across the
three climatic zones. Consequently, there remains a lack of understandinqelgavdthe frequency,
intensity and duration of rainfall have each changed, the period over whiclchlaeges occurred, and
their respective contributions to the increase in annual totals.

This article aims to address this gap by drawing on in situ data from ten synoptic stations spssad ac
WKH FRXQWU\YV YDULRXV FOLPDWLF JRQHV DQUBGI\SWUWQHEW W R UWM
frequency, intensity and duration of precipitation since 1981, as well aspladial distribution at the
national level. The second is to analyse the decadal dynamics of these chatigedysttation and

by climate zone. The third is to compare these changes with one another, and thes thessgpective
contributions of frequency and intensity to the increase in annual totals and dailyesxtidra study
thus differs from a description of trends on an index-by-index basis in threectesprequency,
intensity and duration are examined jointly for the same stations, and thearemdsrected to account
for multiple testing, with their sensitivity to the starting year being asseginally, the increase in
annual totals is apportioned between frequency and intensity, whilst dadynes are characterised by
their return levels.



Study area and data

Study area

Burkina Faso (274,200 km?; 9#5.1° N) has only one rainy season, from May to October, influenced
by the West African monsoon. Three climatic zones are generally distinguishadatidi by the 600

and 900 mm isohyets (Figure 1). This results in distinct production zones across the countrizeThus, t
Sahelian zone broadly corresponds to the pastoral north, where millet pratksmiThe Sudano-
Sahelian zone corresponds to the densely populated central plateau, dotted withrasyallhere crops
such as sorghum, millet and maize are grown. In the Sudanese zone, which is more litomidndo
maize are cultivated.
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Fig. 1. Burkina Faso: synoptic stations with their mean annual rainfall (2821), climatic zones
bounded by the 600 and 900 mm isohyets, and other towns. The isohyets are derived frommenkihear t
surface fitted to the means of the ten statiofs=(R.97) and are indicative beyond the area covered by
the stations; the white lines show the provincial boundaries. Inset: location in Wkieat Af

Figure 1 shows a rainfall gradient running from south-south-west to north-nortlireastSaoua to
Dori, a distance of less than four degrees of latitudlee annual total is halved, corresponding to a
decrease of approximately 160 mm per degree. The two isohyets divide the autorttiyeie bands of
unequal width, with the Sudano-Sahelian band occupying the centre, where theynudjahie
population is concentrated. Although the stations accurately reflect tituslitzal gradient, the same
cannot be said for longitude, as there are no synoptic stations in the nortr-thesfar east. The drier
north is therefore represented only by Dori, Ouahigouya and Bogandé, whicluatedstiose to the
600 mm isohyet, which limits any generalisation to the Sahelian zone.

Data used

The data used consist of daily rainfall records from the ten synoptic stations of the National
Meteorological Agency (ANAM) for the period 1981023 (Table 1). Data gaps are rare, and only



those years with at least 350 daily readings were included, amounting to between 41 and 43 years per
station.

Table 1.Characteristics of the ten synoptic stations (12823)

Station Lat. (°N) Long. (°) Alt. (m) Annual total (mm)
Dori 14.03 i0.03 276 485
Ouahigouya 13.58 i2.43 335 679
Bogandé 12.98 i0.16 294 626
Dédougou 12.47 i3.48 299 802
Ouagadougou 12.35 i1.51 303 768
Fada N'Gourma 12.07 0.35 308 817
Boromo 11.73 i2.92 264 880
P6 11.17 i1.15 321 982
Bobo-Dioulasso 11.17 i4.32 432 1034
Gaoua 10.33 i3.18 292 1078

Source: ANAM

Table 1 shows that the stations all lie between 264 and 432 m in elegattbat their rainfall contrasts

are due to latitude rather than to relief, and that their series are aim@ietgrsince at most five days
are missing at eight stations. The mean annual total ranges from 485 mmtatlD@8 mm at Gaoua,
and the mean number of wet days from 36 to 72: the wettest stat®reteives twice as much rainfall

as the driest, and this over twice as many days. The network is densest in the Salddiam zone.,
which has six stations, than in the Sudanian zone, which has three, and in the 3ahe]iamich Dori
alone represents, and this uneven density must be borne in mind in any comparison betweaes.the zo

Methods

Describing frequency, intensity and duration

Daily precipitation is characterised in terms of three dimensiceguéncy, intensity and duration. Each
of these is measured, for each station and each year, using the standard inde&xpért Team on
Climate Change Detection and Indices (ETCCDI [27]) or seasonal agronomic ind{Gataes2). The
annual total number of rainy days (PRCPTOT) serves as a reference. These threemsnansiot be
considered in isolation, as the same annual total may result from numerous days ailighfrom a
few days of heavy rain, and may be spread over a long season or concentratedshithitoae, with
very different consequences for crops, soils and watercourses.



Table 2.Indices used to describe the frequency, intensity and duration of rainfall

Dimension and index

(ETCCDI code) Definition Unit
Amount

Annual total (PRCPTOT) 7TRWDO UDLQIDOO RQ GI mm
Frequency

Wet days (WD) 1XPEHU RI GD\V « PP days
‘D\V PP 5 PF 1XPEHU RI GD\V - PP days
‘D\V PP 5 PF 1XPEHU RI GD\V -« PP days
Intensity

Mean intensity (SDII) Annual total divided by the number of wet days mm day*
Max. 1-day rainfall (Rx1day Highest daily rainfall of the year mm
Max. 5-day rainfall (Rx5day Highest total over five consecutive days mm
Rainfall on very wet days Rainfall on days exceeding the 95th percentile of t mm
(R95pTOT) wet days of 19882010

(Sélgsriej(;:; very wet days Rainfall on very wet days divided by the annual tot %
Duration

Longest dry spell (CDD) Longest run of days < 1 mm between May and Octc days

First day from 1 May onward on which three
Season onset FRQVHFXWLYH GD\V WRWDO - date
more than seven days in the following 30 days [2¢

First day from 1 September onward on which the s

water store (capacity of 70 mm, loss of 5 mm per d

empty at the start of the year) falls to zero (water
balance criterion used in West Africa)

Season length Number of days from onset to end days

The centile thresholds were calculated based on the number of rainy days durltg1t2010
reference period. The longest drought period was calculated for the periabdfiay and October,
as the annual index primarily measures the dry season.

Season end date

In the formulae below, rd denotes the rainfall on day d in millimetres and yedemgear; the sums and
maxima are calculated over all days d in that year, and 1(-) is equal to 1 when the condition in brackets
is satisfied, and 0 otherwise. A year was only taken into account if at least 350 days had been observed
during that year; for the calculation of drought periods and seasonal dessiagmays were counted

as 0 mm.

Frequencyefers to the number of times it rains, that is, the numbeays in the year on which rainfall
reaches a given level. Three thresholds have been selected: 1 mm, which defimgsiayr 10 mm,
which corresponds to moderate rain that effectively moistens the soil; andh 2@hith corresponds
to heavy rain. Frequency is important because rain-fed crops and paspeed k&ss on the seasonal
total than on the regularity of water supply; indeed, for the same totalrapfrequent rainfall keeps
the soil moist, whilst infrequent rainfall allows it to dry out between rdiefants. It is, in fact, in this
respect that Sahelian rainfall varies most from one year to the next [4].

Thus, for a yeary:
LA UNR saw sres LA 5;U:NRsraw tres; LA ,UNRtr; (1)

Intensityrelates to the amount of rain that falls when it rains, and it hasrbeasured across three
levels. Thus, the average intensity reflects an ordinary rainy day, whilst the maxaimfiai over a



single day and over five consecutive days represent the most intense episodesthérabggory of
very rainy days is characterized by the rainfall recorded on days exceedinghtipe@sintile and by
the proportion of this rainfall in the annual total. Intensity isantgnt because rain that falls faster than
crusted soil can absorb it turns into runoff, which fills reservaitsalso erodes fields, silt-ups dams
and floods towns [12, 15]. This is why this dimension is the one most closely linkgdrtdogical and
urban risks.

For a year y, these indices are written:
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where P95 is the 95th percentile of rainfall on the wet days of the2208Q base period, computed as
the type 7 quantile in R, that is, for the n ranked valugs x« " ¢
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Finally, duration refers to the temporal dimension of the rainy season, that is to &ygtitsand the

duration of its interruptions. It is measured by the longest period of drouglgdreMay and October,

as well as by the start, end and duration of the season. The dates are deterniiaduheis Of daily
UDLQIDOO LQ DFFRUGDQFH ZLWK WKH BULWHWBU LD PE AR B EXUDINX R\Lk
[28] for the start and, for the end, the soil water balance criterion applied in the region {éGeme,

5 mm loss per day), as in the PRESAQO seasonal forecasts. Duration immhdostly because the

season must be long enough for crops to complete their cycle; secondly, because the start of the season
determines the sowing date; and finally, because a drought lasting a week orfterosevaing is

sufficient to jeopardise the harvest [29]. It is, moreover, the aspect that farreergeoimost directly.

JRUPDOO\ ZL\#hEK lengths of the runs of consecutive days below 1 mm between 1 May and
31 October, CDD (a, b) the longest of these runs between days a and pthenslod8 water store (mm)
on day d, the dates being expressed as days of the year:

i Lef&%agaag? (6)
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The daily series were read wittadxland then completed witlplyr andtidyr so as to form a continuous
sequence of 15,705 days, from 1981 to 2023, the two dates missing from the 2021 seridsekaving
inserted as missing values. The ETCCDI indices of Table 2 were compartedch station and each

year, with theclimdex.pcicpackage. The percentile thresholds (type 7 quantiles of the wet days) are
established over the 1981010 base period, a year is retained only if at least 350 days were observed,
and the longest dry spell is restricted to the months of May to October. The onsed afithe season

result from applying the criteria of Table 2 to daily rainfall, usingréhiéng sums of thezoopackage,

and the share of very wet days was obtained dpthir. The records were subjected to quality control
covering negative or non-numeric values (none was found) and extreme totals; the daily maxima range
from 114 to 261 mm, the highest corresponding to the event of 1 Septemben 2D08gadougou,
documented by Miller et al. [17], and all were retained. In the absence of statiadatae the
KRPRIJHQHLW\ RI WKH VHULHV FRXOG EH H[DPLQHQAQ QRIQW\KMW KUR
FKDQJHV’



Detecting and mapping the trends

We sought to identify a monotonic trend for each index, at each station and gueridkel 9812023,
using three complementary methods: the ManiHQ GDOO PHWKRG 6HQfV VORSH DQG

¥ MannxKendall test.This reference test for climate time series is based on ranks and requires no
assumptions regarding the distribution of the data [30, 31]. The presenagpefand or downward
trend is established by comparing all pairs of years and counting the instéaeteshe most recent
value exceeds the previous one. The test was carried out usingitheS DFNDJH ZKRVH 2 VWL
is derived fromKendalland whose autocorrelation correction [32] is basethodifiedmk Of the
corrected and uncorrected/plues, the more conservative value was selected, as the correction may
make the test more lenient when successive years are negatively correlated, adfitence
level was set at 5 per cent.

For a seriesx « npfanindex at a station, the statistic S counts the pairs of years in which the more
recent value is the larger, minus those in which it is the smaller:
5 LAYG N @ us %okl F o (10)
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where  is the size of the W K JURXS RI WLHG YDOXHY DQG - WKH FXPXODW

VWDQGDUG QRUPDO GLVWULEXWLRQ .HQGDOOW 2i LV 6 TKHYLG

autocorrelation correction modifies the variance:

f™5 L awholL t>s F O <;? (11)
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Z K H WiBlthe lag-k autocorrelation of the ranks of the detrended series.

6 HQ TV ThBG R@1gsponds to the median of the slopes calculated between all pairs of years
[33] and, as it is largely unaffected by extreme years, it indicates the magnitude of the trend in
index units per decade. It was calculated usingrdred function. It is expressed in days per
decade for frequency and duration indices and, for intensity indices, as a percentage of the
VWDWLRQYY DYHUDJH SHU GHFDGH WR HQDEOH FRPSDULVR
.

UL+tt<BECE E O Faow Wb srUawylL b (13)

where [@ the mean of the series.

Innovative trend analysis (ITAn this method, the time series is divided into two halves of equal

length, each of which is ranked in ascending order; the values in the second half are then
compared, rank by rank, with those in the first [34]. The advantage of this method is that it
allows us to see whether the change affects the low, medium or high values of an index,
something that a simple slope cannot do. The ITA slope was calculated usirentithange

package, and the difference between the two haheedculated as the average of the lower,

middle and upper thirds of the ranked value¢ V H[SUHVVHG DV D SHUFHQWDJ
mean (in days for seasonal dates). As the significance test assodtht¢his method [35] is
considered to lack some rigour [36], the ITA was used solely to describe the changes, and not

to test them.



With h = A/2 Ajears in each half (the central year being discarded when n is @dtl) «a ” ¢hand k)
"« "EWKH UDQNHG YDOXHV RI WKH | L UGheir rie@rs, the-sopeul kD O Y HV
rank-by-rank differences are:

O Paw@ >3 F=ydwELS4aaaD (14)
and the changes in the lower, middle and upper thirds, with/8Aare, as a percentage of the m¢@n
of the series (in days, without the factor 10fCfor the onset and end dates):
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The trend maps present these results station by station, against the backgithenddofinistrative
boundaries of Burkina Faso.

Analyzing the decadal dynamics

To understand the dynamics of change over time and space, the indices were averagéouacross

successive periods: 1981-1990, 1991-2000, 2001-2010 and 2011-2023 (the latter covering 13 years). A
HDFK VWDWLRQ WKH YDOXH IRU HDFK SHWPLWE&H W M DSAIPRAYHG D W

average, and then plotted on a map, enabling a comparison of the decadestdldenst!. These same

averages were then grouped by climate zone: the Sahelian zone (Dori), the Sudaan-Zahel
2XDKLIJRX\D %RJDQGpPp 'pGRXJRX 2XDJDGRXJRX )DGD 1Y*RXUP

zone (P6, Bobo-Dioulasso and Gaoua).

With xs the value of an index at station s in year y, P a period, |P| its nuhylears, [(the 19812023
mean of station s and the number of stations in zone z, the mean of a period, its depfaoturéhe
station mean (in %) and the mean of a climatic zone are:

. o 26 .
Teabk—7z A ipkead WARAE S”eDT.z\epaWiEELgéA ARBE (16)

The means and standard deviations were calculated dplypgandtidyr. It remained to be
determined whether the differences between periods exceeded thHe-year variability; to

WKLV HQG D VLQJOH SRLQW RI FKDQJH ZDV VRXJKW XVLQJ
thetrendpackage [37]), in the annual mean for the ten stations over the period20281The
differences between successive periods are accompanied by 95% confidence intervals obtained
using the bootstrap method (theot package) and were compared using the Wilcoxon test

(statg, with the Pettitt test also being applied to each of the stations.

For the mean XR1 WKH WHQ VWDWLRQV DQG WZR VXFFHVVLYH SHULRG
means is:

5 % . 5 % 5 %
Lo A ekead W& £ Apedi F= Apel (17)

its 95% interval being bounded by the 2.5th and 97.5th percentiles of Dexbfeam 1000 resamples
of the years, with replacement, within each period. For a series«X n; the Pettitt statistic is:

X 3 p “ P 2, A
7oL A @& @k yF jpoa w- Lef§7cawL N t1B7—C (18)

the change point being placed after the year t that maximiges |U



Evaluating the changes

The changes identified, along with their trends, were then assessed from three perspectives: the
robustness of the trends, the cause of the increase in annual totals, and the behaviour of daily
outliers.

fRobustness of trend§&iven that ten stations are analysed for each index, some of the
significant results are due to chance. In order to retain only those trends that are robust to this
effect, the false discovery rate procedure [38, 39] was applied at a 5 per cent threshold,
separately for each index (ten stations), using the p.adjust function fratatsigackage. We

then needed to assess the extent to which the trends were influenced by the drought of the 1980s;
we did this by repeating the tests from 1991 onwards, whilst also comparing the direction and
distribution of the variations between the Maliendall test and the ITA. In Ouagadougou, the
results were checked against the exceptional rainfall of 1 September 2009, with the Mann
Kendall test being repeated whilst excluding that year. Finally, in the absence of metadata, the
homogeneity of the time ses was examined by subjecting, for each station, the ratio of its
values to the mean of the other nine stations to the Pettitt test and the standardised homogeneity
test (the snh.test function wénd), using the same false discovery rate correction.

With m = 10 stations andp " « " 9 the ranked p-values of an index, the adjusted values of the
BenjaminiiHochberg procedure are:

a &
L_bhlé L .('BlpélT’KC (19)

1Origin of the rise in annual total§ince the annual total is the product of the number of wet
days and their mean intensity, the trend in its logarithm is exactly equal to the sum of the trends
in the two components, b(In PRCPTOT) = b(In WD) + b(In SDII), where b denotes the least
squaresslope (Im function oftat9. The reason for this increase can be seen in the ratio b(In
WD)/b(In PRCPTOT), which indicates whether it is due to a greater number of rainy days or to
heavier rainfall. As a check, we recomputed this share without the regression, as
IN(WD2/WD1)/INn(PRCPTORPRCPTOT), where the subscripts 1 and 2 denote the means over
the subperiods before and after a split year, taken in turn as 1995, 2002 and 2009 (for example,
19814995 and 199&023); splits for which the mean annual total differs by less than 2%
between the twsubperiods were discarded, because the ratio then becomes unstable. We
interpret the share only at the stations where the annual total shows a significant trend. As
regards the weight of very wet days, we compared the two halves of the serie(028hd
20032023), relating the change in rainfall on very wet days to that in the annual total, with
90% bootstrap intervald@otpackage). If rain had merely become more frequent, without any
change in its distribution, this share would be about 20%, a value that serves as our benchmark.

1Daily extremesWe retained the independent peaks lying above the 95th percentile of wet

days (38 to 47 mm), which the declustering function oetttRemepackage makes it possible

to separate, and we fitted to them a generalized Pareto distribution, which is the reference model

for threshold exceedances [40]. The return levels are derived from this distribution, that is, the
daily rainfall exceeded on avage once in T years, according 0 X X 1 > @ ZKHUH
XLV WKH WKUHVKROG 1 DQG WKH VFDOH DQG VKDSH SDU
year. The fit and the return levels were obtained witiRemesThe choice of threshold was

checked on mean excess pla@sgdpackage) and on plots of the stability of the shape parameter
(extReme&s as well as by trying the 90th and 97.5th percentiles, the uncertainty being estimated



by bootstrap lfoof). The changes were tested both on the annual number of peaks (trend by
Poisson regressiontaty and on the scale parameter (trend by likelincatt testextRemes

Tools used for data analysis

All calculations were carried out using R 4.4.3 [41], and the packages used are those whose
names appear in italics in the preceding sections. The resulting tests, estimates and confidence
LQWHUYDOV DUH GHULYHG IURP WKHWkh fudkeddnsi OMy WeK H\ RUL
seasonal criteria and decomposition ratios were coded directly, in accordance with the
definitions given above. The approach was carried out in four stages, from the daily data to the
assessment of changes, with each stage dgawvira subset of these toolsdure 2. Stage 1
involved verifying and organising the daily precipitation data from the ten synoptic stations,
and Stage 2 involved converting these into indices of precipitation frequency, intensity and
duration. Stage 3 was devoted to detecting and mapgndstiin these indices, followed by a
description of their dynamics on a decdnjedecade basis, whilst Stage 4 focused on assessing
the identified changes in terms of their robustness, the origin of the increase in annual totals
and daily extremes.

Daily rainfall data

1 10 ANAM synoptic stations, 1981-2023
quality control, series completed to 15,705 days

readxl - dplyr - tidyr
|

Frequency Intensity Duration
2 WD, R10mm, R20mm SDII, Rx1day, Rx5day, longest dry spell,
R95pTOT, R95p share onset, end, length of the season
climdex.pcic climdex.pcic climdex.pcic - zoo
A4 v
Trend detection and mapping Decadal analysis
modified Mann—Kendall, Sen's slope, four periods, departure from the mean,
3 innovative trend analysis, maps three climatic zones
tfrend - modifiedmk - Kendall
trendchange - sf - ggplot2 dplyr - tidyr
I |
A 4
Robustness of the trends Origin of the rise Daily extremes
false discovery rate, frequency x intensity generalized Pareto distribution,
4 start year 1981/ 1991 bootstrap intervals return levels
stats (p.adjust) stats - boot extRemes - evd

Fig. 2. Methodological sequence of the study, from the daily rainfall data to the evaloétiba
changes, with the R packages used at each stage.
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Results

Spatial trends in the frequency, intensity and duration of rainfall
Frequency and intensity: more wet days in the north, more rain on very wet days

Frequency is the simplest way of measuring how regularly crops and soils reaveFigure 3 shows
three counts of days, each illustrating the trend observed at each station. Theafasttoehll rainy
days recording at least 1 mm of rainfall, which reflects the frequency @dltamgeneral. The other
two, which relate respectively to days recording at least 10 mm and &0east of rainfall, correspond
to moderate and heavy rainfall, which replenish groundwater reserves and contribtigcto remoff.
As the trends are all expressed as the number of days per decadegaghmadps can be compared
directly. The symbols help to distinguish significant trends, and those thatnrsigaificant after
correction for multiple testing from those that are not.

a) Wet days (21 mm) b) Days 210 mm c) Days 220 mm
T A 3 A Tt
/,\j_/ \ /\J*/ \ _ . [l )
f I .\ f N
WQ 0 F\J,'~»_, 7“*17 \-\ F\J 11 l\_\
<”\\ Q T <’ 0% % [i \A\ 17 5
3 Q e T @ 00 By 5 00 S
i 1 Q % w/j”"”zo i go S @it H S 3
1 4 +
/ 11 o f { 11 SLo Kf‘/‘/ ) 0.4 ) ﬁ/:,f‘/“
J o TgneT ) @ e o v e
e %
P R Y
\ \ N\
. significant after FDR @ veetter / more favorable
O O O . significant (p < 0.05) @ drier/ less favorable
1 2 3
days/decade O not significant = = = 600 and 900 mm isohyets
Fig. 3. Trends in rainfall frequency, 1981 6HQYYVY VORSH LQ GD\V SHU GHFDGH

least 1 mm (WD), (b) days of at least 10 mm (R10mm) and (cdUatykeast 20 mm (R20mm). Symbol
size is proportional to the trend; filled symbols are significant (pG5), with a black outline when they
remain so after false discovery rate (FDR) correction. Dashed lines: 600 and 9@bhymats.

Rainfall has become more frequent almost everywhere, albeit unevenly. ltleasiorth that the number
of rainy days has increased the most, rising from two to three days per iteCaddigouya, Bogandé,
Dédougou and Dori, with an increase that remains significant even after correctianitiplertesting.

By contrast, at the other stations, the increase is only from one to one and a halfittapsily
Ouagadougou reaching the significance threshold. As for days on which at least @Draimis
recorded, the increase is more widespread and also affects Ouagadougoujditdes®and P6. This
means that, in the wetter south, this change affects moderate rainfatharotke total number of rainy
GD\V 7KH HDVW DURXQG )D Ggbnwher ¥ frdquehcy heé KerhaR €@l ®iktubliy
unchanged.

Intensity, defined as the amount of rain that falls when it rains, caragsuned in several ways. Figure

4 shows the trends for four indices: average intensity on rainy days, the wettestigayedzr, the five

wettest consecutive days and, finally, total rainfall on very wet days, i.e. ¢éoseding the 95th

percentile. As these indices are not expressed in the same units, tharegrésented as a percentage

RI HDFK VWDWLRQYVY DYHUDJH SHU GHFDGH ZLVWgkre8KH VI\PERO F
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a) Mean intensity (SDII) b) 1-day maximum
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c) 5-day maximum
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I
k4 5
‘ significant after FDR @ wetter / more favorable
® @ O ,
. significant (p < 0.05) @ drier / less favorable
5 15 25
% of the mean/decade O not significant - = 600 and 900 mm isohyets
Fig. 4. Trends in rainfall intensity, 1984 6HQTY VORSH DV RI WKH VWDWLRQ

mean intensity of wet days (SDII), (b) maximum 1-day rhi(Rx1day), (c) maximum 5-day rainfall
(Rx5day) and (d) rain that fell on very wet days, above the 95th peec@R8bpTOT). Symbols as in
Figure 3.

These maps show that ordinary rainy days have hardly become any wetter, with the average
intensity having increased significantly only at Ouahigouya and Ouagadougou. The wettest day
of the year saw an increase at three stations, but none of these inaidastesd correction.

As for maximum fiveday totals, these increased significantly at Bogandé and Ouagadougou,
but only at the latter station was the increase statistically significant. In contrast, rainfall on very
wet days has risen sharply, by betweks and 27 per cent per decade at Ouahigouya,
Dédougou, Ouagadougou and Gaoua, with a clearly marked trend in each case. It is therefore
the total rainfall on very rainy days that has increased in intensity, mainly along an axis running
from Ouahigouya t®@uagadougou.

Duration: a rainy season that ends slightly later

Duration highlights the temporal aspect of the season, that is, how long it lasts and how long it
is interrupted. Figure 5 presents four indicators: the longest period of drought between May and
October, followed by the start, end and duration of the re@@agon. Determined on the basis

of daily rainfall according to agronomic criteria, the start and end dates describe the season as
experienced by crops. Trends are expressed in days per decade and, for ease of interpretation,
any change favourable to agriture is shown in blue, whether it be a shorter dry spell, an
earlier start, a later end or a longer season.
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a) Longest dry spell (May-Oct) b) Season onset

c) Season end d) Season length
RS =
[_/ o
o ® =
g +5.6 N +12.9
O
+2.3
O &) ©)
i SR +3.3 O +25
@ IS +1.4 ~O- S 3.0

+1.9 Sl +1.4 e
=0 o =
+3.7 +2.7 +2.5
««\«Z.Q ,vrﬂ\-«l\o\z

@ sionificant after FDR @ wetter / more favorable

@ significant (p < 0.05) @ drier / less favorable

days/decade O not significant - = 600 and 900 mm isohyets

Fig. 5. Trends in the length of the rainy season and in dry speB4,#9 6HQTY VORSH LQ GD
decade): (a) longest dry spell between May and October (CDDynd®t, (c) end and (d) length of the

rainy season. Blue indicates a favorable change (shorter dry spell, earlgst, later end, longer

season). Symbols as in Figure 3.

Overall, the rainy season has retained its typical characteristics. The ldngsegell has shortened
slightly at most stations, but this shortening is significant only at Bogandé. thefstart of the season,
it shows no spatial pattern, with Ouahigouya being the only station to expeaxiprarked change. The
same cannot be said of the end of the season, which is later at all ten statimisden one and six
days per decade; this delay is significant at five of them and robust @abigouya. The lengthening
of the season is significant at only two stations: it is robust at Ouahigouya (13:dagx<ade), where
an earlier start is accompanied by a later end, whilst at Bogandé (8 daysgsinot withstand

correction.

Decadal dynamics at the national scale: by station and by climatic zone

By station: the decades mapped for each dimension

A trend line does not indicate when a change occurred, nor whether that chamgedoatthe same

time across different stations. This is why Figure 6 presents an index for eaafsidimover four
successive periods, namely the 1980s, 1990s, 2000s and2P@B1i the number of rainy days for
frequency; rainfall on very rainy days for intensity; and, for duration, the longest period ghtlamal

the length of the season. For each station, the value for the period is ekpiseasgeviation from the
statL R Q TV 2023 average, which allows for a comparison between dry and wet stations. Blue
indicates a wetter or more favourable period than average, with a shortentdoetigd, whilst red
indicates a drier period. The size of the symbol reflects the magnittitke deviation. By reading each
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row from left to right, you can see when the change occurred, and by reading each colummsgeu ca
the regions where it was concentrated.
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Fig. 6. Decadal departures from the station mean (12823, in %) of one index per dimension: wet
days (frequency), rainfall on very wet days (intensity), longessplll between May and October and
length of the rainy season (duration), for 198290, 1991000, 20012010 and 201#023 (13
years). Blue: period wetter or more favorable than the station mean (shortspeltyn the third row);
red: drier. Symbol size is proportional to the departure; dashed lines: 600 and 900 nyetssoh

According to Figure 6, rainfall trends vary from one station to another, ranging dr generally
unfavourable 198#990 decade to a 20#1023 period characterised by predominantly favourable
anomalies. During the first period, the frequency of rainy days and the cumuétifall totals for very
rainy days were below average at all stations, with longer periods of dangylet generally shorter
rainy season. The decade 198000 saw a recovery in the frequency of rainfall at all stations and a
shortening of drought periods, although neither the rainfall on very wet daysenduration of the
rainy season followed this trend everywhere. Between 2001 and 2010, unfavourable anomalies i
rainfall frequency and the cumulative humber of very rainy days particulffeisted the south-west
and a few stations in the centre, whilst periods of drought lengthened mainly in tta loeitt The
situation was different between 2011 and 2023, a period during which an ekeessy days was
observed at all stations and the cumulative number of very rainy dagased almost everywhere, with
generally larger deviations for this second indicator. In most cases, periodagiitsbortened and the
rainy season lengthened; nevertheless, certain unfavourable anomalies persiggrparegarding the
duration of the rainy season in the east and south. As the responsesndéittier side of the 600 and
900 mm isohyets, we conclude that local trends vary and that the frequency, intensityatiod dti
rainfall are changing partly independently of one another.

By climatic zone: changes that differ according to the period

Figure 7 offers a synthesis of these maps, since it uses the same fourfpetteelannual total and for
seven indices covering the three dimensions. For each period, the index is averaged at eacldstation an
then by climatic zone, bearing in mind that the Sahelian zone is reprelsgied alone, and the thick
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black curve shows the mean of the ten stations. Given in the unit specifichtanelex, the values
complement the relative departures of Figure 6. Read from left to right, esslhsphaws whether the
change was gradual or took place in steps, which can then be verified by a pbiat¢est on the mean
of the ten stations and by 95% intervals for the differences between successive period

a) Annual total (mm) b) Wet days c) Days 220 mm d) Intensity (mm/day)
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Fig. 7.Decadal means of the annual total and of indices of frequency (b, c)jtinfdnf) and duration
(g, h), by climatic zone and for all ten stations. Periods: #8940, 19912000, 20012010 and 201%
2023 (13 years).

According to Figure 7, the climatic gradient persists from one period to the next. TheSudzgion
continues to have higher cumulative rainfall, rainfall frequency and a loagsr season than the
Sudano-Sahelian and Sahelian regions. For the ten stations, the average annual rainfallaoserfdom
710 mmin 1981-1990 to 870 mm in 20#2023. In the Sahelian region, the increase ranged from around
410 to 560 mm. Across all stations, the number of rainy days has also idckeiils¢he average rising
from around 52 to 59 days. However, a slight decline was observed in 2001-2016e&Atktfions have
seen an increase in the number of days with at least 20 mm of rainfaltheitise being particularly
marked in the Sahel during the most recent period. The average rainfall interssiyso increased,
from around 13.7 to 14.9 mm/day across the ten stations. In the Sahel, the ®eaadt@bistent, as it
first declined and then rose sharply in 2011-2023. In the Sudano-Sahelian region, tiagy figafall
maximum has been gradually increasing. In the Sudanese region, however, it peakeddQ® St
around 130 mm. Between the initial and final periods, the cumulativeatadry rainy days also
increased, from approximately 125 to 215 mm across all stations. As foortpest dry spell, it
shortened significantly across all three regions between the first tvealpelti then fluctuated, without
returning to the levels seen in 198890. Spatial contrasts, however, remained pronounced in£2011
2023. This dry spell lasted for around 26 days in the Sahel, compared with 18 days inaihe- Sud
Sahelian region and 15 days in the Sudanese region. Finally, the duration of the raininsezsses
between the extreme periods. It rises from around 61 to 79 days in the Sahetrat@3rto 118 days

in the Sudano-Sahelian region. In the Sudanese region, it fluctuates between 140 and 150 days.

Evaluation of the changes: robustness of the trends and weight of frequency and ityensi

Are the identified trends robust in light of the decadal dynamics?

The trend analysis established where rainfall has changed (Figures 3 to $je aledddal analysis
when it did so (Figures 6 and 7). The step that separates the 1980s from theh@@@0sy, has a
bearing on the interpretation of the trends. When the increase is cotegthtraveen the 1980s and the
1990s, there is a risk that significant trends will appear over £82B that would not exist without the
dry 1980s, and it may also be that this increase mainly concerns the drisstTydde 3 therefore
indicates, for each index, the number of stations showing a significant change ovet0P33and the
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number of those that retain it after correction for multiple testhmysame count then being repeated
for series starting in 1991, that is, after the driest decade. The last three columns give tbielTesult
namely the change between the two halves of the series for the low, meediumgh values of each
index, as the median of the ten stations. Comparing the columns brings wantts that depend on the
recovery from drought, as well as the part of the distribution that they concern.

Table 3.Number of stations showing a significant change (p < 0.05) by dimension, and sensitivity to
the start year

Significant
change 198k Startin ITA: low
2023 (after 1991 values

ITA: ITA:
medium high
values values

Dimension and index

FDR)

Amount

Annual total (PRCPTOT) 6 (4) 3 +13 +13 +8
Frequency

Wet days (WD) 5 (4) 0 +10 +5 +3
‘D\V PP 5 PP 6 (4) 2 +7 +10 +8
‘D\V PP 5 PP 5(3) 3 +14 +11 +8
Intensity

Mean intensity (SDII) 2(2) 2 +7 +4 +4
Max. 1-day rainfall (Rx1day) 3(0) 0 +10 +10 +16
Max. 5-day rainfall (Rx5day) 2D 1 +7 +13 +17
I(?Raégfs_ll! 8_r|1_)very wet days 5 (4) 1 +26 +32 +41
Share of very wet days (R95p%) 4 (1) 1 +27 +20 +25
Duration

Longest dry spell, MayOct (CDD) 1(2) 1 0 i11 i15
Season onset 1(2) 0 i1 +1 i1
Season end 5(1) 0 +11 +5 +4
Season length 2D 0 +6 +4 +4

The changes counted are increases for amount, frequency and intensity, and shianpeildy earlier
onsets, later ends and longer seasons for duration; no station shogvsfecant change in the opposite
direction, except a later onset at one station with a start in 1991. FDRaBé@rigHochberg procedure
at the 0.05 level. ITA: median, over the ten stations, of the change between the twof hladvseres,
as % of the station mean (in days for the onset and end of the seastmg,léover, middle and upper
thirds of the ranked values; a negative value for the longest dryaspebthe season onset is a favorable
change.

Over the period 1982023, the increase remains significant after FDR correction at four stations f
the annual total, the number of rainy days, the number of days with at least d0rainfall and rainfall

on very rainy days, and at three stations for the number of days with at least@Tainfall. However,

for time series beginning in 1991, the increases recorded relate to threayagong and three stations
respectively for these same indices, which means that sensitivitygertbd under consideration varies
depending on the index. These results are supplemented by the ITA, which compares the two halves of
each time series; we present the median value across the ten stations astagpeotéhe station-
specific averages, with only the start and end dates of the season expresgad for the annual total,
the deviation is +13 per cent in both the lower third and the middle thttee sbinked values, and +8
per cent in the upper third. It is in the lower third that the nurabeainy days has increased the most
(+10 per cent, compared with +5 per cent and +3 per cent in the middle anthingis®&rwhich mainly
reflects an increase in the number of years with few rainy days. Precipitatrenyarainy days follows
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the opposite trend, with the increase becoming more pronounced towardsptreend of the
distribution, at +26 per cent, +32 per cent and +41 per cent respectively. Thaalies to the one-

day and five-day maximums, with the sharpest rise occurring in the top third (+16 per cent aad +17 p
cent respectively); however, the trend remains significant after FDR c¢omre@ttonly zero and one
station. The maximum duration of drought periods remains unchanged in the lower third, éasekecr

by 11 per cent and 15 per cent in the middle and upper thirds, with the change being significant at only
RQH VWDWLRQ 7KH PHGLDQ FKDQJH LQ WKiEHMNMWIHHY RI WE V HIDV
whilst the end of the season is delayed by 11, 5 and 4 days across the threeatsdtilbs, season
lengthens by 6 per cent, 4 per cent and 4 per cent respectively. Apath&dater start to the season
recorded at one station where the analysis begins in 1991, the significanbnarfieliow the trends

shown in the table.

Rise in annual totals and extremes: the weight of frequency and intensity

Trend analysis has shown that the frequency of rainfall is increasing overall, wiitsitints rising
mainly due to an increase in the number of very rainy days; however, ingetodie determined which
of these two variables accounts for the rise in annual totals. As the artat& the product of the
number of rainy days multiplied by their average intensity, its trend can be lafokenprecisely into
a component attributable to frequency and a component attributable totynt€hese two components
are shown, for the ten stations, in Figure 8a, where the whiskers indicate the varisgoregult when
the trend is replaced by a comparison of two sub-periods separated by a dmegkaonly the six
stations, marked with an asterisk, whose annual total has increased significantly are ta@moimb
Figure 8b addresses a related question, namely the proportion of raotallied between the two
halves of the series (198002 and 2002023) that fell on very rainy days. This proportion is shown
relative to the grey band, which corresponds to the proportion that wodsplkeeted if rainfall had
simply become more frequent, whilst its distribution remained unchanged.

a) Where does the rise come from? b) Weight of very wet days
e
L & |
Dédougou® ’—. k A i
Fada N'Gourma 1 - I e {
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Share of the rise in the annual total (%) Added rain that fell on very wet days (%)
More wet days = Range across split years
- More intense wet days

Fig. 8. Origin of the rise in the annual total at the ten statiomsarks the six stations where the rise is
significant at the 0.05 level, the only ones interpreted, because thes strarenstable where the total has varied
little. (a) Contributions of more numerous wet days and of more intenskaygto the trend in the annual total,
the whiskers give the range of the same share when the trend is rdpyabedifference between the sub-