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Abstract: The increasingly frequent pluvial flood of West African urban settlements indicates the need
to investigate the drivers of local rainfall changes. However, meteorological stations are few, unevenly
distributed, and work irregularly. Daily satellite rainfall datasets can be used. Nevertheless, these
products often need to be more accurate due to sensor errors and limitations in retrieval algorithms.
The problem is, therefore, how to characterize rainfall where there is a need for ground-based rainfall
records or incomplete series. This study aims to characterize urban rainfall using two satellite
datasets. The analysis was carried out in the Sirba river catchment, Burkina Faso, using the Climate
Hazards Group InfraRed Precipitation with Station data (CHIRPS) and the Tropical Applications of
Meteorology using SATellite and ground-based data (TAMSAT) datasets. Ten indices from the Expert
Team on Climate Change Detection and Indices (ETCCDI) of precipitation were calculated, and their
statistical trends were evaluated from 1983 to 2023. The study introduces two key innovations: a
comparative analysis of precipitation trends using two satellite datasets and applying this analysis to
towns within a previously understudied 39,138 km? catchment area that is frequently flooded. Both
datasets agree on the increase of (i) annual cumulative rainfall over all towns, (ii) five-day maximum
rainfall over the town of Manni, (iii) rainfall due to very wet days in Gayéri, (iv) days of heavy
rainfall in Bogandé, Manni and Yalgho, and (v) days of very heavy rainfall in Yalgho. These findings
suggest the need for targeted pluvial flood prevention measures in towns with increasing trends in
heavy rainfall.

Keywords: rainfall regime; extreme indices; satellite precipitation products; trend analysis; flood risk
analysis; urban Sahel

1. Introduction

West African towns are expanding rapidly due to significant population pressure [1].
This expansion needs to have appropriate stormwater drainage [2]. Consequently, the
intensification of rainfall in urban settlements can increase the risk of pluvial flooding [3].
Understanding where and to what extent rainfall varies is crucial for reducing flood risk
and proper water resource management in the region.

One of the most widely used methods to assess precipitation changes is the com-
putation of precipitation indices [4]. These indices measure the intensity, frequency, and
duration of daily or sub-daily precipitation on monthly, seasonal, or annual time scales. The
Expert Team on Climate Change Detection and Indices (ETCCDI) has developed indices [5]
that have become the standard for global [6], regional, and local climatology studies [7,8].
However, analyzing temporal and spatial variations in precipitation requires a long and
homogeneous series of measurements. Without these conditions, Satellite Precipitation
Products (SPPs) can be used [9-11]. However, SPPs have sensor errors, retrieval scheme
errors due to the information processing algorithm, and product errors caused by the
restitution of the surveys in daily or monthly time aggregates [12,13]. Furthermore, SPPs
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perform better in tropical areas than in semi-arid and mountainous regions [14] due to
the variability in topography and localized climate conditions that affect the accuracy of
satellite measurements [15,16]. The lack of precipitation data from the stations to correct
satellite estimations influences the performance of SPPs [17].

West Africa is one of the areas least covered by station-based precipitation records.
Many rainfall studies in this region have used alternative datasets, particularly the Climate
Hazards Group Infrared Precipitation with Station (CHIRPS) satellite dataset [18-22].
However, comparing different SPPs in West Africa at the regional scale reveals that daily
accuracy statistics perform worse than those at the monthly and annual scales [16,23-25].

Therefore, the problem is investigating changes in daily precipitation that affect West
African towns without stations or whose precipitation records are not complete. This raises
two research questions. First, what is the performance of SPPs in the long-term detection
of urban precipitation at the daily scale? Second, can comparing trends obtained from
two datasets raise confidence if they agree on specific precipitation characteristics? These
questions are critical for improving the accuracy and reliability of rainfall data in urban
contexts prone to pluvial flooding.

This study aims to characterize urban precipitations in semi-arid West Africa by
comparing trends of climate indices derived from multiple datasets. Previously used
globally [26] and in East Africa [27], this methodology is expected to work better than a
single dataset for urban settlements in characterizing their rainfall trends.

The first novelty of the study is applying this methodology to urban-scale precipita-
tion trends obtained from two satellite datasets. By comparing the CHIRPS and TAMSAT
datasets, this study addresses the known limitations of individual satellite-based prod-
ucts. Cross-validation between these datasets mitigates potential biases in precipitation
estimation, thus providing a more robust characterization of rainfall patterns over urban
settlements.

The second novelty concerns the study area, which has yet to be investigated de-
spite increasing pluvial flooding. The catchment is the Yali, Faga, and Koulouko rivers
(39,138 km?) in Burkina Faso. The three rivers join to form the Sirba River, which flows
120 km downstream into the Niger River. In the catchment, there are eight towns with
more than 10,000 inhabitants, three of which have been hit by catastrophic pluvial floods in
recent years [28]. The eight municipalities were, therefore, chosen as case studies because
of their greater exposure to flood risk. Of these towns, however, three have no station,
while four have gaps in their rainfall records from stations that do not allow the correct
detection of rainfall trends. Nevertheless, the Bogandé station, with only 0.6% missing
data over 40 years, enabled a comprehensive analysis of rainfall patterns and provided
a ground-truth reference for evaluating the satellite datasets’ performance. This study
contributes to a more localized understanding of pluvial flood risk within the catchment
area by applying advanced satellite-based trend analysis to this critical region.

In the following sections, the paper (i) presents the study area, (ii) describes the satellite
products and the analysis methodology used, (iii) calculates the trends obtained from the
two datasets and compares them, and (iv) discusses the results obtained concerning the
scientific knowledge on this topic.

2. Materials and Methods
2.1. Study Area

According to the Koppen Geiger classification, the Sirba River catchment covers
39,138 km? in the Bsh-hot semi-arid climate zone [29]. Of this catchment, 93% is in Burkina
Faso and 7% in Niger. The Yali, Faga, and Koulouko rivers flow into the Sirba River,
almost at the border between the two states, which in turn flows into the Niger River
120 km further downstream (Figure 1). The catchment is characterized by an elevation
change of 272 m between the highest (461 m) and lowest (189 m) elevation. The land
cover is mainly a mosaic of uncultivated savannahs, rain-fed crops, especially millet, and
sparse tree cover. The catchment is exposed to a long dry season and short wet season,
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the latter occurring between June and September, accumulating rainfall levels between
400 and 700 mm/year [30]. However, long dry spells and extreme rainfall characterize
the regime [31]. According to the last population census (2022), there are eight towns
in the catchment with more than 10,000 inhabitants: Arbinda (45,818), Bogandé (21,443),
Boulsa (24,200), Gayéri (15,170), Manni (15,066), Pissila (23,420), Sebba (11,298), and Yalgho
(26,340) [32,33] (Table 1). These towns were selected due to their vulnerability to recent
pluvial floods, making them key areas for assessing trends in precipitation and associated
risks [28].
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Figure 1. The Sirba River catchment.

Table 1. Towns in the Sirba river catchment (Burkina Faso).

City Latitude Longitude Population 2022
Arbinda 14.22715 —0.8678992 45,818
Bogandé 12.97806 —0.140138 21,433

Boulsa 12.66383 —0.56815 24,200
Gayéri 12.65183 0.4885482 15,170
Manni 13.25976 —0.21249 15,066
Pissila 13.16794 —0.82718 23,420
Sebba 13.43504 0.521851 11,289
Yalgho 13.58896 —0.262852 26,340

2.2. Data Sources

Eleven weather stations in the catchment have been active for forty years. Three have
numerous missing data (18-22%) (Table 2). This study used only the eight stations with
less than 10% missing data to evaluate the performance of the two SPPs.
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Table 2. Sirba River (Burkina Faso) rainfall stations, length of daily records, and percentage of

missing data.

Station Latitude Longitude Time Analysis Data Missing (%)
Arbinda 14.22715 —0.8678992 March 1982-March 2022. 6.1
Bani 13.71752 —0.169166 October 1982-October 2022 15.6
Barsalogho 13.47110 —1.05768 January 1982-January 2022 0.1
Bogandé 12.97806 —0.140138 January 1982-January 2022 0.6
Boulsa 12.66383 —0.56815 January 1981-January 2021 4
Bouroum 13.61026 —0.64877 January 1982-January 2022 18
Dakiri 13.29182 —0.25508 January 1982-January 2022 1
Gayéri 12.65183 0.4885482 January 1982-January 2022 5
Kossougoudou 12.93667 —0.22866 January 1982-January 2022 19
Piéla 12.70381 —0.13211 January 1982-January 2022 2
Sebba 13.43503 0.52185 January 1982-January 2022 6

The global CHIRPS and regional TAMSAT datasets were first tested on selected
stations and then used to analyze rainfall trends in the eight major towns on which the study
focuses. From these SPPs, years of daily measurements (1983-2023) were extracted first
at the coordinates of the eight selected stations to evaluate their performance statistically.
Subsequently, the series of the three cities not covered by stations (Manni, Pissila, and
Yalgho) were downloaded to analyze urban rainfall trends. This provided the study with
eight complete daily precipitation datasets for evaluating changes in the eight towns of
interest. The homogeneity of the data was assessed using the RClimdex software’s ‘quality
control” function.

CHIRPS, produced by the Climate Hazards Center in collaboration with the U.S.
Geological Survey, has been available since 2015 and provides daily, pentad, and monthly
estimates of precipitation from 1981 to the present on a nearly global scale (50° S-50° N).
The estimates are available at a resolution of 0.05° x 0.05° of latitude-longitude gridding.
The dataset is realized through the use of CHPclim global climatology (0.05° x 0.05° scale),
observations in the infrared band from geostationary satellites, ground stations (GHCN,
GSOD), and atmospheric circulation and precipitation models (CFSv2)5 [34,35].

TAMSAT provides estimates of rainfall, climatology, and anomalies at the daily, pentad,
decadal, monthly, and seasonal scales, at a resolution of 0.0375° x 0.0375° for Africa from
January 1983 to the present. The dataset is constructed from infrared images recorded by
the EUMETSAT satellites and rainfall time series recorded by African national meteorology
and hydrology station stations [36,37].

The two datasets were selected based on results obtained in previous work evaluating
the performance of SPPs in the region, whereby CHIRPS and TAMSAT were often found to
be the two best performing. The performance of seven SPPs (ARC2, CHIRPS, PERSIANN,
RFE, TARCAT, TRMM3B42, TRMM3B43) on the territory of Burkina Faso over the period
2001-2014 on the daily timescale was found to be unsatisfactory, with the best performance
recorded by the CHIRPS dataset [23]. A comparison of seven SPPs (ARC2, CHIRPS,
GPCP, PERSIANN, RFE, TAMSAT, TRMM) over the Sahelian climatic zone of Burkina Faso
showed the TAMSAT and RFEv2 datasets as the best performing on the daily timescale [16].

The RClimdex quality control processes include checking for outliers, ensuring data
consistency, and testing for homogeneity to confirm that the data series is suitable for long-
term trend analysis. These steps ensure that the dataset is reliable for detecting precipitation
trends over the study area. Considering the results obtained, the CHIRPS and TAMSAT
datasets were selected for further analysis due to their higher performance at the daily
timescale and the availability of a 40-year survey series (Figure 2).
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Figure 2. Flowchart of the analysis.

2.3. Satellite Datasets Validation Procedure

The two chosen SPPs were first validated on the station data available in correspon-

dence with the catchment meteorological stations with less than 10% missing data. Each
measurement point contains a time series of 40 years of daily precipitation data. The
method of assessing the performance of the two models compares the daily precipitation
values from the measurement point model with corresponding available values from the
station based on statistical indicators (Table 3).

Table 3. Statistical validation indices of satellite datasets.

Statistical Indicator Formula Value Range Ideal Value
Pearson correlation coefficient (r) r= E (G 726) ) - —1ltol 1
\/Z?:l (Gi—G) \/):?:1 (5-9)
. ioe — Liz0 Si
Bias Bias = Z;l:(? C 0to oo 1
Root Mean Square Error RMSE = V %gioi(Gi*Si)z 0to oo 0
G;
Probability of Detection POD=H/H + M) Oto1l 1
False Alarm Rate FAR=F/(H+F) Oto1l 0

CHIRPS and TAMSAT were selected for this study due to their superior performance in
previous evaluations across Burkina Faso. These evaluations demonstrated better accuracy
on a daily timescale than other Satellite Precipitation Products, making them ideal for
long-term trend analysis in this region.
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The performance evaluation of the two SPPs on a daily scale followed a point-by-
point statistical comparison procedure, comparing the daily cumulative quantities from
the satellite with those available from the stations (thus editing the daily satellite datasets
by excluding days not detected by station). A set of statistical performance indices was
calculated on the continuous data (Pearson correlation coefficient, Bias, Root Mean Square
Error) and the categorical data through a contingency table (Probability of Detection, False
Alarm Rate).

In a second step, the correlation (Pearson correlation coefficient) between the edited
datasets and the station series on monthly mean values was also evaluated, following this
procedure: (i) for each measurement point, the average values of the twelve months were
processed; (ii) the correlation of these values was calculated based on the average twelve
months values by station; (iii) the correlation values obtained for the twelve months were
then averaged with each other to obtain a single correlation value that was representative
for each measurement point.

2.4. ETCCDI Precipitation Index Analysis

Ten ETCCDI precipitation indices, processed using RClimdex software (Table 4), as-
sessed changes in the precipitation regime annually. The indices were selected to emphasize
changes in intensity (cumulative quantities, maximum and above a certain percentile thresh-
old, rainy days above a certain amount) and duration of precipitation events (consecutive
wet or dry days), as these metrics are critical for understanding both the frequency and
severity of extreme precipitation events that contribute to urban flood risk.

Table 4. List of ETCCDI rainfall indices used in the analysis [5].

ID Definition Unit of Measurement

PRCPTOT Total precipitation from days with cumulative rainfall > 1 mm mm
CDD Maximum number of consecutive dry days (cumulative rainfall < 1 mm) days
CWD Maximum number of consecutive precipitating days days
RXlday Maximum one-day precipitation mm
RX5day Maximum five-day precipitation mm
R10mm Heavy precipitation days (with cumulative rainfall > 10 mm) days
R20mm Very heavy precipitation days (with cumulative rainfall > 20 mm) days
R95p Precipitation due to very wet days (<95th percentile) mm
R99p Precipitation due to extremely wet days (>99th percentile) mm

SDII Mean precipitation amount on a wet day mm/day

These indices were calculated from the daily precipitation series for the eight towns in
the catchment. Series, derived from the two SPPs, were downloaded at the coordinates of
the weather stations. For the three towns without stations (Manni, Pissila, Yalgho), data
were downloaded at the intersections of the two main roads (coordinates in Table 1).

For Bogandé station, which has the most complete record in the catchment, we com-
pared ETCCDI indices calculated from ground measurements and satellite datasets.

2.5. Trend Analysis

The temporal trend of each index was evaluated using two statistical procedures:
Sen’s slope estimation and the Mann—Kendall significance test. Sen’s slope estimation is
used to estimate the slope and direction of the trend [38]. It is a non-parametric method of
calculating the median slope, with positive values indicating increasing trends and nega-
tive values indicating decreasing trends. This method is ideal for identifying monotonic
trends in non-normally distributed data, making it well-suited for analyzing precipitation
variability. The Mann-Kendall test is also non-parametric and recommended by the World
Meteorological Organisation for detecting trends in time series [39]. It provides informa-
tion about the statistical significance of trends, which are considered significant when the
p-value is less than 0.05. The significance threshold of p < 0.05 ensures that identified trends
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are statistically robust, helping distinguish between random variability and meaningful
long-term changes in precipitation patterns.

These methods are particularly suitable for identifying monotonic trends in precipita-
tion, especially in semi-arid regions like West Africa, where rainfall variability is high.

3. Results

The study investigated how to characterize rainfall changes that affect West African
urban settlements without stations or whose precipitation series still need to be completed.
This raises two research questions related to (i) the performance of SPPs in long-term urban
rainfall observations and (ii) the comparison of trends obtained from two datasets as a
method of raising confidence if they agree on specific rainfall characters.

3.1. Performance of Satellite-Based Precipitation Products

Five statistical accuracy indicators were used to examine the CHIRPS and TAMSAT
daily rainfall datasets for 1983-2023. The indices obtained at the eight stations were then
averaged to represent the individual model’s performance over the catchment.

The CHIRPS dataset (Table 5) reported excellent Bias values (—0.02), slightly underes-
timating the station data. However, the correlation values, framed by Pearson’s coefficient,
were low (0.35). The low daily accuracy could be due to the coarse spatial resolution of
the satellite datasets and limited ground station data for calibration. The index concerning
the root mean square error (RMSE) identifies mean errors of 6.94 mm. Concerning the
POD and FAR indices derived from the contingency table, the values obtained are almost
equivalent (POD = 0.61 and FAR = 0.63), thus defining a certain degree of overestimating
the frequency of precipitation events.

Table 5. Statistical accuracy performance of the CHIRPS model against station data.

Arbinda  Barsalogho  Bogandé Boulsa Dakiri Gayéri Piela Sebba M‘fgluuem
Pearson correlation 0.45 0.35 0.36 0.32 0.29 0.39 0.32 0.32 0.35
Bias —0.04 —0.07 —0.19 0.05 0.13 —0.08 0.11 —0.07 —0.02
RMSE (mm) 5.66 6.91 6.91 7.66 6.88 724 724 6.99 6.94
POD 0.68 0.62 0.60 0.57 0.56 0.64 0.61 0.58 0.61
FAR 0.60 0.61 0.59 0.62 0.73 0.63 0.65 0.64 0.63

The TAMSAT dataset (Table 6) has higher correlation values (Pearson = 0.46) but
slightly lower Bias values (—0.10), thus underestimating more than the other model (the
lower the Bias values, the greater the underestimation of the measured data). The RMSE
index frames a lower mean error than the other model (RMSE = 6.17 mm). As for the
POD and FAR indices, derived from the contingency table, the values obtained frame
a greater POD than FAR (POD = 0.83 and FAR = 0.64), again defining a certain degree
of overestimation of the frequency of precipitation events but a more significant overall
detection capacity.

Table 6. Statistical accuracy performance of the TAMSAT model against station data.

Arbinda  Barsalogho  Bogandé Boulsa Dakiri Gayéri Piela Sebba M\zililuem
Pearson correlation 0.34 0.53 0.57 0.40 0.43 0.48 0.48 0.48 0.46
Bias —0.15 —0.13 —0.16 —-0.07 —-0.01 —0.14 —0.03 —0.12 —0.10
RMSE 5.90 5.99 5.78 6.90 6.02 6.53 6.18 6.08 6.17
POD 0.70 0.88 0.91 0.79 0.81 0.84 0.84 0.82 0.83
FAR 0.70 0.61 0.56 0.63 0.72 0.65 0.65 0.63 0.64
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The Pearson correlation between average monthly values from stations and satellite
datasets is 0.998 for CHIRPS and 0.997 for TAMSAT (Table 7).

Table 7. Correlation values (Pearson coefficient) between the station dataset and satellite dataset at a
monthly scale.

CHIRPS Dataset TAMSAT Dataset
Arbinda 0.996 0.996
Barsalogho 0.997 0.997
Bogandé 0.998 0.994
Boulsa 0.999 0.997
Dakiri 0.998 0.999
Gayéri 0.998 0.999
Piela 0.998 0.997
Sebba 0.998 0.996
Mean All Stations 0.998 0.997

3.2. Comparison of Rainfall Trends

Precipitation indices trends were calculated using 40 years of daily precipitation
measurements from the station for the town of Bogandé and 40 years of daily precipitation
estimates from the CHIRPS and TAMSAT datasets over the eight towns in the catchment.

3.2.1. Bogandé Station Dataset

The following results evaluated statistical trends (Mann-Kendall test and Sen’s slope
analysis) on the indices extracted via the Bogandé station dataset (Table 8).

Table 8. Sen’s slope values are processed on precipitation indices from the Bogandé station dataset.
Values in blue identify increasing trends, and those in red are decreasing trends (the intensity of the
color is proportional to the magnitude of the trend). Significant trends are bold: one star (*) identifies
trends with a p-value < 0.05.

Bogandé Station Sen’s Slope Value
PRCPTOT 1.76
SDII —0.03
CDD 0.35
CWD 0*
RX1day 0.35
RX5day 0.60 *
R95P 1.91
R99P 0
R10mm 0
R20mm 0

The consecutive wet days (CWD) index is stationary and statistically significant. The
five-day maximum rainfall index (RX5day) shows a statistically significant positive trend
(+0.60 mm/year). Trends on the other indices do not show statistical significance. Of
these, three were stationary (R99p, R10mm, R20mm), four were positive (PRCPTOT, CDD,
RX1day, R95P), and one was slightly negative (SDII).

3.2.2. CHIRPS Dataset

The following results evaluated statistical trends (Mann-Kendall test and Sen’s slope
analysis) on the indices extracted via the CHIRPS model for the eight towns (Table 9).
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Table 9. Sen’s slope values are processed on precipitation indices from the CHIRPS dataset. Values in
blue identify increasing trends, and those in red are decreasing trends (the intensity of the color is
proportional to the magnitude of the trend). Significant trends are shown in bold: one star (*) identifies
trends with a p-value < 0.05; two stars (**) identify a highly significant trend with a p-value < 0.01.

Arbinda Bogandé Boulsa Gayeéri Manni Pissila Sebba Yalgho
PRCPTOT 3.80 ** 2.76 ** 4.33 ** 3.95 ** 3.82 ** 3.71 ** 3.60 ** 3.80 **
SDII 0.04 0.01 0.03 0.03 0.03 * 0.03 * 0.02 0.03
CDD —0.20 0.18 0.08 0.09 0.33 0.46 0.30 0.23
CWD 0 0 0 0 —0.04 * 0 0 —0.03 *
RX1day 0.14 —0.05 —0.08 0.09 0.11 —0.11 0.02 0.10
RX5day 0.01 0.21 0.19 0.26 0.33 * 0.11 0.10 0.27
RO5P 1.02 0.30 0.44 2.38 ** 1.30 0.50 0.47 1.08
R99P 0 0 0 0 0 0 0 0
R10mm 0.14 * 0.11 ** 0.23 ** 0.15 ** 0.19 ** 0.18 ** 0.12 * 0.14 *
R20mm 0 0 0.08 0.05 0.08 * 0.06 * 0.04 0.06 *

The cumulative annual precipitation (PRCPTOT) is increasing in all locations, with an av-
erage positive trend of +3.7 mm/year and statistical significance of over 99% (p-value < 0.01).
Days of heavy rainfall (R10mm) are increasing, with significant trends in all towns, aver-
aging 1.5 more days per decade. The intense rain (R20mm) increased by an average of
2.5 more days over the 40-year survey period in Manni, Pissila, and Yalgho. The simple
daily intensity (SDII) is statistically significant and slightly increasing (+0.03 mm/year) in
Manni and Pissila. Consecutive wet days (CWD) have substantial and slightly decreasing
trends only in Manni and Yalgho (—0.04 and —0.03 days/year, respectively). The maximum
one-day rainfall (RX1day) shows a mix of positive and negative trends without statistical
significance; the maximum five-day rainfall (RX5day) has a statistically significant increase
(+0.33 mm/year) only in Manni. Precipitation due to very humid days (>95th percentile)
(R95p) is substantial and positive only at Gayéri (+2.38 mm/year). Rainfall due to extremely
humid days (>99th percentile) is stationary and non-significant in all towns. Consecutive
dry days (CDD) are not statistically significant in any town.

3.2.3. TAMSAT Dataset

The evaluation of statistical trends (Mann-Kendall test and Sen’s slope analysis) on the
indices extracted through the TAMSAT model produced the following results (Table 10).

The cumulative precipitation index (PRCPTOT) is increasing in all towns, with a posi-
tive trend averaging +2.7 mm/year and statistical significance above 99% (p-value < 0.01).
The maximum one-day precipitation (RX1day) shows positive trends with statistical signifi-
cance in Sebba and Yalgho (+0.12 mm/year and +0.15 mm/year, respectively). The five-day
maximum rainfall (RX5day) is increasing with significant trends in four towns (Bogandé,
Manni, Sebba, Yalgho), with an average increase of +2.76 mm/decade. Precipitation due
to very humid days (>95th percentile) (R95p) shows positive and significant trends in the
towns of Bogandé, Gayéri, Manni, and Pissila, with an average increase of +1.35 mm/year.
Precipitation due to extremely humid days (>99th percentile) (R99p), on the other hand,
is slightly increasing in the city of Yalgho alone (+0.8 mm/decade). The days of heavy
rainfall (R10mm) are rising with significant trends in Bogandé, Manni, and Yalgho (average
increase of +1 day/decade); the index concerning the days of very heavy rainfall (R20mm)
instead shows two significant trends: a stationary trend in Sebba (£0 days/year) and a
slightly positive trend in Yalgho (+0.06 days/year). The simple daily intensity (SDII) shows
a significant trend in Arbinda with a slightly negative trend (—0.01 mm/year). Consecutive
dry days (CDD) decrease statistically significantly in four towns (Arbinda, Boulsa, Manni,
Pissila) with an average of about —9 days/decade. Finally, the index of consecutive wet
days (CWD) does not show statistical significance in any analyzed town.
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Table 10. Sen’s slope values were processed on precipitation indices from the TAMSAT dataset.
Values in blue identify increasing trends, and those in red are decreasing trends (the intensity of the
color is proportional to the magnitude of the trend). Significant trends are shown in bold: an asterisk
(*) identifies trends with p-value < 0.05; two asterisks (**) identify a highly significant trend with
p-value < 0.01.

Arbinda Bogandé Boulsa Gayeéri Manni Pissila Sebba Yalgho
PRCPTOT 1.89 ** 2.02 ** 2.21 ** 2.02 ** 1.78 ** 2.15 ** 2.50 ** 2.01 **
SDII —0.01 ** 0 0 —0.01 0 0 0 —0.01
CDD —1.24 ** —0.36 —0.55 ** —0.44 —0.87 ** —0.93 ** —0.65 —0.69
CWD 0 0 0 0.00 0 0.03 0 0
RX1day 0.07 0.05 0.02 0.04 0.11 0.09 0.12 % 0.15 *
RX5day 0.02 0.33 ** 0.17 0.18 0.27 ** 0.18 0.22* 0.27 *
R95P 0.33 1.13 * 0.99 2.06 ** 1.12* 1.07 * 0.95 0.79
R99P 0 0 0 0 0.08 0.09 0 0.08 *
R10mm 0 0.11 * 0.08 0.05 0.10 * 0.06 0.07 0.14 *
R20mm 0 0 0 0 0 0 0* 0.06 *
3.2.4. Comparison of Trends Obtained from the Two SPPs Datasets
The trend analysis of the ten indices, conducted on the two datasets derived from the
CHIRPS and TAMSAT models, produced different results depending on the product used.
The statistical significance of the trends was ascertained using the Mann-Kendall
test. Consequently, it was possible to identify the elements of agreement between the
two models, defined as those trends with equal direction and significance in both models.
The two models agree on the following trends: (i) increasing total rainfall (with highly
significant trends) over all towns, (ii) positive and statistically significant 5-day maximum
rainfall for Manni (Figure 3a,b), (iii) statistically significant increasing rainfall due to
very wet days in Gayeri (Figure 3c,d), (iv) days of heavy rainfall greater than 10 mm
statistically significant increase in Bogandé, Manni, and Yalgho (Figure 3e,f), (v) days of
very heavy rainfall greater than 20 mm slightly increasing and statistically significant in
Yalgho (Figure 3g,h).
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Figure 3. Trends for indices RX5 (a,b), R95P (c,d), R10mm (e, f), and R20mm (g,h) from CHIRPS
and TAMSAT datasets. The size of the triangles is proportional to the magnitude of the trends. Red
triangles identify trends with statistical significance. (1-Arbinda; 2-Bogandé; 3-Boulsa; 4-Gayéri;
5-Manni; 6-Pissila; 7-Sebba; 8-Yalgho).

The increase in cumulative annual precipitation at all towns and on both datasets
shows a catchment-wide trend towards a wetter climate. The CHIRPS dataset detects this
increase with greater magnitude.

On the other hand, the two datasets present divergent results, i.e., trends whose
significance (ascertained by the Mann-Kendall test) or direction (evaluated by Sen’s slope)
is contradicted by one model over the other. These results concern: (i) the decrease
in consecutive dry days statistically significant in four towns (Arbinda, Boulsa, Manni,
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1°39'W

15w

0°3P'W

Pissila) by TAMSAT, which is contradicted by the increasing trends by CHIRPS model for
the same locations (but without statistical significance) (Figure 4a,b); (ii) slight decrease
in consecutive wet days, statistically significant on CHIRPS for two towns (Manni and
Yalgho), contradicted by the stationarity of the index via TAMSAT for the same locations
(but without statistical significance) (Figure 4c,d); (iii) the slightly decreasing simple daily
intensity index in Arbinda detected by TAMSAT is positive on CHIRPS. When analyzed by
CHIRPS, the index presents positive and significant trends for Manni and Pissila, which
are stationary on TAMSAT (Figure 4e,f); (iv) the slightly increasing precipitation due to
extremely wet days detected in Yalgho by TAMSAT is stationary on CHIRPS (but without
statistical significance).
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Figure 4. The trend for the CDD (a,b), CWD (c,d), and SDII (e f) indices from CHIRPS and TAMSAT
datasets. The orientation of the triangles is related to the direction of the trend (upward for positive
trends, downward for negative trends). The size of the triangles is proportional to the magnitude of
the trends. Red triangles identify trends with statistical significance. (1-Arbinda; 2-Bogandé; 3-Boulsa;
4-Gayéri; 5-Manni; 6-Pissila; 7-Sebba; 8-Yalgho).
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To summarise, major differences concern indexes of consecutive dry and wet days. The
first is increasing in the case of CHIRPS and decreasing in the case of TAMSAT. The latter
shows a slight decrease in CHIRPS, contradicted by stationarity on TAMSAT. Furthermore,
the simple daily intensity index shows a slightly positive trend in the CHIRPS dataset and
a stationary or somewhat negative trend in the TAMSAT dataset. These inconsistencies
may result from differences in the algorithms used by CHIRPS and TAMSAT, particularly
in regions with sparse data coverage.

3.2.5. Comparison of Trends for the Town of Bogandé

For the town of Bogandé, trends for the ten ETCCDI indices were calculated on both
the station and satellite datasets. This allows a comparison of the different results obtained
for the same city, depending on the types of datasets used.

The significant trends obtained for the city of Bogandé identify (i) stable CWD and
positive RX5day on the station dataset; (ii) PRCPTOT and R10mm increasing on the
CHIRPS dataset; and (iii) PRCPTOT, R10mm, and RX5day increasing on the TAMSAT

CWD (+-0

day/year)

/

[

dataset (Figure 5).
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Figure 5. Flowchart and infographic of the comparison of rainfall trends at Bogandé. In blue are the
elements of agreement between station and SPPs datasets.

The results agree regarding the RX5day parameter, whose increase is detected by both
the station and TAMSAT datasets.
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4. Discussion

This study aimed to address two key questions: (i) the accuracy of SPPs in detecting
long-term urban precipitation trends and (ii) whether comparing two datasets enhances
confidence in specific rainfall characteristics.

The precipitation measured by the two datasets correlates poorly (0.35 and 0.46,
respectively, for CHIRPS and TAMSAT) with the daily data from the station. This aligns
with other studies [23,24,40] that found low correlation values between SPPs and daily
station data for Burkina Faso. However, another study of the Sahelian zone of Burkina
Faso [16], conducted with the two SPPs we used, observed a stronger Pearson correlation
and lower False Alarm Rate values. This low daily accuracy may be attributed to the coarse
spatial resolution of the satellite products, as well as challenges posed by the semi-arid
climate and limited data availability of ground station data for validation. As our research
confirms, using coarser spatial and temporal resolutions reduces the accuracy of satellite
datasets [41].

The assessment of the SPPs” accuracy at a monthly scale identified a strong monthly
correlation (0.99 for both models). Based on aggregated monthly precipitation values,
CHIRPS and TAMSAT may be considered reliable tools for detecting seasonal precipitation
trends. These findings agree with other studies [16,23,24].

Overall, due to the better values of Pearson’s coefficient, RMSE, and POD, the TAMSAT
model performs slightly better than CHIRPS on a daily scale over the area under investiga-
tion. Nevertheless, both models could improve on the various daily accuracy statistics.

Regarding the second research question, the two datasets agree on specific precipi-
tation characteristics identified by the ten ETCCDI precipitation indices with the annual
cumulation and rainfall intensity increase in some towns. The results are in line with previ-
ous studies that found increases in rainfall intensity parameters and cumulative amounts
in the Sahel [20,42-44] and Nakanbe-Wayen [18] and Dano [19] catchments in Burkina Faso.
The two datasets agree on changes affecting the central portion of the catchment at Bogandé,
Manni, and Yalgho towns. The strongly local character of the detected modifications also
aligns with the more general changes in the Sahelian rainfall regime, which show strong
spatial variability [45] connected to the increase in mesoscale convective systems [46].

The trend comparisons represent a novel approach to urban flood risk assessment,
providing a more robust method for detecting precipitation trends in semi-arid areas. This
novel approach represents a critical advancement in flood risk assessment methodologies
where ground-based data is scarce.

The deviations between the two models concern indices of the duration of precipitation
events. Consecutive dry days are increasing in CHIRPS and decreasing on TAMSAT.
Consecutive wet days show a slight decrease in CHIRPS, contradicted by stationary trends
on TAMSAT. Furthermore, the simple daily intensity index shows a slightly positive trend
in the CHIRPS dataset and a stationary or somewhat negative trend in the TAMSAT dataset.

These deviations may be due to the scarcity of data from stations, which, as pointed
out by [26], increases the differences in trend detection by the different SPPs. Our study
finds that the trends of the CDD, CWD, and SDII indices calculated with different datasets
produce less consistent results, which is in agreement with other studies [26,47].

The comparison of trends between station data and satellite products at Bogandé
shows some agreement in detecting rainfall intensification, particularly for the RX5day
index, where both the station and TAMSAT datasets identified significant increasing trends.
However, the satellite datasets differ from the station dataset in detecting changes across
other precipitation parameters. These discrepancies likely stem from the inherent differ-
ences between point measurements from ground stations and gridded satellite estimates
and the different algorithms used to process satellite data into daily rainfall estimates.

The study’s major limitation is the lack of a weather station in three investigated
towns. On the other hand, the datasets available at the other four town stations have
gaps that do not allow for elaborating annual precipitation indices using RClimdex soft-
ware. Consequently, the many missing years in calculating the ETCCDI indices through
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station-based rainfall series did not allow for a reliable and complete assessment of climate
trends. As a result, it was impossible to have a benchmark to attest to the accuracy of the
trends processed using satellite datasets. Filling gaps in station data is an option initially
considered but soon discarded as automatic data homogenization and filling software
(i.e., the RClimatol package) tend not to work well in areas characterized by seasonal
climate and with extreme events such as the Sahel. However, future studies could explore
using machine learning algorithms to compile and fill the gaps in the available station
series, thereby improving the accuracy of the precipitation trend detection in the area and
providing a measure of further evaluation of the results obtained here. This could help
refine flood risk assessments and enhance the resilience of urban areas.

The theoretical implication of trend comparisons is that reducing the uncertainty
inherent in daily-scale SPPs relating to urban settlements is possible. Towns affected by
an increase in precipitation due to very wet days, days of heavy and very heavy rainfall,
and five-day maximum precipitation need special attention, as these parameters have been
found to trigger pluvial floods [48]. The operational implications of the study concern the
analysis of the risk of pluvial flooding on a local scale. Results indicate the importance of
locally verifying whether the critical rainfall threshold has also changed to levels beyond
which flood damage occurs. The increase in rainfall over five days in Manni and Bogandé
suggests that cumulative rain on successive days should be considered in the analysis of
pluvial flood risk. The increase in extreme rain and days of heavy rainfall may explain
the recent pluvial flooding in Bogandé and Manni and the increase in alertness in Gayéri
and Yalgho.

5. Conclusions

This study fills a critical knowledge gap in rainfall trends by providing a novel com-
parative analysis of satellite precipitation products (SPPs) in a semi-arid region where
ground-based data are scarce. Although SPPs are used in long-term climate analyses,
their accuracy on a daily scale may need improvement and should be tested locally on a
case-by-case basis.

This study aimed to (i) investigate the accuracy of two SPPs in reproducing long-term
urban rainfall and (ii) to test whether using two SPPs to extract urban rainfall trends can
increase confidence in the results.

The performance of the two SPPs revealed low values of the daily statistical indices
and excellent correlation on the monthly scale. Moreover, the two SPPs agreed on some
precipitation trends in individual towns, thus making it possible to identify significant
changes with more confidence.

The first novelty of the study is the comparison between rainfall trends in urban
settlements obtained from two datasets. The second novelty is characterizing changes in
urban rainfall in a large catchment (39,138 km?) that has been severely flooded in recent
years but still needs better investigation. The indices applied to the two datasets agree to
show an increase in cumulative annual precipitation and several significant and positive
trends in precipitation intensity over some of the investigated towns.

These findings emphasize the urgent need for pluvial flood prevention strategies,
especially in Bogandé and Manni, where increasing trends in heavy rainfall raise risks.
Policymakers can use these data to inform future infrastructure development and improve
urban resilience to flooding.

Future research could explore integrating additional satellite datasets and employing
machine learning techniques to fill gaps in ground data and refine the accuracy of rainfall
trend detection.

This study’s comparative approach improves the characterization of rainfall trends,
offering a replicable model for urban settlements facing similar data limitations.
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