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ABSTRACT

Understanding how rain erosion evolves and what determines it can contribute to the better management of soil re-
sources. This study analyses the evolution of rain erosion in the Nakamb¢ catchment in Burkina Faso between 1992 and
2022. Monthly rainfall data for this period were extracted from NASA POWER. Erodibility indices were then employed to
evaluate the extent of erosion. Precipitation variability was assessed using the coefficients of variation and the standardized
precipitation index. The study shows that precipitation varied within the catchment area during this period. This variation is
seasonal, as it fluctuates before, during and after the rainy season, with a coefficient of variation ranging from 18 during the
rainy season to 556.18 after the rainy season. The catchment also exhibits multi-year fluctuations, long-term fluctuations
or perennial variations (1992-2004 and 2004-2022). The study also shows that rain erosion varies annually and season-
ally. The Fournier, Arnoldus and rainfall concentration indices indicate variability in erosivity, with a significant increase in
August. It also appears that rainfall trends and variability have an impact on erosion in the catchment. For example, erosion
increases with precipitation concentration and the standardized rainfall anomaly over the period 1992-2022. The cumula-
tive effect of precipitation concentration—reflected in increased rainfall during July and August—along with the wet phase
of the 19922022 period, are the main determining factors for rain erosion in the catchment. It is therefore important to
limit the construction of dams in the basin, as they may contribute to the continued degradation of the catchment.
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1. Introduction

The Sudano-Sahelian zone of West Africa is subject
to climatic variability over periods of thousands of years "/,
hundreds of years ! and decades ™. This situation has im-
plications for natural resources in this part of Africa. The
situation in several catchments is of concern because of the
changes in ecosystems caused by the interactions between
climate and human activities. Several studies have been
carried out on the different catchments in West Africa.
The Benue catchment in Nigeria ), the Tordzie and Vea
catchments in Ghana ", the Nouhao sub-catchment " and
the Vranso sub-catchment ™ are all experiencing spatial
and temporal changes in temperature and precipitation
extremes, leading to an increased occurrence of extreme
events in these areas. This is particularly true for the dy-
namics of land use in the Cavally River basin in Toulepleu,
Cote d’Ivoire ), the unavailability of water resources in
the transboundary Sassandra basin """, the disruption of
water flow in the Bénoué basin in northern Cameroon "'’

the Mekrou basin ', and the increased vulnerability of

riparian populations in the Comoé basin !'*).

The impact of global warming on rainfall patterns
may lead to major changes in rainfall erosivity, both in
terms of annual values and seasonal distribution "*"!. But,
very few studies on this subject have been conducted in
West Africa, particularly in Burkina Faso. Of those that
have been conducted, many have focused on water resource
[16-18]

availability in the Nakambe¢ and Mouhoun basins

as well as on extreme rainfall trends in the Nakambe.

however, the Nakambé catchment area is essential for the
development of Burkina Faso. Several hydro-agricultural
dams have been built there. These include the Bagré dam,
which has a capacity of 1.7 billion cubic meters and is
used for both electricity generation and irrigation. The
Ziga dam, with a capacity of 200 million cubic meters, is
intended to supply drinking water to urban populations.
The Toecé dam, with a capacity of 75 million cubic meters,
is intended for hydro-agricultural use. The Guiti dam has
a capacity of 44 million cubic meters and is intended to
supply the local population with drinking water. Due to the
demand for water for multiple uses, such as electricity gen-
eration, agriculture, fishing, livestock farming and drinking
water supply, the Nakambe is in particularly high demand.

Insufficient knowledge of the extent and causes of
rainfall erosion in the Nakambe¢ basin can lead to unsus-
tainable agricultural practices, dyke damage and soil ero-
sion. This can jeopardise the basin’s long-term sustainabil-
ity. Understanding temporal trends in rainfall variability
and erosion can inform the development of sustainable en-
vironmental planning policies. The study’s primary objec-
tive is therefore to analyse rainfall and erosion variability
in the Nakambe catchment between 1992 and 2022.

2. Materials and Methods

2.1. Study Area

Burkina Faso is located in the Sudano-Sahelian zone
of West Africa. It has four watersheds: those of the Comoé,

Mouhoun, Nakambe¢ and Niger rivers (Figure 1).

) Survey stations

/1/ Main rivers

Comoé watershed
Mouhoun watershed
Nakambé watershed

Niger watershed

lvory Coast

Figure 1. Location of the Nakambe watershed.
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2.2. Data Source

They are based on data provided by NASA’s Lang-
ley Research Center (LaRC) as part of the Prediction of
Worldwide Energy Resource (POWER) project, funded
by NASA’s Earth Science/Applied Science programme.
The data are based on satellite observations from which
surface insolation values are derived. They are also based
on a global grid with a resolution of 0.5° latitude by 0.5°
longitude. The data were downloaded from https://power.
larc.nasa.gov/data-access-viewer/. Mean precipitation data
were extracted at monthly intervals over the period 1992—
2022. There are several reasons to use NASA Prediction
of Worldwide Energy Resources (POWER) data. Ground
measurements are still rare and unevenly distributed, par-
ticularly in developing countries such as Burkina Faso.

Furthermore, when they are available, they are expensive

to acquire, which prevents appropriate studies on catch-
ment areas from being carried out. Satellite-derived rainfall
estimates are an alternative, but their accuracy must first be
validated. However, there are no rainfall data available for
the period between 1992 and 2022. It is therefore difficult
to evaluate these data. Nevertheless, the research !'” dem-
onstrate that NASA POWER data can accurately capture
climatological precipitation patterns in tropical regions.
In the arid and semi-arid zones of Jordan ** demonstrated
significant correlations between NASA POWER data
and ground measurements, with relatively high R values
(0.67-0.91), especially when annual rainfall exceeds 50
mm. This data has already been used to analyse extreme
temperatures in Burkina Faso " and rainfall in the Dano
catchment *?. Other studies in West Africa, such as %Y,
have also utilised these data. Table 1 below summarises

the characteristics of the selected stations.

Table 1. Characteristics of the selected stations.

No. Name of locality Period selected Climatic domain Latitude Longitude Altitudes
1 Tambarga 1992-2022 Sudanese 11.4675 1.3788 201.88 m
2 Kompienga 1992-2022 Sudanese 11.0283 0.6665 198.59 m
3 Gosina 1992-2022 Sudano-Sahelian 12.5145 —2.843 283.4m

4 Dadounin 1992-2022 Sudano-Sahelian 11.1344 —2.7005 291.18 m
5 Sinikiere 1992-2022 Sudano-Sahelian 11.804 —0.9537 297.09 m
6 Toyandé 1992-2022 Sahelian 13.2775 —-1.1646 320.11 m
7 Sole 1992-2022 Sahelian 14.1211 -2.0918 321.77 m

Source: https://power.larc.nasa.gov/data-access-viewer/.

2.3. Methods

They are concerned with methods for the analysis of

variability and trends in precipitation and rain erosion.

2.3.1. Methods to Analyze Rainfall Variability

The coefficient of variation (CV) and the standard
rainfall anomaly (SRA) are used to study the inter- and
intra-annual variability of climatic variables > **. A mov-
ing average has also been added in order to give a clearer
picture of the variability.

¢ Standardised rainfall anomaly (SRA)

This index provides an indication of inter-annual

rainfall variability in the study area over the observation
period ™. Tt is the difference between the long-term average
rainfall (sometimes called the reference value) and the an-
nual rainfall in a given year, divided by the standard devia-

tion P, Its mathematical formula is defined as follows ®":

Xi—H
A o
where Z is SRA; x; is the annual rainfall for a particular
year; u is the long-term average annual precipitation over
an observation period (1992-2022); o is the standard de-
viation of annual precipitation over the observation period
(1992-2022).

The SRA classifications and interpretations are sum-
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marised in Table 2 below.

Table 2. SRA values and their interpretation "',

SRA value Interpretation
SRA>2 Extremely humid
1.9>SRA>1.5 Moderately wet

0.99>SRA>-0.99 Near normal

—1.0>SR4A>-1.49 Moderately dry
—1.5>SRA>-1.99 Severely dry
SRA<-2 Extremely dry

¢ Coefficient of Variation (CV)

This is used to assess the variability of annual and
seasonal precipitation data, and a higher value of CV in-
dicates greater variability in the time series precipitation
data ®. The CV was calculated according to the following
formula:

CV = g x 100 )
U
where CV is the coefficient of variation, in %, u is the
average value of precipitation data over the period 1992—
2022; o is the standard deviation of precipitation data over
the same period. Its interpretation is as follows ")

(1) The CV value<20% represents less variability,

(2) The value 20%<CV<30% represents moderate
variability and

(3) The value CV>30% represents a high variability
of precipitation in the catchment.

* Moving average (MA)

This is an empirical tool used to smooth out the ef-

Table 3. PCI values and their interpretation

fect of temporary variations in the data **’. In the study, the
moving average used a three-year interval to better capture

the variability.

2.3.2. Methods for Estimating Rainfall Ero-
sivity

Rainfall erosivity represents the erosive potential of

W gelect

raindrops that cause soil erosion **. The research '
five estimators of rainfall erosion: total annual precipita-
tion (P), Fournier index (FI), modified Fournier index
(MFI), precipitation concentration index (PCI) and regres-
sion model for rainfall erosion analysis. Fournier index (F),
precipitation concentration index (PCI) and Pearson’s cor-
relation were used in this study.

* Precipitation Concentration Index

The Precipitation Concentration Index (PCI) is a
useful indicator for estimating the monthly heterogeneity
of precipitation ", As a result, an uneven distribution of
precipitation can lead to periods of excess rain or drought,
making it difficult for plants and crops to grow "%

The research ** proposed the Precipitation Concen-
tration Index (PCI), derived from the Employment Diver-

sification Index " and defined as follows:

12 2
Zi:1 Pi

PCl = 100 X .
(le=21 Pi)

©)

Ou,i=
is the rainfall for the i-th month.

1,....,12 is the month of January, February, etc.; p;

It is interpreted in Table 3 below.

[35,38]

PCI values Interpretation

ICP<10 Uniform distribution of monthly rainfall over the year

10<ICP<16 Moderate distribution of monthly rainfall over the year

16<ICP<20 Trregular distribution of monthly rainfall over the year

1CP>20 Distributions showing the monthly variability of precipitation over the year
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¢ Fournier Index (1970)

Rainfall aggressiveness for the period 1992-2022
is assessed using the Fournier Index (FI), which requires
monthly rainfall data. The FI has been calculated as fol-
lows:

p2

FI = max i

> @

where, P, ; is the highest mean monthly precipitation, and
P is the mean annual precipitation, n is time period and for
the study, n =2022-1992 = 30 years. Table 4 below shows
the level of aggressiveness of the rain.

e Arnoldus index (1978)

This index takes into account the ratio between the

square sum of the mean monthly rainfall of each month

Table 4. Scale for assessing the aggressiveness of rainfall |

of the year and the mean annual rainfall “”. It differs from
Fournier’s index in that it takes into account the monthly
rainfall of all months of the year. In contrast, the Fournier
index focuses only on the rainfall of the wettest month.
The Fournier index therefore complements the Arnoldus
index (1978). It gives a better idea of the degree of erod-
ibility of rainfall in the catchment. Its mathematical for-

mula is operationalised as follows "’

12 2
Al = Zi=1 pi
P

®)

where, p: average monthly rainfall in mm, P: average an-
nual rainfall in mm.
Table 5 below shows the erosion risk assessment

scale.

39]

Classes of erosivity Soil Loss (t/ha/yr) FI Value Risk of erosion Colour

C1 <5 0-20 Very low

C2 5-12 21-40 Low -
C3 12-50 41-60 Moderate

C4 50-100 61-80 High

C5 100-200 81-100 Very high [erea ]|
Cc6 >200 >100 Extremely high

Table 5. Rainfall aggressiveness assessment scale

[40]

Classes of erosivity Al value Risk of erosion
Cl <60 Very low

C2 60<90 Low

C3 90<120 Moderate

C4 120<160 High

Cs5 >160 Very high

2.3.3. Trend Analysis of Erosion Indices

For trend analysis, the nature of the data was first
checked using normality and autocorrelation tests, and
then the Mann-Kendall test was selected according to the
nature of the data.

* Normality test

This test is important in determining the appropriate
methods for describing trends in precipitation time series.
In this study, the Shapiro-Wilk, Lilliefors and Anderson-
Darling tests were used to detect trend in precipitation time
series. The null hypothesis is that the precipitation time
series are stationary:

* the first hypothesis (H0O) assumes that the data fol-
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low a normal distribution;

Table 6 below shows that, overall, the data do not

¢ the second alternative (Ha) states that the data do follow a normal distribution. This situation therefore re-

not follow a normal distribution.

Hypothesis H, must be rejected when p-value<0.05.

quires the use of non-parametric tests. The Mann-Kendall

test was used in this study.

Table 6. Normality tests for PCI and FI time series.

Index Shapiro-Wilk Anderson-Darling Lilliefors
PCI

PCI-dadounin 0.060 0.045 0.160
PCl-toyande 0.856 0.719 0.837
PClI-sole 0.716 0.729 0.799
PCI-Sinikiere 0.08 0.045 0.03
PCI-Tambarga 0.065 0.02 0.019
PCI-kompienga 0.077 0.034 0.025
PCI-gossina 0.210 0.119 0.136
FI

FI-dadounin 0.323 0.483 0.593
Fl-toyande 0.679 0.607 0.350
FI-sole 0.001 0.014 0.124
FI-Sinikiere 0.068 0.088 0.13
FI-Tambarga 0.074 0.081 0.25
Fl-kompienga 0.085 0.098 0.138
FI-gossina <0.0001 0.005 0.106

Source: https://power.larc.nasa.gov/data-access-viewer/.

¢ Durbin-Watson test for autocorrelation

The Durbin-Watson (DW) test is frequently used to
detect autocorrelation in time series °”'. The hypothesis for

this test is as follows

[41,42]

H,: There data has no autocorrelation.

H,: There data has autocorrelation.

The formula is:

d=

Egzrzl(et - et—l)z

(©)

n 2
2i_qet

The H, hypothesis must be rejected when p-val-
ue<0.05.
Table 7 below shows that all the PCI and FI time

data are significantly auto-correlated.

Table 7. Autocorrelation tests for PCI and FI data.

Variable DW p-value
PCI

PCI-Dadounin 0.017 <0.0001
PCI-Toyande 0.013 <0.0001
PCI-Sole 0.02 <0.0001
PCI-Sinikiere 0.04 <0.0105
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Table 7. Cont.

Variable DW p-value
PCI-Tambarga 0.052 <0.005
PCI-Kompienga 0.14 <0.0001
PCI-Gossina 0.027 <0.0001
FI

FI-Dadounin 0.175 <0.0001
FI-Toyande 0.1743 <0.0001
FI-Sole 0.379 <0.0001
FI-Sinikiere 0.425 <0.005
FI-Tambarga 0.3036 <0.002
FI-Kompienga 0.202 <0.0001
FI-Gossina 0.271 <0.0001

Source: https://power.larc.nasa.gov/data-access-viewer/.

* Mann-Kendall and modified Mann-Kendall Test
The MK trend test is one of the most popular and
widely used trend detection methods *Y. The MK test for a

time series P,, P,, P; .... P, of length n is given as **I:

S= "z_? i sgn(P; — Pj)

(7
=1 k=j+1
1,if P, > P;
sgn(P, — P;) =<4 0,if P, = P, (8)
~1,if P, < P,

where, sgn(P—P)) enotes the signum function of P and P,
P, and Pk are the rainfall values at time j and & for j<k. The j,
k the value of S is generally positive when trend is increas-
ing and negative when trend is decreasing. The variance of

the MK statistic is given as:

nn—1)2n+5) =3 _ tn(t, — 12ty +5)
18

©

var(s) =

where ¢ is the number of tied group and ¢,, is the total data
values in m™ group.
The Z value is calculated after the calculation of the

variance of time series data by following formula:

S—-1

Jvar(s)
0,ifS=0
S+1

Jvar(s)

,ifS>0

(10)
,ifS <0

This test involves testing the null hypothesis, H, of
no trend against the alternative hypothesis, H,, of an up-
ward or downward trend, depending on the 5% p-value.

The presence of serial correlation or autocorrelation
in hydrometeorological time series amplifies the rejection
of the null hypothesis in the Mann-Kendall (Mk) test "),
It is therefore important to take this into account (see Ta-
ble 7).

Thus, some authors advocate pre-whitening, which
consists of removing the effect of serial correlation from
the data series before applying the Mann-Kendall test "),

The methods for modifying the original Mann-Ken-
dall trend tests are characterised by two levels (Hu et al.,
2023): in the first level, autocorrelation is estimated and
removed before the trend test, and in the other method, the
distribution of the statistic due to persistence is modified.

In this study, the first method is considered, which
incorporates a variance correction approach proposed by *
to minimise autocorrelation effects, thereby increasing the
reliability of trend detection. The research *” proposed the

modified variance of S statistics as follows P*':

n
var(S)* = var(S)F an
. n
n = n+1 * *
L P =i+ (=1 (12)
n*(py — 1)
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where n* is the effective sample size, p, is the lag-1 auto-
correlation coefficient, which is calculated for the detrended
series. The XLSTAT 2018 spreadsheet incorporating the *

method was used to process the data.

2.3.4. Pearson’s Correlation

The correlation coefficient is used to assess the
strength of the relationship between two or more variables
that are statistically linked. It measures the strength and
direction of the relationship between two variables "
The intensity reflects the strength or nature of the associa-
tion between two variables. The closer the extremes of the

interval (-1 and +1), the stronger the correlation. Pearson

Table 8. Classification of Pearson’s correlation

correlation measures the association between two vari-
ables (FI and PCI). Table 8 below shows a classification of
the Pearson correlation coefficient. In this study, Pearson
correlation was used to measure the relationship between
Fournier index (1970) and precipitation concentration in-

dex. Mathematically, it is expressed as follows:

. Y =X - i—)
\/Z (x; = X)2(y; — Y)?

(13)

In the expression, X refers to the independent vari-
ables, while Y represents the independent variables.
The terms x; and y; refer to the values of the i-th ob-

servation in the variables X and Y, respectively.

[53]

Value Interpretation
0 Null
0.10a0.30 Weak
0.40a 0.6 Moderate
0.70 2 0.90 Strong
1 Perfect
3. Results periods. In addition, moderate variability is observed in

3.1. Characterization of Rainfall in the Na-
kambeé Catchment Area

3.1.1. Seasonal Precipitation Variability is
Moderate to High Over the 1992-2022
Period

The variability is excessive during the rainy pre-
season and very high during the post-season. This could

be explained by the erratic nature of rainfall during these

June, July and August and high variability in September.
This moderate variability could be explained by the fact
that these months, in this case June, July and August, are
the periods when monsoon winds are present throughout
the region. In September, however, the monsoon winds
begin to move out of the country. This means that rainfall
becomes less regular throughout the country. In addition,
rainfall is highly variable in the period following the rainy
season. Table 9 below summarises the variability of rain-

fall in the catchment area.

Table 9. Seasonal variability of rainfall in the catchment from 1992 to 2022.

Seasonality Month Dadounin Gossina Kompienga Tambarga Sinikiere Sole Toyandé
JAN 310.56% 310.56% 373.87% 534.19% 556.78% 556.78% 556.78%
FEB 252.76% 252.76% 204.80% 297.54% 281.64% 538.45% 549.25%
Rainy pre-season MAR 127.99% 127.99% 156.20% 191.21% 226.82% 282.23% 389.62%
APR 59.38% 59.38% 50.55% 76.81% 61.92% 174.76% 152.51%
MAY 37.22% 37.22% 27.80% 36.27% 57.33% 140.40% 135.33%
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Table 9. Cont.

Seasonality Month Dadounin Gossina Kompienga  Tambarga Sinikiere Sole Toyandé
JUN 28.41% 28.41% 28.84% 30.35% 28.78% 41.96% 37.71%
JUL 25.72% 25.72% 18% 19.01% 29.21% 28.57% 27.71%

Season rainy
AUG 23.90% 23.90% 20.72% 22% 24.79% 33.69% 26.51%
SEP 34.85% 34.85% 27.43% 27.58% 36.29% 35.32% 35.14%
OCT 92.03% 92.03% 52.68% 62.71% 72.86% 96.29% 98.97%

Rainy post-season ~ NOV 242.04% 242.04% 253.83% 351.10% 346.60% 556.78% 519.43%
DEC 404.67% 404.67% 212.12% 312.56% 556.78% 514.58% 489.62%

Source : https://power.larc.nasa.gov/data-access-viewer/.

3.1.2. Annual Rainfall Variability through
the Normalised Rainfall Anomaly

An analysis of Figure 2 shows that the Nakambe
catchment has alternating dry and wet periods. However, the
evolution of this phase depends on the climatic range of the
basin. There are four climatic domains: the Sahelian zone
(annual rainfall of less than 600 mm), the Sudano-Sahelian
zone (annual rainfall between 600 and 900 mm), the Sahelo-
Sudanian zone (annual rainfall of 900 mm or more) and the

Sudanian zone (annual rainfall of 900 mm or more).

3
2 Dadounin
<! I
2 0
-1
2 Emm SRA
3 e 3 moving average
AW W = T >SS N O & A
A & &N O <D — v e e ]
A & &N ©O S © o o o o O
- - - N NN NN A
3
2 Kompienga
. [
< 0 gy
|
-2
-3
AN W = S 0 O & A
[ = W =2 W T T T e T e T o B o B o |
A& NS S S oo o o O
- - = 8 A NN QA QA

At stations such as Tambarga and Kompienga in the
Sudanese zone, there are four phases: a wet phase from
1993 to 1999, followed by a dry phase from 2000 to 2003,
then an alternating wet-dry phase from 2004 to 2017, and
finally a wet phase from 2018 to 2022. In the Sudano-
Sahelian zone, which includes the Dadounin, Gossina and
Sinikiere stations, two phases are generally observed: a
dry phase from 1992 to 2009 and a wet phase from 2010
to 2022. In the Sahelian zone, two phases are always ob-
served, but with an increase in dry periods from 1992 to
2012, followed by a wet phase from 2013 to 2022.

[ LT Q- T T~ N w BT o 0 TN =T AR o |
= A AN A e e T e T O |
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e e AN NN NN AN ANAN
3
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Figure 2. Cont.
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Figure 2. Variability of rainfall anomalies in the catchment from 1992 to 2022.

3.2. Characterization of Rainfall Erosion in
the Nakambé Watershed

Three indices were used to assess the level of rainfall
erosivity over the period 1992-2022. These are the Fourni-
er index (FI), the Arnoldus index (AI) and PCI.

3.2.1. Rainfall Erosion according to the
Fournier Index (1970): between Vari-
ability and Upward Trend Over the
Period 1992-2022

FI has shown that the level of rainfall erosion varies

across the catchment (Figure 3).

Analysis of Figure 3 shows that the FI fluctuates
from year to year over the period 1992-2022. In addition,
57.14% of stations show an upward trend and 42.85% no
trend at all (Table 10).

The table shows an upward trend at four of the seven
stations. This situation could be explained by climatic
conditions. Most of the stations with an upward trend in
FI are located in the Sudano-Sahelian and Sahelian zones.
Conversely, the stations with no trend are in the Sudanian
domain. This would mean that August rainfall was on the
increase in the Sudano-Sahelian and Sahelian domains,
unlike the Sudanian domain through which the Nakamb¢

catchment passes.
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Figure 3. Variability and trend in the Fournier index (1970) over the period 1992-2022.
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Table 10. Annual trend in erosivity in the catchment over the period 1992-2022.

Stations Fournier index (1970) Kendall’s Tau p-value Trend

Tambarga FI-Tambarga -0.019 0.685 No -
Dadounin FI-Dadounin —-0.062 0.247 No -
Toyande FI-Toyande 0.320 <0.0001 Yes +
Sinikiere FI-Sinikiere 0.204 <0.001 Yes +
Sole FI-Sole 0.286 <0.0001 Yes +
Kompienga FI-Kompienga —-0.075 0.089 No -
Gossina FI-Gossina 0.312 <0.0001 Yes +

Source: https://power.larc.nasa.gov/data-access-viewer/

3.2.2. Monthly Trend in Rainfall Erosivity
according to the Arnoldus Index (1978)

The Arnoldus index shows that rainfall erosion oc-
curs during the rainy period. However, the month of Au-
gust has the highest occurrence of rain erosion. This ero-
sion was moderate from 1992 to 2000, and high from 2001
to 2022. Areas of the catchment located in the Sudano-
Sahelian and Sahelian domains are more affected by rain
erosion. Figure 4 illustrates this situation. In this figure,
blue indicates low erosion, dark and light-yellow moderate

erosion, and red high and very high erosion.

3.3. Variability and Trends of Precipitation
Concentrations at the Catchment Scale

Rainfall concentration is a function of the climatic
zones of the watershed. Variability in rainfall concentra-
tion is high at stations such as Dadounin, Gossina and
Kompienga, which are located in the Sudano-Sahelian

and Sudanian zones. In addition, concentrations are low to

moderate. This means that rainfall homogeneity during the
rainy season is unbalanced. Rainfall is more or less evenly
distributed over the months of June, July, August and Sep-
tember. By contrast, in the Sahelian zone, to which the
Sole and Toyande stations belong, rainfall variation is low.
However, rainfall concentrations are high (PCI>20).

This means that the rainfall distribution during the
rainy season is irregular and concentrated in three months:
July, August and September. Figure 5 summarizes the
rainfall concentrations for stations that do not have simi-
lar data. Some stations have not been taken into account,
notably Tambarga and Sinikiere, because they have the
same characteristics as the Kompienga and Gossina sta-
tions. This is due to the climate. The Kompienga and Tam-
barga stations are located in the Sudanian domain, and the
Sinikiere and Gossina stations are located in the Sudano-
Sahelian domain.

Table 11 below shows that stations in the Sudano-
Sahelian and Sahelian domains show upward trends. No
trend was reported for the station located in the Sudanian

domain.
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Figure 4. Monthly trends in rainfall erosion in the watershed over the period 1992-2022.
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Figure 5. Variability of precipitation concentrations at watershed scale.
Table 11. Trends in precipitation concentration indices from 1992 to 2022.
Stations PCI Kendall’s Tau p-value Trend
Dadounin PCI-Dadounin -0.204 <0.0001 Yes
Toyande PCI-Toyande 0.037 0.473 No
Sole PCI-Sole 0.118 0.007 Yes
Sinikiere PCI-Sinikiere 0.111 0.002 Yes
Tambarga PCI-Tambarga 0.115 0.009 Yes
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Table 11. Cont.

Stations PCI Kendall’s Tau p-value Trend
Kompienga PCI-Kompienga -0.041 0.305 No -
Gossina PCI-Gossina 0.041 0.368 No -

Source: https://power.larc.nasa.gov/data-access-viewer/.

3.4. Relationship between Rainfall Erosion,
Precipitation Concentration Index, and
Standardized Precipitation Anomaly

The ability of raindrops to cause erosion depends on
three factors: the intensity, frequency and duration of the
precipitation. When precipitation is concentrated over a
short period of time, a large amount of water falls on the
soil, inevitably leading to severe erosion (Table 12).

Table 12 shows the relationship between FI and PCI.
It is highly significant at the Dadounin, Gossina, Sinikiere,
Tambarga and Kompienga stations and significant at the

Sole, Gossina and Toyande stations. In addition, rainfall

variability leads to different trends in rain erosion (Table
13).

Table 13 shows the significance of the relationships
between SRA and FI over the period 1992-2022. How-
ever, the relationships are stronger when the station is in
the Sahelian domain, such as Sole with r:0.642, and sta-
tions in the Sudano-Sahelian domain, such as Gossina and
Sinikiere, with correlation coefficients of r:0.59 and r:0.562
respectively. It should be noted that the correlation in the
Sudanese domain is weak. Thus, over the extent of the Na-
kambe catchment, rainfall variability has a greater impact
on rainfall erosion in the Sahelian and Sudano-Sahelian

zones of the basin.

Table 12. Degree of influence of PCI on FI over the period 1992-2022.

Stations Correlation coefficient p-Value Relationship
Dadounin 0.764 0.000 Very significant
Toyande 0.547 0.001 Significant

Sole 0.654 0.000 Significant
Kompienga 0.713 0.000 Very significant
Gossina 0.710 0.000 Very significant
Sinikiere 0.709 0.000 Very significant
Tambarga 0.712 0.000 Very significant

Source: https://power.larc.nasa.gov/data-access-viewer/.
Table 13. Level of influence between the SRA and the FI.

Stations Correlation coefficient p-Value Relationship
Dadounin 0.225 0.223 No significant
Toyande 0.473 0.007 Significant

Sole 0.642 0.000 Significant
Kompienga 0.242 0.191 Very significant
Gossina 0.59 0.001 Very Significant
Sinikiere 0.562 0.001 Very Significant
Tambarga 0.388 0.031 Significant

Source: https://power.larc.nasa.gov/data-access-viewer/.
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4. Discussion

4.1. Recent Rainfall Variability and Trends in
the Watersheds of Burkina Faso

The Nakambé watershed is characterised by high
variability, punctuated by alternations between dry and
wet periods, depending on the climatic zones crossed by
the watershed. These trends are similar to those observed
in other studies of the watershed in Burkina Faso. The

1834 also observed the same rainfall variabil-

researches |
ity over the period 1988-2018. This trend and variability
are expected to continue until 20250 **'. Other studies on
several watersheds in Burkina Faso show similar results.
In the Sourou watershed, the research *° found interan-
nual variability characterised by dry phases (1971-1993)
and wet phases (1994-2009). The same trends were also
observed in the Inner Mouhoun watershed over the pe-
riod 1970-2010 *” and in the Nakambé-Mané watershed
between 1991 and 2020 ¥ The wet phases observed in
the different basins of Burkina Faso lead to a significant

[59]

increase in flooding in the Kou basin " and in the Sourou

[ Tn West Africa, the same trends have been ob-

61]

basin
served by several authors. Indeed, the research " in the
Mono River watershed (Benin, Togo) shows that rainfall
has been highly variable over the period 1981-2010, and
by 2050, the two scenarios predict a very sharp increase
in variability. This situation should lead to a change in the
seasonal rainfall cycle in the catchment. Other studies, no-
tably ', have revealed a moderate risk of erosion during
the long rainy season (April to July), a low risk of erosion
during the short rainy season (August to October) and a
very low risk of erosion during the dry season (November
to March). This is somewhat different from the results of
the study, which show that the risk of rain erosion is very
high during the month of August. This situation could be
explained by the fact that rainfall in Burkina Faso is char-
acterized by an increase in extreme precipitation, which
leads to heavy flooding during this month, thus increasing

the risk of rain erosion.

4.2. Rainfall Erosion: Rainfall is the Main
Factor in Soil Erosion

The study of the Nakambe catchment shows that

rainfall erosion is variable and has an upward trend over
the period 1992-2022. August, the wettest month, influ-
ences the level of rainfall erosion in the Nakambe¢ catch-
ment. The correlation between the rainfall concentration
index, SRA, and the Fournier index shows that there is a
close relationship between rainfall concentration and the
level of rainfall erosion. Furthermore, the variable nature
of rain erosion is strongly influenced by the SRA. Studies
from around the world confirm the results of the study. The
results of the study are confirmed by work in West Africa.
In fact, in the Lower Niger Basin, the research 1% indicate
an increasing trend in the erosivity of annual rainfall run-
off, with an average change in rainfall runoff erosivity of
about 14.1%, 19% and 24.2% for the years 2030, 2050 and
2070 respectively. This situation can be attributed to the
change in precipitation characteristics in West Africa, with
the occurrence of extreme precipitation events leading to

4 Similar

an increase and variation in rainfall erosion
results have been observed in eastern and southern Africa.
Indeed, the research ' in Kenya also found an increase
in rain erosion with a land loss of 4.76 t ha-1 yr-1. The

86681 found that rain erosion varies from month

researches '
to month and from year to year. The research ' adds that
the Armoldus Index (1978) shows a strong trend over Bur-
kina Faso between 2000 and 2023. In the Loess Plateau
of China, the research " also found a linear relationship
between mean rainfall and erosivity. The authors found
that the Fournier index increases with rainfall. In Algeria,
the Tango-Arnoldus index of Arnoldus (1980) evolves as
a function of annual rainfall in the Macta catchment "),
Several other studies, in the Himalayan basin of India ",
in Turkey "', In southern Portugal, there is a general trend to-
wards an increase in the amount, concentration and erosivity
of rainfall in autumn and summer, suggesting an increase in
the potential risk of soil erosion ", Conversely, the work "
in other European countries presents different results on the
occurrence of rain erosion risk induced by increased precipi-
tation. In fact, the authors note a sudden increase in rain ero-
sion in most of the European Union in May and the highest
values are recorded during the summer months, a less rainy

period according to the European countries.

5. Conclusions

Climate change is causing changes in rainfall pat-
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terns. This leads to variations in rainfall erosivity over
time. It is important to understand the temporal trends in
rainfall, runoff and erosivity, and the factors that influence
rainfall erosion. This study examines rainfall and erosion
trends, as well as variability, in the Nakamb¢ catchment.
The coefficient of variation and the standardised rainfall
index revealed high variability, particularly over the last
decade, during which there have been periods of heavy
rainfall. This affects the erosivity of rainfall in the basin.
The Fournier index, the Arnoldus index and the rainfall
concentration index therefore indicate the presence of rain
erosion in the catchment between 1992 and 2022. Rain
erosion is strongest during rainy periods and weakest dur-
ing the dry season. Consequently, land loss occurs dur-
ing the rainy season, particularly in August. The area has
more than a hundred dams, which are very important for
the economy and for people’s lives. So, it is very impor-
tant that the people in charge and the local people work
together to stop the problem of rainwater erosion. To this
end, farmers around the catchment area should implement
soil conservation techniques. Additionally, local authori-
ties should implement reforestation programs in the catch-
ment area to reduce water runoff and slow down land loss

caused by rainwater erosion.
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