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Abstract: Many studies have been undertaken on climate variability in West Africa since the drastic
drought of 1970s. These studies rely in many cases on different baseline periods chosen with regard
to the reference periods defined by the World Meteorological Organization. A method is developed
in this study to determine a stationary baseline period for rainfall variability analysis. The method is
based on an application of three statistic tests (on deviation and trend) and a test of shifts detection
in rainfall time series. The application of this method on six different gridded rainfall data and
observations from 1901 to 2018 shows that the 1917–1946 period is the longest stationary period. An
assessment of the significance of the difference between the mean annual rainfall amount during
this baseline period and the annual rainfall amount during the other years shows that the “Normal”
annual rainfall amount is defined by an interval delineated by ±the standard deviation (STD). With
regard to this interval, a very wet/dry year is defined with a surplus/gap over/below the STD.
Overall the 1901–2018 period, the 1950–1970 period presents the most important number of significant
wet years and the 1971–1990 period presents the most important number of significant dry years.

Keywords: climate variability; climate change; drought; reference period; Sudano-Sahel; West Africa

1. Introduction

Climate variability and climate change become since the end of the first half of the 20th
century, common expressions in all earth-water-climate studies [1–4]. This is particularly
true for West Africa where the main activity of the population, agriculture, relies on the
rainy season [5]. The droughts recorded in the region during the 1970s and the 1980s have
entailed a serious decrease in food production and in the potentialities of the different
ecosystems [5–8].

These drought periods characterized by a significant decrease in the annual rainfall
amount have triggered a great interest on the analysis of the variabilities in the rainfall
regime over the region [9–12]. The study of Sircoulon [10] on the comparison between the
drought from 1968 to 1973 and the droughts around 1913 and around 1940, is among the
first studies made in the Sahelian area on the rainfall regime variability from the analysis of
rainfall data recorded in the region. The study showed that the drought over the 1907–1916
(1913) was the most devastating among the three studied droughts. In the same way,
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the study of Nicholson [9] on the description of the rainfall fluctuations in Subtropical West
Africa over the period 1901–1973, determined a significant decrease in the annual rainfall
over the three periods (around 1913, around 1940 and from 1968 to 1973). Furthermore,
L’hote et al. [13] analyzed the trends in the Sahelian rainfall over 1896–2000 period from
21 synoptic stations well scattered from Senegal in the West to Chad in the East. They
computed the annual rainfall index with regard to a reference period of 80 years (from 1921
to 2000) determined on the basis of data availability at21 stations. Their results showed
four main stationary periods: a deficit over 1910 to 1916 (7 years), an excess over 1950 to
1967 (18 years), a deficit over 1970 to 1974 (5 years) and a deficit over 1976 to 1993 (18 years).
An update of this study was made by L’Hote et al. [13] and Mahe and Paturel [14] with
an extension of the data till 2006. They found, in addition to the four previous cases,
a relative recovery of the annual rainfall amount over the mid-1990s in most of the Sahelian
area, except that over the 2000s the drought intensity is at the same order with the 1970s
drought [14]. More recently, other studies [4,11,12] identified an increase in the annual
rainfall amount over the Sudano-Sahelian area since the mid-1990s in comparison to the
1970–1989 period. All these studies showed that the climate condition in the region is
characterized with a high interannual variability. However, even if the sign of the changes
for a given period remains the same across the studies, it can be noted that the magnitudes
are very different. Furthermore, L’hote et al. [13] found that, by changing the reference
period of 1921–2000 with the WMO (World Meteorological Organisation) reference period
of 1971–2000, the choice of a reference period has a strong effect on the classification of
earlier years (1990–2000) as wet or dry year. Thus, studies based on the classical reference
periods of 30 years (1901–1930, 1931–1960, 1961–1990 and 1971–2000) defined by the WMO
over the 1901–2000 period) [15,16] would produce different results. Livezey et al. [15] stated
that the WMO-recommended 30-yrs normals are often unrepresentative of the current
climate. Thus, with regard to this high variability in the annual rainfall amount in the
Sudano-Sahelian zone of West Africa, it becomes necessary to analyze deeper if a relevant
stationary period could be considered as general reference period for rainfall variability
description in the region. The identification of a representative stationary period of rainfall
variability will contribute to the description of climate variability in West Africa with any
climate data. This description will help to revise and update many results [9–12] that have
been produced since the beginning of the 1970s on the evolution of rainfall regime in the
region.

The present study aims to identify the longest stationary period for the Sudano-
Sahelian climate zone through the statistical analyses of some observations from stations
and six different gridded data: four generations of CRU grid (Climatic Research Unit—
University of East Anglia in United Kingdom), one grid from the IRD (Institut de Recherche
pour le Développement, France) and one grid from UDEL (University of Delaware in
United States of America). The stationary period is defined or highlighted through the
analyses of stationarity, trends and ruptures in rainfall time series over the period from
1901 to 2018.

2. Materials and Methods
2.1. Study Area and Datasets

West African Sudano-Sahelian zone is characterized by a monomodal climate with one
rainy season and one dry season. The rainy season occurred over the period from May to
October of each year and the dry season covers the other months. The study area considered
is defined by the square delineated in the south by the latitude 9.0 ◦N and 17.5 ◦N in the
north and in the west by the longitude 22.5 ◦W and the longitude 16.0 ◦E (Figure 1). This
zone concerns 13 countries in West Africa (Cote d’Ivoire, Benin, Burkina Faso, Ghana,
Guinea Conakry, Guinea Bissau, Gambia, Mali, Niger, Nigeria, Mali, Mauritania, and Togo).
The heterogeneous climate area of Sudano-Sahel is covered by 1188 meshes (corresponding
to 1188 grid points) at the spatial resolution of 0.5◦ longitude × 0.5◦ latitude. The pattern
of the annual rainfall is a north-to-south gradient of 1 mm/km [11]. The annual rainfall
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amount varies from about 100 mm at 17 ◦N to about 1200 mm at 9 ◦N (averages computed
over 1971–2000), with a slight decrease from West to East along the same latitude.
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The rainfall data used in this study come from four different sources with two different
types: three gridded data (CRU, IRD and UDEL) and the punctual observations collected
by the national meteorological services in the countries concerned. The gridded data
are scattered at a spatial resolution of 0.5◦ longitude × 0.5◦ latitude. Three generations
of CRU data (1901–1995, 1901–2002 and 1901–2012) are considered in order to assess
their improvement over time. The CRU data [17] are produced by the Climate Research
Unit and the IRD data are constituted only with rainfall data collected by the IRD [5,12].
These two gridded data have been already used in many studies on climate variability
and hydrological modeling in west Africa [18–20]. The third gridded data of UDEL
(University of DELaware) for the 1901–2017 period [2] were developed by the University
of Delaware (NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at
http://www.esrl.noaa.gov/psd/, accessed on 6 May 2021). The gridded data are thereafter
designed as from the last year: CRU_1995, CRU_2002, CRU_2009, CRU_2012, IRD_1998,
and UDEL_2017. It can be emphasized here that the importance of the interpolated data
is that they cover a large area, have no gap and are freely downloaded. Furthermore,
with regard to their use in previous studies, the six gridded data are very relevant for the
description of climate variability in the region.

The second type of data, the observations come from the regional network of the
synoptic stations (with 34 stations). Despite the gaps in most of the time series, the annual
rainfall amount data are available for about 34 stations over more than 40 years.

2.2. Methods and Calculations

This study is based on the analyses of different rainfall data, the computation of several
indexes and the implementation of some statistical tests for the significancy evaluation.

http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
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2.2.1. Criticism of the Gridded Datasets

The quality of the six different gridded data (4 grids from CRU, 1 grid from IRD,
and 1 grid from UDEL) is assessed from the comparison with the observations at the
monthly and the annual time steps. Some studies [12,14,19,20] have shown that even if the
gridded data or interpolated data are generated from the observations, they can present
some deviations with regard to the raw data. However, only the representativeness of the
data is analyzed in this study. Thus, the interpolation methods and the quality of the raw
data used by the different institutions are not addressed in this study. The gridded data
are compared with observed data of the station located in the mesh and close to the center
of the mesh. As there is only one synoptic station per mesh, 34 grid points were selected
for the comparison. The classical parameters of deviation assessment between time series,
the correlation coefficient and the mean absolute errors are computed for each gridded
data. In addition, the significance of the similarity between the gridded data and the
observations is assessed through the Pearson test [21] for the correlation and the Wilcoxon
test [22] for the significancy of the deviation. For these statistical tests, two time series are
significantly different when the p-values are lower than 5%. A detailed presentation of the
tests can be found in [21]. Thus, from the two statistical tests, two time series are similar
if the correlation is significant and there is no significant difference between their mean
magnitudes at the risk level of 5%.

2.2.2. Evaluation of the Changes and Trends in the Annual Rainfall Time Series

The inter-annual variability of climate for a given region or at a station is defined
by the changes (decrease or increase) that occurred in the climate parameters (rainfall,
temperature, radiation, etc.). In this study, we consider the main climate parameter,
rainfall, which is used to describe the trends and changes in climate evolution in many
studies [11,23]. The inter-annual variability is described over the 1901–2018 period with
regard to three main statistic characteristics:

• Stationarity analysis;

A time series is strictly stationary if its statistical properties (mean, variance) are
unaffected by the choice of time origin [24]. More formally, a strictly stationary stochastic
processes is one where given t1,...,t` the joint statistical distribution of Xt1,...,Xt` is the
same as the joint statistical distribution of Xt1 + τ,...,Xt` + τ for all ` and τ time steps. This
means a flat looking time series, without trend, constant variance over time, a constant
autocorrelation structure over time and no periodic fluctuations. Therefore, a stationary
time series cannot have a trend or a periodic component [25]. The non-parametric test of
Mann-Whitney [26] is applied to the time series for the stationary assessment. For each grid
point, this test is applied first between some segments of 30 years (subdivion of 30 years).
About 89 different segments of 30 consecutive years can be constituted from 1901 to 2018
with the first segment from 1901 to 1930, the second segment from 1902–1931 and the last
segment from 1989 to 2018. Thus, if only one of the 89 segments are significantly different
(level of 5%) with another segment from the Mann-Whitney test, we conclude that the
time series is not stationary. In case that the 89 segments are similar, the length of the
subdivision is decreased to 10 years. The 10 years subdivision produces 109 segments for
each grid point.

• Breaks or shifts in the time series;

An abrupt break or shift in a non-stationary time series defines the point at which
two consecutive segments are significantly different with regard to their averages. The
segmentation procedure of Hubert et al. [27] considered also as a stationarity test enables
to determine breaks by subdividing the whole time series into different stationary seg-
ments [27,28]. The procedure developed by Pettitt [28] splits the entire time series into two
different segments in contrary to the procedure developed by Hubert [27] which splits the
time series into several segments. For this study, we use only the segmentation procedure
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in order to determine several breaks during the 1901–2018 period. This procedure has
already been used in several studies on hydrologic data analysis in West Africa [12,27,29].

• Trends in the time series;

A trend in the time series describes the evolution over time of the given parameter from
the beginning of the records to their end. The non-parametric test of Mann-Kendall [30,31]
for trend detection is used to identify and evaluate the significance of the main trend in the
times series. The test is applied at the risk level of 5%.

3. Results

The study has analyzed several data sets and identified some stationary periods,
breaks and trends in the annual rainfall time series recorded in the region. The application
of the different statistical tests has helped to highlight the most representative changes.

3.1. Comparison of Rainfall Data from the Different Sources

The first comparison of the annual rainfall data (Figure 2) is done at Ouagadougou
station (situated almost at the center of the region) where we have full observed data over
the period from 1902 to 2018. The pattern on this figure is similar (in terms of data disper-
sion around the observations) to the pattern of the other figures (not shown) drawn for
the 34 reference stations. Figure 2 shows significant similarities between the observations
(black curve) and the gridded data (other curves) for the inter-annual variability and for
the magnitude of the annual rainfall amount at Ouagadougou. The correlation coefficients
with the observations are higher than 0.7 and the mean deviation is lower than 10% of the
average over the whole period.
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Figure 2. Annual rainfall amount at Ouagadougou station from the different sources.

Figure 2 shows that the inter-annual variability of the annual rainfall amount during
the last century (20th century) is characterized by a sawtooth evolution. Thus, there is no
linear trend over the whole period from 1901 to 2018 at Ouagadougou. The same result is
obtained at other station (Figure S1).

The correlation coefficients and the mean absolute errors are computed at each station
with the covering mesh (gridded data). Figure 3 presents the whisker boxes of the 34
correlation coefficients. Three boxes (CRU_1995, IRD_1998 and UDEL_2017) are above the
correlation coefficient of 0.8 and two other boxes (CRU_2002 and CRU_2009) are above the
correlation coefficient of 0.6. Furthermore, more than 95% of the correlations are significant
from the Pearson test at the risk level of 5%. The CRU_2002 presents the lowest correction
coefficients with the bottom whisker lower than 0.5 and the third quartile lower than
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0.8. The mean absolute errors whisker boxes (Figure 4) show similar deviations with the
correlation coefficients. The IRD_1998 presents the lowest boxes. The three data (CRU_1995,
IRD_1998 and UDEL_2017 present here also the lowest mean absolute errors (<23%) and
the highest errors are presented by the CRU_2002.
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Figure 3. Correlation coefficient between the grids and the observations - The whisker boxes represent the statistical extend
of the time series. The bottom whisker represents the minimum between the minimum of the time series and the median −
1.5∆Q (∆Q represents the interquartile length). The bottom of the box represents the first quartile (25%). The bold dash
represents the median (50%). The top of the box represents the third quartile (75%). The upper whisker represents the
minimum between the maximum of the time series and the median + 1.5∆Q.
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Furthermore, the p-values obtained from the Wilcoxon test for the 34 selected grid
points (Table 1) show that the gridded data are significantly different at 11, 12, 12, 11, 5,
and 7 stations respectively for CRU_1995, CRU_2002, CRU_2009, CRU_2012, IRD_1998
and UDEL_2017. This test shows again that the IRD-1998 and UDEL-2017data are close to
most of the observations. All the CRU grids (CRU_1995, CRU_2002, CRU_2009, CRU_2012),
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present significant deviations at eleven stations and all the six grids present significant
deviations at three stations (Conakry, Natitingou and Diffa). However, CRU_1995 is better
than CRU_2002, CRU_2009, and CRU_2012 with regard to the correlation coefficient and
the magnitude of the deviation.

Table 1. Wilcoxon test p-values for the comparison between observations and gridded data.

Stations CRU_1995 CRU_2002 CRU_2009 CRU_2012 IRD_1998 UDEL_2017

Ouagadougou 0.63 0.14 0.75 0.48 0.87 0.13
Bobo-Dioulasso 0.09 0.09 0.08 0.07 0.72 0.01

Dori 0.13 0.11 0.09 0.25 0.05 0.04
Niamey 0.04 0.09 0.03 0.03 0.04 0.36
Tahoua 0.37 0.06 0.37 0.25 0.46 0.40
Zinder 0.39 0.33 0.37 0.39 0.75 0.43

Bandiagara 0.24 0.57 0.14 0.15 0.38 0.99
Toumbouctou 0.76 0.91 0.62 0.80 0.96 0.70

Diourbel 0.95 0.57 0.81 0.96 0.37 0.86
Thies 0.41 0.12 0.23 0.21 0.78 0.22

Ziguinchor 0.33 0.60 0.49 0.54 0.07 1.00
Banjul 0.56 0.13 0.20 0.53 0.32 0.35

Conakry 0.00 0.00 0.00 0.00 0.00 0.00
Kindia 0.00 0.00 0.00 0.00 0.81 0.64
Labe 0.06 0.08 0.04 0.10 0.63 0.50

Korhogho 0.46 0.37 0.64 0.47 0.62 0.92
Gambaga 0.81 0.83 0.51 0.73 0.55 0.34

Tamale 0.10 0.00 0.11 0.11 0.09 0.36
Mango 0.97 0.85 0.87 0.88 0.77 0.05
Kandi 0.01 0.04 0.01 0.01 0.40 0.72

Natitingou 0.00 0.00 0.00 0.00 0.01 0.01
Kano 0.46 0.52 0.64 0.49 0.13 0.44

Sokoto 0.67 0.21 0.83 0.77 0.19 0.89
Markala 0.05 0.12 0.14 0.11 0.98 0.08

Konobougou 0.09 0.05 0.08 0.07 0.54 0.74
Diffa 0.02 0.04 0.04 0.01 0.04 0.04

Kaduna 0.00 0.00 0.00 0.00 0.03 0.31
Yola 0.00 0.00 0.00 0.00 0.28 0.31

Faranah 0.00 0.00 0.00 0.00 0.78 0.94
Gao 0.06 0.02 0.06 0.09 0.90 0.99

Dialakoto 0.00 0.00 0.00 0.00 0.37 0.59
Kaolack 0.22 0.40 0.12 0.14 0.96 0.36
Kayes 0.01 0.00 0.00 0.00 0.08 0.00

Selibaby 0.15 0.60 0.13 1.00 0.50 0.01
Number of Stations

with Difference 11 13 12 11 5 7

Red and bold values indicate significant difference between the time series at the risk level of 5%.

Overall, the three assessment of the deviation between the gridded data and the ob-
servations show that the CRU_2002 are the most biased data and the IRD_1998 are +closest
to the observations. Thereafter, four grids are retained for the inter-annual variability and
changes analyses: CRU_1995, CRU_2012, IRD_1998 and UDEL_2017.

The whisker boxes represent the statistical extend of the time series. The bottom
whisker represents the minimum between the minimum of the time series and the median
−1.5∆Q (∆Q represents the interquartile length). The bottom of the box represents the
first quartile (25%). The bold dash represents the median (50%). The top of the box
represents the third quartile (75%). The upper whisker represents the minimum between
the maximum of the time series and the median +1.5∆Q.

The mean absolute error is computed in proportion with regard to the mean of the
observed time series.
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3.2. Identification of A Relevant Stationary Period for the Rainfall Regime
3.2.1. Assessment of the Stationarity in Rainfall Time Series

The Wilcoxon test is applied on the main four grids (CRU_1995, CRU_2012, IRD_1998
and UDEL_2017) of the rainfall data at each grid point (about 1090). The assessment is
firstly done with segments of 30 years (89 segments were constituted over the 1901–2017
period). For each grid point, the proportion of p-values lower than 5% is computed from
the 89 p-values obtained from the Wilcoxon test. Figure 5 presents the weight of p-values
lower than 5% at each grid point for the CRU_2012 data. For the CRU_2012 and the other
data (result not shown), the proportions of grid points with all p-values higher than 5%
are lower than 1% (Figure 5). Furthermore, when the length of the segment is reduced to
10 years (Figure S2), the weight of the grid points with all p-values higher than 5% becomes
lower than 0.1%. Hence, the Wilcoxon test shows that the CRU_2012 time series are not
stationary over the 1901–2012 periods. The other three grids (CRU_1995, IRD_1998 and
UDEL_2017) present the same quality of non-stationarity in the annual rainfall amount
time series. Also, all the observed data for the 34 stations present a non-stationary time
series over the 1901–2000 period.
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3.2.2. Identification of Breaks in the Annual Rainfall Time Series

The annual rainfall evolution in the region over the 1901–2018 period is characterized
by two features: an absence of a linear trend and a lack of stationarity during the whole
period. Thus, many breaks (years) can be identified in the time series. Figure 6 presents the
histogram of the whole years of break for the 1188 grid points over the 1901–2017 period
in the CRU_1995 data. Similar results were obtained with other data (Figures S3 and S5).
This Figure 6 highlights two main periods of important frequency of breaks: around 1950
(1948–1952 period, positive change) and around 1968 (1966–1970 period, negative change).
The geographical distribution of the meshes (grid point) concerned by breaks around the
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year 1950 (Figure 7) shows that these breaks appear in central Mali, Eastern Burkina Faso
and in Niger. However, the second period (Figures S4 and S6) of breaks (1966–1970 period)
concerned the whole study area with 1967 as the predominant year. The results obtained
with CRU_2012 (not shown) are very similar with the results produced by CRU_1995
(Figures 6 and 7).
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From the other two sources of data, IRD_1998 and UDEL_2017 (same analysis as
with the previous data) three main periods of significant break frequency were revealed:
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1916–1921, 1948–1952 and 1964–1970. The first two periods are not as intense as the third
period. As in the CRU data, the breaks during the 1964–1970 period for the two grids
concern the entire region (Figure 8) and the 1967 is the predominant year.
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Furthermore, the 1965–1970 period is also the most frequent period of breaks for the
observations. The proportion of each year is determined from all the breaks determined
at the 34 stations. About 40% of the breaks are within this period and 1967 is the most
frequent year. The second period of breaks with regard to the frequency is around 1949
and then the period around 1990.

3.2.3. Assessment of the Breaks Significance

The relevance of a break is assessed through some random permutations of the times
series. Thus, we have considered three stations (Dori, Tahoua and Sokoto) that present at
least two breaks in the time series and four grid points (CRU_1995, CRU_2012, IRD_1998
and UDEL_2017). For each time series, 100 new times series are generated randomly from
the random permutations of the raw data. Then the segmentation procedure is applied to
each of the new time series.

For the three stations, less than 11% (Table 2 for Dori) of the permutated samples have
presented a break and non-sample has recorded two breaks together. About 89% of the
randomly permutated time series have no break. Thus, the breaks in the raw data are
not due to the single value recorded at the break point (year of break) but to a significant
change over several consecutive years. The same results for Dori were found for the other
stations and the gridded data. Overall, the breaks observed in the different times series are
not due to an artifact in the data but by the way the time series are organized during the
whole period.
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Table 2. Number of breaks within Dori time series (breaks in raw data are in 1951 and in 1966).

1929 1948 1952 1958 1969 1975 1979 1984 1987 1988 Total

Number of Breaks 1 2 1 1 1 1 1 1 1 1 11

3.3. Identification of a Representative Stationary Period

Comparison of breaks produced in the gridded data reveals three main break points:
around 1920, around 1950 and around 1967. For the observations, the break points are:
around 1950, around 1967 and around 1990. Therefore, the longest period of stationarity
(without any break) in the different data should be found before the 1950. The proportion
of meshes which don’t present a break during the 1901–1947 period is about 70%, 69%,
69% and 73% respectively for CRU_1995, CRU_2012, IRD_1998 and UDEL_2017. However,
the longest period with the highest proportion of meshes without break is: 1901–1942,
1901–1944, 1901–47 and 1901–1945 respectively for CRU_1995, CRU_2012, IRD_1998 and
UDEL_2017. Furthermore, the spatial extension (Figure 9) of the meshes without break
during the 1901–1947 for UDEL_2017 (the lowest proportion) covers almost the whole
region. Figure with IRD_1998 (Figure S7) show that overall the region the longest stationary
segment ends after the 1947 (same result with the other gridded data).
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However, as the observed data present a lot of gaps during the first decade (1901–1910)
of the 20th century, the period from 1917 to 1946 is retained as the main stationary period.
The proportion of meshes in the IRD_1998 that do not present a break during this period is
around 75% against 69% for the previous period (1901–1947). Thus, there is an increase of
more than 5% in the spatial coverage of the meshes without break. The period from 1917 to
1946 is thereafter considered as the reference period for the inter-annual variability analysis
of rainfall.
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3.4. Determination of Wet and Dry Year with Regard to the Stationary Period

Many studies determine wet and dry year or period from the deviation between the
given annual rainfall and a reference threshold [11,12]. In this case, the wet year is defined
as all year with an amount above the threshold while the dry year is the year with an
annual rainfall amount less than the same threshold. This definition of wet and dry year
from a single threshold is very limited with regard to the high inter-annual variability of
the annual rainfall amount in the region. Instead of the single threshold, we propose in this
study to define a reference interval (determined around the average on the reference period)
that delineates the area of none significant change with regard to the normal amount.

The reference intervals are first assessed from the observed data over the period from
1907 to 1990 at four stations (Ouagadougou, Zinder, Kano and Sokoto). Two confidence
intervals of 90% and 95% are considered around the average during the reference period
of 1917–1946. For the four stations (Table 3), the first interval (PCI.90%) contains less than
30% of the 30 years of the reference period and the second interval (PCI.95%) contains less
than 40%. Thus, more than 60% (19 out of 30) of the 30 years are out of the confidence
intervals. However, the interval defines by the standard deviation (PSD.100%) involves
about 70% of the 30 years of the reference period. Table 3 shows that for the four stations,
the reference interval should be expanded more than four times the standard deviation in
order to include all the 30 years.

Table 3. Proportion of years during the reference period involved in the intervals around the
reference average.

Intervals Ouagadougou Zinder Kano Sokoto

PCI.90% 30 23 27 13
PCI.95% 37 30 27 37

PSD.100% 67 73 70 73
PSD.110% 67 73 77 77
PSD.150% 87 87 87 83
PSD.200% 97 97 93 93
PSD.210% 100 97 97 93
PSD.220% 100 97 97 93
PSD.230% 100 97 97 100
PSD.240% 100 100 97 100
PSD.250% 100 100 97 100

PCI.90% proportion of years within the confidence interval of 90%. PCI.95% proportion of years within the
confident interval of 95%. PSD.100% proportion of years within the confidence interval defines from the standard
deviation (SD). PSD.110% proportion of years within the confidence interval defines from 1.1xSD. PSD.150%
proportion of years within the confident interval defines from 1.5xSD.

The same level of coverage of the reference interval is found with the grid data. An
analysis of the coverage of the 95% confidence interval for UDEL_2017 (figure not shown)
shows that this interval involved less than 40% of the 30 years of the reference period for
more than 98% of the grid points. However, the reference interval defines by the standard
deviation involves more than 60% of the 30 years of the reference period for about 95% of
the grid points (Figure not shown).

From the reference interval determined above, each year can now be classified with
regard to this interval (PSD.100%) as a very dry (VD) year (when the annual rainfall amount
is below the lower limit) or as very wet (VW) year (when the annual rainfall amount is
above the upper limit). The other years that the annual rainfall amounts are included in
the reference interval are considered as “Normal” [32].

A classification of the annual rainfall amounts from 1901 to 2018 compared to the
reference interval (1917–1946) for UDEL_2017 (Figure 10), shows that the proportion of grid
points that present normal amount is higher than 60% at most of the years from 1901 to
1969. The same results were obtained with other data (Figure S8). However, two significant
breaks appeared over this period: one in 1909 where the proportion of wet grid points
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is about 70% and the other in 1913 where the proportion of dry grid points is about 75%.
The following period from 1970 to 2017 is dominated by several peaks of very dry years:
1972–1973, 1983–1984, 1987 and 1990. Furthermore, two significant trends appear from 1990:
a decrease in the proportion of grid points recording very dry condition and an increase
in the proportion of grid points recording Normal year. The decrease in the proportion of
very dry grid points from 1990 translates that the drought is still ongoing in the region but
it is decreasing in spatial extension.
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Figure 10 shows also that the 1950–1965 period is the wettest period with the pro-
portion of grid points recording very wet year (>40%) higher than the proportion of grid
points recording very dry year. Furthermore, three isolated significant wet years in the
region are recorded during the last two decades: 1994, 1999 and 2010.

4. Summary and Discussions

The gridded climate data generated by many institutions are now used in several
studies on climate change and climate variability [2,12,18,23]. Although, they are processed
data, gridded data from CRU, IRD and UDEL have helped to describe the main climate
features for many regions around the globe. The comparison of the rainfall gridded data
with the observation in the Sudano-Sahelian zone of West Africa shows that some of these
data are very relevant. The inter-annual correlation coefficients are higher than 0.8 for
CRU_1995, IRD_1998 and UDEL_2017 and the magnitude of the deviations is lower than
10% of the mean average. Furthermore, the Wilcoxon test shows no significant difference
between the observations and the gridded data at about 70% of the 34 synoptic stations
considered in this study. Thus, the significant similarity of the gridded data in the inter-
annual variability and magnitude allows these data to be used in the description of the
inter-annual variability of the rainfall regime in the region from 1901 to 2018. In the same
way, Akinsanola et al. [33] found also from analysis of five gridded precipitation datasets
including CRU_2009 and a previous version of UDEL, that even if these data present some
limitations, they could be used for precipitation assessment over West Africa.

An assessment of the stationarity in the annual rainfall amount time series shows
that the 1901–2018 period presents some discontinuities. All the gridded data and the
observed data are not stationary during this period. The discontinuities highlight the high
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inter-annual variability of the rainfall regime in the region [4,11,12]. Hubert segmentation
procedure or breaks detection within a time series reveals four main breaks periods:
1913–1916, 1948–1951, 1966–1970 and around 1990. Two break points (1948–1951 and 1990)
characterized an increasing change while the 1966–1970 breaks characterized a decreasing
change. The breaks during the 1913–1916 period characterized a trough of decreasing
rainfall. Thus, the longest likely stationary period during the 1901–2018 period is found
from 1917 to 1946 and more than 70% of the grid points do not show a break during
this period. This period (1917–1946) is retained as a representative stationary period for
describing the rainfall regime variability in the region. In contrast to this period, all the five
classical reference periods proposed by WMO (1901–1930, 1931–1960, 1961–1990, 1971–2000
and 1981–2010) contain at least one of the breaks listed above.

The determination of the reference period for climate analysis aims to classify the
different years or seasons with regard to the reference climate condition recorded during
that period. Therefore, the single amount of the average during the reference period can’t
represent the statistic of the whole 30 annual rainfall amounts. The SPI (Standardized
Precipitation Index), the most used index to characterize the wetness or the dryness of the
rainy season is a single value computed from the average and the standard deviation of
the time series [11]. With the SPI, a rainy season is considered as wet if SPI > 0 and dry
when SPI < 0. Thus, the single value doesn’t take into account the uncertainties of the
rainfall measurements [34,35]. Cecinati et al. [34] stated that the uncertainty associated
with rain gauge measurements is dependent on rainfall intensity and on the characteristics
of the devices. A random error up to 10–15% could occur with standard gauges [35].
Thus, the use of single value as a reference threshold is very limited in the identification of
significant wet or dry year. Furthermore, the level of the random error is similar to the level
of the standard deviation which is about 15% for the annual rainfall amount. Altogether,
every year defines as significant wet or dry with the reference interval is also wet or dry
with regard to the SPI. An assessment of the representativeness of the 30 records with
different confidence intervals around the average show that the interval defined by the
standard deviation includes more than 70% of these records. From 1901 to 2018 a year is
classified very dry if the annual rainfall amount is below the bottom limit of the reference
interval and a year is classified very wet if the annual rainfall amount is above the upper
limit. The “Normal” year or season is defined with annual rainfall amount within this
reference interval.

From this classification, the 1950–1965 period is the wettest period and the 1971–1990
period is the driest period from 1901 to 2018. However, the geographical extension of the
area conserved by very dry years is shrinking during the last two decades (1990–2010) in
contrary to the area conserved by normal dry years. Thus, there is a wetting trend of the
rainfall regime in the region since the end of the 1990s [4,11].

5. Conclusions

The gridded climate data are relevant data that have been used in many studies of
climate variability/climate change analysis. These processed data in combination with
the observations have helped to describe the inter-annual variability of climate in many
regions in general and in West Africa in particular.

The description of climate variability requires a representative reference period which
should be statistically stationary. The identification of ruptures or breaks in the annual
rainfall time series and an assessment of the longest stationary period during the 1901–2018
period shows that the 1917–1946 is the longest stationary period for the Sudano-Sahelian
zone. However, it must be noticed that it is not in all countries and regions that we can
find reliable rainfall time series for years before 1950. Thus, the use of this reference period
1917–1946 is subjected to the availability of data.

The comparison of the annual rainfall amounts recorded during the 1901–2018 period
in the region with the reference interval defined over the reference period shows a very
dry period from 1970 to 1990 and wet period from 1950 to 1965. The last two decades
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(1991–2010) are characterized by a slight wetting trend with a decrease in the geographical
extension of the area affected by drought.
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