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Abstract

In this study, Climate Research Unit monthly observations were used to assess the trends of potential evapotranspiration
(PET) over West Africa from 1906 to 2015. Trends and changes in PET during the 110-year study period and two reference
climatological periods (1931-1960 and 1961-1990) were examined. Nonparametric trend test of the Mann-Kendall and
Kolmogorov-Smirnov was employed to find the changes in trends of PET and their significance or otherwise. The contri-
butions of some meteorological parameters (air temperatures, precipitation and cloud cover) to the observed trends in
PET were also examined. Results of long-term data analysis showed mixed trends in PET in the three designated zones
(Guinea, Savanna and Sahel) but notable significant increasing trends (0.165 mm per year) at p=0.1 in Sahel. However,
very sharp differences in PET were observed in both reference periods across the zones with significant decreasing
trends (at p=0.01) in PET during the first period but increasing significant trends (at p=0.1) during the second. In spite
of this pattern of variations, general reductions in PET (- 0.6% to — 1.2%) were observed, which were found to be trig-
gered by decrease in temperature (—0.13 to — 1.07%) and vapour pressure (—0.02 to —0.33%) as well as increase in
cloudiness (0.01-0.05%). However, the magnitudes of changes in PET were found to be insignificant in all the zones.
Maximum temperature, more than other dominant climatic parameters, contributed significantly (Theil-Sen’s regression:
23.5%<<50.3%; p=0.01) to observed variations in PET.
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1 Introduction

In hydrology, and in studies relating to water availability
for crops, both free surface evaporation and potential
evapotranspiration play important roles [1, 2]. Potential
evapotranspiration (PET) is the combined evaporation
from the soil surface and transpiration from plants when
the water supply is unlimited [3]. It is the maximum quan-
tity of water capable of being lost as water vapour, under
a given climate, by a continuous, extensive stretch of veg-
etation covering the ground when there is no shortage of
water [4-6]. Previous studies have established that accu-
rate measurement or estimation of PET is very useful for
the determination of onset of rainfall, particularly in the
arid or Sudan-Sahel region of West Africa [7]. Therefore,

measurement and study of changes in PET are of great
significance because of their relevance to agriculture [8].

PET is influenced by several factors amongst which
include net (solar) radiation, relative humidity, air temper-
atures, wind speed, atmospheric aerosol (including dust
particles), type and size of vegetative cover, availability of
soil moisture, reflective land surface, and change in land
use/land cover [9-11]. Thus, any changes in these variables
due to climate change are likely to change the value of PET
that have a direct impact on precipitation and hydrological
regimes as well as crop production through changes in the
agro-ecological water balance [12-15].

To this effect, several authors have investigated varia-
tions in PET at spatial and temporal scales over different
regions of the world due to the impacts of global warming
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[14, 16-19]. It was reported that global warming would
lead to a possible intensification of the hydrological cycle
resulting from increase in precipitation and PET [20, 21].
However, there were mixed results on the trends of recent
and future PET over different parts of the world. Some of
them had pointed out upward trends in PET time-series
analysis. These include the works of Gao et al. [22] and Liu
etal. [15] over China regions; Chaouche et al. [23] in France;
Kousari et al. [24], Tabari et al. [25] and Talaee et al. [26] in
Iran; Jhajharia et al. [14] in India; Dinpashoh et al. [27] in
north-west Iran; Onyutha [28] in Nile River and Ashaolu
and Iroye [10] in western Nigeria. Others reported down-
ward trends or both, e.g. Chattopdhyay and Hulme [1] and
Darshana et al. [29] in India; Chen et al. [30] in Central and
East Asia (Tibetan Plateau); Gao et al. [22] and Yin et al.
[31] in China; Irmak et al. [32] in America; Obada et al. [6]
and Hounnou and Dedehouanou [2] in Benin, West Africa.
Furthermore, PET is projected to increase in com-
ing years over some regions of the world (e.g. India [33];
China [19], etc.) and decrease in some others, e.g. China
[31, 34, 35], Korea [36] and the USA [37]. Therefore, global
atmospheric temperature rise could result in both a rise
and decline in PET over different regions. For example, a
decrease in solar radiation, rainfall or wind speed could
compensate for the impact of temperatures on PET, which
has been observed in many places [36, 37]. Generally,
causes of recent or future PET changes varied at different
stations and seasons [19]. However, significant increases in
PET over different parts of the world have been attributed
to increase in air temperature and wind speed as well as
decrease in humidity [38-41], while decrease in PET was
due to increase in relative humidity and decrease in net
radiation, vapour pressure and wind speed [1, 42, 43].
Thus, increased evapotranspiration can be translated
to increase in atmospheric water demand with a very
high efficiency over vegetation (under optimal growing

conditions) and free water surfaces [44]. Consequently,
better understanding of spatiotemporal patterns of PET
and regional response of PET to climate change can con-
tribute to the establishment of a policy to realize a more
efficient use of water resources and a sustainable agri-
cultural production [15], particularly in the West African
region where the basis of almost all life is agricultural pur-
suits [45].

However, the impacts of climate change on the PET at
short, medium and long term are not yet fully explored
in West Africa [2, 6]. This research, therefore, investigates
changes in trends of long-term series (1906-2015) of
observed PET over West Africa. It assesses changes in cli-
matic parameters for the 1931-1960 and 1961-1990 ref-
erence periods in order to find out which period has PET
deficit and the dominant climatic factors affecting PET in
the region.

2 Materials and methods
2.1 Study area

The domain of this study is West Africa (18°W-15°E,
4°-24°N) subcontinent (Fig. 1) with a special focus on three
designated zones, i.e. Guinea (4°N-8°N), Savanna (8°-11°N)
and Sahel (11°-16°N) as previously adopted in Omotosho
and Abiodun [46] and Abiodun et al. [47].

2.2 Datasource

Monthly time-series gridded data of PET from 1906 to 2015,
provided by the Climate Impacts LINK project, University
of East Anglia, Norwich, United Kingdom Climate Research
Unit (CRU) (version TS 4.00) of spatial resolution of 0.5°x0.5°
[48], were used. Data on air temperatures, cloud cover and
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precipitation used in this study to examine the possible
causes of variations in PET were also provided in the CRUTS
v4.00 product. The CRU data estimates were based on the
Global Gridded Climatology data [49, 50].

2.3 Data analyses and procedures

The trends in PET were detected by using the Mann—Ken-
dall (M-K) test after the removal of the significant lag-1
serial correlation effect from all the PET time series by
pre-whitening. The M—K test is a nonparametric trend test
which is often used to test for trends in hydro-climatolog-
ical time series [51-54]. In addition, another relevant and
robust nonparametric test of Kolmogorov-Smirnov was
applied to further confirm the significance or otherwise
of the trends of probability distribution curves of the PET
for the two reference periods.

The trend analyses were carried out over the entire
110-year study period and also for the 1931-1960 and
1961-1990 reference periods designated by the World
Meteorological Organization (WMO) for climatologic stud-
ies [55, 56]. Annual and seasonal changes in PET during the
two reference periods were investigated.

Furthermore, the Theil-Sen’s regression method [11,
54,57, 58] was performed on time series of some mete-
orological parameters (air temperatures, precipitation and
cloud cover) as independent variables to estimate the rela-
tionships among variables and their contributions to the
observed trends in PET as a dependent variable [40]. The
variability in the mean climatology during the two refer-
ence periods was investigated using standardized or nor-
malized anomaly, and ND is defined as:

X=X

(2

ND (1
where X is the data annual value, X is the data annual
mean of the baseline period (1931-1960) and o is the cli-
matological standard deviation. ND generally provides
more information about the magnitude of the anomaly
because influences of dispersion have been removed.

2.3.1 Mann-Kendall test

The Mann-Kendall (M-K) test is applicable in cases when
the data values X; of a time series can be assumed to obey
the model [59, 60]:

X =f(t) +¢ )
where f(t,-) is a continuous monotonic increasing or
decreasing function of t, and the residual ¢; can be

assumed to be from the same distribution with zero mean.
The M-K test statistic S is given as:

n=1 n
S=, 2 san(X—X) 3)
k=1 j=k+1

where nis the length of the time series Xj, ..., X,, sgn(.) is
a sign function, X; and X, are the values in years j and k,
respectively. The sign function can be computed as:

1 if (X—X)>0
sgn(X; —X,) =40 if (X, —X)=0 4)
—1if (X —X) <0

The expected value of S equals zero [E(S) = 0] for series
without trend, and the variance, 62(S), is computed as:

q
1
c(S) = 5 [0 =@n+5) - Z (t, = 1)@t, +5)
p=1

(5)
where g is the number of tied groups and t, is the num-
ber of data values in pth group. The test statistic Z is then
given as:

j% if S>0
7=40 if S=0 (6)
\/% if S<0

If—2Z,_« <Z < +Z,_s then the null hypothesis of no trend
2 2

was accepted at the significance level of x=0.10, 0.05 and
0.01. Otherwise, the null hypothesis was rejected and the
alternative hypothesis was accepted at the significance
level of a.

2.3.2 Theil-Sen'’s estimator

The Theil-Sen’s estimator, used to estimate the magnitude
of a trend, which has been widely used in identifying the
slope of the trend line in hydrological time series [61], is
given by the relation [62, 63]:

(5= .
ﬂ:medlan<, l> vV 1<l<j. (7)

2.3.3 Trend-free pre-whitening

The PET data for different zones of West Africa were cor-
rected for lag-1 serial correlation (r;) by estimating the
monotonic trend (B) for the series, removing this trend
prior to pre-whitening and finally adding the trend to the
pre-whitened data series before applying the MK test as
recommended by the literature [58]. This approach helps
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to eliminate or minimize possible source of uncertainty
that could be associated with significant positive serial cor-
relation on the power of M-K. The M—K test was then used
to detect trend in the final (or pre-whitened) series. This
procedure can easily be represented as [54]:

Z =X — (B xi) (8)
where S is Sen’s estimator. The value of r, of the new time
series is first computed and later used to determine the
residual series as:

Vi=Z -1 XZ_, 9)
If the expected value of r; of a trend-free (detrended)
series is significantly different from zero at a selected sig-
nificance level, then the serial independence assumption
is rejected and the pre-whitening procedure is performed.
Then, the value of (8x) is added again to the residual data
set of Eq. (9) to obtain final (or pre-whitened), y; series as:

Yi =V + (B xi). (10

2.3.4 Kolmogorov-Smirnov distribution test

Both the M—K test and the Kolmogorov-Smirnov (K-S)
distribution test are nonparametric methods. They are
widely applied for detecting a shift (and its significance)
in the probability distribution of time-series data over
two different periods [64]. The value of the test statistic
for the two-sided two-sample K-S test is given as [65,
66]:

7= P 1F 00 - F00) a

where F; and F, are the empirical distribution functions
based on the two samples of sizes n, and n,. The asymp-
totic P value for this statistic as n;, n,—o0; n; 2 n, is given
by [65]:

nyny
P=Q<T —) (12)
ny +n,

where
Qz)=2) (-1} e 2 (13)
k=1

Because the above series converges rapidly, Q(z) can
be approximated using Greenwella and Finchb [67]
approximation:

Q) ~ 272, (14)
or for even greater accuracy, using

Q) ~ 2(e-222 - e822> (15)
SN Applied Sciences

A SPRINGERNATURE journal

A more general algorithm of Q(z) for any two sample sizes
and tables for various values of n, and n, has been devel-
oped by Kim [65] and available in Kim and Jennrich [68].

3 Results

3.1 Long-term mean annual and seasonal
variations

Long-term (1906-2015) annual mean of spatial pattern
of CRU-PET in West Africa is presented in Fig. 2. Results
showed that PET increased with increasing latitude,
i.e. increased northward from the coast. The coasts of
Guinea, Sierra Leone, Liberia, and Nigeria recorded
the least amount of PET per year (ranging from 1000
to about 1200 mm). The annual PET was a little higher
(1500 to a little less than 2000 mm) further inland into
the Savanna area of the subcontinent. The highest PET
(about 2400 mm year™') was recorded in the far north-
ern parts (Sahel) of the region, particularly in Mali and
Niger in the north-eastern parts. Figure 3 illustrates the
minimum and maximum annual values as well as esti-
mated variance and standard deviations. The minimum
and maximum were about 1000 and 1400 mm year“,
respectively, in the coasts. The corresponding values
were 1600 and 2000 mm year™' in the Savanna zone
and 2000 and 2800 mm year™' in the Sahel. The vari-
ance ranged between 480 mm in the coast and about
1600 mm in the Sahel and standard deviation between
10 and 45 mm (Fig. 3b, d).

However, total precipitation, cloud cover and vapour
pressure generally decreased northward from the coast.
The long-term (LT) annual mean precipitation varied
from 1784 mm in Guinea to 1362 mm in the Savanna

Fig.2 Spatial pattern of annual mean potential evapotranspiration
over West Africa from 1906 to 2015
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Fig. 3 Spatial pattern of annual statistics of potential evapotranspiration over West Africa from 1906 to 2015: a minimum, b maximum, ¢

variance and d standard deviation

and 693 mm in the Sahel (Table 1). In a similar manner,
atmospheric vapour pressure decreased from 25.8 hpa
in Guinea to 21.5 hpa (Savanna) and 17.4 hpa in Sahel.
Values of the cloud cover were 80, 65 and 30% over
Guinea, Savanna and Sahel zones, respectively. As rain-
fall decreases, from south to north, mean temperature
increases northward from Guinea (26 °C) to Sahel (28 °C).
Observed LT minimum/maximum temperatures were
21.4°/31.0 °C in Guinea, 20.7°/32.7 °C in Savanna and
21.1°/35.3 °Ciin Sahel.

Figure 4 depicts monthly variations in precipitation
and PET across the designated zones. The condition of
wet season represents excess precipitation over evapo-
transpiration (i.e. moisture surplus), while dry season
(i.e. water deficit) is represented by the condition of
excess evapotranspiration over precipitation [10, 69].
Thus, results indicated 7 months of water surplus or wet
season (April-October) and 5 months of water deficit or
dry season (November-March) in Guinea (Fig. 4a). The
period of wet season lasted for 6 months (May-October)

in Savanna (Fig. 4b) but only 3 months (July-September)
in Sahel (Fig. 4c).

3.2 Long-term interannual variability and trends

The interannual variability and annual mean trends of PET
during the 110-year study period across different zones are
represented in Fig. 5. Interannual variabilities were higher
(2.2 to —4.3 mm) in Savanna than in other zones. The
results also demonstrated increasing trends in PET over
Sahel and Savanna but a decreasing trend over Guinea.
Table 2 presents the magnitude of trends in annual PET
time series and other meteorological parameters at differ-
ent periods across the zones. The positive values of 3 (the
Sen’s slope) indicate the upward trend line, whereas the
negative values show the downward trend at three specific
significance levels of 0.01, 0.05 and 0.10. Similarly, positive
values of Z indicate increasing monotonic trends, while
negative values show decreasing trends. Specifically, the
magnitude of trends in long-term PET was about —0.017,
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Table 1 Mean, standard deviation and changes in potential evapotranspiration and other meteorological parameters in different zones of

West Africa
Parameter Zone Long-term period Period 1 Period 2 Changes
1906-2015 1931-1960 1960-1990 Periods 1 and 2
X c X c X c A %A
PET Guinea 1171.7 18.327 1179.9 18.349 1166.3 19.111 —-13.54 -1.15
Savanna 1495.7 19.008 1503.6 13.267 1489.9 19.675 -13.74 -0.91
Sahel 20134 22573 2018.2 17.906 2006.2 19.667 -11.95 -0.59
PREC Guinea 1784.4 150.311 1831.7 153.140 1753.2 171.713 —-78.53 —-4.29
Savanna 1361.9 110.030 1404.5 95.652 1317.0 118.103 -87.50 -6.23
Sahel 693.1 93.636 757.8 76.647 642.2 95.456 -115.5% -15.23
TMIN Guinea 214 0.384 214 0.344 213 0.346 -0.11 -0.53
Savanna 20.7 0.426 20.7 0.391 20.7 0.365 -0.03 -0.13
Sahel 21.1 0.519 21.0 0.463 211 0.453 0.07 0.32
TMAX Guinea 31.0 0.370 31.1 0.401 30.8 0.359 -0.32 -1.01
Savanna 32.7 0.420 329 0.396 325 0.363 -0.35 -1.07
Sahel 353 0.477 353 0.433 35.1 0.389 -0.26 -0.74
TMN Guinea 26.2 0.360 26.2 0.362 26.0 0.340 -0.21 -0.82
Savanna 26.7 0.398 26.8 0.371 26.6 0.343 -0.19 -0.71
Sahel 28.2 0.465 28.2 0.419 28.1 0.374 -0.10 -0.35
CLD Guinea 76.1 0.646 76.2 0.008 76.2 0.813 0.01 0.01
Savanna 62.9 0.790 63.0 0.027 63.0 0.696 0.01 0.02
Sahel 39.8 0.965 39.8 0.031 39.8 0.711 0.02 0.05
VAP Guinea 258 0.514 257 0.361 256 0.462 -0.08 -0.30
Savanna 215 0.554 214 0.501 213 0.442 -0.07 -0.33
Sahel 17.4 0.533 17.3 0.505 17.3 0.388 —-0.003 -0.02

PET, potential evapotranspiration (mm); PREC, precipitation (mm); TMIN, minimum air temperature (°C); MAX, maximum temperature (°C);
TMN, mean temperature (°C); CLD, cloud cover (%); VAP, vapour pressure (hpa); X, mean value; o, standard deviation; A, change; %A, per-

centage change
*Significant changes

0.066 and 0.165 mm per year over Guinea, Savanna and
Sahel, respectively (Table 2). The trend over Sahel was
found to be significant at p=0.1. During this period, pre-
cipitation was found to decrease significantly (at p=0.05)
by about 0.94 mm per year in Sahel and — 1.3 mm per year
in both Guinea and Savanna zones. In similar manner,
cloud cover decreased significantly (—0.0035 per year)
over Guinea. The observed trends in long-term time series
of cloud cover were, however, insignificant over Savanna
(—0.0008 per year) and Sahel (+ 0.0008 per year). Further-
more, both temperatures and vapour pressure increased
significantly (at p=0.05) over the entire region.

3.3 Changes and trends during 1931-1960
and 1961-1990 WMO reference periods

Figure 6 shows the trend of PET for the two WMO refer-
ence periods across different zones of West Africa. The
magnitudes of trends at different significant levels are
presented in Table 2. The PET was observed to decrease
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significantly at p=0.05 by 1.41 (Guinea), 0.83 (Savanna)
and 1.29 mm per year (Sahel) between 1931 and 1960. It,
however, increased (at insignificant level) by 0.60 (Guinea),
0.61 (Savanna) and 0.40 mm per year (Sahel) between
1961 and 1990. Precipitation, however, showed increas-
ing trends (1.5-1.9 mm per year) between 1931 and 1960
but decreasing significant trends (7.5-10.6 mm per year)
between 1961 and 1990 over the entire West African
region (Table 2). Temperatures significantly decreased by
0.021-0.033 °C per year but increased by 0.008-0.037 °C
per year during the 1931-1960 and 1961-1990 periods,
respectively (Table 2). Similarly, trends of vapour pressure
and cloud cover decreased during the first period but
increased during the second. These trends were significant
only in Sahel zone.

Spatial changes in annual PET during 1961-1990
relative to 1931-1960 baseline period are illustrated in
Fig. 7. These results showed both negative and positive
changes in PET over West Africa. The changes were posi-
tive (~ 10 mm or 1%) in most parts of Senegal, Mauritania
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Fig.4 Monthly mean potential evapotranspiration (PET) and
precipitation (PREC) from 1906 to 2015 in different zones of West
Africa: a Guinea, b Savanna and ¢ Sahel

and parts of Liberia and Sierra Leone. Other parts of the
subcontinent recorded negative (- 10 to —22 mm or 1
to —2%) changes in annual PET. Generally, the changes
during the second period were negative over the differ-
ent zones. The estimated changes in annual PET were
—13.54 mm or —1.15% in Guinea, —13.74 mm or —0.91%
in Savanna and — 11.95 mm or —0.595% in Sahel (Table 1).
These changes were found to be insignificant at all the
three levels of significance.

Cumulative distribution function (CDF) curves of poten-
tial evapotranspiration for different periods and zones of
West Africa are illustrated in Fig. 8. A forward (or upward)
shift in 1961-1990 CDF curve was noted over the three
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Fig.5 Interannual variability in potential evapotranspiration from
1906 to 2015 in different zones of West Africa: a Guinea, b Savanna
and c Sahel

zones, i.e. entire West Africa. Results of K-S test on the CDF
curves suggested no significant difference in PET between
these periods. Furthermore, precipitation decreased over
the entire region between 1931-1960 and 1961-1990 with
a significant increase of 115.5 mm or 15.23% over Sahel
(Table 1). During this period, the observed percentage
increase in cloud cover (0.01-0.05%), decrease in vapour
pressure (0.02-0.33%) and temperatures (0.13-1.07%)
were found to be insignificant.

3.4 Impacts of meteorological variables on PET
variations

Table 3 shows the results of the nonparametric regres-
sion analysis and correlation between PET and selected
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Fig. 6 Interannual variability in
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meteorological variables. Specifically, the results
describe the patterns and contributions of changes in
precipitation, temperatures, cloud cover and vapour
pressure to the variation in PET over West Africa during
the study periods. Correlation coefficients (r) obtained
between temperatures (minimum, maximum and mean)
and PET were found to be positive, significant at a=0.01
and ranged from 0.477 to 0.993 at different periods of

study and in all zones (Table 3). In addition, the r values
generally increased from Guinea in the coast to Sahel
in the interior north. Vapour pressure also showed posi-
tive correlation with PET. Of interest are the significant
rvalues (0.621<r<0.770 at p=0.01) obtained between
vapour pressure and PET during 1931-1960 period over
the entire West Africa. On the other hand, significant
negative r values (—0.268 <r<—0.565 at p=0.01) were
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Fig.8 Cumulative distribution function (CDF) curves of spatial
potential evapotranspiration for 1931-1960 and 1961-1990 refer-
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obtained between precipitation and PET particularly in
Savanna and Sahel during 1961-1990 and the entire
study period, i.e. 1906-2015. Similarly, cloud cover was

negatively correlated with PET (significant at a=0.01)
in virtually all periods and zones. The Theil and Sen’s
slope of regression (B) values obtained varied across
the zones and periods of study (Table 3). At different
time periods, the highest values of 8 were obtained
for maximum temperatures ranging between 23.5 and
50.25%. Contributions of cloud cover, represented by 8
values, were significant at a=0.01 and ranged between
—12.70% and — 18.25 over all zones during 1961-1990
period. Similarly, range of 8 values with vapour pressure
was 16.72-27.05% across all zones during 1931-1960
and just 18.42% over Sahel zone during 1961-1990
period. However, 3 values obtained with precipita-
tion were K - 1% and insignificant over all zones and

periods.

4 Discussion

Results revealed that annual mean PET increased from
about 1000 mm in the coastline, southern West Africa,
to about 2400 mm in the interior north. In addition, the
least PET values were recorded in the coastline Guinea
zone, which had the highest annual mean precipitation

Table 3 Results of
nonparametric Theil and

Sen’s slope regression and
correlation analyses of annual
time series of potential
evapotranspiration with some
selected meteorological
parameters during 1906-2015,
1931-1960 and 1961-1990
special periods in different
zones of West Africa
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Period Parameter Zone
Guinea Savanna Sahel
B (%) r B (%) r B (%) r
1906-2015 PREC —-0.010 —-0.143 - —0.268*** —0.076 —0.303***
TMIN - 0.566%**  22.5371%** 0.502%**  26.158%** 0.572%**
TMAX 39.2371%*** 0.853%** _ 0.841%**  28.67%** 0.905***
TMN - 0.477***  35.500%** 0.720%** - 0.785%**
CLD - —0.537%**  — —0.477%** - —0.3771%**
VAP - 0.254*** 9,195 0.199%**  — 0.549%**
1931-1960 PREC 0.012 0.127 0.008 0.032 -0.076 -0.273
TMIN 35.165%** 0.789%**  21.397%** 0.657***  27.855%** 0.685%**
TMAX 34.890%** 0.954%**  31,885%** 0.965***  41.063*** 0.993%***
TMN 39.542%** 0.919%**  31.713%** 0.878%***  39.922%** 0.893%***
CLD - 0.231 - 0.382** - 0.431**
VAP 22.000%** 0.621***  16.718** 0.687***  27.053** 0.770%**
1961-1990 PREC —-0.029 —-0.285 -0.100 —0.469***  —0.132 —0.565%**
TMIN 29.200%** 0.603***  30.601*** 0.595%**  24.333* 0.515%**
TMAX 45.402%** 0.871%**  50.247%** 0.890%***  47.450%** 0.933%**
TMN 40.044%** 0.762%**  44.435%** 0.782%**  43.234%** 0.796%**
CLD —18.025** —0.628*** —18.250** —0.606*** —12.696** —0.473%**
VAP 8.588 0.169 0.794 0.027 18.417** 0.448**

B=nonparametric Theil and Sen'’s slope of regression and r=correlation coefficient
Sig., significant status; PREC, precipitation (mm); TMIN, minimum air temperature (°C); TMAX, maximum
temperature (°C); TMN, mean temperature (°C); CLD, cloud cover (%); VAP, vapour pressure (hpa)

*p=0.1, *p=0.05, **p=0.01
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(1784 mm), cloud cover (80%) and vapour pressure
(25.8 hpa) but lowest mean temperature (26 °C). Remark-
able general increase in the values of PET inland from
the coast is probably a reflection of the rapid change in
cloudiness between areas to the north and south [3, 8].
Hence, the smallest PET values along the coastlands are
a reflection of greater development of cloudiness in the
zone that reduces the incoming solar radiation with a
consequent reflection in the small amount of net radia-
tion available for PET. Observed non-uniformity of spatial
pattern of distribution of PET within a given zone could
be a reflection of the characteristics of the local condi-
tions such as topography, vegetative cover, availability
of soil moisture, reflective land surface, and change in
land use/land cover [9, 10, 70].

Furthermore, there were noticeable variations in
monthly and seasonal PET over West Africa. The long-
term climatology of PET indicated that the monthly
mean values were higher in dry months than the wet. It
suggested seven (7) months of water surplus, i.e. wet sea-
son (April-October) in Guinea, six (6) months (May-Octo-
ber) in Savanna and three (3) months (July-September)
in Sahel. In other words, there were five (5) months of
water deficit, i.e. dry season in Guinea, six (6) months in
Savanna and nine (9) months in Sahel. This is so because
according to Hayward and Oguntoyinbo [8], the loca-
tion of Inter-Tropical Discontinuity (ITD) has significant
impact on the seasonal changes in PET over West Africa.
The months of water surplus coincided with crop culti-
vation period in the study area. This implies seven (7)
months of cropping season in Guinea, six (6) months in
Savanna and only three (3) months in Sahel. The rela-
tively long period of water deficit in the Sahel has serious
hydrological implications in the region—depending on
other prevailing environmental conditions and human
interventions [10]. Recent study in the south of Iran and
the station Tehran reported that an increased aerosol
loadings due to increase in anthropogenic air pollution
as well as natural aerosols from dust storms could sub-
stantially reduce surface net radiation and increase cloud
cover [11]. Thus, seasonal variations in PET could be
modified (reduced) by Harmattan haze in sub-Saharan
Africa, particularly during the dry season.

Results of the trend analysis of the PET showed
mixed (positive and negative trends) results during dif-
ferent periods of study. Over the entire 110-year study
period, annual mean PET was found to have increased
by 18.5 mm (~0.165 mm per year) in Sahel and 7.26 mm
(0.066 mm per year) in Savanna but decreased by
1.87 mm (0.017 mm per year) in Guinea. The trend over
Sahel was found to be significant at p=0.1. During this
long-term period of increasing PET in Sahel, precipita-
tion was found to be increasing significantly (at p=0.05)

by about 0.94 mm per year. In addition, both tempera-
tures and vapour pressure increased significantly (at
p=0.05) across the zones. Observed increase in trends
of temperature, vapour pressure and precipitation could
have resulted in increasing trend in PET over Sahel zone
[14, 40].

However, very sharp differences in PET were observed
for both 1931-1960 and 1961-1990 WMO reference peri-
ods. The results revealed significant decreasing trends (at
p=0.01) in PET during 1931-1960 period but significant
increasing trends (at p=0.1) during 1961-1990 over the
entire West African region. This pattern of variations is in
agreement with the findings of Dinpashoh et al. [27] in
north-west Iran where most of the stations selected (86%
of the sites) also showed increasing trends in PET between
1997 and 2016.

In a similar manner, temperatures significantly
decreased and increased during the 1931-1960 and
1961-1990 periods, respectively. Precipitation, how-
ever, showed increasing trends during the first period
but decreasing significant trends during the second. The
decrease and increase in PET during the two reference
periods could be attributed to the impacts of (similar pat-
tern of variation in the trends of) temperatures over the
region, i.e. increase in air temperature induces increase in
PET [39, 40]. Some alternating periods of PET deficit and
periods of PET excess, similar to the findings of this study,
have also been reported over different locations in Benin,
West Africa [2, 6].

Although results showed both negative and posi-
tive changes in PET during 1961-1990 period relative
to 1931-1960, general reductions in PET (- 11.95 mm to
—13.74 mm or —0.6% to — 1.2%) were observed in the
entire West African region. The upward shift in 1961-1990
CDF curves relative to those of 1931-1960 in all the desig-
nated zones also suggested decrease in PET in the entire
region. However, these changes in PET were found to be
insignificant. Reductions in PET during these two reference
periods could be attributed to decrease in temperature
(0.13-1.07%), precipitation (4.29-15.23%) and vapour
pressure (0.02-0.33%).

Any changes in meteorological variables due to climate
change have been reported to modify PET [13]. The find-
ings of the present study suggested significant strong
positive correlation between temperatures (minimum,
maximum and mean) and PET at different periods of study
and in all zones. This supports a decrease and increase in
PET and temperature obtained during the two reference
periods, respectively. Thus, keeping all other variables
constant, projected future warmer climate by different cli-
mate models as reported in Abiodun et al. [47] is expected
to produce rise in PET over most regions in West Africa.
Because r values were higher over Sahel than the coastline
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area, the impacts of future warming (climate change) on
PET are suggested to be higher in the Sahel. Furthermore,
significant negative correlation obtained between cloudi-
ness and PET is an indication of increased PET over Sahel
region under future decrease in cloudiness. However,
contribution of increased anthropogenic air pollution and
aerosol loadings to reduction in surface net radiation and
increment in cloud cover could reduce PET over the region
as suggested by Jahani etal. [11].

Finally, temperature (maximum, minimum and mean)
was found to be the key contributor to the observed
variations in PET in the study area during different time
periods. During 1931-1960 period, observed decreasing
trend in maximum temperature substantially contributed
34.9%, 31.9% and 41.1% to the reduction in PET in Guinea,
Savanna and Sahel zones, respectively. The contributions
of vapour pressure were also significant at 0.01 and ranged
between 16.7 and 27.1% over all zones. During 1961-1990
period, however, an observed increasing trend in maxi-
mum temperature substantially contributed 45.4%, 50.2%
and 47.5% to the increment in PET in Guinea, Savanna and
Sahel zones, respectively. Contributions of cloud cover
were significant at 0.01 and ranged between —12.70% and
—18.25 over all zones, while vapour pressure accounted for
18.42% variations in PET over Sahel zone. However, contri-
bution of precipitation to variations in PET was found to
be negligible over all zones and periods. This is in agree-
ment with the findings of Xu et al. [19], Chattopadhyay and
Hulme [1] and Tang et al. [42].

5 Conclusion

This study has investigated changes and trends of long-
term series (1906-2015) of observed potential evapotran-
spiration (PET) over West Africa. It also assessed changes in
PET for the 1931-1960 and 1961-1990 World Meteorologi-
cal Organization (WMO) reference periods and quantified
the contributions of some key meteorological parameters
to the variations in PET. Monthly time series of the Global
Gridded Climatology data (version TS 4.00) obtained
from the Climate Impacts LINK project, Climate Research
Unit (CRU), University of East Anglia, Norwich, UK, were
used. Results revealed that mean PET increased from the
coastline to the interior north, a reflection of latitudinal
variation in cloudiness, land use/land cover and other
characteristics of the local conditions. There were marked
variations in monthly mean PET over the entire region,
higher in dry months than in the wet. The reason was
traceable to a strong link between PET and the seasonal
movement of the Inter-Tropical Discontinuity (ITD). Results
of the trend analysis of the PET showed mixed (positive
and negative trends) results during different periods of
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study. It suggested significant increasing trends in annual
mean PET in Sahel but decrease in Savanna and Guinea.
This was attributed to increase in observed temperature,
vapour pressure and precipitation over the zone. How-
ever, very sharp differences in PET were observed for both
1931-1960 and 1961-1990 periods. It revealed significant
decreasing trends (at p<0.01) in PET during 1931-1960
period but significant increasing trends (at p=0.1) during
1961-1990 over the entire West African region. Although
results showed both negative and positive changes in PET
between the two reference periods, general reductions in
PET were observed in the entire region due to decrease
in temperature and vapour pressure as well as increase
in cloud cover. Finally, temperature (maximum, minimum
and mean) was found to be the most significant contribu-
tor to the observed variations in PET.
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