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A B S T R A C T

The objective of this study was to assess the changes in the severity and return periods of meteorological
droughts during major cropping seasons of Nigeria for the period 1901 2010 in order to understand the im-
pacts of climate variation on seasonal droughts. Gauge-based gridded global precipitation climatology center
(GPCC) rainfall and climate research unit (CRU) potential evapotranspiration (PET) data having a spatial reso-
lution of 0.5° were used for the reconstruction of droughts using standardized precipitation evapotranspiration
index (SPEI). SPEI values were Ytted with the best distribution function to estimate seasonal droughts return pe-
riods and the modiYed Mann-Kendall test was used to assess the secular changes in climate variables and drought
index. The temporal variations in droughts and their interrelations with rainfall and temperature trends were as-
sessed using a 50-year moving window with a 10-year time step. The results showed that meteorological drought
severity has increased for all the cropping seasons of Nigeria. Temperature was found to be the dominating fac-
tor for deYning droughts in semi-arid regions in the north while rainfall in the monsoon and tropical savanna
climatic zones dominates in the south. Rises in temperature in the range of 0.14 0.42 °C/decade and almost no
change in rainfall have caused decreases in SPEI up to 0.25/decade in some regions. The number of grid points
with decreasing SPEI was found to vary between 50 out of 323 for millet and 152 for yam growing season. The
moderate droughts were found to become more frequent compared to other classes of droughts. Amongst the
cropping seasons, the highest increases in drought frequency were observed during corn growing season. The
highest decrease in the median value of the return period of moderate, severe and extreme droughts during the
two corn growing seasons were observed to be 6.25, 12.86 to 13.20, 23.15 to 24.31years in 1901 1950 to 6.25,
12.92 to 12.94, 23.51 to 23.64 in 1961 2010. Compared to other drought severities, the return periods of the
moderate droughts were found to decrease more. A general decrease in the return periods of droughts indicates
more frequent droughts during all cropping seasons of Nigeria. Therefore, it can be concluded that the rising
temperature due to global warming would increase drought severity and frequency in all the cropping seasons
of Nigeria.

1. Introduction

The changing characteristics of the global climate have resulted in
the variations of rainfall and temperature patterns around the world
(Almazroui et al., 2016; Sung et al., 2017; Nashwan et al., 2018a,
2018b; Vinnarasi and Dhanya, 2016; Salman et al., 2017; Sa'adi et al.,
2017; Pour et al., 2018; Tao et al., 2018). These changes in climate
have significantly affected the hydrological system (Zahabiyoun et al.,
2013) which eventually increased the frequency and intensity of hy-
dro-meteorological disasters like Zoods (Khazaei et al., 2012; Sharafati,

2014; Nashwan et al., 2018a, 2018b; Shiru et al., 2015) and droughts
(Zhang et al., 2012; Sung and Chung, 2014; Liu and Hwang, 2015;
Ahmed et al., 2015; Zhang et al., 2017; Mohsenipour et al., 2018;
Ahmed et al., 2018). Drought is a shortfall of water resources due to
the deYcit of rainfall over a prolonged period that occurs in a recur-
ring manner (Tsakiris and Vangelis, 2005). Therefore, the changes in
drought due to climate change will affect water stress, food security
and national economy in the context of global warming (Nam et al.,
2015; Touma et al., 2015). It has been reported that a 1% increase in
drought affected area can reduce growth rate of gross domestic product
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(GDP) of a country by 2.7% per year (Brown et al., 2013). The imple-
mentation of necessary adaptation and mitigation measures is crucial to
improve water security and ensure economic growth in the context of
increasing severity and frequency of droughts due to climate change.
Understanding the inZuence of climate variability on droughts in differ-
ent climatic regions is very important for sustainable development.

Droughts are more devastating when they occur in developing coun-
tries, particularly agriculture-based developing countries. Most of the
world's populations are concentrated in developing countries and more
than half of these population is at the risk of the various impacts of
climate change. Therefore, increasing frequency of droughts would cer-
tainly have severe implications for the developing nations (Abiodun et
al., 2013; Collins et al., 2013). Nigeria, located in high drought risk re-
gion of the world may be severely affected by global climate change in-
duced increase frequency and severity of droughts due to high density
of population and reliance on agriculture (Dilley et al., 2005). Agricul-
ture provides 70% Nigerians with their sources of livelihoods and con-
tributes about 20% to the country's GDP (World Bank Group, 2018). The
agricultural practices are mainly rain fed and only 1% of cropped land
is irrigated (Food and Agricultural Organization, 2018). Therefore, the
spatial and temporal changes in droughts have a very significant impact
on food production, people livelihoods, and agricultural sustainability
of the country.

The meteorological drought is a form of drought that occurs as a
result of deYciency in precipitation over an area for some particular
period of time (Vu et al., 2015). It is the trigger of all other types
of droughts and thus most important for assessment of water stress in
the context of climate change. A large number of studies have assessed
various aspects of meteorological droughts in Nigeria using different
indices (Prothero, 1974; Sonuga, 1977; Watts, 1983; Adefolalu, 1986;
Acheampong, 1990; Tarhule and Woo, 1997; Keylock, 1999; Adeaga,
2002; Medugu et al., 2011; Usman and Abdulkadir, 2014; Okorie et al.,
2015; Adeniyi and Uzoma, 2016; Oloruntade et al., 2017; Shiru et al.,
2018) including standardized precipitation index (SPI) (McKee et al.,
1993) and standardized precipitation evapotranspiration index (SPEI)
(Vicente-Serrano et al., 2010). However, none of the aforementioned
studies attempted to assess the impact of climate changes on droughts
in Nigeria, though it is supposed to have significant impact on droughts
affected regions of Africa.

The climate of Nigeria is changing like many other regions of the
globe. Recent study revealed that temperature of the country is rising
in the range of 0.014 0.04 Cͦ/year, while a decreasing trend in precip-
itation is observed in some parts in the range of 0.2 to 0.90mm/
year (Shiru et al., 2018). It is anticipated that the changes in climate
have changed the characteristics of droughts in Nigeria. However, the
impacts of climate change on droughts would vary in different parts of
the country due to diversity in climate and seasons. Furthermore, the
inZuence of climate on droughts can also vary with time depending on
the dominance of climatic variables. Besides, climate change impacts on
meteorological droughts are important to be assessed during cropping
seasons as the droughts are found to be more destructive when they oc-
cur during these seasons.

Thus, the major objective of this study is to analyze the chang-
ing characteristics of meteorological droughts during major crop grow-
ing seasons of Nigeria for the period 1901 2010 in order to assess the
changing characteristics of seasonal droughts over the diverse climate
of the country. The SPEI which combines the effect of precipitation
and temperature to quantify the condition of droughts was used for
this study. Gauge-based gridded precipitation and potential evapotran-
spiration (PET) data provided by the Global Precipitation Climatology
Centre (GPCC) of the Deutscher Wetterdienst (Becker et al., 2013) and
the Climatic Research Unit (CRU) of the East Anglia University (Harris
et al., 2014) respectively were used for the assessment of the changes
in droughts characteristics over the period 1901 2010 using a 50-year

moving window with a 10-year time step. A modiYed version of
Mann-Kendall trend (MMK) test which can distinguish natural variabil-
ity of climate from anthropogenic climate change was used to analyze
the secular trends in climate and drought index. Although Nigeria pro-
duces various crops including rice, corn (maize), yam, sorghum (guinea
corn), millet, beans, cassava, soya beans, and melon, Yve widely con-
sumed crops in the country namely, yam, rice, corn, sorghum, and mil-
let are considered in this study.

The novelty of this study is to assess the impacts of climate variabil-
ity and changes on meteorological droughts in different climatic zones
and different crop growing seasons. It is expected that the assessment of
the spatio-temporal changes in the characteristics of seasonal droughts
over a diverse climate of Nigeria would help to understand how future
climate variations will affect droughts of different climatic zones during
different cropping seasons of the country.

2. Study area and data

2.1. Study area

Nigeria (Latitude: 4015 13055 N; Longitude: 2040 14045 E), lo-
cated in West Africa covers an area of 923,000km2 (Fig. 1). The topog-
raphy of the country is mostly Zat in the south and some elevated ar-
eas and mountains exist in the north. The lowest elevation is 0m near
the Atlantic Ocean in the south while the highest elevation is 2419m at
Chappal Waddi in the north eastern part of the country. The climate of
the country can be divided into two main seasons: (a) dry winter from
November to March, and (b) rainy summer from April to October.

The climate varies from the north to the south; therefore, the on-
set of the seasons varies for the two regions. The rainy season in the
semi-arid and arid north is between June and September while rain-
fall starts in April and occurs till October in the central and southern
parts of the country. The annual average rainfall in the country varies
from >2000mm in the south to <500mm in the north (Fig. 2). The
daily maximum temperature in the south ranges from 30 °C to 37 °C. In
the north, it can reach up to 45 °C during summer. The minimum tem-
peratures during the dry cold season in the north are as low as 12 °C,
while it ranges from 17 °C to 24 °C in the south. Average temperature
varies from <22°C in high elevation areas to >28°C across the country
(Fig. 2). In terms of climate, Nigeria is divided into four zones from the
south to the north: tropical savanna climate, monsoon climate, warm
semi-arid climate, and warm desert climate (Fig. 1). In addition, there is
significant variation in the ecology of Nigeria with Sahel Savanna, Su-
dan Savanna, Guinea Savanna, Rainforest, and Mangrove Swamp eco-
logical types occurring from the north to the south in respective or-
der. Nigeria is geopolitically divided into six zones namely: north-west,
north-east, north-central, south-west, south-east, and south-south. This
study doesn't consider these zones for the description of the occurrences
of droughts, but instead the geographical locations of areas based on the
size of the country.

The cropping seasons of the Yve major crops considered in this study
are shown in Fig. 3. There is variation in the cropping seasons of rice
and corn between the north and the south of the country. Therefore, the
cropping seasons for these two crops are separately considered in this
study.

2.2. Data and sources

One of the major problems in hydro-climatological investigations in
Nigeria is the lack of long term records of reliable climate observations.
Gridded climate data can be used in the region where long-term reli-
able climatic observation is not available. Amongst the gridded climate
data, the in-situ based data are most often used because of their spatial

2
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Fig. 1. The topography and climatic zones of Nigeria.

Fig. 2. The spatial variation of mean annual rainfall (mm/yr) and daily average tempera-
ture (°C) over Nigeria.

and temporal continuity and availability over longer periods (Ahmed
et al., 2017). In the present study, the monthly full reanalysis precipi-
tation data of GPCC (Becker et al., 2013) and the monthly average of
daily gridded PET data CRU TS v. 3.23 of CRU (Harris et al., 2014) of

the East Anglia University at 0.5° spatial resolution (323 grid points cov-
ering Nigeria) for the period 1901 2010 were used. Besides monthly
average of daily gridded mean temperature data of CRU TS v. 3.23
of CRU have a same resolution (0.5°) was used for the same temporal
extent (1901 2010) to assess the inZuence of temperature changes on
droughts. A moving window of 50years with a time step of 10years was
used for the assessment of the changes in droughts during different pe-
riods. Therefore, period of data analysis was chosen as a multiple of 10,
which allow a maximum period of data use until 2010.

The monthly precipitation data of GPCC was developed from rain-
fall records obtained from various sources (Schneider et al., 2014). The
data includes available near real time such as synoptic weather re-
ports (SYNOP) and monthly climate reports (CLIMAT) distributed by
national meteorological and hydrological services (NMHSs) through the
World Meteorological Organization (WMO) and global telecommunica-
tion system (GTS), and non-real time rainfall data obtained from over
85,000 rain-gauges located in about 190 countries (Schneider et al.,
2011). For gridding, the GPCC employs a smart interpolation technique
which has the ability of considering the systematic relationship be-
tween elevation and station observations, and consequently, the ability

Fig. 3. Cropping season calendar of selected crops of Nigeria.
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to enhance estimation accuracies (Funk et al., 2007). Other advantages
of using GPCC data include: (1) the data set quality is good enough for
hydro-climatic analysis; (2) it is a climate model derived dataset which
uses the highest number of observed rainfall records; and (3) time span
of data is long enough for conducting hydro-climatic studies (Spinoni et
al., 2014). The GPCC has been used in a number of studies for hydro-cli-
matic analysis in Africa (Dinku et al., 2008; Yang et al., 2014; Tierney
et al., 2013; McNally et al., 2017).

The CRU database is developed from gauge measurements obtained
from about 4000 weather stations located around the world. All the col-
lected data are passed through two-stage extensive manual and semi-au-
tomatic quality control measures to develop the gridded monthly tem-
perature anomalies (Harris et al., 2014). An interpolation method
known as angular distance-weighted was used to develop CRU gridded
data from gauge measurements. A number of studies found that CRU
was suitable in reconstructing historical PET and temperature of Africa
(Hao et al., 2013; Omondi et al., 2014; Wolski et al., 2012; Tirivarombo
et al., 2018; Oguntunde et al., 2017).

Uncertainties as a result of complex terrains, sparse network of ob-
servations, interrupted/limited data records, instrument errors, data as-
similation and interpolation techniques, etc. can exist between gauged
data and gridded data (Vu et al., 2017a), which can affect climate
trends, hydro-climatic characteristics and return periods of hydrologi-
cal phenomena estimated using gridded climate data. The number of
gauge data used for the development of GPCC and CRU data was differ-
ent. The number of gauge per grid used for the development of GPCC
and CRU data are presented in Fig. 4(a) and (b) respectively. The num-
ber of gauges was found to vary over time for both cases. Fig. 4 shows
the number of stations used for the preparation of gridded data for the
year 1990. It was found that more gauges were used for the preparation
of GPCC rainfall compared to CRU temperature. The gauges were also
found sparsely distributed, which indicates presence of uncertainty in
gridded data. Therefore, the capability of GPCC and CRU data to repli-
cate observed data was required to assess.

The performance of gridded data according to their ability to repli-
cate the observed data is required to conYrm before their use for
drought analysis. In this study, the performance of GPCC and the CRU
data were validated using observed data obtained from the global his

torical climatology network. Rainfall data is available for 37 stations
and the temperature data for 8 stations. As there were missing data for
some periods for both the observed rainfall and the temperature data,
common years for which both the observed and the gridded data are
available were used for the validation. The validations were conducted
using standard statistical indices namely, percentage of bias (Pbias),
normalized root mean square error (NRMSE%), Nash-Sutcli\ efYciency
(NSE), modiYed index of agreement (md), volumetric efYciency (VE)
and coefYcient of agreement (d). The mean and the range of the perfor-
mance metrics obtained for GPCC and CRU at different gauged locations
are presented in Table 1. It indicates less errors and good association be-
tween observed and selected gridded data for Nigeria.

Besides, time series plots of observed and gridded data and residuals
were prepared. Comparison was also made using probability distribu-
tion function (PDF) and cumulative distribution function (CDF) plots of
observed and gridded data (not presented here). It was found that the
gridded data were able to replicate the properties of observed data efY-
ciently. Number of previous studies also reported better performance of
GPCC and CRU data in replicating observed rainfall and temperature of
Nigeria and nearby regions as mentioned earlier.

3. Methodology

The procedure used to understand the inZuence of climatic factors
on the severity and return period of droughts during major crop grow-
ing seasons of Nigeria is presented using a Zow chart given in Fig. 5.

The procedure used in this study for assessing the changing charac-
teristics of meteorological droughts in Nigeria is as follows.

1. The SPEI was calculated at each GPCC/CRU grid point over Nige-
ria (total 323 grid points) for the period 1901 2010 using a 50-year
moving window with a 10-year time step.

2. The trends in rainfall, temperature and SPEI during different crop
growing seasons for different 50-year time periods were estimated
using modiYed version of Mann-Kendall trend test (Hamed, 2008).

3. The return periods of moderate, severe, and extreme droughts dur-
ing major crop growing seasons for different 50-year time periods

Fig. 4. Number of gauge per grid in and around Nigeria was used for the preparation of (a) GPCC and (b) CRU data.

Table 1
The performance of GPCC rainfall and CRU temperature when compared with observed data. Numbers represent mean (maximum minimum) values of the metrics estimated for all
stations over Nigeria.

Variable Pbias NRMSE NSE Md Ve d

Rainfall 4.4 ( 27.6 35.1) 30.9 (2.9 75.9) 0.87 (0.42 1.0) 0.88 (0.65 0.99) 0.82 (0.23 0.98) 0.96 (0.81 1.0)
Max Temp 1.76 ( 3.6 4.9) 75.6 (52.8 116.4) 0.39 ( 0.36 0.72) 0.67 (0.51 0.77) 0.96 (0.92 0.97) 0.89 (0.78 0.95)
Min Temp 0.83 ( 10.5 9.5) 99.2 (37.8 166.1) ( 1.76 0.86) 0.58 (0.35 0.84) 0.94 (0.89 0.96) 0.80 (0.51 0.96)
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Fig. 5. Flow chart showing the procedure used in the study for assessing the changing characteristics of meteorological droughts in Nigeria.

were estimated by Ytting best probability distribution function (PDF)
of seasonal SPEI values.

4. The associations of SPEI with rainfall and temperature for differ-
ent 50-year time periods were estimated using non-parametric
Kendall-tau correlation coefYcient.

5. The results were analyzed to assess the inZuence of rainfall and tem-
perature during different periods and crop growing seasons.

The details of the methods used in the study are described in the fol-
lowing sections.

3.1. Standard precipitation evapotranspiration index for estimation of
seasonal droughts

In SPEI, the water deYcit or surplus aggregated at different time
scales (D) is estimated as the difference between precipitation (P) and
potential evapotranspiration (PET). The obtained values of D are then
Ytted with the best PDF to estimate the return periods for SPEI values.
The SPEI values of 1.0 to 1.5, 1.5 to 2.0 and below 2.0 means
moderate, severe and extreme droughts, respectively.

In calculating PET, different methods such as radiation, tempera-
ture, and mass transfer-based methods can be employed (Tuklimat et
al., 2012). Stagge et al. (2014) reported the sensitivity of the SPEI to
the radiation methods but not to the temperature-proxy methods. Also,
the differences in the SPEI series from the different PET methods and
their significances in regions such as semi-arid areas were reported by
Beguería et al. (2014). The Penman Monteith was therefore proposed
as the Yrst choice while the Hargreaves and the Thornthwaite methods
follow respectively. Therefore, gridded PET data of CRU estimated using
Penman-Monteith method was used in the present study.

The SPEI value at the last month of a season estimated for the time
span of the season is used in determining the drought for that sea-
son. Because sowing and mid-season periods require more water than
the harvesting period, the assessment of droughts for each of the crops
were conducted based on their sowing and vegetative periods. For ex-
ample, Rice (N) needs total 5months for its sowing and vegetative pe

riod, therefore a 5-month SPEI value computed in October (end of the
mid-season) was used for the analysis of droughts for this crop. The pe-
riods used for the calculation of the SPEI and droughts estimation for all
the crops are given in Table 2.

The season's values of SPEI were used to estimate the return peri-
ods (RP) of seasonal droughts. In the present study, SPEI value less than

1.0 was considered as drought and thus, the years without droughts
were assigned a value of zero. The drought frequency analysis was car-
ried out only on the non-zero values and a correction was conducted
using non-exceedance probability (F′) in order to account for the zero
values,

(1)

where F is the non-exceedance probability value obtained using fre-
quency analysis on the non-zero values, and q is the probability of zero
values, which can be calculated as the ratio of the number of time in-
tervals without drought occurrences to the total number of time inter-
vals for the recording period (Santos et al., 2011; Ahmed et al., 2015;
Alamgir et al., 2015; Mohsenipour et al., 2018).

3.2. Sen's slope estimator

The Sen's slope estimator (Sen, 1968) was used to assess the rate
of change in SPEI, rainfall and temperature. In Sen's slope method, the

Table 2
The periods used for the calculation of the standardized precipitation evapotranspiration
index (SPEI) values in order to estimate droughts during different crop growing seasons.

Crop Season Period (Month)

Corn (S) March–May 3
Corn (N) May–July 3
Millet June–August 3
Rice (N) June–October 5
Rice (S) April–July 4
Sorghum May–August 4
Yam February–September 8

5
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change in a time series (Q⁠med) is computed as the median of N slopes
estimated from consecutive two points of the series as follows.

(2)

3.3. Modi>ed Mann-Kendall test

The MMK test was used to assess the significance of trend in SPEI,
rainfall and temperature. The classical Mann-Kendall test statistic (S) for
a time series, x with n number of data points is calculated as follows
(Mann, 1945).

(3)

where

(4)

The significance of the trend is calculated using Z statistics as fol-
lows.

(5)

where, Var (S) is the variance of S.
In MMK test (Hamed, 2008), the significant trend estimated using

MK test is Yrst removed from the time series. The equivalent normal
variants of rank (R⁠i) of the de-trended series is then estimated as,

(6)

where, ⁠ 1 is the inverse standard normal distribution function. The cor-
relation matrix of self-similarity of the time series or the Hurst coefY-
cient (H) is derived using the following equation (Koutsoyiannis, 2003):

(7)

(8)

where, ⁠l is the autocorrelation function of lag l for a given H. The value
of H is obtained using maximum log likelihood function. The signifi-
cance level of H is determined by using mean and standard deviation for
H=0.5. If H is found significant, the biased estimate of the variance of
S is calculated for given H as,

(9)

The bias in estimation of V(S)⁠H is removed using a bias correction
factor, B as below:

(10)

where B is a function of H. The significance of MMK test is computed
using Eq. (5) by replacing V(S) with V(S)⁠H.

3.4. Mapping spatial patterns of trends

Drought is a complex phenomenon that varies over time and space
(Patterson et al., 2013). Therefore, complete understanding of drought
requires studying their spatial extents. In the present study, the magni-
tude of change in SPEI, precipitation and temperature estimated using
Sen's slope estimator at all the GPCC/CRU grid points over Nigeria are
presented using color ramps. The change at each grid point is presented
in original resolution of GPCC/CRU data (0.5°×0.5°). Symbols + or
- are used to show the significant increases or decrease in trends at

95% conYdence level estimated by MMK test at each grid point.

4. Results

4.1. Droughts in yam growing season

The spatial pattern of the trends in rainfall, temperature and SPEI
during yam growing season in recent years (1961 2010) are presented
in Fig. 6a, b and c respectively. The rainfall decrease only at few grid
points in the southeast of the country. Whereas, temperature was found
to increase in almost the entire country. It was found to increase at
higher rates in the northeast and northwest parts. The SPEI was found
to decrease in the semi-arid northwest and northeast parts as well as
in the monsoon dominated southeast, southwest and central regions of
Nigeria. The results revealed that almost no change in rainfall but the
increase in temperature have caused the decrease of SPEI in monsoon
dominated central region of Nigeria. Similarly, the SPEI in the northern
arid region was found to decrease due to a sharp increase in tempera-
ture.

The number of grid points showing significant change in rainfall,
temperature and SPEI for a 50-year moving window with a 10-year
time step over the period 1901 2010 are shown in Fig. 6d, e and f, re-
spectively. These Ygures show sensitivity of SPEI to rainfall and tem-
perataure during yam growing season. The SPEI was found to increase
(decrease in drought severity) in the period when rainfall was increas-
ing and temperature was decreasing and vice-versa. For example, the
increase in rainfall and the decrease in temperature at few grid points
caused an increase in SPEI during 1931 1981. On the other hand, a de-
crease in rainfall at 50 to 55 grid points (about 14 to 15% of area) and
an increase in temperature at a large number of grid points (96%) dur-
ing 1951 2000 caused a sharp rise in the number of grid points with
decreasing SPEI. In recent years (1961 2010), spatial patterns showed
decrease in rainfall only at a few grids in the southeast part while a sig-
nificant increase in temperature over almost the entire country. This has
caused decrease in SPEI in about 46% area (152 grid points). The Yg-
ures clearly indicate that the recent increase in drought severity during
yam growing season is due to the sharp rise in temperature. The result
can be veriYed with the correlation of SPEI with rainfall and temper-
ature (Fig. 6g). It was found that the correlation between rainfall and
SPEI has decreased while the correlation between temperature and SPEI
has increased in recent years. The relationship between temperature and
SPEI in recent years was also found significant. Though correlation does
not mean causation, decrease in SPEI with the increase of temperature
as evident from Fig. 6h and i and the significant association of temper-
ature with SPEI in recent years (Fig. 6g) indiates that recent increase in
drought severity is due to the rise of temperature.

The increases in drought severity has also caused a gradual decrease
in drought return periods. The return period of different severities of
yam droughts estimated at different grid points are presented using
box plots in Fig. 6h, i and j. The box plot displays the full range of
variation of drought return periods estimated at different grid points.
The box represents the interquartile range of return period, where the

6
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Fig. 6. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during yam growing period for the period 1961 2010; the number of grid points showing significant changes in (d)
rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for yam growing period; (g) correlation of SPEI with rainfall
and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during yam growing period for a 50-year moving window with a 10-year time step for the period
1901 2010.

lower and the upper bound of the box represent 25-th and 75-th per-
centile values and the horizontal line inside the box represents median
(50-th percentile) value of return period for the entire study area. The
whiskers represent 1.5 time of interquartile range above or below the
75-th or 25-th percentile values. A longer size of box or a large extent of
whisker indicates a wide range of drought return periods while a shorter
box or extent of wisher indicates drought return periods at all the grid
points are very close to median value.

The return periods for moderate, severe and extreme yam droughts
were found in the ranges of 5.8 6.7, 13 14.5 and 20 30years, respec

tively. The median values of the return period of different categories of
droughts for different cropping seasons and different periods are pre-
sented in Table 3. The median values of the return period of moderate,
severe and extreme droughts during yam growing period were found in
the range of 6.14 6.31, 12.59 12.99 and 22.05 23.87 respectively. For
moderate droughts, there was a decrease in the return period between
1901 and 1911 which followed an increase. Intermittent increase and
decrease were observed till the end of the century. For severe droughts,
the whiskers showed decrease in return period from 1901 to 1921 after
which there was an increase in return period in 1931 which followed a

Table 3
Median value of return periods for the moderate, severe, and extreme droughts for different cropping seasons.

Crop Severity Period

1901 50 1911 60 1921 70 1931 80 1941 90 1951 00 1961 2010

Yam Moderate 6.31 6.22 6.20 6.16 6.14 6.26 6.22
Severe 12.99 12.59 12.65 12.78 12.83 12.86 12.87
Extreme 23.22 22.05 22.19 23.08 22.82 23.87 23.75

Rice (N) Moderate 6.21 6.20 6.26 6.21 6.22 6.31 6.27
Severe 12.88 12.75 13.00 12.89 12.88 12.75 13.02
Extreme 23.81 23.59 23.70 23.79 23.65 22.77 23.35

Rice (S) Moderate 6.38 6.21 6.17 6.14 6.15 6.23 6.29
Severe 12.97 12.76 12.76 12.90 12.71 12.57 13.06
Extreme 23.21 22.75 22.75 23.07 23.10 22.15 24.48

Corn (N) Moderate 6.25 6.22 6.20 6.21 6.17 6.18 6.25
Severe 13.20 12.93 12.69 12.71 12.53 12.90 12.92
Extreme 24.31 23.53 22.32 23.00 21.79 23.71 23.51

Corn (S) Moderate 6.25 6.12 6.09 6.16 6.13 6.23 6.25
Severe 12.86 12.47 12.66 12.70 12.62 12.73 12.94
Extreme 23.15 21.95 22.70 22.39 22.12 23.15 23.64

Millet Moderate 6.30 6.19 6.19 6.18 6.17 6.15 6.27
Severe 12.73 12.84 12.79 12.58 12.42 12.64 12.88
Extreme 22.95 22.47 22.84 22.23 21.59 22.78 22.18
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continuous decrease till the end of the century. The extreme droughts
return periods also showed a decrease from 1901 to 1921 after which
there was an increase till 1931 which followed a decrease until 1951.
Overall a decreasing trend was observed from the median values and
whiskers of the return periods of moderate and severe droughts, though
there were Zuctuations for different periods. The box plots were found
to narrow down gradually with time for all categories of yam droughts.
This is mainly due to shortening of upper whisker of the box plot. The
decreases of upper whisker of box plots for all categories of droughts
indicate decreases in drought return period or increases of drought fre-
quency in the areas where droughts were previously less frequent.

4.2. Droughts in rice (N) growing season

The spatial patterns of the trends in rainfall, temperature and SPEI
during rice (N) growing season for the recent years 1961 2010 are pre-
sented in Fig. 7a, b and c, respectively. The Ygures show decrease of
rainfall in the central part while increases of temperature occured in
the entire country except in the central east and central west of the
country. Higher increase in temperature was observed in the northern
arid region at a rate of 0.42 °C/decade. The SPEI was found to decrease
mostly in the central part where rainfall was found to decrease. Be-
sides, it was found to decrease at few grid points in the northern arid
region where temperature is increasing fast. The results indicate that
rainfall is a dominant factor of decreasing SPEI or increasing severity
of droughts during rice (N) growing period. However, the decrease in
SPEI at few locations in northern arid region revealed that inspite of
no change in rainfall, a fast increase in temperature has increased the
severity of droughts. The results revealed rainfall as the major factor in

monsoon dominated central region and temperature as the major fac-
tor in northern arid region in deYning droughts for the rice (N) growing
season.

The number of grid points showing significant change in rainfall,
temperature and SPEI for 50-year time periods at a 10year time step
are shown in Fig. 7d, e and f respectively. The Ygures show higher sen-
sitivity of SPEI to rainfall compared to temperature. An increase in the
number of grid points with increasing rainfall during 1911 1990 caused
an increase in the number of grid points with positive SPEI trend for the
period. In recent years (1961 2010), temperataure increased at more
number of grid points compared to 1951 2000, but the number of grids
showing decreasing rainfall decreased from 54 in 1951 2000 to 21 in
1961 2010. The grid points showing decrease in SPEI were found to de-
crease sharply from 148 to 46 between these two periods. This indicates
that drought during rice (N) growing period is more sensitive to rainfall
compared to temperature. This can also be seen from the correlations
shown in Fig. 7(g). The Ygure shows higher correlation of SPEI with
rainfall compared to temperature.

The return periods for different categories of droughts during rice
(N) growing period are shown in Fig. 7h, i and j. They show a grad-
ual decrease of return period and an increase in drought frequency.
The return periods of moderate, severe and extreme droughts during
the rice (N) growing period were found in the ranges of 5.8 6.8, 13 15
and 18 32years respectively. The median values of the return period
of moderate, severe and extreme droughts were found in the range of
6.20 6.31, 12.75 13.02 and 22.77 23.81 respectively (Table 3). The
ranges of box plots narrowed down gradually with time for all cate-
gories of droughts indicating decreases of return periods in the areas
where droughts were previously less frequent.

Fig. 7. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during rice (N) growing period for the period 1961 2010; the number of grid points showing significant changes in
(d) rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for rice (N) growing period; (g) correlation of SPEI with
rainfall and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during rice (N) growing period for a 50-year moving window with a 10-year time step
for the period 1901 2010.
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4.3. Droughts in rice (S) growing season

Rice (S) is the growing season in southern tropical savanna climatic
zone and in the lower part of monsoon climatic zone. The spatial pat-
tern of the trends in rainfall, temperature and SPEI during rice (S) grow-
ing season in recent years (1961 2010) are presented in Fig. 8a, b and
c, respectively. Figures show significant decrease in rainfall only at six
grid points located in the south eastern region. On the other hand, tem-
perature was found to increase in the entire country except in central
western region. SPEI values were found to decrease in the southeast re-
gion due to the decrease in rainfall and the increase in temperature.
However, compared to rainfall, SPEI remains unchanged at more grid
points especially in the south west due to the increase in rainfall. The
results indicate that drought severity during rice (S) growing period has
increased in the south eastern part of the country. Both rainfall and tem-
perature have significant impacts on the increasing severity of droughts.
As the rice (S) is not grown in the north, the results are discussed for the
south only.

The number of grid points showing significant change in rainfall,
temperature and SPEI for 50-year time periods are shown in Fig. 8d,
e and f respectively. The Ygures show sensitivity of SPEI to both rain-
fall and temperataure during the rice (S) growing season. A sharp de-
crease in the number of grid points showing decreasing rainfall from
1951 to 2000 to 1961 2010 has not caused a sharp decrease in the num-
ber of grid points showing decreasing SPEIs. The inZunece of both rain-
fall and temperature during rice (S) growing period is visible from the
correlation of SPEI with rainfall and temperature in Fig. 7(j).

The return period of different categories of rice (S) droughts esti-
mated at different grid points are presented using box plots in Fig. 8h,
i and j. The return periods for moderate, severe and extreme droughts
were found in the ranges of 5.7 6.8, 12 15 and 20 33years respec

tively. The median values of the return period of moderate, severe and
extreme droughts were found in the range of 6.14 6.38, 12.57 13.06
and 22.15 24.48years respectively. A gradual decrease in return period
with time of all categories of droughts indicates more frequent droughts
during rice (S) growing period.

4.4. Droughts in corn (N) growing season

Corn (N) is grown in the northern arid region and in the upper part
of monsoon climatic zone. The spatial patterns of the trends in rainfall,
temperature and SPEI during corn (N) growing season are presented in
Fig. 9a, b and c, respectively. The Ygures show no change in rainfall
while increase in temperaure almost over the entire country. The tem-
perature was found to rise at a rate of 0.42 °C/decade in the northeast-
ern region. The sharp increase in temperature has caused a decrease in
SPEI in the northeast. The changes in the number of grid points showing
significant changes in rainfall, temperature and SPEI are given in Fig.
9d, e, and f respectively. It can be seen that temperature is the most in-
Zuencing factor for determining droughts in this season. It is also clear
from the correlation of SPEI with rainfall and temperature shown in Fig.
8g. The rising temperature has caused decrease in the SPEI and an in-
crease in drought severity and therefore, decreases in the return peri-
ods of moderate, severe, and extreme droughts during Corn (N) growing
season as shown in Fig. 9h, i and j, respectively. The whiskers for the
three dought classes continously decreased indicating the increase in the
frequency of droughts in some grids in recent times.

4.5. Droughts during corn (S) growing season

The spatial patterns of the trends in rainfall, temperature and SPEI
during corn (S) growing season in recent years (1961 2010) are pre-
sented in Fig. 10a, b and c, respectively. There were very few signifi

Fig. 8. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during rice (S) growing period for the period 1961 2010; the number of grid points showing significant changes in
(d) rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for rice (S) growing period; (g) correlation of SPEI with
rainfall and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during rice (S) growing period for a 50-year moving window with a 10-year time step for
the period 1901 2010.
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Fig. 9. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during corn (N) growing period for the period 1961 2010; the number of grid points showing significant changes in
(d) rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for corn (N)growing period; (g) correlation of SPEI with
rainfall and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during corn (N) growing period for a 50-year moving window with a 10-year time step
for the period 1901 2010.

Fig. 10. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during corn (S) growing period for the period 1961 2010; the number of grid points showing significant changes in
(d) rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for corn (S)growing period; (g) correlation of SPEI with
rainfall and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during corn (S) growing period for a 50-year moving window with a 10-year time step
for the period 1901 2010.
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cant changes in rainfall in the southern Corn (S) growing region. It was
found to increase at 2 points in the southwest and decrease at 2 points
in the southeast. On the other hand, temperature has increased in most
of the southern parts of Nigeria except in a small area in the west. The
SPEI was found to decrease in the entire southeast and few grids in the
southwest. The changes in grid points showing significant changes in
rainfall, temperature and SPEI in Fig. 10d, e, and f respectively show
that temperature is the most inZuencing factor determining droughts in
this season. The rises in temperature in recent years have caused de-
creases in SPEI at large number of grid points in the southern region
during Corn (S) growing period. It can also be justiYed from the correla-
tion of SPEI with rainfall and temperature shown in Fig. 10g. The rising
temperature has caused decrease in the return periods of moderate, se-
vere and extreme droughts during Corn (S) season as shown in Fig. 10h,
i and j, respectively. The increase in the extent of drought affected area
during this season is also visible from the narrowing down of the upper
whiskers of the box plots.

4.6. Droughts during Millet growing season

The spatial patterns of the trends in rainfall, temperature and SPEI
during Millet growing season for the period 1961 2010 are presented
in Fig. 11a, b and c, respectively. They show significant decrease of
rainfall at a small area in the central part of Nigeria and increases of
temperataure in almost the entire country. The SPEI was found to de-
crease in the region where temperature was increasing. However, SPEI
was found to decrease at more grid points in the central area com-
pared to the grid points where rainfall was decreasing. This is due to
the increase in temperature. The results indicate the inZuence of both
rainfall and temperature on Millet droughts. The number of grid points
showing significant changes in rainfall, temperature and SPEI during
Millet growing season are shown in Fig. 11d, e, and f, respectively

while the correlation of SPEI with rainfall and temperature are shown
in Fig. 11g. The Ygures also show the inZuence of both rainfall and tem-
perature on SPEI. A sharp decrease in number of grid points showing
significant decrease in rainfall between 1951 and 2000 and 1961 2010
did not cause a similar decrease in number of grid points with decreas-
ing SPEI. This was due to the increase in the number of grid points
with increasing rainfall. The decreases in return periods of moderate,
severe and extreme droughts during Millet season were also observed
with time, as shown in Fig. 11h, i and j, respectively. The increase in the
extent of drought affected area during this season was also visible from
the narrowing down of most of the upper whiskers of the box plots.

5. Discussion

The increasing frequency and intensity of droughts as a result of the
changing climate and its ravaging impacts are being reported from dif-
ferent parts of the world. This has led to crop destructions, environmen-
tal damages, and economic losses of several billions of dollars across the
globe. Understanding of droughts characteristics is pivotal to the plan-
ning of adaption measures to mitigate the impacts of droughts (Vu et al.,
2017b). Over several decades, various methods have been developed for
this purpose, amongst which the SPEI incorporates evapotranspiration,
an important variable for the assessment of water stress particularly in
semi-arid and arid environments. Therefore, SPEI has been widely used
in different parts of the world for droughts assessment.

However, the SPEI has not been widely used in Nigeria for the pur-
pose of meteorological droughts assessment compared to other drought
indices. Amongst studies that have used the SPEI in the country,
Oloruntade et al. (2017) showed that at the Niger south basin of Nige-
ria, the period, 1970 1981 was dominated by wet conditions, and the

Fig. 11. Trends in (a) rainfall; (b) daily mean temperature; (c) SPEI during Millet growing period for the period 1961 2010; the number of grid points showing significant changes in (d)
rainfall; (e) daily mean temperature; (f) SPEI for different 50-year periods with a 10-year time step between 1901 and 2010 for Millet growing period; (g) correlation of SPEI with rainfall
and temperature; the return periods of (h) moderate; (i) severe; and (j) extreme droughts during Millet growing period for a 50-year moving window with a 10-year time step for the
period 1901 2010.
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period 1982 1998 was affected by a moderate to extreme droughts
with intermittent moderate wet conditions, while the period 1999 2008
showed a round of severe droughts with occasional moderate wet con-
ditions. The SPEI showed drying tendencies over Nigeria in a study con-
ducted by Oguntunde et al. (2016). It reported that about 40 50% of
the land of Nigeria is showing shifts towards aridity. The results of both
of these studies are supported by the study of Shiru et al. (2018). This
increasing frequency of droughts also collaborates with the Ynding of
this study. The study clearly showed that the areas that experienced less
frequent droughts in the past are facing more frequent droughts in re-
cent years. No study has been conducted in Nigeria so far to assess the
impacts of climate variability on droughts according to the crop grow-
ing seasons.

A number of studies have been conducted in the African region to
assess the impacts of climate change on droughts. The studies suggested
an increasing trend in the intensity and frequency of droughts in differ-
ent parts of Africa (Dai, 2013; Masih et al., 2014; Spinoni et al., 2014;
She[eld et al., 2012). Masih et al. (2014) reported that changes in cli-
mate have increased the frequency and severity of droughts in differ-
ent African countries. Spinoni et al. (2014) reported the significant in-
crease in drought frequency, duration, and severity in Africa. More re-
cently, Awange et al. (2016) assessed droughts over the greater horn
of Africa for the period 1979 2014 using remote sensing and reanaly-
sis products and concluded that six to seven major droughts events oc-
curred amongst the studied areas using SPI and total storage deYcit in-
dices (TSDI) (Lake Victoria Basin, Ethiopia-Sudanese border, South Su-
dan, and Tanzania). Byakatonda et al. (2018) used both SPI and SPEI to
access droughts over semi-arid Botswana for the period 1960 2016 and
found significant drying trends in recent times compared to the past.
This study also suggests that the frequency of droughts in Nigeria is in-
creasing in the line of African droughts.

The intensity and frequency of droughts have been found to in-
crease in many other parts of the world (Vu et al., 2017b; Meza, 2013;
Mohsenipour et al., 2018; Ahmed et al., 2018) with the increase in
temperature and changes in precipitation patterns (Salman et al., 2018;
D'Oria et al., 2017; Gorguner et al., 2019). For the development and
planning of reliable adaptation and mitigation measures, understanding
of the characteristics of droughts is critical. For better guidance in this
respect, characterization of droughts and assessment of the impacts of
climate variables on drought characteristics are invaluable, especially
for Africa which may face more extensive and critical droughts in the
future (Masih et al., 2014).

The results of the present study revealed that though the rainfalls
were not changing significantly, the temperatures were increasing sig-
nificantly in most parts of the country for all the crop growing sea-
sons which caused a decrease in SPEI in some regions. The trends in
SPEI during yam growing season showed a decrease in the northeast
and northwest of the country where temperature rises were highest. The
SPEI was also decreasing in the regions where a decreasing tendency in
rainfall was observed. SPEI showed a significant decrease in the central
part of the north of the country during rice (N) growing season where
rainfall was decreasing and temperature was increasing. The SPEI was
found to decrease in the southeast during rice (S) growing season where
rainfall showed a decreasing tendency and in the northeast during corn
(N) growing season where temperature was increasing at the highest
rate. The corn (S) growing season showed similar trend in SPEI like the
rice (S) growing season. During millet growing season, the SPEI was
found to decrease in the central part of the country where rainfall was
decreasing significantly. Compared to any other cropping seasons, the
decrease in SPEI was found over the largest area during yam growing
season.

The present study suggests that the impact of climate change varies
for different seasons and climatic zones. Therefore, adaptation to
droughts should be planned based on season and climate of the area.

Furthermore, droughts should be assessed for crop growing period as it
is more destructive when it occurs during these seasons. Besides, both
rainfall and temperature should be considered for the assessment of
droughts as the inZuence of different climate variables is different for
different climatic zones. It is expected that the knowledge acquired from
this study will be helpful to analyze the characteristics of droughts due
to the changes in climate and take necessary adaptation actions to the
changing pattern of droughts.

6. Conclusions

Gauge-based gridded data were used for the reconstruction of mete-
orological droughts in Nigeria using SPEI for the period 1901 2010. The
SPEI values were Ytted with the best distribution function for the esti-
mation of the return periods of seasonal droughts and a modiYed ver-
sion of Mann-Kendal trend test was used to assess the secular changes
in climate and drought index. The temporal variations in droughts and
their interrelations with rainfall and temperature trends were assessed
using a 50-year moving window with a 10-year time step to under-
stand the inZuence of climatic variables on droughts. Overall, tempera-
ture was found to have more inZuence on drought severity in the north-
ern arid region where it was found to increase up to 0.42 °C/decade
and rainfall in the central monsoon dominated and southern tropical
savanna climate zones where it was found to decrease up to 10mm/
decade. However, the sharp increase in temperature in recent years was
found to cause a decrease in SPEI up to 0.25 and an increase in the
severity of droughts in all the climate zones. The increased severity of
droughts has caused a decrease in return periods of droughts in all sea-
sons. The return periods of moderate droughts decreased more com-
pared to other severities of droughts. The drought affected areas also
increased with time for all the seasons.

Rainfall was found to change only at some locations in Nigeria while
temperature was found to increase in almost the entire country. Thus,
a large increase of temperature in recent years is the main cause of in-
creasing severity and frequency of droughts for the different crop grow-
ing seasons of Nigeria. Because it is generally forecasted that the tem-
perature of Nigeria will continue to increase due to global warming, it
can be anticipated that droughts will be more severe and frequent in
Nigeria. However, it is not possible to make a concrete conclusion based
on the Yndings of the present study as the increases in rainfall due to
climate change may decrease droughts in some seasons, particularly in
the central regions where rainfall is the dominating factor that deYnes
droughts.
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