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Abstract: It is projected that, on average, annual temperature will increase between 2 ◦C to 6 ◦C
under high emission scenarios by the end of the 21st century, with serious consequences in food
and nutrition security, especially within semi-arid regions of sub-Saharan Africa. This study aimed
to investigate the impact of historical long-term climate (temperature and rainfall) variables on the
yield of five major crops viz., sorghum, sesame, cotton, sunflower, and millet in Gedaref state, Sudan
over the last 35 years. Mann–Kendall trend analysis was used to determine the existing positive or
negative trends in temperature and rainfall, while simple linear regression was used to assess trends
in crop yield over time. The first difference approach was used to remove the effect of non-climatic
factors on crop yield. On the other hand, the standardized anomaly index was calculated to assess
the variability in both rainfall and temperature over the study period (i.e., 35 years). Correlation and
multiple linear regression (MLR) analyses were employed to determine the relationships between
climatic variables and crops yield. Similarly, a simple linear regression was used to determine the
relationship between the length of the rainy season and crop yield. The results showed that the
annual maximum temperature (Tmax) increased by 0.03 ◦C per year between the years 1984 and
2018, while the minimum temperature (Tmin) increased by 0.05 ◦C per year, leading to a narrow
range in diurnal temperature (DTR). In contrast, annual rainfall fluctuated with no evidence of a
significant (p > 0.05) increasing or decreasing trend. The yields for all selected crops were negatively
correlated with Tmin, Tmax (r ranged between −0.09 and −0.76), and DTR (r ranged between −0.10
and −0.70). However, the annual rainfall had a strong positive correlation with yield of sorghum
(r = 0.64), sesame (r = 0.58), and sunflower (r = 0.75). Furthermore, the results showed that a longer
rainy season had significant (p < 0.05) direct relationships with the yield of most crops, while Tmax,
Tmin, DTR, and amount of rainfall explained more than 50% of the variability in the yield of sorghum
(R2 = 0.70), sunflower (R2 = 0.61), and millet (R2 = 0.54). Our results call for increased awareness
among different stakeholders and policymakers on the impact of climate change on crop yield, and
the need to upscale adaptation measures to mitigate the negative impacts of climate variability
and change.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) states that the average annual
temperature will increase by 2–6 ◦C in Africa under high emission scenarios (RCP8.5) by the
end of the 21st century [1]. This increment is expected to be higher within the arid regions
of the African continent compared to the rate of global average temperature increment [2,3].
The effect of rising temperature combined with fluctuating rainfall and scarcity of water
for irrigation is argued to have a pronounced negative impact on crop yield, particularly
in semi-arid and arid regions in Africa [4,5]. Consequently, this threatens the food and
nutrition security situation in agriculture-based economies, which is the main source of
livelihood for the resource-poor communities, especially in sub-Saharan Africa, where
millions of people depend on agriculture for their livelihood support.

In the past decades, climate variability and change have become a serious challenge
to agricultural production in many parts of the world [6], particularly within Sub-Saharan
Africa [7]. This is because an estimated 97% of existing arable lands in the region are under
rainfed agriculture, which is experiencing high fluctuation in the amount of rainfall [8]. In
general, several studies have reported that crop yield under rainfed agriculture is consider-
ably influenced by climate variables, with rainfall being associated with a higher impact
on the level of yield. Specifically, Sawa and Adebayo [9] argued that both frequencies of
occurrence and length of dry spells are the main variables influencing crop yield under
rainfed production systems. Furthermore, the implementation of poor adaptation measures
coupled with the vulnerability of the rainfed agricultural sector in Sub-Saharan Africa has
major effects on crop production [10].

Previous studies have shown that the impact of changing climate is high within
the semi-arid regions of Africa [1,11]. The principal climatic effects in semi-arid regions
include rising temperature, shifting in dates of the beginning and end of the rainy seasons,
prolonged and frequent dry spells, and changes in the length of the cropping season.
Hence, crop production in semi-arid areas is reportedly affected by the existence of extreme
climate events, such as floods and droughts. For example, following the severe drought in
Sudan in the year 1984, crop production, particularly in the main crop production areas
such as the Gedaref rainfed region, substantially decreased; consequently, the country
was exposed to a severe famine [12]. As a result of such a famine, it was reported that
about 55 thousand people died, while the survivors were recorded to have suffered socio-
economic loss especially in communities that rely on crop farming and agro-ecosystem
services [13]. Similarly, because of El Niño-associated flooding during the years 1997/1998
in Kenya, the production of food crops was reported to have decreased, resulting in famine
and loss of lives of people who mainly rely on crops as a source of food and income [14].

In Sudan, agriculture is an important sector of the country’s economy, accounting
for approximately one-third of its gross domestic product (GDP) and about half of the
population are engaged in agricultural activities [15]. Millions of people in Sudan mainly
depend on the agricultural sector for their livelihood, including cultivation, transportation,
and marketing. It is expected that the population of Sudan, approximately 43 million
people, will double by the year 2050 [16]. This increment will put pressure on available
natural resources to produce sufficient amounts of agricultural outputs to meet the rising
demand for food. Indeed, reports show that the county has witnessed rainfall fluctua-
tions, rising in temperature, increasing frequency of floods, and recurrent droughts which
have significantly affected agricultural production [16], especially in the rainfed sector.
For instance, crop farming supports livelihood sources for about 80% of its population
and households, directly through agricultural production and indirectly through labour
workforce in the agricultural sector.

Gedaref state is the most important and the largest rainfed area in Sudan, where
crop farming supports livelihood sources for about 80% of its population and households,
directly through agricultural production and indirectly through labour workforce in the
agricultural sector [17,18]. However, some studies have shown that the yield of main
crops (e.g., sorghum and sesame) in the state is usually highly fluctuated [17,19]. It is



Agronomy 2021, 11, 1680 3 of 24

speculated that the fluctuation in the timing and duration of the rainy season could have
an important influence on crop yield [20]. However, there is a lack of science-led evidence
and assessment of climate effects on crop yield in the Gedaref region. Although assessment
of the impact of climate change on crop yield is problematic due to many overlapping
factors that affect yield, such as improved technologies and management practices [21],
determining the existence of any relationship between climatic factors and crop yield is
fundamental in risk assessment. Furthermore, understanding the responses of crops to
the shifts in inter-and intra-seasonal rainfall patterns is useful information for agricultural
planning and designing of adaptation measures. Therefore, the objectives of this study
were to (1) assess the trends in temperature, rainfall, and main crops yield in Gedaref state,
and (2) to investigate the impact of rainfall and temperature variables on the main crops
yield in Gedaref state. The findings from this study are useful for extension workers and
policymakers in designing and upscaling adaptation measures to mitigate the negative
impacts of climate change and variability under similar agro-climatic settings.

2. Methodology
2.1. Study Area

Gedaref state is located in the eastern part of Sudan between Longitudes 33◦–37◦ E and
Latitudes 12◦–16◦ N with an altitude of 600 m above sea level, covering an area of about
78.228 km2. The state borders Sennar state to the South, Kassala and Khartoum states in
the North, Gezira in the West, and Ethiopia to the East (Figure 1). The state is characterized
by a semi-arid agro-ecological production system. The soil of the area is Vertisols, which
is characterized by deep, dark, heavy cracking clay [22]. The annual rainfall in Gedaref
ranges between 200 and 800 mm with a mean annual value of 600 mm [23] and an average
annual temperature of 30 ◦C [24]. This state is the most important rainfed agricultural
area in Sudan, as it receives the highest amount of rainfall in the country. It is largely
recognized as the land of sorghum and sesame in the country, where about one-third of
these two crops are produced under a rainfed mechanized farming system [25]. Other
crops such as cotton, groundnut, millet, and sunflower are also cultivated in the area under
rainfed conditions. Sorghum and millet are grown for food consumption, with sorghum
being the staple food in the entire country. Sesame and sunflower are grown mainly for
oil production as well as for export, while cotton is an industrial cash crop. The growing
season for all of these crops extends from June to October each year, which corresponds
to the rainy season in Sudan (Figure 2). The main farming practices used in Gedaref state
are zero tillage, fertilizer and pesticide applications, planting drought tolerant and early
maturing varieties, and practicing crop rotation. Gedaref state was selected as a study area
because it is Sudan’s hub of rainfed crop production. Also, the state has a long history
(about 77 years) of a well-established rainfed mechanized farming system where secondary
data on crop yield and climate variables can be readily obtained.

2.2. Secondary Data Collection

Daily minimum (Tmin) and maximum (Tmax) temperature, which refer to the lowest
and highest values of the daily temperature records, respectively, as well as daily rain-
fall data from 1984 to 2018 were obtained from Gedaref meteorological station (latitude
14.03◦ N; longitude 35.40◦ E; altitude 600 m). Gedaref meteorological station is run by the
Sudan Meteorological Authority. The Tmin and Tmax were estimated every three hours
daily using an alcohol thermometer. On the other hand, the daily rainfall was measured
and recorded every six hours daily using rain gauges where a rainy day starts from 8:01 am
and ends on the following day at 8:00 a.m. local time (Greenwich Mean Time: GMT + 2).
In addition, annual rainfall data for the same period (i.e., 1980 to 2018) were obtained from
different locations in Gedaref state, namely Elghadambliya (latitude 14.023◦ N; longitude
35.012◦ E; altitude; 497 m), Um Seinat (latitude 12.845◦ N; longitude 35.864◦ E; altitude;
572 m), Samsam (latitude 12.838◦ N; longitude 35.733◦ E; altitude; 527 m), and Elhawata
(latitude 13.431◦ N; 34.629◦ E; altitude; 444 m), where rainfall data were also measured
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using rain gauges. Data on yield for five major crops, viz., sorghum, sesame, cotton, sun-
flower, and millet at the Gedaref state scale were obtained from the Ministry of Agriculture,
Gedaref. Basically, the crop yield data were collected from some representative farmers’
fields. Crop production (ton) data and harvested area (ha) were obtained for the period
1970–2018, except for millet and sunflower, which were only available between 1982 and
2018, and 1987 and 2018, respectively. Annual yield (kg ha−1) for each crop was calculated
by dividing the total crop production by the harvested area.
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2.3. Data Quality Assessment

Complete records were obtained for climate and crop yields, and these datasets were
measured during the above-mentioned periods with no missing values. Since these are
secondary datasets, we subjected them to a descriptive statistical analysis (skewness coeffi-
cient, mean, range, and confidence interval) and Shapiro–Wilk test (p-value and W value)
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of inferential statistics prior to trend and regression analyses to evaluate their quality. A
summary of descriptive statistics provides useful information about the data quality. For
instance, a mean value that describes the center of a dataset distribution can be an indicator
of data quality since there is prior knowledge (e.g., expert knowledge) about the dataset
itself. Additionally, a close to zero skewness value indicates a moderately skewed dataset
that can fit a normal distribution, which is a good indicator of data quality [26]. Normally
distributed data imply that the observations were collected with less bias and errors that
hinder the quality of the data [26]. Among our climatic datasets, rainfall was normally dis-
tributed (skewness = 0.33, W = 0.97 and p = 0.629), while Tmax (skewness = 0.199, W = 0.98
and p = 0.001) and Tmin (skewness = −0.34, W = 0.98 and p = 0.001) slightly deviated from a
normal distribution (Appendix A). On the other hand, all crop yield datasets were normally
distributed (sorghum: skewness = 0.31, W = 0.97 and p = 0.242, cotton: skewness = 0.46,
W = 0.97 and p = 0.242, millet: skewness = 0.59, W = 0.95 and p = 0.227, and sunflower:
skewness = 0.30, W = 0.95 and p = 0.126), except sesame: skewness = 1.97, W = 0.85, and
p = 0.000 (Appendix B). Furthermore, the climate and crop yield datasets had a few outliers
in the Tmin, rainfall, and sesame, millet, and sunflower yield observations. These statistical
metrics ensured the quality of the data that met our assumption for the present study.

2.4. Data Analysis
2.4.1. Trend Analysis

The average annual Tmax, Tmin, and diurnal temperature range (DTR: which refers to
the range between Tmax and Tmin) were calculated from the daily temperature records of
Gedaref metrological station for each year (1984–2018) and season of the year (i.e., summer:
March to May, winter: February to November, and autumn: June to October). Afterward,
Tmax, Tmin, and annual rainfall temperature variables were subjected to Mann–Kendall
trend analysis to assess the positive or negative trend in temperature and rainfall. A
Mann–Kendall trend test is a nonparametric test (distribution-free) that is not sensitive to
outliers [27,28], and is widely used for analyzing time-series historical data to assess if there
is a significant increasing or decreasing trend in variables of interest (e.g., temperature and
rainfall) over time. In the present study, the Mann–Kendall trend test was computed using
Equation (1):

n−1

∑
i=1

n

∑
j=1+i

sign =
(
xj − xi

)
(1)

where:
xj= the data value at time j;
xi= the data value at time i;
n = the length of the time-series data;
sign (xj − xi) = the sign function which can be defined as follows:

Sign
(

xj − xi
)
=


1 i f

(
xj − xi

)
> 0

2 i f
(
xj − xi

)
= 0

−1 i f
(
xj − xi

)
< 0

(2)

The increasing trend is explained by a very high positive value of the Mann–Kendall
test, while the decreasing trend is explained by a very low negative value. To statistically
quantify the significance of the trend in the temperature and rainfall data, we applied Sen‘s
slope estimator test [29]. In specific, the slope (Q), which is the change in the temperature
and rainfall as a function of time (i.e., years), was calculated for all possible data pairs as
follow (Equation (3)):

Q =
xj − xi

j − i
(3)

where xj and xi are the data value in the time series at time j and i, respectively.
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Since there are a number of Qs (N), they are ranked from smallest to largest in the time-
series data, then Sen’s slope was estimated as the median of these values (Equation (4)):

Qi =

 Q
(

N+1
2

)
i f N is odd

1
2

(
Q N

2 + Q N+2
2

)
i f N is even

(4)

On the other hand, simple linear regression was employed to assess the trend of crop
yield over time. This is because crop yield data depend on many factors rather than climatic
variables; a reason that does not meet the assumption of the Mann–Kendall trend analysis
test [27,28]. In addition, the yield data were normally distributed (Appendix B), hence
linear regression was preferred over a Mann–Kendall trend analysis.

2.4.2. Temperature and Rainfall Variability Analysis

To assess the annual temperature and rainfall variabilities in our study area over
35 years (1984–2018), we calculated the standardized anomaly index. Standardized anomaly
index is a common index used to indicate temperature and rainfall fluctuations in regional
climate change studies [30]. The standardized anomaly index was calculated as follows
(Equation (5)):

SAI =
X − Xi

σ
(5)

where X is the mean temperature or rainfall of a year, Xi is the mean value over the
long-term, and σ is the standard deviation value over the long-term. Years with an above
long-term average were indicated as the most warming periods, while the years with
values below the long-term average were considered as cold periods. Similarly, years with
above long-term average rainfall were indicated as the years with surplus rainfall, while
years with below long-term average rainfall were indicated as the years with deficit rainfall.

Moreover, the coefficient of variation (CV) was calculated as follows (Equation (6))
to assess the variability (fluctuation) in each temperature and rainfall variable and crop
yield data:

CV =
σ

µ
∗ 100 (6)

where CV is the coefficient of variation; σ is standard deviation; µ is the mean of the time
series data set of each climatic variable (i.e., Tmin, Tmax, DTR, and rainfall) and crop yield.

2.4.3. Rain Season Characteristics

The onset and cessation dates and length of the rainy season were analysed using R
INSTAT software version 0.6.6 [31]. This was done by applying the threshold procedure
to determine variations in the rainy season characteristics such as onset, cessation, and
the length of the rainy season. The threshold for a rainy day was set at 0.85 mm [32,33]
and the mean rainfall was calculated for every 5 days (pentads) of the rainy season. This
threshold value is appropriate for agricultural purposes in the tropical region because
the accumulation of such an amount of rain contributes greatly to soil moisture [32–34].
Furthermore, we defined the onset of the rainy season as a “date when the amount of
rainfall accumulation is 20 mm in 1 or 2 days within 3 dekads (dekad = 10 days), but not
followed by more than 10 consecutive dry days in the next 3 dekads” [35]. This amount of
rainfall is sufficient for germination and growth of the crop during the first month after
planting. The cessation of the rainy season has several definitions. Here, we adopted
the approach proposed by [36], which defines the cessation of the rainy season as the
date when the rain is less than 20 mm within 3 dekads followed by 2 dekads of dry days.
This approach was widely used to determine the end of the rainy season [37,38]. Rainfall
is the most significant factor affecting crop growth and yield, particularly in semi-arid
regions where rainfall is limited to only a few months per year [39]. Therefore, simple
linear regression analysis was used to determine the relationship between the length of the
rainy season and crop yield. The following steps were taken to determine this relationship:
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(1) we used the first difference approach to generate anomalies in crop yield and length of
the rainy season and (2) we employed simple linear regression analysis to test the impact
of the length of the rainy season on crop yield anomalies.

2.4.4. Analysis of Relationships between the Climate Variables and Crop Yield

Due to the effect of non-climatic factors such as crop management practices and new
cultivars on crop yield, some statistical methods such as the first difference approach [40]
and crop simulation models such as decision support system for agrotechnology transfer
(DSSAT) [41] are used to evaluate the effect of climate change on crop yield [42]. However,
models such as DSSAT require some settings and parameters, such as crop genetic coeffi-
cient, that might not have been estimated to simulate crop yield under Gedaref climatic
conditions. Hence, in this study, we used the first difference approach to remove the
effects of non-climatic factors on crop yield. The first difference approach was initially
introduced by Nicholls [40] and thereafter adopted by studies that evaluated the effect
of climate change on crop yield [43–46]. The first difference values for crop yield and
climatic variables (i.e., anomalies) for the period 1984–2018 were generated as follows
(Equation (7)):

∆Y = Yt − Yt−1
∆X = Xt − Xt−1

(7)

where ∆Y is the yield difference in two consecutive years; that is the yield in year t and
t − 1, respectively, while ∆X is the difference in the climatic variable in two consecutive
years; that is the climatic variable during crops growing season (June–October) in year t
and t − 1, respectively.

To estimate quantitative relationships between climate variables and crop yield, the
anomalies generated from the first difference for climate variables and crop yield were
subjected to a Pearson’s correlation analysis to determine the association between the crop
yield and climatic variables. In addition, a multiple linear regression model was used
to quantify the impact of climate change on crop yield using the anomalies of the first
difference [47]. The following linear equation (Equation (8)) was used to determine such a
relationship for each crop:

Y = a + b1 ∗ Tmin + b2 ∗ Tmax + b3 ∗ DTR + b4 ∗ Rain f all (8)

where, Y is the observed change in yield (kg ha−1) due to climatic variables, a is the
intercept of the regression model, and b1, b2, b3, and b4 are the regression coefficients of
Tmin, Tmax, DTR, and rain f all, respectively.

2.4.5. Validation

A leave-two-out cross-validation procedure was used to validate the simple and
multiple linear regression models. In specific, the data were divided into k samples
(k = total number of crop yield samples) and then samples were removed two-by-two.
Yield predictive models were fitted k times using all k data points, except for the removed
ones, and validated using these omitted (holdout) ones. A cross-validated R2 between the
observed and predicted yield data was then calculated to test the certainty of the models.

3. Results
3.1. Estimation of Annual and Seasonal Temperature Trends in Gedaref State

The Mann–Kendall and Sen’s slope trend analysis showed that the annual Tmax
significantly (p < 0.01) increased in Gedaref state by 0.03 ◦C per year, between the years 1984
and 2018, with a confidence interval ranged between 0.01 and 0.04 ◦C (Table 1; Figure 3A).
Similarly, the annual Tmin significantly (p < 0.0001) increased by 0.05 ◦C per year, with
a confidence interval ranged between 0.03 and 0.06 ◦C (Table 1; Figure 3B). Between the
years 1984 and 2018, the Tmin in Gedaref state ranged between 20.81 and 23.26 ◦C per year,
while the values of the Tmax ranged from 36.10 to 38.34 ◦C (Table 1). The annual DTR had
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significantly (p < 0.01) decreased by 0.02 ◦C per year, with a confidence interval between
−0.23 and 0.14 ◦C for the study period (Table 1; Figure 3C). The seasonality trend showed
that the Tmax increased by 0.02 and 0.04 ◦C per year in winter and summer, respectively,
with no change reported in autumn (Table 1; Figure 3A), while the Tmin in winter, summer,
and autumn has significantly (p < 0.001) increased by 0.05 ◦C, 0.06 ◦C, and 0.04 ◦C per year,
respectively (Table 1; Figure 3B). The highest decrease in DTR was reported in winter with
an estimated value of 0.03 ◦C per year (p < 0.001).

Table 1. Estimated Sen’s slope values for the annual and seasonal temperature (◦C) trends at Gedaref state, Sudan between
1984–2018.

Parameter
Range

Sen’s Slope 95% Confidence
Interval

Coefficient of
Variation (CV %)

p-Value
Minimum Maximum

Annual Tmin 20.817 23.266 0.045 0.031–0.061 2.65 <0.0001
Annual Tmax 36.100 38.343 0.030 0.014–0.043 4.33 0.001
Annual DTR 14.064 16.090 −0.023 −0.234–0.142 6.82 <0.003
Winter Tmin 17.248 21.283 0.048 0.025–0.070 4.29 <0.001
Winter Tmax 34.687 37.548 0.017 −0.001–0.039 1.74 0.069
Winter DTR 15.661 18.350 −0.037 −0.207–0.192 3.38 <0.001

Summer Tmin 22.957 25.838 0.056 0.036–0.071 2.83 <0.0001
Summer Tmax 38.809 41.771 0.039 0.014–0.63 3.19 0.003
Summer DTR 15.034 17.174 −0.009 −0.304–0.246 3.19 0.288
Autumn Tmin 21.349 23.637 0.038 0.023–0.051 2.33 <0.0001
Autumn Tmax 33.228 36.676 0.002 −0.026–0.034 2.58 0.809
Autumn DTR 11.073 15.207 −0.026 −0.001–0.312 6.81 0.045

Tmin, Tmax and DTR are minimum temperature, maximum temperature and diurnal temperature range, respectively.
Agronomy 2021, 11, x FOR PEER REVIEW 9 of 24 
 

 

 
Figure 3. Annual and seasonal temperature trends in Gedaref state, Sudan between 1984 and 2018. (A): maximum tem-
perature, (B): minimum temperature, and (C): diurnal temperature range. 

3.2. Determination of Annual Rainfall Trends in Gedaref State 
Mann–Kendall and Sen’s slope trends for the annual rainfall data for the five differ-

ent stations are presented in Table 2 and Figure 4, respectively. Overall, there was a vari-
ation in the annual rainfall trends between 1980 and 2018, with no significant (p ranged 
between 0.131 and 0.841) increase or decrease in the amount of rainfall within this period 
in the five locations. Rainfall decreased in Gedaref and Samsam by about 0.3 mm per year 
and increased in the other three locations by about 2.5–3.1 mm per year (Table 2) during 
the study period, with high variability in El hawata (CV = 26.57%) and low variability in 
Samsam (CV = 20.59%). The highest decrease in rainfall was recorded at the Samsam loca-
tion, fluctuating from 420 to 1023 mm (Table 2; Figure 4D). The overall trend of the aver-
age rainfall recorded in the five locations revealed that the rainfall has increased by ≈ 1.0 
mm in Gedaref state between 1980–2018, with CV of 14.73% (Table 2; Figure 4F). 

Table 2. Estimated Sen’s slope values for annual rainfall (mm) trends reported at different stations in Gedaref State, Sudan 
between 1980 and 2018. 

Location 
Range Sen’s 

Slope 
95% Confidence 

Interval 
Coefficient of Variation 

(CV %) 
p-Value 

Minimum Maximum 
Gedaref 322.000 871.000 −0.323 −3.967–3.636 21.29 0.841 

El gadabalea 285.000 755.000 2.571 1.032–5.533 21.63 0.217 
Am Senat 435.000 1070.000 3.100 −1.250–7.091 22.35 0.150 
Samsam 420.000 1023.000 −3.222 −7.757–0.769 20.59 0.131 

El hawata 222.000 809.000 2.611 −1.679–7.152 26.57 0.183 
Mean for all five 

locations 425.4000 753.8000 0.9627 −34.200–41.080 14.73 0.4135 

Figure 3. Annual and seasonal temperature trends in Gedaref state, Sudan between 1984 and 2018. (A): maximum
temperature, (B): minimum temperature, and (C): diurnal temperature range.



Agronomy 2021, 11, 1680 9 of 24

3.2. Determination of Annual Rainfall Trends in Gedaref State

Mann–Kendall and Sen’s slope trends for the annual rainfall data for the five different
stations are presented in Table 2 and Figure 4, respectively. Overall, there was a variation
in the annual rainfall trends between 1980 and 2018, with no significant (p ranged between
0.131 and 0.841) increase or decrease in the amount of rainfall within this period in the
five locations. Rainfall decreased in Gedaref and Samsam by about 0.3 mm per year and
increased in the other three locations by about 2.5–3.1 mm per year (Table 2) during the
study period, with high variability in El hawata (CV = 26.57%) and low variability in
Samsam (CV = 20.59%). The highest decrease in rainfall was recorded at the Samsam
location, fluctuating from 420 to 1023 mm (Table 2; Figure 4D). The overall trend of the
average rainfall recorded in the five locations revealed that the rainfall has increased by
≈1.0 mm in Gedaref state between 1980–2018, with CV of 14.73% (Table 2; Figure 4F).

Table 2. Estimated Sen’s slope values for annual rainfall (mm) trends reported at different stations in Gedaref State, Sudan
between 1980 and 2018.

Location
Range

Sen’s Slope 95% Confidence
Interval

Coefficient of
Variation (CV %)

p-Value
Minimum Maximum

Gedaref 322.000 871.000 −0.323 −3.967–3.636 21.29 0.841
El gadabalea 285.000 755.000 2.571 1.032–5.533 21.63 0.217

Am Senat 435.000 1070.000 3.100 −1.250–7.091 22.35 0.150
Samsam 420.000 1023.000 −3.222 −7.757–0.769 20.59 0.131

El hawata 222.000 809.000 2.611 −1.679–7.152 26.57 0.183
Mean for all five locations 425.4000 753.8000 0.9627 −34.200–41.080 14.73 0.4135
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3.3. Assessment of Annual Crop Yield Trends in Gedaref State

The trend analysis showed a decrease in the annual yield of the five studied crops
between 1970 and 2018, with the exception of sunflower and sesame, which had a yield
increment (Table 3; Figure 5). However, there was a significant yield change for sorghum
(p < 0.01) and sunflower (p < 0.001) only (Table 3; Figure 5). In specific, sorghum and
cotton recorded the highest (0.41 kg ha−1 per year) and lowest (0.02 kg ha−1 per year) yield
decrement, while sunflower recorded a yield increment of about 0.61 kg ha−1 per year
(Table 3; Figure 5).

Table 3. Estimated slope of linear regression for the annual yield trends for five crops (sesame, sorghum, cotton, millet, and
sunflower) in Gedaref state, Sudan from 1970–2018.

Crop Yield
Range

Slope 95% Confidence
Interval

Coefficient of
Variation (CV %)

p-Value
Minimum Maximum

Sorghum 185.718 1000.020 −0.409 −0.676–−0.141 37.85 0.003
Sesame 111.907 780.016 0.163 −0.127–0.453 40.78 0.263
Cotton 58.096 1190.500 −0.018 −0.311–0.276 55.49 0.905
Millet 216.671 642.870 −0.025 −0.368–0.318 29.29 0.883

Sunflower 238.100 833.350 0.607 0.310–0.903 30.16 0.000

3.4. Estimation of Temperature and Rainfall Variability Indices

The temperature and rainfall anomalies that occur in Gedaref state for the period
1984–2018 were described by mean annual temperature and rainfall. Standardized anomaly
index for the mean annual temperature in Gedaref state was characterized by the below
long-term average between 1984 and 2000, indicating cold years (Figure 6A). The cold years
started in 1985 and continued with only one warm year (i.e., 1990) until 2000. Afterward,
there were warm years which continued until 2018, which are characterized by being above
the long-term average with two breaks of cold years (Figure 6A). Standardized rainfall
anomaly index for long-term annual rainfall of Gedaref for the period 1984–2018 was used
to identify the years with rainfall deficit and the years with surplus rainfall. The coefficient
of variation for annual rainfall was 23%, which indicates that there was no high variation
in the amount of rainfall between the years. The year 1984 experienced the highest rainfall
deficit occurrence followed by 1990, 1991, 2013, 2011, and 1987, in decreasing order of
magnitude (Figure 6B). In contrast, the years with the highest surplus rainfall were 1999,
2014, 2003, and 2002, as can be observed in Figure 6B.
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3.5. Characteristics of Rainy Seasons in Gedaref State

On average, the starting dates of the rains in Gedaref state were estimated to range
between the second and third dekad of June, which corresponds to the 166–176 days of the
year. The cessation dates estimated between the second and third dekad of September and
the first and second dekad of October, which falls between the 250–287 days of the year
(Table 4). The length of the rainy season in Gedaref state ranged between 57 days (2013
season) and 117 days (2016 season) (Table 4). Some exceptions are noticed in the years 1991,
1998, and 2013 when onset dates occurred within the second and third dekad of July, while
cessation date exceptions are 2007 and 2012 in the first dekad of September and the year of
2017 in the third dekad of August (Table 4). The total amount of rainfall ranged between
286 and 820 mm, with an average of 539.7 mm per season (Table 4).

Table 4. Estimated length of the rainy season (1984–2018) for Gedaref State, Sudan.

Season Onset Date Day of the Year
for Onset Cessation Date Day of the Year

for Cessation
Length of the Rainy

Season (Day)
Total Rain

(mm)

1984 7-July 189 16-September 260 76 286
1985 20-June 171 12-October 285 114 669
1986 29-June 180 3-October 275 96 525
1987 19-June 170 12-October 285 115 445
1988 29-June 181 18-September 262 81 532
1989 22-June 173 19-September 262 89 682
1990 15-June 166 25-September 268 102 335
1991 13-July 129 1-October 274 80 308
1992 4-July 186 13-October 287 101 520
1993 18-June 169 28-September 271 102 693
1994 17-June 168 24-September 267 99 579
1995 17-June 168 19-September 262 94 499
1996 22-June 174 30-September 274 100 576
1997 25-June 166 24-September 267 91 505
1998 17-July 198 10-October 283 85 552
1999 20-June 171 8-October 281 110 766
2000 24-June 176 1-October 275 99 621
2001 23-June 174 7-October 280 106 430
2002 10-July 191 21-September 264 73 629
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Table 4. Cont.

Season Onset Date Day of the Year
for Onset Cessation Date Day of the Year

for Cessation
Length of the Rainy

Season (Day)
Total Rain

(mm)

2003 21-June 172 2-October 275 103 820
2004 20-June 172 10-October 284 112 579
2005 22-June 173 20-September 263 90 504
2006 19-June 170 28-September 271 101 626
2007 24-June 175 7-September 250 75 575
2008 23-June 175 12-September 256 81 528
2009 2-July 183 15-September 258 75 510
2010 23-June 174 14-October 287 113 544
2011 19-June 170 13-September 256 86 408
2012 23-June 175 28-August 241 66 511
2013 21-July 202 16-September 259 57 418
2014 24-June 175 4-October 277 102 787
2015 9-July 190 28-September 271 81 399
2016 18-June 170 13-October 287 117 440
2017 18-June 169 6-September 249 80 535
2018 29-June 180 29-September 272 92 556

Linear regression analysis showed that an increase in the length of the rainy season
significantly increased the yield of sesame (p < 0.001 and R2 = 0.47), sorghum (p < 0.001 and
R2 = 0.43), sunflower (p < 0.001 and R2 = 0.49), and cotton (p < 0.05 and R2 = 0.22) (Figure 7).
However, the yield of millet was not significantly (p = 0.432 and R2 = 0.02) affected by the
length of the rainy season (Figure 7).
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3.6. Assessment of the Relationship between Climatic Variables and Crop Yield in Gedaref State

The result of the relationships among crop yield and temperature variables as well
as rainfall, as assessed using Pearson’s correlation, are presented in Figure 8. There were
negative relationships among the temperature-based variables (Tmin, Tmax, and DTR)
and crop yield, whereas the relationships among rainfall and crop yield were positive.
The associations among all studied climate variables and most of the crop yields were
significantly correlated (p < 0.01), with correlation coefficient values of above 0.5, except
for millet and Tmin and rainfall, cotton and all climate variables, and sesame and DTR
(Figure 8).

The results of the multiple linear regression analysis estimating the changes in yield
of each of the five crops as a function of temperature-based and rainfall predictor variables
are presented in Table 5. When all the climate variables were combined in one linear model,
the result showed that 50% to 70% of sorghum, millet, and sunflower yield variabilities
could be explained by the studied climatic variables. This was also confirmed by the cross-
validated R2, which ranged between 0.54 and 0.69, attesting to the certainty of the crop
yield estimate models (Table 5). However, the regression coefficients were only significant
(p < 0.05) for Tmin and DTR on sorghum yield changes. In addition, the coefficients of Tmin
and Tmax were significant (p < 0.05) for the change in millet yield model, and rainfall in
the sunflower yield model (Table 5). For sesame and cotton, only 41% and 6% of their yield
variability, respectively, could be explained by the climatic predictor variables, indicating a
very weak relationship between these variables and the change in yield of these two crops.
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Table 5. Multiple linear regression terms and R2 values for estimating yield, as a function of climatic variables, of five major
crops grown in Gedaref state, Sudan.

Crop Intercept Tmin (◦C) Tmax (◦C) DTR (◦C) Rainfall (mm) R2 Cross−Validated
R2

Sesame
Coefficient −0.734 −23.337 −32.206 10.891 0.239

0.41 0.38p−value 0.96 0.59 0.22 0.64 0.07

Sorghum Coefficient 33.980 −260.213 40.452 −132.345 0.110
0.70 0.69p−value 0.293 <0.001 0.42 <0.05 0.65

Millet
Coefficient −8.578 217.319 −191.497 102.271 −0.021

0.54 0.54p−value 0.61 < 0.05 < 0.05 0.19 0.84

Sunflower
Coefficient −16.746 9.8571 −16.042 −25.435 0.536

0.61 0.62p−value 0.43 0.87 0.65 0.49 <0.01

Cotton
Coefficient −3.610 −93.661 −17.070 0.000 −0.277

0.06 0.08p−value 0.93 0.40 0.67 - 0.33

Tmin, Tmax and DTR are minimum temperature, maximum temperature and diurnal temperature range, respectively.

4. Discussion

In this study, we provided information on climate trends and their effect on the yield
of five main crops grown in Gedaref state, which is the most important rainfed agricultural
area in Sudan that lies in the semi-arid region. The crops were grown under rainfed
conditions during the rainy season (June–October). Our results showed that there is an
increasing trend of annual temperature over the last 35 years. These results agree with the
findings of Loh et al. [48], who reported an increase in mean annual temperature trend by
0.06 ◦C per year for the period between 1985–2015 in the Eastern part of Sudan. A similar
trend was also reported for semi-arid regions of Iran where Tmin and Tmax increased over
the last 50 years [49]. However, our study showed that the DTR annual trend decreased by
0.23 per decade, which was indicated by a narrowing range of Tmin and Tmax. The trends
of Tmin for all seasons of the year (winter, summer, and autumn) increased, while the DTR
trend decreased between 1984 and 2018. Our results are also following the findings of
Elagib [50], who reported a rise in temperature in Sudan with a warming rate of 0.424, 0.357,
and 0.451 ◦C per decade for summer, winter, and autumn seasons, respectively, between
1941 and 2005. Yet, it has been argued that an increase in mean temperature by 2.6 ◦C
should be expected in the study area in 2070 [51] and that might have a serious impact on
crop production. The rainfall trend analysis for the five locations in Gedaref state showed
variation in annual rainfall, which could be explained by the fact that rainfall varies from
one location to another. Nevertheless, coefficient of variation for rainfall amongst the five
locations was almost similar except for El hawata, where rainfall variation was slightly
higher. The trend of the overall mean for the five locations showed an increase in rainfall
trend in Gadaref by ≈1 mm for the years between 1980 and 2018. However, the projected
regional climatic model showed that the annual amount of rainfall in Gadaref state might
decrease by 50 mm by the end of this century [51].

The standardized anomalies of annual mean temperature revealed that there was a
cold period between 1984 and 2000 in our study area, which is indicated by anomalies
below the long-term temperature average. However, after the year 2000, temperatures
above the long-term average were detected, indicating a warm period. In fact, temperature
had increased by 1.5 ◦C above average in the years spanning 2009, 2010, 2015, and 2016,
and this warming continued until the year 2018. The year-to-year departures were not
reported for temperature anomalies, suggesting that the changes for some years were
slightly around the mean [30]. Similarly, the standardized anomalies of annual rainfall
indicated that the year 1984 took the first highest position of rainfall deficit occurrence,
followed by the years 1990, 1991, 2013, 2011, and 1987, respectively. These anomalies
in annual rainfall showed that the years with rainfall deficit corresponded to the true
occurrence of droughts in Sudan. For example, the rainfall deficit in 1984 led to drought
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throughout the country, which resulted in a famine and the death of thousands of people
within the country [52]. Overall, it is clear that the mean annual temperature between 1984
and 2018 was characterized by variability at a decadal scale, unlike the annual rainfall
series, which is characterized by variability between the years. The results showed that
an increase in the length of the rainy season significantly increased the yield of sesame,
sorghum, sunflower, and cotton. These results agree with the findings of Murenzi [20],
who showed a positive relationship between the length of the rainy season and maize yield
in Rwanda. However, the relationship between the length of the rainy season and cotton
yield should be interpreted with caution as it could have been affected by the outliers when
the change in the rainy season was above 36 days and cotton yield was more than 600
kg ha−1 (Figure 7). In addition, there was no clear relationship between the length of the
rainy season and the yield of millet. This could be attributed to the fact that millet is a
drought-tolerant crop with low water requirements; a characteristic that enables the crop
to tolerate the terminal drought that usually occurs towards the end of the growing season
during the grain filling stage [53].

The yield trend of sorghum, millet, and cotton decreased by 0.409 kg ha−1,
0.025 kg ha−1, and 0.018 kg ha−1, respectively; however, the decreases in yields have
fluctuated over the years. Obviously, the fluctuating rainfall trend is associated with the
fluctuation and decrease in yield of sorghum, millet, and cotton. This suggests that there
is a meaningful trend in the association between these crops’ yield and rainfall. In the
case of sorghum, the results were consistent with a previous study in the Gedaref region,
which showed that rainfall shortage or flood can lead to a reduction in sorghum yield [54].
Our findings are similar to those reported by Rowhani et al. [55], who found a positive
correlation between rainfall and sorghum yield in Tanzania, with intra-seasonal variability
having a negative impact on yield. Likewise, our results agree with previous results from
a study by Ibrahim [56], who concluded that the fluctuations in the amount of rainfall
were the most important factor that influenced the yield of sesame in Sudan. In the case
of millet, the yield trend was decreasing with the decrease in rainfall trend, as reported
by Traore et al. [57]. However, the trend showed that yield reduction of millet was only
−0.025 kg ha−1, compared to the other crops that require a high amount of water such as
sorghum. Similarly, correlation analysis revealed that the association between the amount
of rainfall and millet yield was weak and not significant, which, again confirms the low
water requirements of this crop. The fluctuation in cotton yield was previously attributed
to the variation in the amount of rainfall [58] when the crop is grown under rainfed con-
ditions. Indeed, in the present study, rainfall amount was positively correlated with the
yield of all crops, except cotton. When compared to other crops, water requirement by
cotton depends on the length of the growing period and the favorite climatic conditions.
In addition, continuous rain during the flowering and boll opening stages of cotton crop
impairs pollination and thus the final crop yield [59].

In our study, temperatures were negatively correlated with crop yield regardless of
the crop type. A study by Rowhani et al. [55] in Tanzania reported that the variability in the
mean seasonal temperature had a negative effect on sorghum yield. This previous finding
agrees with our results that showed a negative correlation between sorghum yield and
the studied temperature-based variables. It has also been reported by Hammer el al. [60]
that high temperature shortens the development time of sorghum, but it also leads to a
significant reduction in plant height, pollen viability, and seed set, and, as a consequence,
reduction in crop yield. Therefore, temperature rise, in light of global warming, might
reduce the yield of sorghum in Sudan and this may have a serious consequence on food
and nutrition security countrywide. Our study shows that temperature-based variables
(Tmin, Tmax, and DTR) were negatively correlated with sesame yield in Gedaref state. This
is consistent with the report of Nath et al. [61], who showed that the ambient temperature
of 30 ◦C can negatively affect sesame yield in India. In addition, Kumazaki et al. [62]
showed that day and night temperatures of 23 and 18 ◦C, respectively, affected the stem
growth of sesame and that flowering of the crop also did not occur under these unfavorable
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conditions. Similarly, the temperature had a negative effect on the yield of millet, sunflower,
and cotton. It is anticipated that this could be due to the effects of increased temperature
on vegetative growth, flowering, and grain or boll filling stages.

Although the multiple linear regression results showed few significant relationships
among climate variables and crop yield, the regression coefficients can be used to determine
the effects of the studied climatic variables on the yield changes of the five crops [47]. For
example, an increase in Tmin by 1 ◦C led to a reduction in the yield of sesame and sorghum
by 23.3 and 260.2 kg ha−1, respectively. In addition, the sign of the regression coefficients
in the regression model can indicate the direction of change in the yield versus climate
variable changes [40]. Our multiple linear regression model captured between 6% and 70%
variability in crop yield as a function of climatic factors. This indicates that the variation in
the yield is well explained by climatic variables, except for cotton and sesame, where the
model captured only 6% and 41% of their yield variations. The rest of the variations in yield
that the model could not capture as a function of the climatic variables could be explained
by the variance that is due to the other factors, such as fertilizer and pesticides application,
and weed control, among other confounding factors. Also, it has been demonstrated
that plant density in the farm is one of the most important factors that influences sesame
yield [63]. A study by Ali et al. [64] in Gedaref showed that planting sesame at 5 cm
between rows can increase its yield by 210.18 kg ha−1. For sorghum, our results showed
that the climatic variables were responsible for 70% of the variation in its yield. This finding
is in agreement with several studies, which revealed that climatic variables are the most
important factors affecting sorghum yield, particularly rainfall [65,66]. Indeed, our model
showed that an increase in rainfall amount by 1 mm led to an increase in sorghum yield by
0.11 kg ha−1. Also, our results depicted 54% in millet yield change that is explained by the
studied climatic variables. For sunflower, our results proved that 61% of its yield change
variation could be due to climatic variables. This result corroborates the findings of Mijić
et al. [67], who indicated that rainfall before and during the vegetation period has a great
effect on sunflower yield.

Overall, the present study has utilized secondary data and no ground survey was
conducted for primary data collection. As assessed by the descriptive statistical and
normal disruption analyses, the quality of our secondary data met our hypothesis that
secondary data should not be highly skewed, with a few outliers, and somewhat fit a
normal distribution. However, some data such as Tmin and yield of sesame were either
slightly skewed or deviated from a normal distribution. It is worth noting that our long-
term (≥35 years) secondary data were consistently collected with no missing values. Our
study promotes the movement of open data science, data sharing, and re-use for addressing
further research questions. However, our study focused only on climatic factors rather
than incorporating other factors that influence yields such as soil properties and farming
practices. Such factors could be included in other modelling approaches such as DSSAT
and production function. Hence, our crop yield estimate models should be interpreted
with some caution, as their certainties (Cross-validated R2) were not high. In this context,
we recommend that the crop yield estimate models should further be assessed using an
independent test dataset collected at different points in time (e.g., 2019–2021).

5. Conclusions

In conclusion, this study shows that the annual Tmin and Tmax had increased by
0.04 ◦C and 0.03 ◦C per year in the period between 1980 and 2018, while DTR decreased
by 0.02 ◦C per year in Gedaref state. Furthermore, the state had cold and warm years
between 1984 and 2000, and 2001 and 2018, respectively, and the length of the rainy season
in Gedaref state ranged between 57 and 117 days. The trend of annual yield for sorghum
had significantly decreased, while sunflower yield had increased in the period between
1970 and 2018. Temperature variables had a negative relationship with the yield of all crops,
while an increase in the amount of rainfall significantly increased the yield of sorghum,
sesame, and sunflower. Moreover, the increase in the length of the rainy season significantly
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increased the yield of sesame, sorghum, sunflower, and cotton. There was a high variability
in crop yields, for example over 50% variability in the yield of sorghum (R2 = 0.70 and
cross-validated R2 = 0.69), millet (R2 = 0.54 and cross-validated R2 = 0.54) and sunflower
(R2 = 0.64 and cross-validated R2 = 0.62), which could be related to climatic variables. Our
findings could be used to support awareness creation amongst different stakeholders and
policymakers on the impacts of climate variability and change on crop production and the
need for resource allocation to support uptake of adaptation practices that ensure resilience
amongst agricultural communities within the state.
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Figure A1. Histogram, normal distribution, and boxplot fitted for minimum (Tmin) and maximum (Tmax) temperatures (1984–2018) and rainfall (1980–2018) data obtained from the 
Gedaref meteorological station, Sudan. Circles in some boxplots represent individual outlier observations. 

Figure A1. Histogram, normal distribution, and boxplot fitted for minimum (Tmin) and maximum (Tmax) temperatures (1984–2018) and rainfall (1980–2018) data obtained from the
Gedaref meteorological station, Sudan. Circles in some boxplots represent individual outlier observations.
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Figure A2. Histogram, normal distribution, and boxplot fitted for crop yield data obtained from the Ministry of Agriculture, Gedaref, Sudan. The crop yield data were collected in 1970–
2018, except for millet and sunflower, which were only available between 1982–2018 and 1987–2018, respectively. Circles in some boxplots represent individual outlier observations. 

Figure A2. Histogram, normal distribution, and boxplot fitted for crop yield data obtained from the Ministry of Agriculture, Gedaref, Sudan. The crop yield data were collected in
1970–2018, except for millet and sunflower, which were only available between 1982–2018 and 1987–2018, respectively. Circles in some boxplots represent individual outlier observations.
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