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Abstract: Arid regions worldwide, for example, Sudan, are affected by climate change and susceptible
to environmental deterioration. In this study, temperature and rainfall data from 1985 to 2015
obtained from the Sudan Meteorological Authority were compared with satellite images of vegetation
coverage in southern Port Sudan. The objective of this study was to determine the impact of climate
change on the vegetation cover in this area. Results showed significant increases in the annual
maximum, minimum and average temperatures with time, and precipitation showed a slight but not
significant decrease from 1985 to 2015. The rates of increase for the annual maximum, minimum and
average temperatures were 0.08 ◦C/year, 0.03 ◦C/year and 0.06 ◦C/year, respectively, and precipitation
decreased at a rate of 0.12 mm/year. Higher shrub abundance and greater water area in 2013, 1995
and 1990 were probably due to high rainfall in the years preceding these years. Decreased shrub
abundance in the year 2000 could be due to the significantly higher temperatures after 1998. There was
no decreasing trend in shrub coverage from 1985 to 2015, but the overall increase in temperature and
decrease in precipitation from 1985 to 2015 indicate a potential threat to vegetation in this area in
the future.
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1. Introduction

Increasing greenhouse gases, the trapping of these gases in the atmosphere and increasing
absorption of energy have resulted in increasing temperatures and climate change [1]. Climate change
is a cause for apprehension [2,3], as lives at all levels [4,5] as well as different regions, economic sectors
and social groups are affected [6]. In addition, people are displaced by floods, droughts and the
submergence of islands [7]. Increased temperatures and fluctuations in precipitation have been common
during the past 50 years, and these phenomena are projected to continue [8,9]. Wet regions are becoming
wetter, and dry and arid regions are becoming drier. Annual precipitation has increased in the mid
and high latitudes of the Northern Hemisphere but has decreased in sub-tropical areas, and droughts
have increased in parts of Asia and Africa in recent decades [10]. Land use, temperature increases and
droughts have resulted in decreased vegetation coverage, thereby accelerating desertification in arid
regions [11] and causing poverty, environmental degradation and loss of biodiversity [12]. As arid,
semi-arid and sub-humid zones increase and humid areas decrease, there will be less water in these
regions in the future [13]. Arid regions are most vulnerable to extreme hydrological changes and severe
droughts [14,15], as well as to human activities such as land use and deforestation [16]. One of the
major consequences of climate change, the change in flora composition and land cover [17], will be
more pronounced in arid regions [18].

Sudan is located in eastern Africa, one of the most arid regions in the world. Some studies that
have been carried out along the Sudanese coastal zone include the determination of seasonal sea level
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change [19], radioactivity in sediments, changes in seagrass and algae [20] and seasonal variations in
chlorophyll [21]. Vegetation coverage off the Sudanese Red Sea coast is highly dynamic and responds to
both variations in climate and changes in land use [22,23]. Some examples of studies which determined
the changes of meteorological parameters and vegetation cover are as follows: Elagib and Elhag [24]
investigated temperature and precipitation changes from the 1940s to 2008 at 14 stations around Sudan
and found an increase in the frequency of drought. Dawelbait and Morari [25] analysed Landsat images
in 1987 and 2008 and found increased desertification in the Savannah region in Sudan. Sulieman
and Elagib [26] compared the temperature, rainfall and aridity index with land cover change in the
El-Gedaref region in east Sudan and found an increase in warming and arid areas. Another study
determined the factors affecting land cover change in the Erawashda Forest between 1973 and 2015 [27].
However, besides Sulieman and Elagib [26], few studies have investigated the changes in vegetation
coverage with meteorological parameters. In this study, rainfall and temperature data from 1985 to
2015 obtained from the Sudanese Meteorological Authority of the Port Sudan station were compared
to satellite images of vegetation coverage along the Sudanese Red Sea coastal plain to the south of
Port Sudan. The purpose of this study was to determine the impact of climate change on vegetation
coverage in the area.

2. Materials and Methods

2.1. Study Area

The study area is located south of Port Sudan, and it is approximately 180 km long and 40 km
wide (Figure 1). The Sudanese Red Sea coastline is approximately 750 km long. The coastal plain
is a narrow and mostly semi-desert region that is sparsely populated, except for a few villages and
the cities of Port Sudan and Suakin. Port Sudan is the major seaport in the country, where most of
the industrial and economic activities are concentrated [28]. The coastline has many estuaries, inland
bays and lagoons [29]. The climate along the coast is very dry, with rainfall amounts varying between
39 mm at Halayib (northern Sudanese Red Sea coast) and 164 mm at Suakin Harbour (southern coast)
and a mean annual rainfall of approximately 111 mm [30]. Precipitation usually occurs in the winter
months, from October to January. The warmest month of the year along the coastal plain is August,
with average daily maximum and minimum temperatures of 41 ◦C and 30 ◦C, respectively. The coolest
month is January, with average daily maximum and minimum temperatures of 27 ◦C and 20 ◦C,
respectively [28].

2.2. Assessment Methods

2.2.1. Data Sources

Monthly rainfall and temperature data from 1985 to 2015 were obtained from the Sudan
Meteorological Authority (Port Sudan station).

2.2.2. Data Analyses

The maximum, minimum and annual temperatures and rainfall amounts were averaged from
monthly values for each year; the annual values are presented in Table 1. The average maximum, minimum
and annual temperatures and average annual precipitation were plotted against years from 1985 to 2015.
The slopes of these plots represent the rates of increase or decrease in the maximum, minimum and annual
temperatures and precipitation. Linear regression analyses were used to determine the significances
of the relationships of temperature and precipitation with time. The Mann-Kendall test was used to
determine whether the temperature and precipitation patterns showed an upward or downward trend.
The Sen’s slope method was then used to test the magnitude of the Mann-Kendall trend. The statistics
for both methods were based on Byakatonda et al. [31]. Temperature and precipitation anomalies were
calculated using this formula: [Σ (X1 − AV) + (X2 − AV) + (X3 − AV) + . . . ]/31, where X represents the
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annual value for temperature or precipitation and AV represents the average values for temperature
and precipitation over the 31 years. Although the weather station from which the meteorological data
were obtained was not located at the centre of the study area, we presumed the temperature and rainfall
profiles of the 180 km long and 40 km wide area south of Port Sudan would not be very different.Climate 2020, 8, x FOR PEER REVIEW 3 of 23 
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Figure 1. Map showing the study area along the Sudanese Red Sea coastal plain, south of Port Sudan.

2.2.3. Remote Sensing

Seven remotely sensed datasets, for 1985, 1990, 1995, 2000, 2003, 2013 and 2015, which fall within
Path 171 Row 46 and Path 171 Row 47, were downloaded from the U.S. Geological Survey (USGS)
Earth Explorer Landsat Archive. Erdas Imagine 9.2 was used in the pre-processing and classification
(unsupervised) work. During the layer stacking of the bands of every period interval, the bands used
for Landsat 5 were 1, 2, 3 and 4, and those used for Landsat 8 were 2, 3, 4 and 5. The unsupervised
classification method was then used to identify and classify the signature areas, such as those with bare
land, shrubs, water and mountains. ArcGIS 10.2 was used for the final classification of the map layouts.
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3. Results

3.1. Temperature and Rainfall

Complete temperature and rainfall results are presented in the Appendix A (Tables A1–A3).
The monthly changes of maximum and minimum temperatures and precipitation, from 1985 to 2015,
showed that temperature and precipitation pattern were attributable to the annual seasonal pattern
(Figure 2). The annual maximum, minimum and average temperatures showed gradual increases
from 1985 to 2015. The annual maximum temperatures showed a distinct trend: they were below
34.1 ◦C before 1997 and above 34.1 ◦C after 1997 (Figure 3a). Hence, the maximum temperatures
from 1985 to 1997, which ranged from 32.3 ◦C to 34.1 ◦C, were significantly lower than the maximum
temperatures from 1998 to 2015, which ranged from 34.1 ◦C to 36 ◦C (single-factor ANOVA: p < 0.05).
The annual minimum temperatures showed greater fluctuations before 1997. After 1997, the annual
minimum temperatures increased gradually into 2015 (Figure 3b). Similar to the annual maximum and
minimum temperatures, the annual average temperature also showed a gradual increase from 1985
to 2015. The highest annual maximum temperature of 36.0 ◦C (Figure 3a) and the highest minimum
temperature of 25.8 ◦C (Figure 3b) were detected in 2010; the year 2010 also showed the highest annual
mean temperature of 31.0 ◦C, while the lowest annual average temperature of 27.7 ◦C occurred in 1992
(Figure 3c). The highest mean precipitation amount of 23.8 mm occurred in 1997, followed by 21.6 mm
in 2010 and 20.1 mm in 1993, while 2008 and 2013 had the lowest rainfall amount (0.2 mm). Rainfall
showed considerable variation between 1985 and 1997. After the highest precipitation in 1997, rainfall
started to decrease gradually towards 2009, just before the drastic increase in 2010, which was followed
by low rainfall similar to that in the preceding years (Figure 3d).
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1985 to 2015. 

M
ax

im
um

 te
m

pe
ra

tu
re

 (º
C)

 

Pr
ec

ip
ita

tio
n 

(m
m

) 

M
in

im
um

 te
m

pe
ra

tu
re

 (º
C)

 

Figure 2. Monthly profile of maximum temperature, minimum temperature and precipitation from
1985 to 2015.



Climate 2020, 8, 114 5 of 22

Climate 2020, 8, x FOR PEER REVIEW 6 of 23 

 

(a) 

 
(b) 

 
(c) 

Figure 3. Cont.



Climate 2020, 8, 114 6 of 22
Climate 2020, 8, x FOR PEER REVIEW 7 of 23 

 

 
(d) 

Figure 3. Changes in annual (a) maximum, (b) minimum and (c) average temperatures and (d) 
precipitation across years. 

There was a significant positive relationship between the annual maximum temperatures and 
years (Figure 3a); there was a weaker but significant relationship between the annual minimum 
temperatures and years (Figure 3b); and annual mean temperatures and years also showed a 
significant positive relationship (Figure 3c; linear regression analyses: p < 0.05). On the other hand, 
the correlation coefficient for precipitation versus years was rather weak (p > 0.05; Figure 3d). Thus, 
there was a negative correlation between the average annual rainfall and average annual 
temperature (p > 0.05; Table 1). The slopes of these relationships indicated that the maximum, 
minimum and average annual temperatures were increasing at rates of 0.08 °C/year, 0.03 °C/year 
and 0.06 °C/year, respectively, and precipitation decreased at a rate of 0.12 mm/year (Figure 3). This 
was confirmed by results of the Mann-Kendall test, which showed positive values of Zw for 
maximum (4.39), minimum (2.69) and mean annual (4.56) temperatures, indicating upward trends 
and a negative Zw value for precipitation (−1.19), indicating a downward trend (Table 2). Moreover, 
the anomalies also showed increasing trends for the maximum, minimum and annual temperatures 
and decreasing trend for precipitation (Table 3). 

Table 1. Results of correlation analyses. 

Correlation between Parameters Correlation Coefficient, R p-Value 
Max T versus years 0.877 0.010 
Min T versus years 0.880 0.010 

Average T versus years 0.930 0.002 
Precipitation versus years −0.584 0.108 
Shrub area versus years 0.359 0.429 

Table 2. Results of Mann-Kendall test and Sen’s slope analysis for the maximum, minimum and 
average temperatures and precipitation. 

 MK-Zw Sen’s Slope p-Value 
Maximum T 4.3851 0.0733 1.1595 e−5 
Minimum T 2.6854 0.0400 0.0072 
Average T 4.5550 0.0545 5.2376 e−6 

Precipitation -1.1897 -0.1263 0.2341 

Figure 3. Changes in annual (a) maximum, (b) minimum and (c) average temperatures and
(d) precipitation across years.

There was a significant positive relationship between the annual maximum temperatures and
years (Figure 3a); there was a weaker but significant relationship between the annual minimum
temperatures and years (Figure 3b); and annual mean temperatures and years also showed a significant
positive relationship (Figure 3c; linear regression analyses: p < 0.05). On the other hand, the correlation
coefficient for precipitation versus years was rather weak (p > 0.05; Figure 3d). Thus, there was a
negative correlation between the average annual rainfall and average annual temperature (p > 0.05;
Table 1). The slopes of these relationships indicated that the maximum, minimum and average annual
temperatures were increasing at rates of 0.08 ◦C/year, 0.03 ◦C/year and 0.06 ◦C/year, respectively,
and precipitation decreased at a rate of 0.12 mm/year (Figure 3). This was confirmed by results of the
Mann-Kendall test, which showed positive values of Zw for maximum (4.39), minimum (2.69) and
mean annual (4.56) temperatures, indicating upward trends and a negative Zw value for precipitation
(−1.19), indicating a downward trend (Table 2). Moreover, the anomalies also showed increasing trends
for the maximum, minimum and annual temperatures and decreasing trend for precipitation (Table 3).

Table 1. Results of correlation analyses.

Correlation between Parameters Correlation Coefficient, R p-Value

Max T versus years 0.877 0.010
Min T versus years 0.880 0.010

Average T versus years 0.930 0.002
Precipitation versus years −0.584 0.108
Shrub area versus years 0.359 0.429

Table 2. Results of Mann-Kendall test and Sen’s slope analysis for the maximum, minimum and
average temperatures and precipitation.

MK-Zw Sen’s Slope p-Value

Maximum T 4.3851 0.0733 1.1595 e−5

Minimum T 2.6854 0.0400 0.0072
Average T 4.5550 0.0545 5.2376 e−6

Precipitation −1.1897 −0.1263 0.2341
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Table 3. Precipitation anomalies from 1985 to 2015.

Year Max T Min T Ave T Ave P
Anomaly

Max T Min T Ave T P

1985, X1 33.35 23.53 28.44 13.2 −0.85 −0.57 −0.70 6.44
1986, X2 32.86 23.88 28.37 5.6 −1.34 −0.22 −0.77 −1.16
1987, X3 33.32 24.13 28.72 0.9 −0.88 0.03 −0.42 −5.86
1988, X4 33.92 24.89 29.40 1.2 −0.28 0.79 0.26 −5.56
1989, X5 32.80 24.11 28.47 5.4 −1.36 0.01 −0.67 −1.36
1990, X6 33.20 23.38 28.27 4.1 −1.03 −0.72 −0.87 −2.66
1991, X7 32.96 24.54 28.75 7.4 −1.24 0.44 −0.39 0.64
1992, X8 32.30 23.17 27.74 9.0 −1.90 −0.93 −1.40 2.24
1993, X9 33.02 23.29 28.16 20.1 −1.18 −0.81 −0.98 13.34
1994, X10 33.60 24.79 29.19 1.7 −0.61 0.69 0.05 −5.06
1995, X11 33.40 23.15 28.28 10.4 −0.79 −0.95 −0.86 3.64
1996, X12 34.11 23.29 28.70 5.3 −0.09 −0.81 −0.44 −1.46
1997, X13 34.03 23.15 28.59 23.4 −0.17 −0.95 −0.55 16.64
1998, X14 35.43 23.99 29.71 2.9 1.23 −0.11 0.57 −3.86
1999, X15 35.15 24.03 29.59 13.8 0.95 −0.07 0.45 7.04
2000, X16 34.52 23.49 29.01 13.6 0.32 −0.61 −0.14 6.84
2001, X17 35.05 23.70 29.38 2.4 0.85 −0.40 0.24 −4.36
2002, X18 34.52 23.89 29.21 8.1 0.32 −0.21 0.07 1.34
2003, X19 34.13 24.14 29.13 1.7 −0.07 0.04 −0.01 −5.06
2004, X20 34.67 23.93 29.30 9.3 0.47 −0.17 0.16 2.54
2005, X21 34.58 24.63 29.60 3.2 0.38 0.53 0.46 −3.56
2006, X22 34.77 24.49 29.63 6.5 0.57 0.39 0.49 −0.26
2007, X23 34.65 24.36 29.51 2.9 0.45 0.26 0.37 −3.86
2008, X24 34.81 24.04 29.43 0.0 0.61 −0.06 0.29 −6.76
2009, X25 34.69 24.44 29.56 0.7 0.49 0.34 0.42 −6.06
2010, X26 35.97 25.84 30.90 21.6 1.77 1.74 1.76 14.84
2011, X27 34.65 23.77 29.21 1.3 0.45 −0.33 0.07 −5.46
2012, X28 35.33 24.47 29.90 2.5 1.13 0.37 0.76 −4.26
2013, X29 35.20 24.75 29.97 0.2 1.00 0.65 0.59 −6.56
2014, X30 34.68 25.13 29.90 6.1 0.48 1.03 0.76 −0.66
2015, X31 34.51 24.86 29.68 5.0 0.31 0.76 0.54 −1.76

AV = 34.20 24.10 29.15 6.76

3.2. Land Cover Change

The satellite images show changes in the main classifications, which consist of bare land, shrubs,
water and mountains, for the years 1985, 1990, 1995, 2000, 2003, 2013 and 2015 (Figure 4). The surface
areas of bare land, shrubs, water and mountains for the seven satellite images are presented in Table 4a.
The years fall into the following order, from greatest to least, with regard to shrub area: 2013 > 1995 >

1990 > 2015 > 2003 > 2000 > 1985. Correlation analyses showed positive relationships between shrubs
and water (R = 0.9000) and between bare land and mountains (R = 0.652); however, shrubs (R = −0.860)
and water (R = −0.793) had negative correlations with bare land and mountains. Thus, the largest
areas were covered with shrubs and water in 1990, 1995 and 2013, resulting in the relatively smaller
bare land areas.

Table 4b shows the percentage changes in the areas of bare land, shrub, water and mountains
in comparison to the preceding years. Shrub and water areas showed the highest increase in 1990
(from 1985), and a slight increase in 1995 (from 1990), 2003 (from 2000) and 2013 (from 2003). Shrub and
water areas were 25.6% and 20.8% larger in 1990 than in 1985. Shrub and water areas then increased
slightly by 2.9% and 5.2%, respectively, from 1990 to 1995, and shrubs and water showed a slight
increase of 6.38% and 9.97% from 2000 to 2003 and an increase of 15.66% and 7.81% from 2003 to 2013.
Both shrub and water areas showed a decrease in 2000 (from 1995) and 2015 (from 2013). There was an
18.5% and a 13.8% decrease in shrubs and water, respectively, from 1995 to 2000. Shrub and water
areas showed a decrease of 8.23% and 13.41% between 2013 and 2015.
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Table 4. Areas of bare land, shrub, water and mountain in the study area.

(a) Areas in km2

Years Bare Land Shrub Water Mountain

1985 137,885.4 122,686.9 161,783.6 230,373.7
1990 113,302.7 154,140.7 195,421.5 189,110.7
1995 100,163.7 158,568.1 205,538.2 187,670.7
2000 136,286.5 129,212.2 177,182.6 209,300.7
2003 118,777.2 137,457.2 194,845.1 200,899.2
2013 119,751.6 158,988.0 210,053.0 235,635.3
2015 118,270.4 145,909.0 181,891.8 205,913.9

(b) Percentage changes of areas compared to the preceding years.

Years Bare Land Shrub Water Mountain

1990 −17.83 25.64 20.79 −17.91
1995 −11.60 2.87 5.18 −0.76
2000 36.06 −18.51 −13.80 11.53
2003 −12.85 6.38 9.97 −4.01
2013 0.82 15.66 7.81 17.29
2015 −1.24 −8.23 −13.41 −12.61

4. Discussion

4.1. Climate Change

The meteorological data presented in the current study were obtained from the Sudan
Meteorological Authority at Port Sudan. These data are consistent with the trends of increasing
temperature and decreasing precipitation observed by Elagib and Elhag [24], who presented the
mean annual temperature and rainfall data from 14 stations across Sudan from the 1940s to 2004.
They found drastic increases in the maximum, minimum and mean temperatures and a significant
decrease in rainfall. The frequency of droughts increased from 8.8% to 40% from 1941 to 1974 and from
44.1% to 70.6% from 1975 to 2008. Overall, the meteorological data presented in this study showed
higher temperatures after 1998 than before 1998, with the highest maximum, minimum and average
annual temperature occurring in 2010, whilst the lowest maximum and average annual temperature
occurred in 1992, and the lowest minimum temperature occurred in 1995 and 1997. Trends of increasing
temperatures and a decrease in the rainfall amount throughout the past 30 years point towards a hotter
and drier climate for the Red Sea coastal plain to the south of Port Sudan.

Increasing temperatures and mixed precipitation patterns are common phenomena worldwide.
For example, an increase in temperature at a rate of 0.34 ◦C/decade and increased precipitation have
been reported in the arid region of Northwest China; thus, there were more warm days and fewer
cold days in this area [9,14]. The temperature in Southwestern Europe was approximately 0.5 ◦C
to 1.0 ◦C warmer during 1991 to 2020 than in 1961 to 1990, but precipitation showed an increase in
the north and a decrease in the southern regions [8]. The mean surface temperature in the Hindu
Kush Himalayan region showed an increasing trend from 1901 to 2014, with the mean, maximum and
minimum temperatures increasing at rates of 0.104 ◦C/decade, 0.077 ◦C/decade and 0.176 ◦C/decade,
respectively. There was a slight decrease in precipitation in this region during this time [32]. The mean
warming rate in the Yellow, Yangtze and Pearl River basins was 0.22 ◦C/decade from 1956 to 2013, but
there has been no significant trend in the precipitation pattern for the past 58 years [33].

Despite the overall trend of increasing temperature and the slight decrease in precipitation,
the temperature and precipitation data also showed some abrupt changes from 1985 to 2015. Moreover,
these changes could be attributable to the natural interannual to decadal scales variations [34,35],
such as the maximum temperature and rainfall patterns in this study. Some of the abrupt changes in
temperature and precipitation may have been caused by climate anomalies. For instance, the high
rainfall in 1999 (Figure 3d) was due to the El Niño Southern Oscillation (ENSO), during which severe
floods occurred in China, India and Australia. Around this time, heavy rainfall occurred in July,
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August and September in 1999, resulting in severe floods in central Sudan and the breaking of the bank
of a major canal in the Gezira irrigation area [36].

4.2. Factors Affecting Vegetation Coverage along the Sudanese Coastal Plain

The most degraded areas in Sudan were the arid and semi-arid zones, which are inhabited by 76%
of the country’s population. Overgrazing was the major factor causing soil degradation, followed by
inappropriate farming practices, clearance of forests for firewood and charcoal, and overexploitation of
vegetation for domestic use. Other factors, such as fire incidents and infestation by grasshoppers, rats
and locusts, also caused land degradation [37]. Another study, a comparison of two Landsat images
from 1987 and 2008, found that there was higher desertification than vegetation regrowth in the central
part of the Sudanese state of North Kurdufan as a result of land use changes and mismanagement of
natural resources [25]. Analyses of temperature, rainfall and the aridity index for 1941 to 2009 showed
an increasing trend of warming and rainfall variability in the El-Gedaref region of eastern Sudan,
which was attributable to the conversion of natural vegetation into large-scale mechanized agricultural
areas [26]. Another study found that there were 16.9% and 5.4% increases in bare land and large-scale
mechanized agriculture, respectively, as well as a 37% decrease in dense forest cover and a 20%
increase in light forest cover in the Erawashda Forest in eastern Sudan. The expansion of mechanized
agriculture, the cutting of trees, grazing and construction were the main factors contributing to forest
degradation [27].

In this study, the largest shrub areas were detected in 2013, followed by those in 1995 and 1990.
The highest shrub area in 2013, even though 2013 had the lowest rainfall of 0.2 mm, could be due to
the high rainfall in 2010 (21.6 mm). The higher shrub area in 1995 could be due to the high rainfall in
1993 (20.1 mm) and 1995 (10.4 mm). Although the absence of floods may suppress vegetation growth,
subsequent floods have been shown to cause a resurgence of vegetation, thus, a precipitation time lag
can affect vegetation growth [18]. This could have been the case for the largest shrub areas in 1995
and 2013, which could have been due to the very high rainfall that occurred in 1993, 1995 and 2010.
The highest rainfall was recorded in 1997, but 1998 was one of the lowest rainfall years. After that,
1999 and 2000 also had quite high rainfall. However, the shrub area was smaller in 2000 than in 1995.
One of the reasons could be the overall higher mean annual temperature after 1998 than before 1998,
as higher temperatures contribute to the loss of soil moisture due to evaporation and transpiration [38].
Another reason could be that the high rainfall in 1999 and 2000 resulted in increased land erosion,
destroying some vegetation and covering some of the water areas with sand. On the other hand, 2015
had lower rainfall and higher temperatures than the previous years, yet it had a slightly higher shrub
abundance than in 2000 and 2003. This could be attributable to improved adaptation strategies, such
as water harvesting and control of overgrazing and deforestation activities.

4.3. Adaptation Strategies

Adaptation strategies such as water harvesting have a better capacity to retain moisture than
the conventional tillage method [39] and sustain rain-fed agriculture by improving soil water content
and can therefore improve rainwater use efficiency [40], thus improving agricultural production [41]
and vegetation resilience to drought [42]. Such measures have reduced the risk and vulnerability
faced by small-scale farmers [43], as it provides them with better food security and a higher income.
Other benefits of water harvesting include improvement of infiltration and groundwater discharge,
enrichment of soil nutrients and increased biomass production [44].

Some examples of efforts that have successfully overcome the problems of decreasing vegetation
coverage are given here. Figure 5a shows a 0.73-km-long and 1.31-km-wide rainwater-harvesting
area. This is a good example of the result of positive human intervention, such as the harvesting of
rainwater along with the cultivation of new plant species that are capable of adapting to low-rainfall
conditions, in an increase in vegetation abundance. Three satellite images taken over the Erkwit area
(0.61 km long and 1.05 km wide) at a spatial resolution of 1.07 km showed improved vegetation cover
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in 2016 compared to 2011 and 2013 as a result of local government efforts to protect vegetation from
overgrazing (Figure 5b).
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5. Conclusions

In this study, temperature and rainfall data from 1985 to 2015 were obtained from the Sudan
Meteorological Authority in south Port Sudan and compared with satellite images of land cover
changes from 1985, 1995, 2003 and 2015 to determine the effects of climate change on vegetation
coverage along the Red Sea coastal plain of the southern Port Sudan area. The maximum, minimum
and annual average temperatures showed increases from 1985 to 2015, but precipitation decreased from
1985 to 2015. Thus, the temperature and precipitation data showed a hotter and drier climate towards
the present. Nevertheless, we should also keep in mind that these changes could be interannual or
decadal variations; more data are needed to prove this.

Vegetation abundance is affected by a complex interaction between climate change and human
factors. The smaller shrub area in 1985 could have been due to the impacts of human activities, and the
largest shrub area in 1995 and 2013 could have been due to the very high rainfall that occurred in
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1993 and 2010, respectively. The shrub area was smaller in 2000, which could be due to the overall
high temperature after 1998 resulting in increased evaporation. The slightly improved shrub area
in 2015 was most likely due to the success of some adaptation strategies such as water harvesting
and control of grazing and deforestation activities. Although our results did not indicate any trend of
decreasing shrub abundance in recent years, vegetation in arid Sudan will no doubt face further stress
and degradation due to hotter and drier conditions along the Red Sea coastal plain.

The results of this study would provide a good reference for the people and policymakers of the
southern Port Sudan area on the effect of climate change and changes in vegetation cover in this area.
Extensive efforts will be required to maintain the sustainability of vegetation in these arid environments.
In light of the extent of vegetation deterioration, adaptation strategies such as rainwater harvesting
and the control of overgrazing and deforestation should be given priority in order to rejuvenate some
areas of vegetation.
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Appendix A. Monthly Temperature and Rainfall from 1985 to 2015

Table A1. Maximum temperature (◦C).

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Mean

1985 28.2 26.8 29.2 31.9 35.4 38.3 40.0 40.2 37.7 33.0 31.1 28.5 33.4
1986 27.0 27.5 29.1 31.2 33.8 36.5 41.0 39.9 37.0 33.3 30.6 27.4 32.9
1987 27.1 28.1 29.2 30.7 34.9 38.3 39.4 41.0 37.3 33.5 31.4 28.8 33.3
1988 26.7 26.6 29.5 31.9 36.9 38.7 42.5 41.9 38.7 33.8 30.6 29.3 33.9
1989 25.5 25.3 27.9 31.5 36.1 37.9 40.5 40.3 37.1 33.0 30.9 28.1 32.8
1990 26.4 25.9 27.9 31.7 36.2 38.7 39.3 38.9 37.5 34.0 31.6 29.9 33.2
1991 27.0 27.3 29.3 33.2 35.6 37.7 39.3 38.5 35.9 33.1 31.0 27.6 33.0
1992 25.6 24.0 27.4 30.5 34.3 38.6 39.1 39.7 37.2 34.1 30.1 27.1 32.3
1993 26.2 25.5 28.4 30.6 34.0 38.5 39.6 40.5 38.2 33.8 31.5 29.5 33.0
1994 28.1 27.2 28.1 32.4 35.2 38.5 40.7 41.1 38.2 33.5 31.1 29.0 33.6
1995 27.5 26.8 28.7 31.5 35.1 38.9 41.8 40.9 37.3 33.9 30.5 28.0 33.4
1996 26.7 27.6 28.5 31.5 35.7 38.1 42.6 43.3 40.5 35.0 30.8 29.0 34.1
1997 27.5 25.5 28.0 32.2 36.0 40.6 43.2 41.6 39.7 34.7 30.9 28.5 34.0
1998 27.4 28.6 28.9 33.2 37.4 40.6 44.4 43.9 41.4 36.5 32.7 30.4 35.5
1999 28.1 29.7 30.2 32.3 39.0 40.0 43.3 43.5 39.8 35.3 31.9 28.9 35.2
2000 26.8 26.5 28.5 34.8 37.7 40.5 45.1 42.6 39.6 33.8 30.2 28.1 34.5
2001 26.8 27.2 31.0 34.3 37.9 41.6 44.1 43.2 38.8 35.3 31.4 28.9 35.0
2002 26.2 28.5 30.8 32.9 36.9 39.9 42.5 42.6 38.9 35.3 31.6 28.2 34.5
2003 28.3 27.4 28.4 32.8 37.8 32.6 43.3 43.3 39.6 34.8 32.2 29.1 34.1
2004 27.8 27.7 30.0 33.0 38.4 40.9 42.9 42.4 39.0 34.9 31.8 27.3 34.7
2005 26.5 28.4 29.7 32.2 36.4 40.3 43.1 43.1 39.4 34.9 30.7 30.3 34.6
2006 28.4 29.1 30.5 31.8 37.6 41.5 40.8 44.0 40.5 34.7 30.9 27.5 34.8
2007 26.4 27.9 29.4 33.0 37.9 40.8 43.2 42.8 39.4 35.0 31.1 28.9 34.7
2008 26.5 27.3 31.1 33.8 37.2 41.0 43.1 42.4 40.6 34.2 31.3 29.4 34.8
2009 27.4 28.6 29.1 34.0 36.1 40.9 43.2 42.1 38.5 35.3 32.0 29.1 34.7
2010 28.9 29.5 31.2 33.6 37.7 41.0 43.4 45.8 40.6 37.1 33.1 29.7 36.0
2011 27.1 28.6 29.4 32.5 36.9 40.3 43.8 43.5 39.7 35.5 30.5 27.9 34.6
2012 26.7 28.6 29.1 33.8 38.5 41.7 44.5 43.8 40.1 35.3 32.5 29.4 35.3
2013 28.4 29.3 31.3 33.4 37.7 41.4 42.8 42.4 40.6 34.4 31.9 28.7 35.2
2014 28.0 28.1 30.6 34.7 36.8 40.7 42.3 43.0 38.8 33.8 30.3 29.0 34.7
2015 27.0 28.4 29.7 32.0 36.5 39.1 41.9 44.1 40.3 35.5 32.0 27.6 34.5
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Table A2. Minimum temperature (◦C).

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Mean

1985 21.8 17.9 20.3 22.2 25.2 25.9 26.7 28.3 26.6 24.1 23.0 20.3 23.5
1986 19.3 19.1 21.2 22.4 22.5 26.2 28.9 29.0 27.4 26.9 23.8 19.8 23.9
1987 19.7 20.2 18.8 20.8 24.8 25.9 28.8 30.4 26.6 26.8 24.8 21.9 24.1
1988 19.2 19.0 19.9 22.2 25.3 27.7 31.0 31.6 29.3 26.4 24.1 22.8 24.9
1989 18.1 17.7 20.2 23.1 25.3 26.8 29.1 29.4 28.6 25.5 24.6 20.9 24.1
1990 19.2 17.6 18.0 20.8 23.8 25.3 27.7 27.7 27.2 25.9 24.2 22.9 23.4
1991 21.0 20.0 20.9 25.0 26.5 26.7 27.7 27.4 26.7 26.4 24.6 21.5 24.5
1992 17.9 16.2 19.0 20.9 23.4 26.2 28.5 30.3 28.0 25.0 22.8 19.8 23.2
1993 18.4 16.2 19.0 21.5 24.1 25.4 27.4 27.8 26.1 25.0 25.1 23.6 23.3
1994 21.6 19.8 20.4 23.5 26.1 28.0 28.5 30.4 27.9 25.0 24.3 22.0 24.8
1995 20.5 18.5 18.1 20.4 23.7 26.5 28.9 28.8 26.5 24.5 22.0 19.3 23.1
1996 17.2 18.4 17.9 19.5 25.5 27.2 28.7 29.5 26.9 24.7 22.9 21.1 23.3
1997 19.2 16.7 17.5 20.1 24.3 27.2 29.5 28.9 26.0 24.6 22.8 21.1 23.2
1998 18.0 17.8 18.6 20.8 24.1 26.5 30.5 31.9 29.0 24.8 23.9 22.1 24.0
1999 20.1 21.3 18.6 20.8 25.0 26.1 29.8 30.8 27.2 24.3 23.4 21.0 24.0
2000 18.9 18.2 17.5 22.1 24.7 26.8 30.2 29.8 26.6 24.3 22.3 20.5 23.5
2001 18.1 17.6 19.9 21.4 23.9 26.0 29.5 31.1 26.5 25.0 23.4 22.0 23.7
2002 18.0 20.0 20.3 21.4 22.9 26.5 30.1 30.8 26.8 26.2 23.6 20.1 23.9
2003 18.8 18.1 17.8 21.5 26.2 27.7 29.9 31.2 27.9 25.5 24.2 21.0 24.2
2004 18.5 18.1 19.1 22.9 24.1 26.8 29.5 29.7 26.9 26.3 24.3 21.0 23.9
2005 19.0 20.1 19.7 23.3 24.4 27.7 30.5 31.3 28.5 24.3 23.9 22.9 24.6
2006 20.9 20.1 19.3 21.8 25.6 27.9 28.5 31.5 28.5 26.0 24.1 19.8 24.5
2007 19.0 18.4 19.2 21.8 26.1 27.5 31.3 30.0 28.0 25.4 23.7 21.9 24.4
2008 19.1 19.4 20.2 22.9 23.9 26.9 28.4 28.7 28.5 25.2 23.0 22.3 24.0
2009 20.3 21.1 19.3 21.8 24.1 27.3 30.0 30.1 27.6 25.7 24.2 21.7 24.4
2010 21.1 21.0 20.8 22.9 24.5 28.2 30.8 32.7 28.5 32.5 25.1 22.0 25.8
2011 19.1 19.8 20.0 21.2 23.8 26.4 29.2 30.1 27.5 25.2 22.3 20.8 23.8
2012 19.4 19.5 18.9 21.6 24.6 28.3 31.1 31.1 27.3 25.0 24.7 22.1 24.5
2013 20.4 20.6 21.8 22.1 25.7 27.1 29.4 30.3 27.9 25.8 24.6 21.1 24.7
2014 20.9 20.2 21.1 24.3 24.8 27 29.7 32 29.1 26 23.7 22.7 25.1
2015 19.5 20.4 21.7 22.1 25.6 26.6 28.8 31.8 29.0 26.9 25.0 20.9 24.9

Table A3. Rainfall (mm).

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Mean

1985 22.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 21.2 99.5 13.4 13.2
1986 34.5 0.0 24.4 0.0 0.0 0.0 0.0 0.3 0.0 7.0 0.4 0.0 5.6
1987 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 0.5 0.0 0.9
1988 0.5 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.1 9.3 0.0 1.2
1989 0.0 0.0 0.0 1.6 10.9 0.0 0.0 0.0 0.0 45.1 4.9 2.4 5.4
1990 0.0 0.0 0.0 12.4 0.0 0.0 0.0 0.0 0.0 0.1 35.0 2.0 4.1
1991 0.0 2.0 0.0 48.0 0.0 0.0 0.0 0.0 0.0 18.3 20.8 0.0 7.4
1992 0.0 0.0 0.0 0.5 0.0 0.0 0.1 5.0 0.0 5.2 96.9 0.4 9.0
1993 0.0 0.2 0.0 193.8 0.0 0.0 0.0 0.0 0.0 27.6 15.0 4.2 20.1
1994 11.2 0.0 0.0 0.0 4.0 0.0 5.5 0.2 0.0 0.0 0.0 0.0 1.7
1995 38.2 0.0 1.4 0.0 0.0 7.0 0.0 0.0 0.0 24.2 53.8 0.0 10.4
1996 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 50.4 6.6 5.3
1997 0.0 0.0 0.0 0.0 1.1 0.0 1.7 0.0 0.0 241.3 36.9 0.0 23.4
1998 0.0 0.0 0.0 0.0 1.2 0.0 25.0 5.4 0.0 3.0 0.0 0.0 2.9
1999 2.1 0.0 0.0 7.0 0.5 0.0 0.0 0.0 0.0 22.0 10.6 122.8 13.8
2000 0.0 0.0 0.0 4.4 0.0 0.0 2.0 0.0 0.0 25.4 60.5 70.3 13.6
2001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.9 24.1 2.4
2002 0.0 0.6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 96.6 0.0 8.1
2003 0.0 0.0 0.0 0.0 1.0 0.0 11.3 0.0 0.0 0.0 7.6 1.0 1.7
2004 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.1 0.0 100.3 9.3
2005 0.0 0.0 0.0 2.0 0.0 0.0 15.8 18.4 0.0 0.0 0.0 2.0 3.2
2006 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 65.2 11.8 0.0 6.5
2007 0.0 0.0 0.0 0.0 0.0 8.0 19.3 7.0 0.0 0.0 0.1 0.0 2.9
2008 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2009 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 3.6 0.7
2010 0.0 0.0 0.0 1.0 0.0 13.0 4.8 5.8 0.0 0.0 122.7 112.2 21.6
2011 13.1 0.0 0.0 0.5 0.0 0.0 1.5 0.0 0.0 0.0 0.0 1.0 1.3
2012 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30.0 0.0 0.0 2.5
2013 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 1.0 0.2
2014 0.0 0.0 0.0 0.0 2.3 0.0 18.2 0.0 0.0 5.4 23.1 24.4 6.1
2015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.1 0.0 32.4 5.0
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