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Abstract: The spatiotemporal variability of vegetation in the Middle East was investigated for the
period 2001-2019 using the Moderate Resolution Imaging Spectroradiometer (MODIS) 16-day/500
m composites of the Normalized Difference Vegetation Index (NDVL; MOD13A1). The results reveal
a strong increase in the NDVI coverage in the Middle East during the study period (R =0.75, p-value
=0.05). In Egypt, the annual coverage exhibits the strongest positive trend (R =0.99, p-value = 0.05).
In Turkey, both the vegetation coverage and density increased from 2001 to 2019, which can be
attributed to the construction of some of the biggest dams in the Middle East, such as the Atatiirk
and Ilisu dams. Significant increases in the annual coverage and maximum and average NDVI in
Saudi Arabia are due to farming in the northern part of the country for which groundwater and
desalinated seawater are used. The results of this study suggest that the main factors affecting the
vegetation coverage in the Middle East are governmental policies. These policies can have a positive
effect on the vegetation coverage in some countries such as Egypt, Saudi Arabia, Qatar, Kuwait,
Iran, and Turkey.

Keywords: Middle East; Moderate Resolution Imaging Spectroradiometer; Normalized Difference
Vegetation Index; time series analysis; governmental policy

1. Introduction

In the 21st century, global climate change (GCC) studies have focused on the vegetation
dynamics at local, regional, continental, and global scales. Vegetation is the basis of all living beings
and plays an essential role in GCC [1-4]. The GCC and its impact on land-dwelling ecosystems and
the global environment have triggered public concern in the last few decades [5-8]. Field surveys can
be used to obtain accurate ground data related to vegetation variations and their indicators; however,
in situ observations are expensive, time-consuming, laborious, spatially limited, and are rapidly
becoming outdated [9-12]. After the introduction of remote sensing (RS), satellite-based remotely
sensed data have been progressively used to monitor the vegetation dynamics; they are dominating
because of the contiguous long-term spatiotemporal variability, free availability, large geographic
coverage, and frequent and near-real-time workability [13-25].
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The Moderate Resolution Imaging Spectroradiometer (MODIS) is a spaceborne imaging sensor
aboard the NASA Terra satellite, which produces ecological indicators that are available on a global
scale [26]. MODIS has a high temporal (daily to annual) and a varying spatial (250 m to 1 km)
resolution. The MODIS is used to track environmental characteristics such as land use, food security,
environmental sustainability, disruption, and climate change [2]. The vegetation index (VI) is used as
an indicator of vegetation variability, and is a sensitive spectral signature of vegetation phenology. It
combines different spectral bands of RS data, which can be used to quantify the vegetation conditions
[27, 28], growth status, biophysical variables (e.g., Leaf Area Index LAI, productivity, and vegetation
cover types) [29-31]. Among all VIs, the Normalized Difference Vegetation Index (NDVI) is the most
well-known and widely used. The NDVI is based on red and near-infrared (NIR) spectra [32, 33]. The
NDVI varies from -1.0 to +1.0, where positive values (following an increasing trend) denote healthy
vegetation conditions. However, zero and negative values indicate non-vegetation elements such as
clouds, dust, water, rock, and water vapor [34]. The mesophyll structure of healthy leaves influences
an NIR spectrum signal, because it strongly imbibes photosynthetically active radiation [23]. The
NDVI is used to monitor the green vegetation status and land cover, which comprises unstressed
vegetation [15], and to evaluate ecological responses to environmental changes [30, 35, 36]. The NDVI
correlates with vegetation functions, such as the biomass [37, 38], primary productivity [39, 40], and
LAI, and can be used to investigate land-dwelling vegetation and climate relationships [33, 41—44].

The NDVI index has been applied to many scientific studies worldwide. Bagherzadeh et al.
confirmed the utility of the NDVI to express the vegetation variability under semiarid climate
conditions [45]. The results of several studies utilizing NDVI time series revealed the recent increase
in the vegetation efficiency in karst regions [11, 46—48], indicating that the NDVI of each vegetation
type is variable. The long-term NDVI can be used to indicate vegetation trends [45, 49, 50] and
monitor local, regional, and global trends as well as vegetation inconsistencies [51, 52]. Evans
reported that the viable rainfed agricultural land area has decreased by >170,000 km? until the end of
the 20th century in the Middle East (ME) due to climate change [53].

The ME comprises both arid and semiarid regions, which are considered as the hottest places on
earth, such as the Saudi Arabia deserts and Dasht-E-Lut in Iran. On the other hand, the region suffers
from severe droughts and some of the longest wars, such as those in Syria, Yemen, and Iraq.
Therefore, the vegetation in this region is affected by many anthropogenic and natural phenomena.
Few studies have focused on the vegetation dynamics in the ME. Therefore, the aim of this study was
to investigate the trends in vegetation productivity and coverage in the ME using satellite-derived
information. An attempt was made to measure the long-term spatiotemporal variability of the
vegetation coverage using time series analysis and correlation assessment in ME countries. The
results of this study can be used by policymakers in the ME to closely examine the vegetation
dynamics and their variations in each region and country. Studying the NDVI dynamics and their
relationship with vegetation growth, and monitoring in this region is very important for ensuring
agricultural, hydroecological, and environmental sustainability, and food security; it is also necessary
for formulating effective intergovernmental policies.

2. Materials and Methods

2.1. Study area

The use of “Middle East” first arose in the early years of the present century, referring to the area
surrounding the Persian Gulf. According to Fisher, it is the logical intermediate delineation between
the Mediterranean “Near East” and “Far East” [54]. The region includes Bahrain, Egypt, Palestine,
Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia, Syrian, Turkey, the United
Arab Emirates (UAE), and Yemen [55, 56]. The region is located between 12°N and 42°N and 24°E
and 63°E, covering a total area of ~7.2 million km? and including a population of ~420 million people
(Figure 1 & Table 1). During the 1990s, the economic development of ME region grew at 50% of the
rate of other developing countries [55].
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Figure 1. Map presenting the study area (the Middle East) including an elevation profile.

Table 1. Population and area of Middle East countries.

Country name

Middle East Population Population (%) Area (km?)

Egypt 90,253,760 21.5 1,010,407
Iran 82,467,049 19.6 1,648,195
Turkey 78,214,000 18.6 783,562
Iraq 36,575,000 8.7 438,317
Saudi Arabia 31,521,000 7.6 2,149,690
Yemen 26,745,000 6.4 527,970
Syria 23,270,000 55 185,180
Jordan 10,248,069 2.4 92,300
UAE 9,154,000 22 82,880
Israel 8,547,000 2.0 20,770
Lebanon 6,185,000 1.5 10,452
Palestine 4,816,503 1.1 6,220
Oman 4,181,000 1.0 212,460
Kuwait 4,161,000 1.0 17,820
Qatar 2,113,000 0.5 11,437
Bahrain 1,781,000 0.4 665
Total 420,232,381 100 7,198,325
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2.2. Methods

The MODIS NDVI 16-days/500 m (MOD13A1) product was used in the current study. The Shuttle
Radar Topography Mission (SRTM) digital elevation data with a resolution of 1 arc-second (~30 m)
were utilized in this study to provide an elevation map of the study area [57].

2.2.1. Normalized Difference Vegetation Index

The NDVI has become the most common and widely used index to investigate the vegetation
status and is derived from the production variety and LAI [58-61]. In the modern era, many scientists
used the NDVI in various studies relating to vegetation class, vegetation phenology, continental land
cover mapping, chlorophyll content, land use/land cover changes, and water stress [21, 28, 33, 62—
66]. The NDVI provides information about the inner mesophyll of healthy green leaves that highly
reflects near-infrared (NIR) radiation, whereas leaf chlorophyll and other pigments assimilate a huge
proportion of the visible (VIS) radiation. In the case of unhealthy vegetation the spectrum that reflects
the inner leaf composition is reversed [16, 58]. The NDVI is calculated as follows:

NIR — RED
NIR + RED’

NDVI = (1)

The NDVI index ranges from -1 to +1 [67]. In the present research, 437 images from the Terra
MODIS 16-day composite NDVI with 500 m resolution (MOD13A1.006__500m_16_days_NDVI) for
20012019 were downloaded using the Application for Extracting and Exploring Analysis Ready
Samples (AQoEEARS) application platform (https://lpdaacsvc.cr.usgs.gov.appeears) [68]. To calculate
the seasonal and yearly vegetation coverage, the NDVI was divided into seven categories (0.2-0.3, 0.3—
0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, and >0.8) and the arithmetic mean was calculated for each pixel
using the following equations:

Y (image353 to image065)

: , )

Winter vegetation coverage =

Y.(image081 to image161)

: , ()

Spring vegetation coverage =

. image177 to image257
Summer vegetation coverage = Z(imag . g ), (4)

Y.(image273 to image337)

Fall vegetation coverage = - : 5)
Yearly vegetation coverage = Z(Lmageonzt; imageoon) 6)

2.2.2 Anomaly algorithm and interpretation

The anomaly is an indicator calculated on the basis of the selected periods of time and shows how
the parameter for a particular time period compares with the entire period [33, 69] by indicating how
many standard deviations away a given observation is from the mean. Conceptually, the calculation of
the anomaly is equivalent to the calculation of the Z-score used in statistics and is formulated as follows:

.. _ Xij-Uij
Zij == %)
where Zijj is the anomaly of the i-th time period at the j-th time-scale, Xij is the parameter (as NDVI)
sum for the i-th time period at the j-th time-scale, and Uij and oij are the long-term mean and standard
deviation, respectively, connected with the i-th time period at the j-th time-scale [70]. A positive
anomaly indicates that the values of the investigated quantity are greater than the mean, whereas
negative values indicate that the values of the investigated quantity are lower than mean. Typically,
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data with an anomaly score exceeding an arbitrary threshold of 2 is flagged as abnormal, while data
with an anomaly <|0.5| can be treated as typical and is indicated in the figures as “normal area”.

2.2.3 Linear regression

In this study, linear regression was used to define the correlations at a significance level of 0.05.
Therefore, in this study, “significant” refers to a significance level of 0.05. It is a statistical method to
model the relationship by fitting a linear equation between two variables, where one is as an
explanatory variable and the other is a dependent variable [71]. The linear regression model can be

described as follows:
yi = a+bx;, (8)

where a and b are the regression coefficients. The coefficients in Eq. (8) can be obtained for the given

parameters x; and y;.
3. Results

3.1. NDVI changes

Figure 2 shows the average vegetation coverage (NDVI>0.2) in the ME during the study period.
The vegetation coverage gradually increases from January (12% of the whole study area) and peaks
in late April. Consequently, ~21% of the area is covered by vegetation (~1,519,200 km?). Starting in
May, the vegetation cover gradually decreases and reaches its minimum annual value in the warm
season by the end of September (14% vegetation coverage; ~1 million km?). The vegetation cover
gradually increases from the first of October to mid-November and, then, decreases. Accordingly, the
primary growing season (GS) in the ME starts around January 1 and ends within the first ten days of
May (Figure 2). Because the study area is large (extends to different northern latitudes) and the
elevation significantly varies, it is difficult to generalize the data for the whole area. Spring is the
greenest season. This greenness continues into the summer season until the end of June.
Subsequently, the vegetation coverage decreases, primarily because of the scarcity of rain in the study

area.
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Figure 2. Average vegetation coverage in the Middle East during 2001-2019.
Figure 3 shows the annual average vegetation coverage in the ME based on all NDVI categories

(0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, and > 0.8) for the study period. A significant positive
trend of the NDVI coverage in the study area can be observed in the period 2001-2019 (R = 0.75, p-
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value =0.05); however, a substantial interannual variability can also be detected. The years 2015, 2018,
and 2019 exhibit the maximum coverage, accounting for 17%, 18%, and 20% of the study area,
respectively (1.22, 1.28, and 1.43 million km? respectively), whereas the minimum vegetation
coverage was observed in 2001, 2003, and 2008, accounting for 14%, 15%, and 14% of the study area,
respectively (1.02, 1.05, and 0.975 million km?, respectively).
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Figure 3. Average annual vegetation coverage in the Middle East during 2001-2019 (black bars),
showing the linear trend line (black discontinuous line) supplemented by the Normalized Difference
Vegetation Index (NDVI) coverage anomaly (red continuous line) and normal area (red dotted lines).
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Figure 4. Total annual precipitation in the Middle East during 2001-2019 (black bars), with the linear
trend line (black discontinuous line), precipitation anomaly (red continuous line), and normal area
(red dotted lines).

Figure 4 shows the changes in the total annual precipitation in the ME during the study period.
The trend line indicates that the precipitation insignificantly changes during the study period.
Instead, a high interannual variability can be observed, which correlates with the interannual
variability of the NDVI. This suggests that precipitation is one of the factors affecting the changes in
the NDVI; however, it cannot explain the significant positive trend of the NDVI shown in Figure 3.
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Figure 5. Maps of the Normalized Difference Vegetation Index (NDVI) for the study area for the
chosen years (2003, 2009, 2013, and 2019).

Figure 5 shows the maps of the NDVI in the study area for four years (2003, 2009, 2013, and
2019). A large increase in the vegetation area can be observed on the border of Iran and Iraq, Iraq,
and Saudi Arabia, and Israel, Lebanon, and Jordan; in the central part of Turkey; in the northern part
of Syria; and in the western parts of Saudi Arabia and Yemen.

Figure 6 shows the time series of different NDVI categories for the ME from 2001 to 2019. A
significant increasing trend (p-value = 0.05) can be observed in the NDVI category 0.3 to >0.8 and an
insignificant increase can be detected in the NDVI category 0.2-0.3. In all categories, a trough can be
observed in 2008, 2012, and 2017 and a ridge can be detected in 2010, 2015, 2018, and 2019. This
indicates that the first group is the driest (less vegetation) and the second group is the greenest (dense
vegetation) during the study period (Figure 6).
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Figure 6. Average annual coverage (km?) for different vegetation categories in the Middle East during
2001-2019. * denotes that the correlation is significant at p = 0.05.

Table 2 shows the NDVI trends in the ME for each 16-day MODIS image during the study period.
A significant positive trend can be observed in all images, except for the images obtained on January
17. This reveals that the ME is becoming greener and the vegetation coverage increases in all months.
The correlation coefficients obtained for August 13 and 29 and September 14 and 30 are higher than
those determined in other months (R =0.76, 0.76, 0.81, and 0.83, respectively).
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Table 2. Trend of the vegetation coverage determined with an interval of 16 days from MODIS images
for the Middle East for the period 2001-2019.

Date Correlation
1]Jan 0.59 *
17 Jan 0.35
2 Feb 0.41
18 Feb 0.48*
6 Mar 0.40
22 Mar 0.46 *
7 Apr 0.57 *
23 Apr 0.60 *
9 May 0.62%
25 May 0.57 *
10 Jun 0.56 *
26 Jun 0.65 *
12 Jul 0.67 *
28 Jul 0.73*
13 Aug 0.76 *
29 Aug 0.76 *
14 Sep 0.81*%
30 Sep 0.83 %
16 Oct 0.69*
1 Nov 0.66 *
17 Nov 0.67 *
3 Dec 0.62*
19 Dec 0.62%

* denotes a significant correlation at p = 0.05.

3.2. Seasonal NDVI dynamics

Figures 7 and 8 show the seasonal NDVI dynamics of the ME in the study period (2001-2019).
Overall, vegetation covers ~19.2% of the study area during the study period. In the study area, spring
is the greenest season, followed by winter, fall, and summer, with vegetation coverage of 22.8%,
20.2%, 17%, and 16.8% of the study area, respectively. In all seasons, the densest vegetation coverage
was observed in the coastal areas of the Caspian Sea in northern Iran, Black Sea in northern Turkey,
Mediterranean Sea in western and southwestern Turkey, western Syria, Lebanon, Israel, Palestine,
and Egypt or along large rivers such as the Nile. The driest countries in the ME are Qatar, Kuwait,
the UAE, and Saudi Arabia, with vegetation coverage accounting for less than 1% of the total area of
the country. Oman, Bahrain, Egypt, Jordan, and Yemen have vegetation coverage of 1%, 2.7%, 3.7%,
3.9%, and 4.3% of the whole ME, respectively (Figures 7-8 and Table 3).
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Figure 7. Seasonal Normalized Difference Vegetation Index (NDVI) average in the Middle East
during 2001-2019.

Figure 8 shows the seasonal average vegetation coverage percentage for each country in the ME.
In winter, Palestine, Lebanon, and Turkey are the greenest countries in the study area,with vegetation
coverage of 76.9%, 67.6%, and 54.2%, respectively. In spring, Turkey, Lebanon, and Palestine are the
greenest countries, with vegetation coverage of 93.8%, 77.7%, and 67.2%, respectively. In summer
and fall, Turkey, Lebanon, and Palestine are the greenest, with vegetation coverage of 83.4%, 66.1%,
and 39.9% in summer and 73.7%, 66%, and 47.7% in fall, , respectively. In all seasons, Qatar, UAE,
Saudi Arabia, Kuwait, and Oman are the driest countries, with vegetation coverage <1.2% (Figures
7-8 and Table 3).
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Table 3. Seasonal vegetation coverage percentage in Middle East countries during 2001-2019.

Country Winter (%) Spring (%) Summer (%) Fall (%) Average (%)
Bahrain 32 2.6 1.9 3.0 2.7
Egypt 3.8 3.6 3.6 3.6 3.7
Palestine 76.9 67.2 39.9 47.7 57.9
Iran 9.5 22.6 10.9 8.0 12.7
Israel 40.0 37.6 31.8 33.6 35.7
Iraq 22.2 17.7 8.8 11.3 15.0
Jordan 6.0 5.1 2.0 2.6 3.9
Kuwait 1.0 0.1 0.1 0.4 0.4
Lebanon 67.6 77.7 66.1 66.0 69.3
Oman 1.0 0.8 1.0 1.2 1.0
Qatar 0.3 0.1 0.1 0.2 0.2
Saudi Arabia 1.0 0.6 0.5 0.8 0.7
Syria 33.9 31.6 12.5 13.7 229
UAE 0.8 0.5 0.2 0.5 0.5
Turkey 54.2 93.8 83.4 73.7 76.3
Yemen 24 3.5 5.6 5.6 4.3
Average (%) 20.2 22.8 16.8 17.0 19.2

Figure 9 shows the seasonal average and maximum NDVI of the ME countries from 2001 to 2019.
In winter, the maximum NDVI in Egypt, Turkey, and Israel is 0.84, 0.81, and 0.76, respectively, and
the NDVI average in Egypt, Israel, and Lebanon is 0.58, 0.48, and 0.41, respectively. The maximum
NDVI is the lowest in Bahrain, Oman, and UAE (0.39, 0.53, and 0.55, respectively) and the average
NDVI is the lowest in UAE, Bahrain, and Yemen (0.24, 0.246, and 0.249, respectively). In spring, the
NDVI is the highest in Iran, Turkey, and Syria (0.86, 0.85, and 0.77, respectively) and the highest
NDVI average in Turkey, Egypt, and Lebanon is 0.43, 0.404, and 0.402, respectively. The lowest
maximum NDVI was observed in Bahrain, Oman, and Qatar (0.35, 0.43, and 0.43, respectively) and
the lowest average NDVI of 0.231, 0.233, and 0.25 were detected in UAE, Bahrain, and Oman,
respectively. In summer, the NDVI the highest in Turkey, Iran, and Syria (0.92, 0.88, and 0.79,
respectively) and the highest NDVI average in Egypt, Turkey, and Iran is 0.49, 0.41, and 0.34,
respectively. Moreover, the lowest maximum NDVI was observed in Bahrain, Qatar, and Kuwait
(0.33, 0.38, and 0.42, respectively) and the lowest average NDVI was detected in Bahrain, UAE, and
Palestine (0.227, 0.229, and 0.24, respectively). In fall, the maximum NDVI was observed in Turkey,
Iran, and Egypt (0.84, 0.82, and 0.76, respectively) and the highest NDVI average in Egypt, Turkey,
and Lebanon is 0.45, 0.38, and 0.37, respectively. The lowest maximum NDVI was observed in
Bahrain, Kuwait, and Qatar (0.37, 0.48, and 0.49, respectively) and the lowest average NDVI was
detected in Bahrain, UAE, and Kuwait (0.23, 0.24, and 0.25, respectively).
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Figure 9. Seasonal average and seasonal maximum Normalized Difference Vegetation Index (NDVI)
for each country in the Middle East during 2001-1019.

3.3. Yearly NDVI dynamics

Table 4 shows the annual coverage (in percent) and the maximum, average, and majority NDVI
for each country in the ME from 2001 to 2019. The majority NDVI is the preferable indicator for
studying the variation of the vegetation coverage because other indicators can be sensitive to just one
value. For example, the maximum NDVI is sensitive to the highest value; thus, just one value can
affect the indicator, whereas the majority refers to the maximum value with the highest frequency in
the area. In other words, the majority refers to the highest values with the highest iteration. Therefore,
it is not sensitive to one pixel and is representative of the vegetation dynamics in an area.

From 2001 to 2019, the annual coverage significantly increases in Egypt, Iran, Iraq, Kuwait,
Lebanon, Oman, Qatar, Saudi Arabia, Turkey, and Yemen. A significant negative NDVI trend was
observed in the UAE (R =-0.72, p-value = 0.05). The trends determined for Bahrain, Palestine, Israel,
Jordan, and Syria are insignificant. Overall, the annual coverage in the ME shows a significant
positive trend (R = 0.47, p-value = 0.05) from 2001 to 2019. In Egypt and Qatar, the annual coverage
continuously increases, with the strongest positive trend in the ME (R =0.99, 0.91, p = 0.05). Table 4
shows that the vegetation coverage in the UAE decreases from 2001 to 2019.

The maximum NDVI in the ME exhibits a significant positive trend in Bahrain, Palestine,
Kuwait, Lebanon, Saudi Arabia, Turkey, and Yemen. An insignificant positive trend can be observed
for Egypt, Iran, Israel, Iraq, Jordan, Qatar, Syria, and the UAE. A significant negative trend was
detected for Oman (R = -0.47, p-value = 0.05). The strongest correlations were observed in Palestine
and Lebanon, with R = 0.90 and 0.88, respectively, and a p-value of 0.05. The overall trend of the
maximum NDVI in the ME is positive and marginal (R = 0.43, p = 0.05).
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Table 4. Trends of NDVI factors in the Middle East during 2001-2019.

Country Annual Max Average Majority
coverage (%) NDVI NDVI NDVI
Bahrain 0.37 0.69* -0.27 -0.36
Egypt 0.99 * 0.37 -0.77* 0.04
Palestine 0.16 0.90* 0.47 * 0.31
Iran 0.68 * 0.44 -0.39 0.11
Israel 0.16 0.26 0.40 0.26
Iraq 0.49 * 0.26 0.75* -0.35
Jordan 0.16 0.36 0.27 -0.09
Kuwait 0.71* 0.58 * -0.65* -0.19
Lebanon 0.63* 0.88 * 0.56 * -0.08
Oman 0.54 * -0.47 * 0.01 -0.23
Qatar 0.91* 0.28 -0.64 * -0.20
Saudi Arabia 0.83 * 0.71* 0.83* -0.03
Syria 0.18 0.13 0.12 0.18
UAE -0.72* 0.36 0.64* -0.31
Turkey 0.75 * 0.64 * 0.88 * 0.54 *
Yemen 0.63* 0.50 * 0.76* -0.07
Average 0.47 * 0.43 0.19 -0.03

* denotes that the correlation is significant at p = 0.05;
NDVI: Normalized Difference Vegetation Index

The average NDVI in ME countries exhibits a significant positive trend in Palestine, Iraq,
Lebanon, Saudi Arabia, UAE, Turkey, and Yemen. The strongest correlations were observed in
Turkey and Saudi Arabia (R = 0.88 and 0.83, respectively, and p = 0.05). In addition, a significant
negative trend was observed in Egypt, Kuwait, and Qatar, with R=-0.77, -0.65, and -0.64, respectively,
and a p-value of 0.05. In Oman and Saudi Arabia, the average NDVI shows no trend during the study
period.

The majority NDVI in Turkey exhibits a significant positive trend (R = 0.54, p-value = 0.05); in
other ME countries, the trend is insignificant. An insignificant positive trend was observed in
Bahrain, Iraq, Kuwait, Oman, Qatar, and the UAE; in Bahrain, Iraq, and the UAE, the correlation is
stronger than in other countries ( R = -0.36, -0.35, and 0.31, respectively). An insignificant positive
trend was observed in Palestine, Iran, Israel, and Syria; in Palestine and Israel, this correlation is
stronger than in other countries (R = 0.31 and 0.26) during 2001-2019.

4. Discussion

Water scarcity is one of the most severe issues in the ME. It can directly affect the vegetation
coverage in this area. Water scarcity has several reasons including high temperatures, relatively
irregular dissemination of rainfall, increasing irrigation water loads, and tourism inflation.
Furthermore, climate change likely augments this situation. With respect to long-term trends of
vegetation coverage and productivity, government policies play vital roles in this arid and semiarid
region. The ME is an arid region. The greenest areas of the region are located in 1) mountainous areas
and 2) coastal areas of the Black, Caspian, and Mediterranean seas. The water bodies in the southern
regions of the ME do not have any effect on the increasing vegetation coverage and the role of
mountainous areas (elevation) is more important than the distance to the water bodies in these
regions of the study area. Therefore, three main elements affect the vegetation cover in the study area:
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1) elevation; 2) distance from the waterbodies in the western and northern regions; and 3)
geographical coordinates (latitudes).

The main weather phenomenon in the Persian Gulf, Oman Sea, Indian Ocean, Arab Sea, and the
Red Sea is Subtropical High Pressure (STHP). This phenomenon prevents any convectional flows and
there is no dense vegetation in the coastal areas of the mentioned water bodies despite the high
humidity. The study area is in one of the driest deserts in the world due to the STHP. The region is
characterized by very scarce vegetation, which entirely depends on the existence of the mountainous
area [72-75]. The northern and western parts of the study area are located in the pathway of the
westerlies. The main factors affecting the atmospheric dynamics are westerlies and the large water
bodies (Black, Mediterranean, and Caspian seas), which supply the water vapor; therefore, these
areas contain the densest vegetation in the ME [76-79].

In Egypt, almost all green places are located in the Nile Delta and along the Nile River, while
other parts of the country (~97%) are characterized by the desert. The annual vegetation coverage of
this country shows the strongest positive trend in the ME (R = 0.99, p-value = 0.05). Kuwait and Qatar
have similar but weaker trends. The main reasons for this strong positive trend in Egypt are
governmental policies, which aim to extend the forest area of the country. Scientists are recuperating
wastewater from the city of Ismailia in northern Egypt and are using water to produce fecundate
trees. Within less than 20 years, over 200 ha of forests were developed in the desert, which is the main
reason for the increase in the annual vegetation coverage in Egypt from 2001 to 2019, which is
consistent with Loutfy’s findings [80].

Despite the increase in the annual vegetation coverage in Egypt during the study period, the
average NDVI is decreasing (R =-0.77, p-value = 0.05). This is due to the creation of new forest areas
by policymakers, which leads to an increase in the annual coverage. The leaf cover of these new forest
areas is still low, resulting in low NDVI, and this is the main reason why a decrease in the average
NDVI is observed. However, this trend cannot be generalized to other countries. For example, a
significant increase both in the annual vegetation coverage and the monthly average NDVI can be
observed in Iraq, which includes areas with very sparse vegetation. The monthly average NDVI in
this country is ~0.27 in all seasons and winter is the greenest season. Therefore, when local
governments or farmers start to work on bare land, the average NDVI increases.

Turkey is the only country in the ME in which all NDVI indicators are significant and increasing.
Therefore, both the vegetation coverage and density increased from 2001 to 2019 in this country. The
main reason is the construction of some of the biggest dams in the ME, such as the Atatiirk Dam
(1995) and Ilisu Dam (2006), which supported the increase in the vegetation coverage in these regions.
Our results are consistent with the findings of Ozcan et al. [81]. Due to the inundation of the Atatiirk
Dam Lake, a large area of agricultural fields (~368 km?) has been affected. However, the agricultural
fields in the Harran Plain increased by 56.3% (by 1552 km? up to 2756 km?) because of irrigation
during the period 1984-2011 [81].

Because water resources are low and the average annual precipitation is below 100 mm, Saudi
Arabia has become the world's poorest country in terms of water. Groundwater, surface water,
desalinated seawater, and treated wastewater are the major sources of drinking water [82]. However,
during 2001-2019, the annual vegetation coverage and maximum and average NDVI significantly
increased in the country. This is due to the significant amount of farming in the northern parts of the
country. The farming areas and greenhouses are irrigated using groundwater, and some of them are
using desalinated seawater [83].
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Figure 10. Maps of the NDVI for the selected years (2003, 2009, 2013, and 2019) and areas (south-west
part of Nile Delta in northern Egypt, northern Saudi Arabia, and region surrounding the Atatiirk and
Ilisu dams in southern Turkey) reflecting the progressive impact of anthropopressure.

UAE is a small country in a large desert. During the study period, the annual coverage of this
country significantly decreased compared with that of all other countries in the ME; however, the
average NDVI significantly increased. It was observed that very sparse vegetation vanished during
the study period. Therefore, almost all remaining vegetation near the inhabited areas has been
protected and improved, and the average NDVI significantly increased during 2001-2019.
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The increase in the NDVI in the above-mentioned countries can be attributed to
anthropopressure and is illustrated in Figure 10. A rapid growth in NDVI can be observed in areas
where government policies regarding the irrigation of agricultural fields were established. These
policies either include the use of desalinated seawater or groundwater (Nile Delta in northern Egypt
or northern Saudi Arabia) or water from lakes that were created by dam construction (Atatiirk and
Ilisu dams in southern Turkey).

5. Conclusions

In this study, the interannual and interseasonal variabilities of the vegetation in the ME were
analyzed. The results show that climate inconsistency and drought are common phenomena in the
entire region. Areas with steep precipitation gradients and marginal rain-fed agricultural fields are
the main areas of interest with respect to the mitigation of drought based on the development of local
processes to assess, monitor, and evaluate the vegetation dynamics.

The results reveal that the NDVI in the ME increases from January to late April, indicating that
~21% of the area is covered by vegetation. Starting in May, the vegetation cover decreases and the
minimum annual coverage (14%) is reached in the warm season by the end of September.

The main GS in the ME starts around January 1 and ends within the first ten days of May. During
the study period, the NDVI coverage exhibited a significant positive trend in the study area (R=0.75,
p-value = 0.05). A significant increase (p-value = 0.05) was observed in the NDVI category 0.3 to >0.8.
The ME is becoming greener; the vegetation coverage shows a positive increasing trend in all months.
Vegetation covers ~19.2% of the whole study area. Spring is the greenest season, followed by winter,
fall, and summer.

The densest vegetation coverage can be observed in the coastal areas of the Caspian, Black, and
Mediterranean seas and along the large rivers. The driest countries in the ME are Qatar, Kuwait, the
UAE, and Saudi Arabia.

In winter, the highest maximum NDVI was detected in Egypt, Turkey, and Israel and the highest
NDVI average was observed in Egypt, Israel, and Lebanon, with values of 0.58, 0.48, and 0.41,
respectively.

In spring, the maximum NDVI is the highest in Iran, Turkey, and Syria and the highest NDVI
average was observed in Turkey, Egypt, and Lebanon. In summer, the maximum NDVI is the highest
in Turkey, Iran, and Syria and the NDVI average is the highest in Egypt, Turkey, and Iran. In fall, the
highest maximum NDVI was observed in Turkey, Iran, and Egypt and the highest NDVI average
was detected in Egypt, Turkey, and Lebanon.

The main factors affecting the vegetation coverage in the ME are government policies. These
policies can have a positive and continuous effect on the vegetation coverage, as observed in Egypt,
Saudi Arabia, Qatar, Kuwait, Iran, and Turkey. However, some of these policies can have negative
effects on other countries. For example, the construction of a dam on a river that originates in a certain
country and flows to other countries can have a positive effect on the source country and negative
effects on the vegetation of countries located downriver. For example, the Kajaki Dam on the
Helmand River in Afghanistan harms the vegetation in the Sistan and Baluchestan Province of Iran.
The Ilisu Dam, constructed on the Tigris River, harms the vegetation in Iraq and Iran.

Further research should be carried out on ME vegetation dynamics, incorporating historical
vegetation dynamics, and their correlations with the atmospheric variability and land-atmosphere
interactions in this environmentally sensitive territory.
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