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Abstract The water crisis is still a major issue in Qatar. Seawater desalination has been strongly
implemented in the Persian Gulf region. However, it is costly and there is corrosion in piping
materials and other equipment. Hence, there is a vital need to detect groundwater resources in
Qatar. Various factors affect the variability of groundwater in Qatar including hydrogeological
aspects, climate change, drawdown and abstraction, rainwater harvesting, desertification, and
population growth. In this study, we employ the Famine Early Warning Systems Network (FEWS
NET) Land Data Assimilation System (FLDAS) to monitor annual variations of soil moisture
(SM) in the depth of 1-2 m (as an indicator of groundwater) and rainfall flux (RF) from 1982 to
2019. The results show that SM and RF anomalies were positive from 1982 to 2000 (except
1992). In contrast, these anomalies became negative during 2001-2019 (expect 2001 and 2018),
implying the drawdown of groundwater resources. Drier years (i.e., negative RF anomaly) in the
recent 19 years (2001-2019) reduced SM and led to a negative SM anomaly. The Mukaynis and
Wadi Jallal regions (located in Al Rayyan and Al Wakrah municipalities, respectively) had the
highest RF and SM from 1982 to 2019. The center-pivot irrigation systems close to the Mukaynis
and Wadi Jallal regions indicate their accessibility to groundwater resources in Qatar. Moreover,
these regions have the lowest risk of salinization and groundwater vulnerability. In addition, an-
nual trends of groundwater storage (GWS) retrieved from the Gravity Recovery and Climate
Experiment (GRACE) from 2003 to 2019 have been presented. This study is beneficial for de-
tecting and monitoring groundwater resources for the sustainable management of water re-
sources in arid environments.

Keywords Qatar; groundwater; soil moisture; rainfall; arid regions; sustainable systems engi-
neering; GRACE, annual anomaly; FLDAS

1. Introduction
1.1. Literature Review

Qatar is an arid country with limited water resources. It has low rainfall with an annual mean
of about 75 mm. The fossil groundwater reserves, which are predominantly stored in the sedi-
mentary formations of the Arabian platform constitute the main water resources in Qatar [1,2].
The total groundwater abstraction in Qatar is 2.5 X 108 m3 per year. On the other hand, the
population is growing rapidly with the high rate of migrant workers from other Arab countries,
Pakistan, India, and Europe, increasing the water demand [3]. The population of Qatar has
exponentially increased from about 5.0 X 10* in 1960 to almost 2.5 X 106 in 2015. As a result,
the limited natural renewable water resources in Qatar have been overexploited. The country’s
water consumption per capita is 500 lit/day, which is the highest in the world [4]. Aquifers are
the only source of natural water in Qatar [4]. Extensive groundwater pumping for irrigation
during the last few decades has resulted in a substantial decline in groundwater levels and dete-
rioration of groundwater quality [4]. At present, no big storage facility for the desalinated water
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exists, and the stored water is enough for two days of supply. Therefore, one of the main grand
challenges in Qatar is to detect new groundwater resources and diversify water resources [4].

The major water storage in the Arabian Peninsula (including Qatar) is located on the Arabian
platform within formations of the Tertiary age. The Tertiary aquifer systems on the Arabian
platform were investigated by many researchers. For example, Al-Ibrahim [5], Bakiewicz et al.
(6], Beaumont [7], and Pike [3] studied the development of water resources in the main giant
aquifers in the Arabian Peninsula. Dirks et al. [8] studied the hydrological aspects of the Umm
er Radhuma aquifer in the Arabian Peninsula. Al-Fatlawi [9,10] focused on the geological and
hydrogeological characteristics of the Umm er Radhuma aquifer in western Iraq. Aquifers in the
Arabian Peninsula countries were also investigated by the Food and Agriculture Organization
FAO) [11].

There is a high potential for evaporation in arid climates [12—14]. Evaporation in dry cli-
mates forms salt pans as a sign of significant water loss from the groundwater aquifers [15-17].
The use of groundwater resources in arid regions is still a significant issue. The main challenge is
the growing discrepancy between the water demand and supply, in particular in the Arabian
Peninsula, which is the driest part of the world [18]. Hence, the importance of detecting ground-
water resources in the Arabian Peninsula has received much attention on the global level [19
24].

Recently, several efforts were focused on evaluating the sustainability of groundwater sources
for different scenarios. Kalhor and Emaminejad [19] studied the influence of groundwater avail-
ability on the growth of cities via remote sensing data. Awad [25] evaluated the deterioration of
groundwater in Egypt. Lanjwani et al. [20] assessed the risk of heavy metals in groundwater
resources on humans. Bedaso et al. [21] assessed groundwater sustainability in the State of Ohio
(USA) under climate change using isotopic tracers and climate models. Numerous other studies
were conducted to understand the influence of groundwater withdrawal on the environment
[22-24,26].

In the Arabian Peninsula, the non-renewable groundwater is mainly sourced from the sedi-
mentary and deep rock aquifers, which serve as a reservoir of the “fossil” water formed over 1000
to 32,000 years ago [27]. Palacohydrological evidence has suggested that groundwater recharge
occurs sometimes during the Late Pleistocene glaciation or the Early Holocene period. However,
failing to recharge the total groundwater storage nowadays made the fossil aquifers “storage-
dominated” rather than “recharge-flux-dominated” [28]. The decline of the groundwater levels
can be attributed to extracting more water than can be naturally replaced by recharge. Milewski
et al. [29] developed a groundwater risk index to evaluate groundwater depletion in the Middle
East and North Africa (MENA) region. They showed that Qatar has the second-highest ground-
water risk index among all countries in the region.

Qatar suffers mainly from water scarcity, which will be more severe due to global warming
[4]. Qatar does not have surface freshwater resources [4,30]. The water demand in Qatar will
be 2.5 X 109 m3 in 2025 and about 60% of that will be used in the agricultural sector. Hence,
water consumption is anticipated to be much higher than rainfall [1]. Also, the water table in the
urban areas of Qatar has shown drawdown due to rapid urbanization [1,31].

Ministry of Development Planning and Statistics (MDPS) [32] reported that Qatar relies on
seawater desalination as the primary source of drinking water and groundwater abstraction as
the main source of agriculture. MDPS [33] warned that the fresh groundwater reserves are still
being overexploited, which leads to a lower groundwater level and a higher water salinity. In-
deed, all groundwater resources in Qatar are overexploited over their safe yield by about five
times. This has reduced the quality of groundwater resources [30].

To the best of our knowledge, no study analyzed the long-term annual trends of soil moisture
(SM) and rainfall in Qatar using remote sensing data. The objective of this work is to study the
annual trends of soil moisture at the depth of 1-2 m and rainfall (RF) in Qatar from 1982 to
2019. It 1s hypothesized that regions with the highest SM have more accessibility to groundwater
resources.

1.2. Geographical and Climatic Characteristics of Qatar

Qatar is a semi-arid country in the east of the Arabian Peninsula, which spans over the 24.27
°N-26.10 °N and 50.45 °E-51.40 °E [32]. It has a length of ~180 km, a width of ~90 km, and
an area of ~11,586 km? [34]. Qatar has mainly a flat rocky surface and consists of some hills
with an elevation of up to 103 m above sea level [32]. The north of Qatar has relatively a low
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elevation (6 m above the sea level in Dukhan Sabkha), which increases gradually up to 103 m in
the west and southwest [35]. It is mostly located over a uniform limestone bed [32].

Qatar has an arid climate. It is characterized by hot summers that last at least four months,
cold winters that continue about three months, and short transitional springs and falls. It suffers
from water scarcity and drought. Rainfall is limited to certain months, starting mainly in October
and ending in May. The peak of rainfall occurs in winter. The rainfall in winter exceeds 50% of
the total annual rainfall [1].

The air temperature and drought are increasing steadily, which lead to the use of groundwa-
ter resources at a faster rate that can be compensated by rainfall, and therefore a decline in
freshwater availability. The heat will increase the incidence of extreme weather events such as
hurricanes. Qatar is one of the most sensitive areas to climate change [36]. The average annual
rainfall, air temperature, and relative humidity in Qatar vary over the range of 75200 mm, 20—
35 °C, and 40-60%, respectively [37]. A huge amount of water is lost due to evaporation, which
exceeds the rainfall rate. The Intergovernmental Panel on Climate Change (IPCC) estimates an
increase of up to 2 °C in air temperature in the next 15-20 years and over 4 °C by the end of the
century in Qatar [38].

2. Materials and Methods

Famine Early Warning Systems Network (FEWS NET) Land Data Assimilation System
(FLDAS) was developed to produce hydrological fluxes and states with a spatial resolution of 0.1°
and temporal sampling of one month over some parts of Africa and the Middle East [39].

Using rainfall, air temperature, relative humidity, solar radiation, and wind speed data from
in-situ measurements, land surface models, and satellite remote sensing retrievals, the FLDAS
generates multi-model and multi-forcing estimations of hydroclimatological data including rain-
fall flux, surface and root zone soil moisture, actual evapotranspiration, and runoff [39,40]. The
FLDAS was created under the NASA Applied Sciences Program by the joint efforts of the U.S.
Geological Survey (USGS) Earth Resources Observation and Science (EROS) Center, NASA
Goddard Space Flight Center (GSFC), and the University of California Santa Barbara (UCSB)
Climate Hazards Group (CHG). The FLDAS variables are required for water resources man-
agement and monitoring and are used to produce indices such as surface and root zone soil
moisture percentiles that show how current hydrologic extremes compare to conditions over the
past three decades. Within FEWS NET, FLDAS outputs are combined with remotely sensed
estimates, ground observations, and reports from fields to identify potential food security crises.
FEWS NET reports regarding the 2015 Ethiopia and 20152016 Southern Africa droughts are
examples of this approach [39,41].

In this study, we analyzed the annual trends of FLDAS SM data (in the depth of 1-2 m) in
Qatar from 1982 to 2019 (38 years) as an indicator of groundwater. The soil depth of 1-2 m was
also used for groundwater monitoring in the previous investigations [40—46]. Based on a piezo-
metric survey in 2009, Baalousha [34] indicated that the depth of the water table in most regions
of Qatar is 1-2 m (Figure 1). In this study, variations of rainfall flux (RF) are also evaluated in
the same 38-year period (1982-2019). We also assess the variations of SM and RF anomalies
during 1982-2019. Finally, areas/cities in Qatar with the highest SM values are identified.
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Figure 1. Depth (m) to the water table in Qatar (adapted from [34]).

3. Results and Discussions
Figure 2 shows the annual SM data in Qatar from 1982 to 2019. As can be seen, the highest

spatially-averaged SM (SM) of 0.35 (m?/m?) occurred in 1995, 1996, and 1997. Also, the lowest
SM of 0.32 (m3/m3) happened in 2012-2016. SM increased in recent years (2017-2019) due
to the increase in rainfall (see Figures 2 and 4). Figure 3 shows maps of mean SM from 1982—
2000 and 2001-2019. In general, SM data over Qatar showed lower values in 2001-2019 than
in 1982—-2000. It is worth mentioning that the range of variability of SM in different years is low
(changes from 0.32 (m3/m?) to 0.35 (m3/m3) because it represents the SM in the depth of 1-2
m, and not the land surface.
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Figure 2. Annual maps of soil moisture (m*/m?) in Qatar from 1982 to 2019. Spatially-averaged soil moisture (SM) plus/minus one standard deviation is shown

on each map.
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Figure 3. Maps of mean soil moisture (m®/m?) during 1982-2000 (left) and 2001-2019 (right). Spatially-averaged soil

moisture (SM) plus/minus one standard deviation is also shown on each map.

Rainfall is the only source to recharge groundwater in Qatar [1]. Figure 4 demonstrates the
annual maps of RF in Qatar from 1982 to 2019. The highest and lowest RF data are observed
in 1982 and 2010, respectively, with the spatially-averaged values of 6.14 (mg/m?/s) and 1.58
(mg/m?/s). The year 2010 is well known as a dry year and several studies reported drought con-
ditions for this year in the Middle East [47,48]. A comparison of Figures 2 and 4 indicates that
three major rainfall events before 1983, 1995-1996, and in 2017 recharged groundwater re-
sources and increased SM for the periods 1982—-1991, 1995-2000, and 2017-2019, respectively.
A consistent spatial variability is seen in the RF maps from 1982 to 2019, i.e., RF is at its peak
around the center of Qatar and decreases toward its borders. A similar spatial pattern is observed
in the SM maps (Figure 2) in which SM is highest in the central areas of Qatar and decreases to
its borders. The spatiotemporal consistency between the RF and SM maps (Figures 2 and 4)
implies that SM is mainly controlled by rainfall in Qatar.

Figure 5 shows maps of mean RTF during the past (1982—2000) and recent (2001-2019) 19
years. The mean rainfall data in 2001-2019 is lower than that of 1982-2000, which is consistent
with the lower mean SM in 1982-2000 compared to 2001-2019.

Figure 6 indicates the annual maps of SM anomaly (§SM) in Qatar from 1982-2019. The
highest and lowest SM anomalies are observed in 1996 and 2014, respectively. SM anomalies
are positive over most parts of Qatar from 1982-2000 (except in 1992). In contrast, SM anoma-
lies became negative in most regions from 2001-2019 (except in 2001 and 2018). Figure 7 shows
maps of mean soil moisture anomaly during 1982-2000 and 2001-2019. According to Figure 7,
SM anomalies are positive in the past 19 years (1982-2000), but they are negative during the
recent 19 years (2001-2019), which indicates increasing drought and declining groundwater in
Qatar. Valipour et al. [49] reported the year 2000 as an inflection point in Iran, which is a
neighboring country located in the north of Qatar. As shown in Valipour et al. [49], positive and
negative trends of rainfall were observed in Iran before and after 2000, respectively, which affect
6SM and are in line with our results in Figures 6 and 7.

https://www.hos.pub


https://www.hos.pub/

Highlights Sustain.

177
1989
=] o (=]
@ e =] 3 ® © 2 ~
- - s S g i s o
3 + + T H F A 3
™~
. = & B a - = o
o o o 1 . i
I I I i I h 0 0
= - " - b o [ I
& = =~ = o = B =
1996 1997
o 2 @ ©
& 3 % : 2 g N 3
s S ° it T - - S
+ + H H =) -+ +H +
=) > N " ° = ° 2
s ~ > it g ® .
2 i ai o ) : i
- o I Il w - I
I I J " B I I o
<
£ 2 : 2 L 2 2
2004 2005
3 3 z : g 3 3
o L = 1 =] = il
+ 3 + n + H o
3 ™~ 3 e g N ™~
! 5 ] o . s o
o~ N - ™~ ol
I o I ! I I
“ 1 o i ) I &
e i e e =
2012 2013
=
E ~ - Hd ] n - T
) ~ o) B~ = ~ n ]
=) o o e H = =] =
H 3 3 H - H H 3
=]
© e ~ = el o ® ®
> r~ © o - = = -
e ] - 'ﬁ‘ I o - I
I I I [ I .
e ] E e By
= & & e =~ ~ =
2 2 R 2 B R
o . . (=] (=]
3 W H 3 H H
- = (3]
2 3 N 2 3 5
o~ o ™
I | I f I I
ki s e R b
= > = g & =

2 3 4 5 6 7 8 9 10

Figure 4. Maps of annual rainfall flux (mg/m?/s) in Qatar from 1982 to 2019. Spatially-averaged rainfall flux (RF) plus/minus one standard deviation value

is shown on each map.
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Figure 5. Maps of mean rainfall flux (mg/m?/s) during 1982-2000 (left) and 20012019 (right). Spatially-averaged

rainfall flux (RF) plus/minus one standard deviation is also shown on each map.
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Figure 6. Annual maps of soil moisture anomaly (m?/m?) from 1982 to 2019. Spatially-averaged soil moisture anomaly plus/minus one standard deviation is

shown on each map.
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Figure 8 shows the maps of annual RF anomalies (6RF) from 1982 to 2019. The largest and
lowest anomalies are observed in 1982 and 2010, respectively. Positive rainfall anomalies are
seen in 10 years (i.e., 1982, 1983, 1988, 1991-1993, 1995-1997, and 1999) from 1982 to 2000.
Negative rainfall anomalies are observed in 11 years (i.e., 2001-2004, 2008, 2010-2014, and
2018) from 2001 to 2019. Also, as shown in Figure 9, the spatially averaged SRF (3RF) indicates
a positive (negative) value of 0.25 (—0.20) during 1982-2000 (2001-2019).

In general, both SM and RF declined in 2001-2019 compared to 1982-2000 (Figures 3 and
5). In addition, SM and RF anomalies showed positive values during 1982-2000 and negative
values between 2001 and 2019 (Figures 7 and 9). Occurrence of drier years (i.e., negative RF
anomaly, Figure 9) with a lower amount of RF (Figure 8) may impact the variations of SM
(Figure 6) and its anomaly (Figure 7) in the recent 19 years (2001-2019). However, other factors
such as more extraction of groundwater as a result of the growth of population and land
use/cover change also affect variations of SM and its anomalies [1].
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Figure 8. Maps of annual rainfall flux anomaly (mg/m?/s) in Qatar from 1982 to 2019. Spatially-averaged rainfall flux anomaly plus/minus one standard
deviation is shown on each map.
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Figure 9. Maps of mean rainfall flux anomaly (mg/m?/s) during 1982-2000 (left) and 2001-2019 (right). Spatially-averaged rainfall
flux anomaly plus/minus one standard deviation is also shown on each map.

Figure 10 compares the anomalies of annual rainfall flux and SM at two points in Qatar
from 1982 to 2019. The first point is centered at the latitude of 25.05° and longitude of 51.25°
(first row), and the second one is located at the latitude of 25.15° and longitude of 51.25°. These
two points are chosen because they had the highest amount of annual rainfall flux and soil mois-

ture, and thus have a larger anomaly. As can be seen, the anomalies of annual rainfall flux and
SM show consistent fluctuations at both points, implying that SM is mainly controlled by rainfall

in

Qatar.
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Figure 10. Time series of rainfall flux anomaly (left axis) and soil moisture anomaly (right axis) for the two pixels with the highest amounts of
annual rainfall flux and soil moisture. (a) point #1 (latitude: 25.05° and longitude: 51.25°) and (b) point #2 (latitude: 25.15° and longitude:
51.25°). The red circles represent peak years during 1982-2019.

Figure 11 shows annual maps of groundwater storage (GWS) from the Gravity Recovery and
Climate Experiment (GRACE) in Qatar from 2003 to 2019. As indicated, GWS in 2012-2019
is less than that of 2003-2011. Also, the lowest amount of GWS can be seen in the northwest and
southeast of Qatar. Higher amounts are observed around the center of Qatar. A relatively similar
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pattern is observed in SM (Iigure 2) and RF (Figure 3) maps that have higher values at the
center. Unfortunately, the GRACE GWS data with the resolution of 0.125° X 0.125° is not
available in Qatar and thus we had to plot GRACE GWS maps with a lower resolution of 0.25°
% 0.25°. This difference in spatial resolution over such a small study domain makes the compar-
ison of GRACE GWS and FLDAS SM/RF data difficult.
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Figure 11. Annual maps of groundwater storage (%) from the Gravity Recovery and Climate Experiment (GRACE) in Qatar from 2003 to 2019.
Spatially-averaged groundwater storage (GWS) plus/minus one standard deviation is shown on each map.

Figure 12 shows the locations of sites (blue symbols) in Qatar with the highest mean SM
during 1982-2019. These locations have been identified based on the information presented in
the Appendix A. The sites are close to Mukaynis and Wadi Jallal. The green/gray circles in the
northeast of Mukaynis and southwest of Wadi Jallal represent center-pivot irrigation systems.
These irrigation systems are close to the sites with the highest SM. Mukaynis is known as Dark
Cave [35]. Ellis [50] found evidence of heavy rainfalls and floods in this area. Wadi Jallal is a
village in the Al Wakrah municipality of Qatar, with a potential for the occurrence of floods
during heavy rainfalls [51]. According to Grichting [52], Wadi Jallal suffers from flooding and
experiences a significant amount of water infiltration. This is in agreement with our results re-
garding the high values of SM in Wadi Jallal. Therefore, the results of this study may help find
the hotspots with the highest SM where there is a higher chance of extracting groundwater re-
sources.

It is worth mentioning that the two sites with the highest SM are located in the area where
the water table is at the depth of 1-2 m below the ground (Figure 1) and the hydraulic conduc-
tivity is equal to 4 m?/day [34]. Moreover, these two sites have the lowest risk of salinization (EC
= 3—4 mmohs/cm) in Qatar [34]. Boron, Lithium, and Molybdenum groundwater concentra-
tions for the selected sites are 1-500, 51-150, and 0-10 ppb, respectively [53]. Moreover, the
groundwater vulnerability maps show that these sites are located in an area with very low vul-
nerability to net recharge, aquifer media, soil media, topography, and hydraulic conductivity

[34,53].
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Figure 12. Location of the pixels with the highest soil moisture in the depth 1-2 m in Qatar from 1982 to 2019. White lines
represent latitudes and longitudes.

4. Conclusions

This study evaluates the annual variations of soil moisture (SM) (as an indicator of ground-
water) and rainfall flux (RF) data in Qatar from 1982 to 2019. The SM at the depth of 1-2 m
and RF data are downloaded from the Famine Early Warning Systems Network (FEWS NET)
Land Data Assimilation System (FLDAS) available on the National Aeronautics and Space Ad-
ministration (NASA) archive (https://earthdata.nasa.gov/). In general, both SM and RF in-
creased in 1982-2000 and decreased in 2001-2019. SM and RF anomalies were positive during
1982-2000 and negative from 2001 to 2019. Drier years (with the negative RI anomaly) reduced
SM in the recent 19 years (2001-2019). Three major rainfall events before 1983, during 1995—
1996, and in 2017 recharged groundwater resources and increased SM in the periods 1982—
1991, 1995-2000, and 2017-2019, respectively.

The highest SM values in Qatar are observed at two sites near Mukaynis and Wadi Jallal.
The center-pivot irrigation systems around these sites indicate their high potential to access
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groundwater resources. These sites are also located in the area with the lowest risk of salinization
and groundwater vulnerability. The results of this study may help find the hotspots with the
highest SM where there is a higher likelihood of groundwater resources. This is helpful for de-
tecting and monitoring groundwater resources in arid environments [54—58]. The output of this
research will help water resources engineers understand the sustainability of groundwater re-
sources in Qatar over a long period of about 40 years (1982-2019) because of rainfall events,
population increase, and excessive groundwater withdrawal. Moreover, the results can be ap-
plied in other similar regions with arid climate. Future studies should be directed towards using
remote sensing and/or in-situ SM measurements to assess the accuracy of FLDAS SM data.
Also, given the population growth and increasing demands for water resources, analyzing the
relationship between human activities and spatiotemporal variations of SM and groundwater
resources should be considered for future studies.
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Appendix A

In this study, we used 110 pixels for the FLDAS SM and RF data over Qatar. Table Al shows the latitude and longitude
associated with each pixel number (PN) in Qatar. The pixel numbers start (PN = 1) with the lowest latitude and longitude in the
southwest of Qatar (24.45 °N, 51.05 °E) and continue to the last pixel (PN = 110) with the highest latitude and longitude in the
northeast of Qatar (26.15 °N, 51.25 °E).

Table Al. Latitudes and longitudes associated with pixel numbers in Qatar.

Pixel Latitude Longitude Pixel Latitude Longitude Pixel Latitude Longitude

Number (°N) (°E) Number (°N) (°E) Number (°N) (°E)
1 24.45 51.05 41 25.05 51.25 80 25.55 51.35
2 24.45 51.15 42 25.05 51.35 81 25.55 51.45
3 24.45 51.25 43 25.05 51.45 82 25.65 50.95
4 24.55 50.85 44 25.05 51.55 83 25.65 51.05
5 24.55 50.95 45 25.15 50.85 84 25.65 51.15
6 24.55 51.05 46 25.15 50.95 85 25.65 51.25
7 24.55 51.15 47 25.15 51.05 86 25.65 51.35
8 24.55 51.25 48 25.15 51.15 87 25.65 51.45
9 24.55 51.35 49 25.15 51.25 88 25.65 51.55
10 24.65 50.85 50 25.15 51.35 89 25.75 50.95
11 24.65 50.95 51 25.15 51.45 90 25.75 51.05
12 24.65 51.05 52 25.15 51.55 91 25.75 51.15
13 24.65 51.15 53 25.25 50.85 92 25.75 51.25
14 24.65 51.25 54 25.25 50.95 93 25.75 51.35
15 24.65 51.35 55 25.25 51.05 94 25.75 51.45
17 24.75 50.95 56 25.25 51.15 95 25.75 51.55
18 24.75 51.05 57 25.25 51.25 96 25.85 51.05
19 24.75 51.15 58 25.25 51.35 97 25.85 51.15
20 24.75 51.25 39 25.25 51.45 98 25.85 51.25
21 24.75 51.35 60 25.25 51.55 99 25.85 51.35
22 24.75 51.45 61 25.35 50.85 100 25.85 51.45
23 24.85 50.95 62 25.35 50.95 101 25.85 51.55
24 24.85 51.05 63 25.35 51.05 102 25.95 51.05
25 24.85 51.15 64 25.35 51.15 103 25.95 51.15
26 24.85 51.25 65 25.35 51.25 104 25.95 51.25
27 24.85 51.35 66 25.35 51.35 105 25.95 51.35
28 24.85 51.45 67 25.35 51.45 107 26.05 51.15
29 24.95 50.85 68 25.45 50.85 108 26.05 51.25
30 24.95 50.95 69 25.45 50.95 109 26.05 51.35
31 24.95 51.05 70 25.45 51.05 110 26.15 51.25
32 24.95 51.15 71 25.45 51.15
33 24.95 51.25 72 25.45 51.25
34 24.95 51.35 73 25.45 51.35
35 24.95 51.45 74 25.45 51.45
36 24.95 51.55 75 25.55 50.85
37 25.05 50.85 76 25.55 50.95
38 25.05 50.95 77 25.55 51.05
39 25.05 51.05 78 25.55 51.15
40 25.05 51.15 79 25.55 51.25

Figure Ala—d indicates the mean variation of SM and RF in each pixel over 1982-2019 (a 38-year period), 2010-2019 (the
recent 10 years), 2017-2019 (the recent 3 years), and 2019, respectively. A horizontal black line is plotted to easily identify all

pixels with SM = 0.350 m*®/m?. As can be seen, in each figure, the same pixels have the highest SM and RF values, which clarifies
the dominant impact of RF on SM (Figures 2-9). In Figure Al, two pixels (PN = 49 and PN = 41) have the highest SM. PN =
49 has a latitude of 25.15 °N and a longitude of 51.25 °E. PN = 41 has a latitude of 25.05 °N and a longitude of 51.25 °E.
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Figure Al. Mean variations of soil moisture (m?/m?®) and rainfall flux (mg/m?®/s) in each pixel over (a) 1982-2019 (a 38-year period), (b) 2010-2019 (the
recent 10 years), (c) 2017-1019 (the recent 3 years), and (d) 2019. PN, Lat, Lon, SM, and RF represent pixel number, latitude, longitude, soil moisture,
and rainfall flux, respectively.
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