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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 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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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 RF 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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