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Abstract: Globally, climate change is triggering shifts in water availability, especially across arid and
desert landscapes similar to that in Yemen, where precipitation patterns are increasingly erratic. Here,
we use water budget calculations, drought metrics, and trend analyses to examine climatic water
deficits, with the aim of unraveling irrigation demands and overall water stress across Yemen. The
results indicate that 94% of the influx is lost back to the atmosphere via evapotranspiration, 6% is
converted to runoff, and only a negligible amount, generally less than 1%, is retained as storage.
The results also show an unrelenting, statistically significant water deficit increase of 0.17 mm yr~!
on the Sen’s slope, at the critical Z-value of 0.005 across the country, for the past 63 years. Our
findings challenge the conventional understanding of water deficits across Yemen and suggest
that the country’s water resources situation is direr than was earlier documented. Further results
show that while the water shortage mosaic across the country experiences interannual variations,
their occurrence is significantly intensifying. As such, an immediate and radical modernization of
integrated water management systems, including concerted investments in irrigation and artificial
recharge wells, especially across the Arabian Sea Coast, the Red Sea Coast, and the Highlands, is
strongly recommended.
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1. Introduction

Water security has been the subject of much systematic scrutiny because of the risk
that climate change poses to freshwater resources. This subject matter has also taken
center stage in policy dialogs, due to its close links with agriculture, food (in)security, and
poverty reduction [1-3]. While water security is a broad term that includes both physical
water scarcity and quality, the present study focuses on the physical aspects relating to the
mismatch between freshwater availability and demand.

An estimated 4 billion people are currently subjected to severe water shortages across
the world [4]. The Middle East and North Africa (MENA) region is especially impacted
by critical shortages. With 82% of the globe’s most water-stressed countries in the MENA
region, the area is currently the most water-stressed in the world; at the top of the table
are Kuwait, the United Arab Emirates, Saudi Arabia, Libya, Qatar, Yemen, and Algeria [5].
Given MENA's exposure to frequent drought and extreme heat [6], water-access disparities
are growing rapidly in the region and small-scale farmers who rely on rainfed agriculture
are among the most seriously affected. The situation is projected to worsen as the region
develops into a global drought hotspot [7], thus pointing to the need for accurate and
regular water accounting across the region.

Regular water accounting can aid in the decision-making related to irrigation, es-
pecially in MENA countries such as Yemen, which rely on rainfall for much of their
agricultural activities, which include the production of cereals, cash crops, vegetables, and
the rearing of livestock. However, given its widespread aridity [8], most rainfed agricul-
tural activities in Yemen are concentrated in coastal areas and the Highlands, where the
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interlinkages between water availability and erratic rainfall negatively affect yield, thus
necessitating frequent water budget monitoring.

Frequent terrestrial water budget monitoring can deepen the policymakers’ under-
standing of trends, fluctuations, and the drivers of water deficits, which can, in turn,
support the devising of strategies to address hydrological imbalances in agricultural rain-
fed systems. This is especially critical considering the fact that with climate change, aridity
is projected to more than double in the future across much of the landmass in MENA [9,10].
This aridification will be accompanied by more frequent droughts, intensified by higher-
than-usual temperatures, especially in the Middle East [11]. With this background, studies
focusing on water budget analysis for countries in the Middle East are crucial for informing
governments, regional organizations, and international stakeholders, enabling them to
collaborate and implement sustainable water management strategies that seek to alleviate
water stress in the region. For example, the authors of [12] found a negative trend of
0.5 cm yr~! in groundwater levels in the United Arab Emirates (UAE) and used these
findings to propose interventions for the sustainable use of water resources in the UAE.
In a similar study, the authors of [13] used a probabilistic framework for water budget
estimation to show that accuracy of evapotranspiration estimations is more critical than
other components for water budget analysis in the region.

Water budget analysis is even more critical in Yemen, where water scarcity is a driver
of and contributor to conflicts. The overexploitation of groundwater is widespread, thus
leading to declines in groundwater levels in all major agricultural areas [14]. Droughts are
further compounding this situation; almost every year, this conflict-prone country reels
under months of severe to extreme drought. Competition for water leads to localized
conflict and sparks demonstrations that have the potential to grow into small riots [15].
Water-related conflicts are estimated to cause around 4000 deaths a year, in addition to
leading to the destruction of water infrastructure, such as wells, pumps, etc. Water scarcity
is, therefore, considered a human security challenge in Yemen [16]. Unless interventions are
intensified in a conflict-sensitive manner that takes into account how the overexploitation
and mismanagement of water resources drive conflict, Yemen’s massive population growth
will contribute to aggravating water demand, potentially strain water supplies further, and
lead to further conflict.

In the present study, we examine water deficits in Yemen (Figure 1). Yemen is ranked
the sixth most critically affected country by water stress globally [5], and its high vulnera-
bility to climate-change-driven extreme events renders the country one of the most food
insecure in the MENA region and also globally. Despite humanitarian interventions, an
estimated 17 million people in Yemen remain food insecure, with unprecedented under-
nutrition levels [17]. Many scientists and policymakers agree that the agricultural sector
of Yemen remains fundamental to addressing the livelihood and food security challenges
of the most vulnerable populations, especially considering that agriculture is practiced
by 70% of the rural population, of which 85% are women [18,19]. However, agricultural
production and yield variations are largely impeded by rudimentary agricultural practices,
poor soils, and water deficits across the country’s varying agro-ecological zones (Figure 1).
Despite these challenges, there is scant literature on the subject matter. A few studies
that exist have also neglected to confirm their analyses of remote sensing datasets with
fieldwork, thus leading to generalized results. The main goal of the present study is to
unravel irrigation demands and overall water stress across Yemen. We begin by assessing
water deficit trends at the country level before focusing on the three main agricultural
areas of the country: the Arabian Sea Coast, the Red Sea Coast, and the Highlands. We
then supplement data analyses with field visits, to provide a novel contribution to the
literature on the current water stress situation across the country. We end the study by
proposing strategic interventions that can be used to address the ongoing water challenges
in Yemen. The findings from this study will be applicable to other Middle East countries by
informing the selection of an optimal allocation of this limited resource, thereby optimizing
agricultural productivity.
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Figure 1. Agroecological zones of the study area, Yemen. The insert shows the location of Yemen on
the global map, as depicted by the red shading.

2. Data Sources and Methods

In the present study, we used TerraClimate, a high-resolution climatic water balance
dataset that spans global terrestrial surfaces and covers the period from 1958 to the near-
present (Table 1; [20]). With a 1/24th degree longitude x latitude spatial resolution (~4 km),
TerraClimate is one of the largest climatic water balance datasets available and is widely
used in hydroclimatic studies [21,22]. Apart from its high resolution and long temporal
coverage, TerraClimate was used in the present study because Yemen is a highly data-scarce
country; therefore, water budgeting studies are difficult and they remain an unresolved
problem, with implications for surface water supplies, crop yields, and, by extension, food
security. Furthermore, the dataset has been found to show reasonable consistency with the
in situ datasets for Brazil [23], Columbia [24], and in the MENA region, where it was found
to have a very small absolute error [7].

Table 1. Data sources used in this study.

Variable Representation Units Source
Precipitation P mm [20]
Actual Evapotranspiration Ea mm [20]
Runoff Q mm [20]
Climatic Water Deficit CWD mm [20]
Water Storage AS mm Equation (1)
Wind Speed WS ms1 [20]

To quantify agricultural water deficits, we used climatic water deficit (CWD) as a surro-
gate. We defined CWD as the annual evaporative demand exceeding available water across
the study area [25]. Therefore, we considered CWD as the difference between potential and
actual evapotranspiration [26]. Given the processes that drive evapotranspiration, CWD, by
its very nature, incorporates soil moisture fluctuations, hydraulics, climate variability, and
solar radiation. CWD can, therefore, be thought of as a critical indicator of soil moisture
levels, groundwater recharge, and the irrigation demand necessary to offset agricultural
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water deficits [27]; thus, the greater the CWD across the area of interest, the more severe
the agricultural water deficit [28]. In addition to CWD, all three key hydrological fluxes,
i.e., precipitation, evapotranspiration, and runoff, as simulated by a modification of the
Thornthwaite-Mather climatic water-balance model [29], were analyzed in the current
study (see Table 1). Given the statistical relationships between wind speed and actual evap-
otranspiration [30], we hypothesized that changes in wind speed would lead to near-equal
changes in evapotranspiration and, thus, the water balance. Therefore, we also examined
wind speed data across the study area. Finally, we substantiated our data collection with a
site visit to one of the most water-stressed regions of the country.

We note that while CWD is an effective measure of agricultural water stress, it does
not sufficiently represent the soil’s water-holding capacity. To ensure that our findings
are robust, we adopted the water budget calculation and calculated water storage (AS) by
subtracting the output flux (i.e., the combination of actual evapotranspiration and runoff)
from the input flux, with the assumption of a steady state. Mathematically, this can be
represented as given in Equation (1):

AS=P - Q-E, 1)

where AS is the change in water storage, P is the input flux, i.e., precipitation, Q is the
runoff, and E, is actual evapotranspiration.

We also assessed changes in the severity of agricultural water stress during drought
years. To achieve this, we employed the standardized precipitation index (SPI) [31]. SPI
is widely used and is convenient for categorizing droughts [32,33], especially in data-
scarce regions such as Yemen, because it is based on precipitation data only. The index
compares annual average precipitation before fitting it to a gamma distribution and then
transforming it to a normal distribution, using an equal-probability transformation [34].
The average is then fitted to zero, with above-zero values indicating wetter or flood years,
while below-zero values denote drought years. Mathematically, SPI can be expressed as
shown in Equation (2):

8 e =1 (x-0) @

where I'(a) refers to the gamma function, and x is the amount of precipitation in mm,
thus implying x > 0, a is the shape parameter, and § is the scale parameter g > 0. Table 2
summarizes the classification of drought severity on an annual basis, as used in this
study [31].

Table 2. Drought classification on the SPI scale [31].

Description SPI Values
Extreme drought <=2
Severe drought —-19to -1.5
Moderate drought —14to—1.0
Near Normal —09t0 0.9
Moderately wet 1to15
Severely wet 1.6to2
Extremely wet >2

To quantify trends in the different fluxes, while at the same time ensuring that the
effect of autocorrelation is accounted for, we used the modified Mann—-Kendall trend test
(m-MK) [35]. All calculations were performed using the ‘modifiedmk” package in the R
programming language [36]. The hypotheses we employed in this study were as follows:

Hy natural randomness;

H; monotonic trend present.
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Mathematically, the calculation of the m-MK test can be expressed using Equation (3):

Zi=¢ ! (nl—{i—ll) fori=1;n, 3)
where R; refers to the rank of the detrended time series, n refers to the length of the time
series, and (p’l is the inverse standard normal distribution function, with a mean of zero
and a standard deviation of 1.

After assessing the trends in the different hydrological fluxes using the m-MK trend
test, we employed the sequential Mann—-Kendall (MK) test, as proposed in the work of [37]
to detect abrupt changes in the fluxes. The sequential Mann—Kendall test considers the
progressive row of Kendall’s normalized tau (7 coefficient), which is also referred to as the
forward statistic u(t), and the retrograde row of Kendall’s normalized tau, i.e., the backward
statistic (). The Boolean vector is then used to indicate at which indices of the original
time series the progressive and retrograde cross, which is considered TRUE at the point
of abrupt changes [38]. To compute the sequential Mann-Kendall test, we used the Pheno
package [39] in the R programming language [36].

We also used correlation coefficients (R) to disentangle the linear relationship between
several variables, including, but not limited to, water deficits and wind speed.

3. Results and Discussion
3.1. Country-Level Terrestrial Water Budget Variability

In the first set of analyses, we examined the long-term monthly cycle of water deficits
across the country. We found mean monthly water deficits ranging between 97 and 260 mm
(Figure 2). We further observed that while the country is characterized by water deficits that
are generally over 100 mm throughout the year, intensification begins soon after the winter
season, around March/April, suggesting that the warming up of temperatures triggers
an intensification of water deficits. In a nutshell, while climate change impacts the global
hydrological cycle in complex ways [40], evidence suggests that warmer temperatures are
associated with higher evaporative rates, which lead to intensified water deficits, especially
in arid environments [41,42]. With a statistically significant correlation coefficient of 0.8 at
o = 0.005, further evidence shows that the intensification of water deficits is associated with
a rise in wind speed across the country (Figure 3). This finding points to the effect of wind
speed on evapotranspiration and, thus, CWD [31].

Months

Figure 2. Monthly cycle of climatic water deficit (CWD; mm) across Yemen, averaged over longitude
42.6° to longitude 53.2° and latitudes 12.7° to 17.6°, for the period 1958-2021. This box and whisker
plot shows the five-number summary of CWD across Yemen. The bottom-most horizontal line of
each plot is the minimum, followed by the first quartile, then the vertical line that goes through the
box is the median, followed by the third quartile, and the maximum.
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Figure 3. Relationship between climatic water deficit (CWD; mm) and wind speed (WS) in m
s~ ! across Yemen (R = 0.8), averaged over longitude 42.6° to longitude 53.2° and latitudes 12.7° to

17.6° for the period 1958-2021.

Our findings further show that the rise in water deficits continues and reaches its peak
in July, when maximum deficits of up to 260 mm are experienced (Figure 3). From August,
a gradual and steady improvement is noticeable, although the country remains generally
water-stressed throughout the year. The observation that the strain on water resources
begins as early as March of each year is counterintuitive since rains, especially across the
Highlands, begin in March as the Red Sea Convergence Zone-triggered Saif rainy season is
ushered in [43]. As such, the intensification of water deficits at the onset of the rainy season
can be attributed to there being very little effective rainfall.

However, the intensification of water deficits during the rainy season presents an
opportunity for a radical modernization of integrated water management systems in Yemen.
For instance, during downpours, rainwater can be contained and stored for irrigation. In
addition to rainwater harvesting, the traditional diversion of stormwater has been found
useful in many arid regions [44]. However, it is notable that the identification of suitable
sites for effective rainwater harvesting or the practice of spate irrigation may be a challenge,
especially for small-scale farmers, as the use of geographical information systems and
hydrological models may be necessary [45]. To bridge this gap, studies that focus on
providing information regarding the spatial differences in rainfall regimes, slope, soil type,
land use, land cover, and finally, distance to water bodies are indispensable [46]. Equally
important is the provision of this information to small-scale farmers in a non-technical way.

The planting of native and drought-tolerant grasses, shrubs, and trees is another way
of enhancing integrated water management, the protection of ecosystems, and combating
drought because this measure increases localized rainfall activities [47].

Analyzing the interannual variability of water deficits, we found that even during wet
years, the rainfall received across much of Yemen is insufficient to offset deficits (Figure 4).
Notably, we found a correlation coefficient of —0.7 between SPI and CWD suggesting that
although the direction of the linear relationship between the two variables is as expected,
the strength is weak thus adding credence to the earlier observation that the rainfall received
across Yemen does not sufficiently offset water deficits. Furthermore, from 1958 to the
near present, there have only been two flood events that managed to bring water deficits
down to less than 170 mm; these are the extreme wet years of 1963 and 1983 when mean
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average water deficits were 165 and 164 mm respectively. The highest mean annual deficit
of ~194 mm was reported during the severely dry years of 2012, 2014, and 2015 (Figure 4).

5 1 1 1 1 1 1 1 1 1 1 1 1 1
SPI L 195
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180
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Figure 4. Interannual variations of the standardized precipitation index (SPI) and climatic water
deficit (CWD) across Yemen (R = —0.7), averaged over longitude 42.6° to longitude 53.2° and latitudes
12.7° to 17.6° for the period 1958-2021. The red dotted line denotes the separation between the wet
and dry years on the SPI scale.

Results of the SPI also show that although Yemen experiences more near-normal years,
it is characterized by extreme precipitation events. Specifically, in the past 63 years, the
country has experienced 8 years of severe drought (i.e., 2012, 2014, 1984, 1980, 2013, 2015,
2008, and 2003), 46 near normal years, 5 moderately wet years (i.e., 1961, 1989, 2020, 2016,
and 1964), 3 severely wet years (1967, 1968, and 2018), and 2 extremely wet years (1983
and 1963). While the country experienced 10 years of above-normal rainfall, our findings
demonstrate that much of the rainfall received is insufficient to offset deficits (Figure 4).
The observed droughts and concomitant water shortages have dried up dams in critical
agricultural hotspots such as the Abyan governorate along the Arabian Sea Coast (see
Figure 1), thus forcing many farmers to give up their profession, and a 33% decline in
cultivated land was recently observed across greater Sana’a due to constrained access to
water [48].

With climate change, water deficits are projected to worsen in the future with dire
implications for the water-food security nexus [49]. The current and projected water
insecurities, therefore, bring into question Yemen's capacity to safeguard sustained access
to adequate quantities of agricultural water for sustaining livelihoods, socioeconomic
development, and overall well-being. Foremost in addressing the current and projected
water supply challenges in Yemen is a concerted investment in access to water and climate
data, strategic information, and systematic tools that address trade-offs [4].

Notwithstanding the two major CWD drops during the extreme wet years of 1963 and
1983, the trends show a constant increase, with a Sen’s slope of 0.17 which is significant
at the critical Z-value of 0.005 (Figure 5). These findings suggest that while the water
shortage mosaic across the country experiences interannual variations, there is a significant
intensification in their occurrence. Furthermore, results from the sequential Mann-Kendall
test show that since 1958, there have been no sudden changes in the upward trend of water
deficits (Figure 6). The absence of sudden changes indicates that the rise is persistent, and
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this is a good indicator of future water deficits across the country. Conclusively, these find-
ings point to a drier Yemen in the future. Therefore, unless sustainable water management
interventions are taken, especially in basins similar to Sana’a, where unsustainable water
use is widespread, the government and local communities risk losing a substantial source
of livelihood and revenue in the future.
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Figure 5. The trend of climatic water deficit (CWD) across Yemen (Sen’s slope 0.17; p-value = 0.006;
o = 0.005), averaged over longitude 42.6° to longitude 53.2° and latitudes 12.7° to 17.6° for the
period 1958-2021.
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Figure 6. Abrupt changes in climatic water deficit (CWD) across Yemen, averaged over longitude
42.6° to longitude 53.2° and latitudes 12.7° to 17.6° for the period 1958 - 2021. Results are based on
the sequential Mann-Kendall test statistic. Prog (i.e., the progressive row of Kendall’s normalized tau)
is the forward sequential statistic while Retro (i.e., the retrograde row of Kendall’s normalized tau) is
the backward sequential statistic. The grey dashed lines represent the confidence limits at o = 5%.
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Our findings regarding sustained water deficits amid increasingly severe droughts
are consistent with those of the authors of [48], who employed remote sensing techniques
to study water resources in the Sana’a region and found deficits of between 500 and
723 mm? between 2007 and 2018. In a similar study, the authors of [50] attributed the
continued rise in water scarcity across Yemen to uncontrolled agricultural practices and
the demographic changes propelled by rapid population increases. Overall, increased
water deficits, droughts, and temperature increments have been reported by several studies
across the country [51-53].

Of the 114 mm of mean annual rainfall received across the country, 108 mm, repre-
senting 94% of the influx, is lost back to the atmosphere via evapotranspiration (Figure 7).
Generally, 7 mm, representing 6% of the influx, is converted to runoff, and only a negli-
gible amount of 0.02 mm, representing less than 1%, is retained as storage. Our findings
are consistent with those reported in [54], where the authors observed that in arid envi-
ronments, over 90% of the precipitation is lost via evapotranspiration. Similar findings
were noted in the nearby United Arab Emirates, where a negative trend of 0.5 cm yr~! in
groundwater levels was found; this would translate into aquifers not being recharged
rapidly enough to compensate for human withdrawals, compounded by extremely high
evapotranspiration rates [12]. Furthermore, the findings in this study demonstrate that
while evapotranspiration is one of the most important components of the water cycle,
due to its close links to atmospheric and surface energy budgets [55], it is responsible for
much of the water loss across Yemen and remains the major contributor to agricultural
water deficits. Given the statistically significant interlinkage between temperature and
evapotranspiration, the findings in this study suggest that the current global warming that
is underway is enhancing evapotranspiration and, as a result, water deficits across the
country. In a nutshell, as the temperature increases, evapotranspiration demand equally
increases, due to the increase in the amount of energy present to convert water to water
vapor [56,57].
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Figure 7. Interannual water balance fluctuations (mm/yr) across Yemen, averaged over longitude
42.6° to longitude 53.2° and latitudes 12.7° to 17.6°, for the period 1958-2021. S is the change in water
storage, Q is runoff, E, is evapotranspiration, and P is precipitation.

Our observation that less than 1% of rainfall is retained as storage points to a general
lack of groundwater recharge across much of Yemen. In many countries, recharge, i.e., the
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addition of rainwater to aquifers through the unsaturated zone, helps to counterbalance
the depletion of groundwater and, thus, mitigates the adverse effects of climate change-
induced water deficits [58,59]. However, in the case of Yemen, our results show that on
average, very little to no recharge occurs across the country, thus necessitating the need for
artificial groundwater recharge. Some of the most prominent practices for increasing the
amount of water that enters aquifers include the strategic establishment of injection wells
to the subsurface and the redirection of water through canals [60]. Since much of the water
is lost through evapotranspiration, human-controlled recharge shows much promise as a
water conservation technique since the water is stored immediately after it rains and before
it evaporates. In fact, a recent study in the neighboring country of Saudi Arabia shows that
the strategic drilling of wells for artificial recharge reduces evaporation loss by 86% and
increases groundwater recharge by 44% [61].

With mean annual water deficits ranging between 100 and 150 mm, results indicate
that the Highlands are the least water-stressed region (Figure 8). However, considering
that much of the agricultural activities occur across the western parts of the country, the
Highlands are heavily abstracted, and the depletion rate of groundwater in this area is
higher than across other parts of the country; sharp declines have especially been reported
in Sa’dah, Taiz, and Amran [44]. The decline in groundwater is likely compounded by
near-zero recharge rates as much of the water is lost via evapotranspiration processes
(see Figure 7).
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Figure 8. Spatial patterns of climatic water deficit (CWD) across Yemen for the period 1958-2021.

Other parts of the country that are severely stressed include the Eastern Dry Zone
(see Figure 1), a desertic landscape where the mean annual water deficits are generally
over 200 mm. Similarly, parts of the Arabian Sea coast, especially along the coastal areas
of Abyan, Shabwah, and Hadramaut, are severely water-stressed (Figure 8). Since little to
no agriculture is practiced across the Eastern Dry Zone, water conservation efforts should
focus on the western parts of the Arabian Sea coast, the Red Sea coast, and the Highlands.

In terms of spatial trends, wide variabilities were found over the period from 1958 to
2021 (Figure 9). Specifically, in the first decade, much of the Eastern Dry Zone experienced
an increasing trend of 2 mm yr—!, while the rest of the country experienced a decreasing
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trend of between 1 and 2 mm yr—! (Figure 9A). During the 1968-1977 period, however, the
whole country experienced an increasing trend, apart from the Al Maharah Governorate
(Figure 9B). This observation was reversed during the 1978-1987 period (Figure 9C). What
stands out from these results, therefore, is that while the Highlands experienced an in-
creasing trend of up to 2 mm yr~! in the early years, i.e., 1958-1967 (Figure 9A), a sharp
increasing trend of as high as 10 mm yr~! is evident in recent years (Figure 9G).

CWD trends (mm)

Figure 9. Spatial trends of climatic water deficit (CWD; mm) across Yemen: (A) 1958-1967;
(B) 1968-1977; (C) 1978-1987; (D) 1988-1997; (E) 1998-2007; (F) 2008-2017; (G) 2018-2021.
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3.2. Regional-Level Terrestrial Water Budget Variability

Having observed the marked spatial differences in water deficit (Figure 8), we analyzed
their trends across three main agricultural zones, i.e., the Red Sea coast, the Highlands,
and the Arabian Sea coast. The results indicate that with a mean annual deficit of 184 mm
and a range of 78 to 272 mm, the Arabian Sea coast is the most water-stressed agricultural
area (Figure 10). On the other hand, while there are interannual differences between the
Red Sea coast and the Highlands, there is nearly no difference in the mean annual water
deficit between the two regions. The observed upward trends without abrupt changes (see
Figure 6) show that Yemen’s water resources situation is direr than was earlier documented.
For instance, earlier studies recognized Wadi Hajr in Hadramaut Governorate as the only
truly perennial flow in the country and that influx exceeded outflux across parts of the
Wadi [62]. However, our findings challenge this conventional understanding and show
that, as in other parts of the country, Wadi Hajr is severely water-stressed and is no longer
perennial (Figures 10 and 11). Both data analysis and site visits show that parts of the Wadi
are seasonal. This finding has not been previously described.

Having observed that the Arabian Sea Coast is the most water-stressed agricul-
tural area, we examined wind speed variations across the three regions. The results
indicate that with a mean monthly mean of 4.1 m s~!, the Arabian Sea coast has the
highest wind speeds, while the Red Sea coast and the Highlands are roughly similar at
3.7 and 3.3 m s, respectively (Figure 12). Higher CWDs across the Arabian Sea Coast
can, therefore, be attributed to higher wind speeds compared to other regions. When wind
speed increases, it blows away atmospheric water vapor, thereby triggering a decrease in
relative humidity (RH), which ultimately increases the evaporative demand.
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Figure 10. The trend of climatic water deficit (CWD) across the Red Sea coast (blue curve), the
Arabian Sea coast (red curve), and the Highlands (grey curve) for the period 1958-2021. All trends
are significant at o = 0.005.
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Figure 11. Fieldwork findings show that the once truly perennial flow, Wadi Hajr Delta in Hadramaut
governorate, is no longer perennial due to continued water stress. Source: FAO, 4 December 2022.
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Figure 12. Mean monthly cycle of wind speed (m s~!) across the Arabian Sea coast (red curve),
Red Sea coast (blue curve), and Highlands (gray curve), averaged over longitude 42.6° to longitude
53.2° and latitudes 12.7° to 17.6°, for the period 1958-2021.

4. Conclusions

Yemen’s agricultural sector has a great deal of potential to become a major driving
force for food security, poverty reduction, and socioeconomic development. Unfortunately,
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as in many MENA countries, the sector is severely affected by water availability concerns.
We assessed the long-term agricultural water deficits using a high-resolution dataset and
found countrywide water deficits, with mean monthly values ranging between 97 and
260 mm. We further found that even during wet years, the rainfall across much of Yemen is
insufficient to offset these deficits. Water deficit trends show a constant increase across the
whole country. These findings suggest that while the water shortage mosaic across Yemen
experiences interannual variations, there is a significant intensification in their occurrence.
Furthermore, the results of the sequential Mann—-Kendall test show that since 1958, there
have been no sudden changes in the upward trend of water deficits. The absence of sudden
changes indicates that the rise is persistent and represents a good indicator of future water
deficits across the country. Conclusively, these findings point to a drier Yemen in the future.
Therefore, unless sustainable water management interventions are taken, the government
and local communities risk losing a substantial source of livelihood and revenue in the
future. Investments in water conservation techniques can mitigate these challenges by
recharging aquifers and ensuring water availability across the agricultural areas of Yemen.
While the trend analyses performed in this study are a good indicator of future water stress
across Yemen, these results will be improved by future studies that can use models to
project future water stress.
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