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Abstract: Yemen is a water-scarce country with inadequate fresh water and considerable
groundwater depletion, as well as a lack of adequate surface water. The study region is considered
an arid region, and there is insufficient water to meet the needs of the region's yearly population
growth rate of 4 %. This study aims to assess the water resources in the Sana'a region and to identify
the current water situation and forecast for the future. Rainfall changes spatial and temporal in very
few quantities and an annual average of 267 mm. Water harvesting facilities are entirely filled by 75%
of the total water facilities in the rainy seasons. The groundwater level in Sana’a Basin decreases
about 6-8 meters annually due to the increase in the number of wells, the abundance of abstraction,
and the lack of recharge. The amount of abstraction exceeds 400% of the recharge in the Sana'a basin.
The water per capita is 70 - 85 m? annually. It is an abstraction from the aquifers by private wells.
The crop cultivated area decreased from 184217 hectares in 2007 to 122583 hectares in 2018 due to
lack of water. The sewage treatment plant treats 18.25 Mm? annually, with less than 70 % efficiency.
The water deficit is about 500 to 723 Mm? annually; it is an abstraction from the aquifers by private
wells. The current water situation in the Sana'a region is catastrophic, and the planning and
management must ensure a water balance in the future.
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1. Introduction

Water is the basis of life, an essential input for social and economic development, and
an essential element of environmental sustainability. The Arab region is one of the poorest
regions in the world in terms of water resources, which makes most of the countries of the
Arab region face significant challenges to create a water balance. Yemen is located within
the arid and semi-arid region, with latitudes (12° — 19°) N, and longitude (42° — 55°) E.
That is evident in the lack of precipitation and its irregularity in quantity and distribution.
Yemen is considered one of the ten countries in the world that suffer water scarcity [1],
especially since it does not contain perpetual rivers [2]. Yemen has a problem in the irra-
tional use of the available water quantity, which leads to a rapid depletion of groundwater
[3].

Groundwater reached 1.5 billion cubic meters (Bm?), the surface water was 1.0 Bm?,
and the water demand reached 3.4 Bm? [4]. In comparison, renewable water amounted to
2.5 Bm?®, which means a deficit of 0.9 Bm? that is to be compensated by groundwater. Cur-
rently, this deficit has increased to about 1.4 Bm?® [5] due to the current water demand
reaching 3.9 Bm? (2020) and will increase to 4.4 Bm? by 2025. The large amount between
supply and demand means withdrawal from the stored groundwater. Agricultural Pro-
duction consumes about 93% of the total water resources [6]. There is no country in the
world where the rate of depletion of aquifers is going as fast as Yemen [7]. In general,
more than 90% of the population in Yemen uses less than 90 cubic meters annually. This
decrease is considerable and shows that the per capita share in Yemen does not exceed
10% compared to other countries [7].
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In Sana’a region, the recent rapid population growth and increased water consump-
tion for the agriculture sector (especially qat cultivation) as well as a dearth of precipita-
tion, have led to an overuse of groundwater. The amount of groundwater extracted from
the Sana'a basin is about 400% of the amount of recharge [8], so most of the groundwater
wells in the study area dried up due to the drop in the groundwater level, which is esti-
mated at 6-8 meters annually [9, 10]. The increase in population with water scarcity poses
significant challenges to the state economically, socially, and politically and threatens the
stability of the environment [11]. Despite the shortage of water in the Sana'a region, it also
suffers from rainwater drainage, especially in the capital, where the valleys in the vicinity
flow into the heart of the Sana'a city (Wadi Al-Saila) due to population congestion and
urban expansion. In addition, the internal migration to Sana'a Region ranks first among
Yemeni cities, where the proportion of the urban population reached 7.52% of the city's
total population [12]. The water problem in Yemen in general and the Sana'a region, in
particular, is a big problem that is exacerbating with time, and there are no satisfactory
solutions by the government, especially with the recent events that the country has wit-
nessed. These Problems require achieving a water balance between the available water
and its demand; so that it does not dry out quickly. If the water problem in Yemen is not
solved, expected will deplete its groundwater reserves within two decades. This research
deals with the water situation in the Sana'a region in its two parts, Sana’a city and Sana'a
governorate. And aims to assess water resources in the Sana'a region by collecting previ-
ous and current information and analyzing them to display complete details about water
quantity, distribution, and uses. Analyze the results, and develop proposals and solutions
to reduce water problems.

2. Materials and Methods

2.1. Study Area

Sana'a Region is located in the Northern-central part of Yemen. It consists of the
Sana'a governorate and Sana'a city, Sana'a city also called Amanat Alasimah, and it is the
political and historical capital of Yemen. Sanaa governorate surrounds Sana’a city from
all sides. Sana’a Region is located within the coordinates of latitudes (14°45 — 16°5) N and
longitudes (43°30 — 45°5) E, as shown in Figure 1.

It is above sea level by 2200 meters. The highest area is Jabal al-Nabi Shuaib, located
in the Bani Matar district, and it rises 3666 meters above sea level. It is considered the
highest area in the Arabian Peninsula. The total area is 12259 km?2. Sana'a governorate and
Sana'a city 11869 and 390 km? respectively. Based on [13], the population of Sana'a gover-
norate and Sana'a city were 1,469,960 with a 3.2% growth rate and 3,406,643 with a 4.5 %
growth rate, respectively. Sana’a governorate consists of 16 districts are (Sanhan, Khaw-
lan, Alttayal, Bani Dabyan, Alhusn, Bilad Alrus, Hamdan, Bani Matar, Arhab, Nihm, Al-
yayma 1, Alyayma 2, Manakhah, and Sa'fan). Sana’a city contains ten districts (Bani
Alharith, Alssafia, Alsabain, Old city, Ma’ain, Azal, Altahrir, Alwahdah, and Althaorah).
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Figure 1. Sana'a Region location map.

2.2. Data and method

Climate, population, agriculture, dams, and wells data were collected from various
sources such as Civil Aviation and Meteorology Authority [14], Ministry of Agriculture
and Irrigation [15], Ministry of Water and Environment [5], National Water Resources
Authority [16]. Previous studies were also presented, analyzed, reviewed, and compared
with the current situation. And predicting the future water situation in the study area. The
geographic information systems (GIS) program was used to determine the study area and
the locations of the water facilities. Digital Elevation Model (DEM) and the Arc Hydro
software integration were used to derive water flow networks and direction and identify
watersheds. Digital elevation data were obtained from the NASA website and the USGS
Geosciences Observation Center (DAAC) archive.

3. Results

3.1. Surface water
3.1.1. Rainfall

The average annual rainfall ranged from 130 mm in the eastern coastal areas to more
than 600 mm in the southwestern highlands [16]. According to studies conducted by [17],
the average rainfall amounted to 200 mm annually in the Sana’a Basin that representing
30% of the total study area, while [8-11, 18-23] mentioned the annual rainfall ranged be-
tween 100 and 350 mm. [12] indicated that the average rainfall ranged between 250 to 300
mm annually.

Recorded rainfall data began in the 1970s for different private goals and projects to
study the Sana'a Basin and Wadi Siham [16] and then stopped working after that. About
56 stations have been established throughout the study area, distributed between 12 met-
rological stations and 44 rainfall stations distributed in different places, as shown in Figure
2. Various authorities are responsible for these stations, such as (CAMA), (MAI), MWE),
(NWRA). Currently, most of these stations discontinued work because they were
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established to achieve private projects; thus, many of the data were missed in these sta-
tions for many years.
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Figure 2. Meteorological and rainfall stations distribution map in the Sana’a Region

Also, the difficulty obtaining data for all stations and unavailability for researchers
make the vision incomplete for the current situation. In 1975 the number of stations was
eight stations, then the number increased to 17 and 18 stations in 1984 and 1996, respec-
tively. In 2006 and 2020, the stations decreased again to 11 and 6 stations, respectively
Figure (4). According to the available and recorded data, the operating stations are cur-
rently six Stations (1, 4, 7, 10, 36, and 38). Stations (1, 4, and 36) are metrological stations,
while stations (7, 10, and 38) are rainfall stations. Stations (1 and 7) are managed by
CAMA, while station (4) are managed by NWRA, and MAI manages stations (10, 36, and
38).

In 1975, the behavior of rainfall recorded was the same in all stations, but the monthly
rainfall amount was different, as in Figure (3a). The rainfall occurred in March, April, July,
and August, while the rest of the months were dry. Rainfall station (16) recorded the high-
est rainfall during July and August, 179 and 237.5 mm, respectively. The total maximum
annual rainfall for this station amounted to 659.6 mm. The lowest annual total rainfall was
in a station (14), which amounted to 144.8 mm.
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Figure 3. Rainfall records for the stations in some selected years: (a) 1975; (b) 1984; (c) 1996;
(d) 2006; (e) 2020; (Numbers in legend refer to rainfall recorded stations numbers)

Also, in 1984, the behavior of rainfall was the same for all stations, and the rainfall
months were March, May, June, and August; during the year, most of the precipitation
was in May, as shown in Figure (3b). In May, the maximum monthly rainfall was at Station
54, which amounted to 216.5 mm May. The maximum total in the station (48) was 429.8
mm, and the lowest total amounted was 59.2 mm at the station (19).In Figure(3c), in 1996,
the precipitation behavior is varied and reached a maximum monthly rainfall of 184.5 mm
in June, which was recorded by the station (22). The precipitation period starts from
March to August. Station (54) recorded a total maximum of 629.3 mm, while station (56)
recorded a minimum of 153 mm. In 2006 Figure (3d), the amount and behavior of precip-
itation were the same; the maximum rainfall was recorded in June, which amounted to
130 mm in august by a station (17). The maximum total rainfall was 413 mm by station
(45), while the minimum total rainfall was 69.5 mm station (29). For 2020, as shown in
Figure (3e), the rainfall months were March, April, May, June, and August. The station
(36) recorded maximum monthly rainfall, which amounted was 276.5 mm in Jul. In con-
trast, the maximum total rainfall amounted was 625.7 mm in the same station, and the
minimum total rainfall reached 130 mm at the station (38).
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In general, through the available data for several stations from 1972 to 2020, the study
area can be divided into five areas:

1. In eastern and southern highlands include the districts of Sanhan, Bani
Hushaysh, Khwlan, Al-ttyal, Bani Dabyan, Al-Husn, and Bilad Al-Rus. The
range of rainfall is between 130 and 320 mm annually, a maximum of 827 mm in
1981 by the station (44) and a minimum of 47 mm 2008 by the station (31).

2. In southern highlands include the districts of Bani Matar and Hamdan, with
ranges of annual rainfall between 160 and 450 mm, a maximum of 685 mm in
1998 at Station 16, a minimum of 62 mm in 2003 at a station (43).

3. In southwestern highlands, which include the districts of Al-Haymah (1 + 2),
Manakhah, and Sa’fan, annual rainfall ranges between 250 and 520 mm, a maxi-
mum of 887 mm in 1997 at a station (54), and a minimum of 142 mm in 1992 by
a station (48).

4. In the northern highlands, which include the districts of Nihm and Arhab, the
ranges annual rainfall varies between 150 and 235 mm, a maximum of 419 mm
in 1996 at Station 22, a minimum of 59 mm in 2004 at a station (19).

5. The central region, which includes the Sana'a city, ranges annual rainfall be-
tween 130 and 350 mm, a maximum of 655 mm in 1979 at a station (6) and a
minimum of 83 mm in 2002 by a station (7).

The data acquired through the research revealed that precipitation in the studied area
fluctuated both temporally and geographically. Rainfall periods can be divided into two
seasons, the first season from March to May and the second season from July to August.
Because of the geographical location and its influence, the convergence between the Red
Sea and the tropics [24]. Generally, the annual Rainfall in Sana's region varies between 160
and 375mm, with an average of 267 mm/year.

The lack of climate-related data is a significant challenge in Yemen to reach hydro-
logical models that represent reality and seek better manage water resources [25]. The
climate change phenomenon is one of the most important topics that should receive sig-
nificant attention due to its relationship with natural resources. Because the Sana’a region
is considered a dry area according to the UNESCO classification in 1979, the evapotran-
spiration exceeds the amount of rainfall, where the annual average for evapotranspiration
is between 2000 and 2500 mm [18, 21]. Climatic phenomena (floods - drought) and their
relationship with weather phenomena such as rainfall, relative humidity, wind speed, and
temperature are essential to know the causes of current climate change and future expec-
tations. These weather phenomena depend on the region's topography and height above
sea level. It is noted that the temperature is lower in the eastern, western, and southwest-
ern highlands, while the amount of rainfall is more than in the central regions of the study
area.

The average temperature ranges (12 — 25°C) [5, 16, 19, 22, 26]. In contrast, the average
maximum annual temperature ranges between 23 and 30 °C with an average of 26°C by
analyzing all data obtained (1972-2015) [16]. The average yearly minimum temperature
ranges between zero and 17 °C, with an average of 9°C, and it decreases in some winter
nights to below zero in December and January, causing frost in the highlands of the Sana'a
region. The frost phenomenon is classified as a dangerous factor that threatens some crops
and destroys them. In January 1986, the lowest temperature was recorded in the region
reached -9°C [16]. The temperature is considered very low and close to the high moun-
tainous areas south of the Sana’a region, which recorded in the same period reached -12°
in Dhamar Governorate [27]. In general, the mountainous heights in the Sana'a region are
considered one of the coldest regions in Yemen during the winter and the most moderate
during the summer. The average monthly relative humidity in the range of (38 - 58) %,
wind speed is 2 - 3.1 m/, sunshine 7 — 11 hr/day from 1972 to 2014 [16].

3.1.2. Stream flow

There is no permanent surface runoff except the runoff due to floods. These floods
occur due to heavy rainfall in some years. The site's topography makes most of the valleys
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pass from Sana’a’s center, causing floods. Flood damage increases with time due to urban
expansion and the increase in population, specifically in the Sana’a region. Sana’a city is
considered one of the cities most affected by floods, as rainwater collects from the hills
and heights to valleys and sewers to form the flow [24]. Most of the valleys surrounding
Sana'a city flow through the wadi (Al-Sailah) (Figure.4). It is the city’s only outlet for
floods drainage, which is 30 km long and 15 to 16 m wide, with a height ranging between
1.4 and 3. 6 m; on the other hand, wadi Al-sailah is a major corridor for vehicles.

(b)

Figure 4. Flood effect on Sana’a city in wadi Alsailah: (a) Sana’a city with flood; (b) Sana’a city
without rains

The water collects to wadi Alsailah then to north-east of the Sana’a region to wadi
Al-kharid in Aljawf governorate. Wadi Al-kharid is considered a significant watershed in
Sana’a. Some springs feed the area, estimated at 0.2 m?%s [28]. Other springs within the
region have an estimated flow of about 17.2 (Mm?) annually [29]. Two maps were created
by GIS 10.3 with arc Hydro to determine the Main and sub-streams flow directions with

catchment area in the Sana’a Region Figure 5.
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Figure 5. Main and sub-streams flow directions in the Sana’a Region: (a) Main stream with catch-
ment area; (b) Main and sub stream with catchment area

In Sana’a basin, the outflow is 27 Mm? annually [29], while inside the Sana’a basin,
the total flow is estimated at 40 Mm? annually [19, 22, 29]. The valleys of the southwestern
study area flow towards wadi Siham and wadi Surdud to Al Hudaydah governorate. [30]
mentioned the average surface runoff in wadi Siham is 82.92 Mm?*® annually, while [31]
noted the runoff in wadi Siham and Surdud are 73 and 82 Mm?3/year, respectively, with
rainfall between 80-597 and 50-400 mm for wadi Siham and Surdud, respectively [31, 32].
Additional study [33] indicated the surface runoff in the wadis of Al-kharid, Stham and
Surdud was 35, 89, and 69 Mm?®/year, respectively. In contrast, the valleys southeastern
Sana'a region flow out of the area towards wadi Athanah, with the area is 11500 km? to
Ma'rib governorate, the rainfall ranges between 100-400 mm annually, and the runoff is
estimated at 5.9 Mm?/year [32].

Because the floods caused substantial human and economic losses reported. The gov-
ernment is represented by the Ministry of Agriculture and Irrigation (MAI). Some external
donors to Yemen, such as the Social Fund Development (SFD), Agriculture and Fisheries
Production Promotion Fund (AFPPF), European Union, and the United States Agency for
International Development [34], to create a set of programs to develop dams and water
barriers to alleviate floods as well as to recharge groundwater that helps and supports
agriculture. The idea of dams and barriers dates back to thousands of years ago when man
invented the method of harvesting water through collect it by barriers and dams; over the
past years and up to the present, new technologies and unique innovations have appeared
in dam construction [35]. The number of dams and reservoirs constructed are 168 dams,
and 65 reservoirs, as shown in Figure 6, with a storage capacity of 64,656,651 and 238,983
m?, respectively. About 32% of them are located within the Sana'a basin. Most dams and
reservoirs are used for irrigation and domestic uses as one of the water sources, serve the
purpose of its establishment about 80%, and 20% do not fulfill the purpose of its establish-
ment for various reasons, such as the remoteness of the site on the beneficiaries and the
lack of water transfer techniques or high leakage rates; thus, the water does not stay in it
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for long, or the sediment rises in some dams. In rainy seasons, filled dams are about 74 %
of total dams, while the rest are partially filled 26 %, which means the number of dams is
insufficient to harvest water and meet water demand.
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Figure 6. Dams and reservoirs distribution in the study area with Sana'a basin boundary

3.2. Groundwater

People currently depend mainly on groundwater for irrigation and domestic uses,
and in some rural areas, rainwater is collected by traditional methods such as basins,
ponds, and small dams [5, 36]. In Sana’a city, there are approximately 198 wells supervised
by the government to meet the needs of the people. Currently, many wells have stopped
working due to the low water level. The number of wells operating in Sana’a city is about
70 out of 196 wells, and their depths range between 200 m to more than 1000 m. Sana’a
city currently has more than 3 million people. These quantities of water do not meet the
needs of people, so it depends on people buy water from private sources, which increases
the cost, As some families are not able to meet the needs of family members, which leads
to a decrease in the per capita of water [37]. There is no complete data on wells' number
and productivity in the Sana'a governorate. The reason is the government’s inability to
impose laws and reduce random drilling that threatens to deplete water. In addition, the
people have the idea that whoever owns the land has the right to dispose of it, which
justifies the owners of the land their right to dig Wells [8]. The number of wells in the
Sana’a governorate is estimated at more than 20,000; most of these wells are concentrated
in the Sana’a basin with about 13000 wells [17, 23, 38], representing about 30% of the total
area of the Sana’a region. People cannot meet the drilling requirements; therefore, the
daily consumption per capita decreases.

3.2.1. Sanaa Basin

The Area of the Sana’a Basin is about 3240 km? [19, 22]; most of the population of the
Sana’a region is concentrated in the Sana’a Basin region, which is estimated at 80% of the
total population of the Sana’a region due to the presence of water and urban areas com-
pared to the rest of the areas that are considered mountainous heights. Figure. 8 shows
the location of the Sana’a Basin, which most previous studies indicated that the water
table declined due to the lack of other sources of water. The Sana’a Basin is the upper part
of wadi Alkharid, which is considered one of the catchments of wadi Al-Jawf north of
Sana’a. The average annual rainfall ranges between 100 and 350 mm [8, 19, 20]. The Sana’a
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Basin is fed by 22 sub-basins [24, 29]. These sub-basins have an estimated surface runoff
due to seasonal rains of 40 Mm? [19, 22].

As shown in Figure 7, In 1985, the amount of abstraction was equal to the recharge
in the Sana’a Basin [38], which means a water balance. Still, the amounts of abstraction
increased to 300-330 Mm? (2019-2021) and decreased recharge to 80 Mm? [5, 23]. The in-
creased drilling of wells in the basin leads to large amounts of groundwater withdrawal.
There is no strong governorate management, which means it is considered a traditional
local system, increasing the pressure on the government [8, 39, 40].
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Figure 7. Abstraction and recharge for groundwater in the Sana’a Basin

3.3. Water demand
3.3.1. Domestic water

Yemen is one of the most water-depleted countries in the Middle East [41]. Food se-
curity is alarmed a disaster in Yemen [8]. Reports indicate that more than 45% of public
facilities are in a state of collapse [22], Due to the target of some vital facilities or the lack
of its needs [42]. Because of the current situation in Yemen, millions of Yemenis suffer
from a loss of access to clean drinking water. Most of the farmers lost their agricultural
activities. The Sana'a region is considered one of the most water-scarce regions globally,
so researchers anticipate a drought in the coming years due to the current water situation.
Urban areas depend on groundwater, while rural areas rely on wells and traditional water
harvesting methods such as small dams and ponds [24]. Water is sometimes brought by
women from far away, which may put them at risk in a socially diverse society.

The beneficiaries of the water and electricity networks are only 10% of the population
because of the conflict, so people turned to alternative solutions such as solar energy [22].
With the increase in the population and the lack of solutions to recharge the groundwater,
the groundwater level continues to decline if the excavation depth reaches more than 100
m in 2000 [37], while in 2020, depth reaches more than 1000 m [5]. In Sana’a region, the
availability of water depends on the location of the family and the percentage of income
[37].

Sana'a governorate relies on other means such as rainwater harvesting and digging
personal and participatory wells among people. These installations reduce the amount of
water demand, but it is still unsatisfactory and insufficient. On the other hand, some peo-
ple use cars and donkeys to serve them in collecting water for free from places far from
their locations [43]. [7] indicated the renewable water resources in Yemen decreased from
246 to 130 md/capita/year from 1980 to 1997, respectively. While in 2018 the renewable
water resources were 73.69 m3/capita/year [44], On other hand the ministry of water and
environment has shown that the renewable water resources is 85 m?®/capita/year in 2019
[5], and by 2025 and ,2026 it will reach to 66 m?3/capita/year [5, 33]. No accurate statistic
represents the per capita of water annually, but it can currently range from 70 to 85
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m?/capita/year. This quantity is considered very small and almost negligible in other
countries and regions. In 2015, the percentage of families benefiting from the public net-
work in Sana’a city was 44%, while it decreased to 28 % in 2017 because of the conflict in
the country “study conducted for a sample of families” [45]. The wells operating in Sana’a
city in 2021 controlled by the government were about 70 wells in the Sana’a city out of 196
wells, working weekly 25 to 112 hr with productivity range between 17 and 82 M3/hr. The
annual production is about 11.5-14 Mm?, respectively. This quantity is considered minor
and insufficient to meet the people's water needs, so people buy water from private
sources. Currently, the public network does not cover the needs of 10 % of the population
of the city Sana'a city, which increases the demand for water from private sources and
puts the government in a difficult situation. The Figure. 8 shows the water demand of
current and expectations for water demand in future, according to usage between 70 and
85 m?/capita/year in the study area.

There is a significant deficit between the current supply and demand. The deficit is
gradually increased by predicting the water quantities required for domestic use. In (2019-
2020), the public water network produced about 11.5-14 Mm? in Sana’a city; while the
estimated water demand is between (106-128,124-151,145-176,170-206,199-241 Mm?) in
Sana'a governorate Figure (8a), while in Sana'a city Figure (8b) the estimated water de-
mand is between (249-302, 312-378, 389-472, 486-590, 607-737 Mm?) for 2020, 2025, 2030,
2035, 2040 respectively. This means that the region withdraws large amounts of ground-
water through private wells. The deficit is significant and requires great efforts to achieve
water balance by establishing dams and reservoirs for rainwater harvesting and rational
water consumption. The water demand for the industrial sector ranges between 4.8 and
16 Mm? (2004-2020), while the estimated Touristic water demand is 0.36 Mm? in 2005 and
7.12 Mm? in 2020 [29].
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Figure 8. Domestic water demand expectation for Sana’a Region: (a) Sana’a governorate with a pop-
ulation growth rate 3.2 %; (b) Sana’a city with a population growth rate 4.5 %

3.3.2 Agriculture Water Demand

Sana'a region is considered one of the largest regions in Yemen in terms of agricul-
tural crops areas, representing 11-13% of the total agricultural crops areas in Yemen (2011-
2018). The cultivatable area in the Sana’a region is about 145321hectars, representing
11.9% of the total area .The water demand for the agricultural sector is significant for fu-
ture planning and sustainable water management. The water needs of different crops
show the amount of water needed for agriculture and forecasts of water demand for agri-
culture.

Significantly since recent years have decreased the cultivated area due to water de-
pletion and scarcity, the cultivated area decreased from 184217 hectares to 122583 hectares
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(Figure. 9b). Most crops have decreased the cultivated area, while some have the same
cultivated area. The only crop that increases in the area annually is the qat crops, as shown
in (Figure. 9a). Qat is the only crop whose area is increasing with time. In 2007, the area of
qat represented 19.4% of the total cultivated areas, while in 2018, it reached 33% of the
total area.

In the Sana’a region, crops' water needs for vegetables, cereals, fruits, legumes, and
sesame in a range between 464-841, 380-761, 892-956, 360-420, and 401-502, respectively,
while coffee needs 1111 mm, [46]. The fodders 1300-1440 mm [24]. While qat needs about
(6028 -12500) m3/hectare annually [47-49]. The average evapotranspiration of qat cultiva-
tion ranges between 786.7-602.8 mm for irrigated method, and 412.8-506.2 mm for the
rainfed method [49].

Through estimates of crops' water needs, annual water estimates were made from
2007 to 2018 based on the cultivated area due to the yearly decrease in the total cultivated
areas, as shown in Figure 9. Annually the estimated water needs of crops for cereals, veg-
etables, fruits, sesame, legumes, fodder, and qat is about (162-607, 33-58, 119-186, 0.18-0.2,
37-59, 73-108, 178-518 Mm?, respectively). Through the need crops for water, the annual
needs for crops were estimated coordinated of the cultivated areas, which turned out to
be estimated as shown in table 1.
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Figure 9. The cultivated area for all crops in Sana’a region (2007 - 2018): (a) The crops area; (b) Total
cultivated area

Table 1. Total expected agriculture water demand for crops

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

i
n 1140 1091 1023 1211 1083 1145 1132 996 902 812 808 801
(10°m?)
Max
Qowy 192 1475 1403 le 1496 152 Is% 1395 1276 1172 1165 1158

The amount of water consumed for various crops decreased in 2007 was between
1.14 and 1.53 billion cubic meters (Bm?), while in 2018, it declined to 800 Bm? and 1.16 Bm?3.
This decrease is attributed to people's lack of interest in agriculture due to the lack of water
sources and the lack of alternative solutions to find water. The situation of people has
become difficult, and they cannot provide private water for agriculture, forcing farmers
to leave farming and stabilizing in the city to search for work. Therefore, crops' water
needs are enormous compared to the total water in the area. In comparison, qat crop
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increased from 19 % of the total cultivated areas in 2007 to 33% of the total cultivated areas
in 2018. Irrigation sources are different, whether surface water such as rain and spate irri-
gation or groundwater such as wells and others. Figure. 10 shows the various irrigation
sources for the cultivated areas. The cultivated areas that depend on rainwater represent
64, 66, 53, and 63 percent for the years 2011, 2013, 2015, and 2018, respectively, while the
wells are 29, 27, 39, and 31%, respectively. In 2015, the percentage of dependence on wells
increased to 39% due to increased drilled wells and a lack of other sources. In 2018, it
decreased to 31% due to depletion of groundwater, the inability to provide fuel pumps.
The qat crop is the most consumed crop and often depends on wells water, while other
crops mainly depend on rainwater. Figure. 10 shows the classification of areas according
to the Sana’a region’s irrigation sources in 2011 was about 67 and 33% of surface and
groundwater. In 2013 it was about 69 and 31% of surface and groundwater. In 2015 it was
about 56 and 44% of surface and groundwater, while in 2018, it was 66 and 34 of water
surface and groundwater, which means that reliance on irrigation of crops is more from
surface water than from groundwater. In 2015 the withdrawal of groundwater increased
but decreased in 2018. The reason is not the availability of surface water but the inability
of people to pay the costs of drilling new wells.

Tank
stream Dams 1ank Dams on
s 3% onCar stre;i S 39 Car
1% 3% 1%

3%

(a) (b)
streams Dams Tank streams Dams Tank
29, 39% on Car 2% 3% on Car
’ 3% 1%

(©) (d)

Figure 10. Sources irrigation for a cropped area: (a) 2011; (b) 2013; (c) 2015; (d) 2018

The decrease in the agricultural area for crops and the increase in the qat crop means
that most people have replaced crops with qat, which is the primary source of income for
most families. Qat consumes large amounts of water. In 2007, qat consumed about 15 to
29 % of the total water used for agriculture, it increased every year, as shown in Figure 11
until it reached about 25 - 43 % of the total water used for agriculture in 2018.
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Figure 11. Water consumed for qat of the total water used in agriculture (in percent)

3.4. Wastewater reuse

The reuse of sewage water is considered a solution to the problem of water shortage
in arid and semi-arid areas. This water is used for various purposes such as irrigation and
agriculture. The areas near the plant benefit from it, as the dependence on the water pro-
duced from the sewage treatment plant reaches 95% for irrigation and 5% comes from
wells [50, 51]. [52] indicated that sewage water benefits agriculture and plants greatly be-
cause it contains organic molecules that help plant growth. On the other hand, researchers
[53, 54] reported that bacterial diseases are caused by vegetables and fruits irrigated with
wastewater. Also, the intrusion of wastewater into the aquifers negatively impacts the
water's properties. The sewage treatment plant was designed in the Sana’a region in 2000
and is called Sana'a wastewater treatment plant (WWTP) and is located in the north of
Sana’a city and was designed to serve 450,000 people [55]. The station aims to use the
resulting water for irrigation, reduce groundwater withdrawal, and protect surface and
groundwater sources from deteriorating quality [56]. and since its establishment, it has
faced major technical and operational problems. This station was designed to treat 50,000
m?day. After five years of construction and operation of the plant, the plant reached its
capacity, which was expected to reach its maximum capacity after 15-20 years of the de-
sign age of the plant. In 2000, the plant started treating 19000 m®/day. In 2011 and 2014, Its
productivity increased to 50,000 and 55,000 m3/day, respectively, which means that in
2011 it was operating above its design capacity. This is considered one of the plant's prob-
lems and poor the outflow water's quality. The treatment efficiency does not exceed 70%
compared to neighboring countries such as Oman and Tunisia, which The treatment effi-
ciency reaches more than 90%, using the same treatment method “ activated sludge” [57].
Due to the low efficiency of the treatment, it was proposed to establish a new plant in the
Sana’a area, where the Canadian company Tecsult and Hydrosult conducted a feasibility
study for the plant, and due to the difficulty of acquiring the land area, the project faltered
[55]. In the recent events that the country witnessed after 2015, the plant stopped working
altogether, due to the interruption of electricity and essential services, after which other
sources of funds were searched, such as UNICEF and the Red Cross to operate the plant,
which continued to work at 50% of the entire operational departments, Despite these
measures to alleviate the station's problems, there are still many administrative and tech-
nical problems. The importance of treatment plants is no less paramount than water pro-
jects, as water treatment is a new science that contributes to the irrigation of agricultural
crops in large proportions and maintains the quality of surface and ground water [58].

4. Discussion
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The rainfall is low, the water harvest in dams, barriers, and reservoirs is insufficient,
only one treatment plant is available, the area of crops has decreased, and the municipal
and industrial need is increasing with time. Table 2 shows the water supply and demand.

Table 2. Water supply and demand estimated for Sana’a Region. units: million cubic meters (Mm?)

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Crops Rains 890 812 830 900 825 897 887 678 577 635 625 617
Dams and 647 647 647 647 64.7 647 64.7 64.7 647 647 647 647

barriers
supply Treatment 1825 182 182 1825 182 1825 1825 182 182 182 182 182
plant 5 5 5 5 5 5 5 5
Streams or 47.3 473 463 443 41.3 413 41.3 413 413 413 413 413
Springs
Public water 18.5 19 19 17 15 14 15 12 10 9 12 11
network
Total 1038. 961. 978. 1044. 964. 1035. 1026. 814. 711. 768. 761. 752.
75 25 25 25 25 25 25 25 25 25 25 25
Domestic 240.7 250. 260. 271.6 282. 2943 3064 319 332 345. 360 374.
water 6 9 7 8 8
Dema (80
nd m?®/capita/ye
ar)
Industrial 5.3 5.8 6.4 7.12 7.9 8.6 9.1 9.9 10,6 112 123 134
water 6
Agriculture 1333 1283 1213 1427. 1289 1358. 1344 1195 1089 992  986. 979.
water 5 .5 5 ) 5 5
(average)
Touristic 056 0.69 0.8 0.98 1.2 04 1.8 2.3 2.63 3.4 4.6 5.2
water
Total 1579. 1540 1481 1707. 1581 1661. 1661. 1526 1434 1352 1363 1372
6 Nl a1 2 3 8 3 7 4 4 4 8
Water deficit 540.8 578. 502. 6629 617. 626.6 6351 712. 723. 584. 602. 620.
8 8 4 09 5 2 1 1 6

The deficit between water supply and demand is enormous, is about 500 to 723 Mm3
annually. It is an abstraction from the aquifers by private wells. Abstraction is about 300
Mm? annually in the Sana'a Basin, while the recharge is 80 to 100 Mm3. Similar quantities
are also abstracted from areas located within the borders of other basins. Because of the
large deficit and insufficient supply, the percentage of per capita water use decreases an-
nually, and the cultivation of area reduces. The proposed solutions are to establish sewage
treatment plants in Sana'a to support agriculture and maintain groundwater quality due
to the excavations in which sewage waste is placed. Also, establish more dams and barri-
ers to harvest rainwater because of the region's terrain; most rainwater flows outside the
region. Re-running the meteorological and rainfall stations and establish stations in places
that don’t have.

5. Conclusions

In this study, the water resources in the Sana’a region were evaluated through past,
current, and expected in the future. The rainfall was found in the 160 and 367 mm annu-
ally range between as well as the total of the rainfall and meteorological stations was 56
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stations currently which operate within only six stations as well as determined the loca-
tion of water facilities were 233 dams and barriers, with a storage capacity of 64,656,651
and 238,983 m?, respectively. The public water network pumps about 9 — 18.5 Mm?®/year,
while the private wells are about 500 - 723 Mm?/year (2007-2018). the cultivated area was
decreased from 184217 hectares to 122583 hectares in 2007 to 2018, respectively. In con-
trast, qat crop increased from 19 to 33 % of the total cultivated areas in 2007 and 2018, with
an annual water need of about 15 - 29 % and 25 - 43 % of the total water used for agricul-
ture in 2007 and 2018, respectively. The sewage treatment plant treats 18.25 Mm? annually,
with less than 70% efficiency. With the large of groundwater abstraction, the water level
decreases. Thus, the amount of water decreases, leading to a decline in the per capita share
of water and a decrease in interest in agriculture. The water deficit ranges between 500
and 723 Mm? during the period from 2007 to 2018, and it is an abstraction from the aqui-
fers by private wells.

As these findings are obtained from analysis the collected data from government
agencies and previous studies, further studies, additional field studies that could collect
the private wells productivity and properties are warranted.

Acknowledgments
This study was partially funded by Jiangsu water resources science and technol-
ogy project (2021050).

Declaration of competing interest

The authors declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work reported in this paper.

References

1. Lichtenthaeler, G., Water conflict and cooperation in Yemen. Middle East Report, 2010. 254: p. 30-36.

2. Musaed.M Aklan and L. Helen, Solar-Powered Irrigation in Yemen: Opportunities, Challenges and Policies, The Sana’a Center for
Strategic Studies, DeepRoot Consulting, The Center for Applied Research in Partnership with the Orient (CARPO). 2021, .

3. W.B, The World Bank , Implementation completion and results report to the republic of Yemen for a Sana’a basin water management
project, Sustainable Development Department Middle East and North Africa Region, Report No: ICR00001482. 2010, Sustainable
Development Department Middle East and North Africa Region, Report No: ICR00001482.

4. Al-Asbahi, Q.Y.A. Water resources information in Yemen. in International Work Session on Water Statistics 2005. Vienna, Austria.

5. MWE. Water Sector in Yemen Resources and Services, view summary, Ministry of Water and Environment. 2019 7 December 2020];
Available from: https://mwe-ye.org.

6. Al-Ward, M.A.A., Assessment of Water Resources in Wadi Sham Basin, Yemen. 2013, University of Sains , Malaysia.

7. Ward, C., S. Ueda, and A. McPhail, Water resources management in Yemen. Contribution to the CDR Yemen, in Contribution to the
CDR Yemen. 2000.

8. Taher, T.M., Groundwater abstraction management in Sana’a Basin, Yemen: a local community approach. Hydrogeology Journal,
2016. 24(6): p. 1593-1605.

9. Taher, T., et al., Planning for integrated water resources management: case study Sana’a Basin Yemen. Int Water Technol J (IWTJ),
2013. 3(4): p. 232-248.

10. Taher, T.M., Quantity and quality considerations of rooftop rainwater harvesting as a substantial resource to face water supply
shortages. International Journal of Water Resources and Arid Environments, 2014. 3(1): p. 01-10.

11. Moore, S., Parchedness, politics, and power: the state hydraulic in Yemen. Journal of Political Ecology, 2011. 18(1): p. 38-50.

12. Noaman, A., Urgent Capacity Development for Managing Natural Disaster Risks of Flash Floods in EQypt, Jordan, Sudan and Yemen,

UNESCO Japanese Fund-In-Trust (JFIT). 2014, UNESCO Japanese Fund-In-Trust (JFIT): .


https://mwe-ye.org/
https://doi.org/10.20944/preprints202201.0281.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2022 d0i:10.20944/preprints202201.0281.v1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

OCHA. UN Office for the Coordination of Humanitarian Affairs country office in Yemen, Population Estimates in Yemen for 2019.
UN Office for the Coordination of Humanitarian Affairs (OCHA) country office in Yemen 2019 15 September 2021];

Available from: https://data.humdata.org/dataset/population-estimates-in-yemen-for-2019.

CAMA. Climate data and rainfall records, Climate Administration, Civil Aviation and Meteorology Authorityin Yemen. 2019 20
November 2020]; Available from: https://cama.gov.ye/ar/.
MAL Agricultural Statistics Year Books, Ministry of Agriculture and Irrigation 2019 22 July 2020]; Available from:

http://www.agricultureyemen.com/?Ing=english&.

NWRA. Water Resources Database, (Rainfall data records for rainfall stations). National Water Resources Authorityin Yemen,

Information Department. 2019 14 October 2020]; Available from: http://www.nwrayemen.org/arabic/index.asp.

Stephen, F., Yemen: Rationalizing groundwater resource utilization in the Sana’a basin, World Bank GWe MATE. 2003, World Bank
GWe MATE.

Al-Adimi, A.A. GIS and Remote Sensing applications in Sana’a basin study on satellite image analysis of cropping and irrigation
water use. in Thirteenth International Water Technology Conference. 2009. Egypt.

Al-ameri, A., et al., Characteristics of Stable Isotopes of Oxygen-18 and Deuterium of Groundwater in the Sana'a Basin Aquifer
Systems, Yemen. Arabian Journal for Science and Engineering, 2014. 39: p. 5625-5636.

Foppen, ] W.A,, M. Naaman, and J.F. Schijven, Managing urban water under stress: the case of Sana’a, Yemen. WIT Transactions
on Ecology and the Environment, 2005. 80(1743-3541): p. 101-110.

Papakos, T.H. and K. Root. Hydraulic Modeling of Flash Floods in Sana’a. in The World Environmental and Water Resources
Congress 2010. 2010. Rhode Island, USA.

Aklan, M.M,, C. de Fraiture, and L.G. Hayde, Which Water Sources Do People Revert to in Times of War? Evidence from the Sana'a
Basin, Yemen. International Journal of Environmental Research, 2019. 13(4): p. 623-638.

Yahya Mubarak Dr, Z.A,, et al., Using Groundwater Flow Model (MODFLOW) As a Management Tool for Targeted Sub-Basins in
Sana’a Basin. Hadhramout University Journal of Natural & Applied Sciences, 2021. 14(1): p. 41-57.

Abbas, A.A., et al. Assessment of water resources in Dhamar governorate, Yemen republic. in The 9th International Conference for
Development and the Environment in the Arab world. 2018. Egypt.

AL-Falahi, A.H., et al., Evaluation the performance of several gridded precipitation products over the highland region of yemen for
water resources management. Remote Sensing, 2020. 12(18): p. 2984.

Alderwish, AM., Integrated water management for small catchments in arid mountainous region-Yemen. International Journal of
Energy, Environment and Economics, 2011. 19(6): p. 699-715.

Hadden, R., The geology of Yemen : An annotated bibliography of Yemen's geology, geography and earth science, Corps of Engineers
Alexandria. 2012.

Mosgiprovodkhoz, Sana’a Basin Water Resources Scheme Summary Report, Ministry of Agriculture and Water Resources. 1986.
JICA, The Study for the Water Resources Management and Rural Water Supply Improvement in the Republic of Yemen, Water
Resources Management Action Plan for Sana'a Basin, Japan International Cooperation Agency Tokyo, Japan. 2007, Japan
International Cooperation Agency Tokyo, Japan.

Al Ward, M.A. and W.R. Ismail, Precipitation analysis and water resource of Wadi Siham Basin, Yemen. Geografi, 2019. 7(2): p.
36-63.

HWC, water resources management in the Thiama, the technical secretariat of the high water council undp/desd project yemn 88/001
p.o. box 551, sana’a, Republic of Yemen, the government of the republic of Yemen high water council, final report 823-ye-13214. 1992.
UiL, H. and F.C. Dufour, In Co-operation with the staff of the general department of water resources studies, water resources
assessment (Wadi Athanah and Marib Area), main report -15. Yemen Arab Republic. 1990, Yemen Arab Republic.

Atroosh, K.B. Irrigation Technology Transfer in Support of Food Security in Yemen. in UNIDO 3rd Water Middle East Expert Group
Meeting. 2007. Bahrain.


https://data.humdata.org/dataset/population-estimates-in-yemen-for-2019
https://cama.gov.ye/ar/
http://www.agricultureyemen.com/?lng=english&
http://www.nwrayemen.org/arabic/index.asp
https://doi.org/10.20944/preprints202201.0281.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2022 d0i:10.20944/preprints202201.0281.v1

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Vermillion, D.L. and S. Al-Shaybani, Small dams and social capital in Yemen: How assistance strategies affect local investment and
institutions, International Water Management Institute P O Box 2075, Colombo, Sri Lanka. 2004, Twmi.

Adamo, N, et al., Dam Safety: General Considerations. Journal of Earth Sciences and Geotechnical Engineering, 2020. 10(6): p.
1-21.

Al-kholid, A.G,, et al., Approach to quantification drawdown of groundwater wells: a case study from Sana’a City, Yemen. Global
Geology, 2010. 13(3/4): p. 155-158.

Al-Hamdi, M.I. and G.J. Alaerts, Structure and Cost of the Water Supply Market in Sana’a City, Yemen. ASCE, 2000: p. 1-10.
Alwathaf, Y. and B. El Mansouri, Hydrodynamic modeling for groundwater assessment in Sana’a Basin, Yemen. Hydrogeology
Journal, 2012. 20(7): p. 1375-1392.

Lichtenthiler, G., Power, politics and patronage: Adaptation of water rights among Yemen's northern highland tribes. Etudes rurales,
2000: p. 143-166.

Ward, C., The water crisis in Yemen: Managing extreme water scarcity in the Middle East. 1st ed ed. 2015, London: University of
Pennsylvania. 171-175.

Glass, N., The water crisis in Yemen: causes, consequences and solutions. Global Majority E-Journal, 2010. 1(1): p. 17-30.

Sowers Jeannie, Weinthal Erika, and Zawahri Neda, Targeting environmental infrastructures, international law, and civilians in
the new Middle Eastern wars. Security Dialogue, 2017. 48(5): p. 410-430.

Zaken, B., Support to rural water supply and sanitation in Dhamar and Hodeidah Governorates, Republic of Yemen, 10B Impact
Evaluation | no. 315. 1st ed ed. 2008, Netherlands: Ministry of Foreign Affairs. 188.

FAO. Food and Agriculture Organization of the United Nations, AQUASTAT - FAO's Global Information System on Water and
Agriculture. 2018 2 March 2021]; Available from: http://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en.

Mohammed, N., et al., Water Supply in a War Zone, A Preliminary Analysis of Two Urban (Sana’a and Aden ), Water Tanker Supply
Systems in the Republic of Yemen, water global practice discussion paper, World Bank group. 2018.

Yaya, A. and A. Weshali. Yemen Optimum Agricultural Map to Water Conservation. in The 2nd International Conferance on Water
Resources & Arid Environment. 2006. King Saud University, Riyadh, Saudi Arabia.

Hellegers, P., et al., Incentives to reduce groundwater extraction in Yemen, Report 2008-058, carried out in close collaboration with
water and environment center. 2008.

Ward, C. and P. Gatter, Qat in Yemen — Towards a Policy and Action Plan. Document of the World Bank, Country Department 111
Sustainable Development Department Middle East and North Africa Region. 2000.

Atroosh, K. and M. Al-Moayad, Water requirements of qat (catha edulis) cultivation in the central highlands of yemen. Journal of
Scientific Research, 2012. 4(1): p. 77-82.

Muamar, A., et al., Assessment of the impact of wastewater use on soil properties. Journal of Materials and Environmental Science,
2014. 5(3): p. 747-752.

Merghem, K., et al., Quality study of wastewater treated by Waste Water Treatment Plant (WWTP) in the city of Sana’a (Yemen)
used for agriculture. Moroccan Journal of Chemistry, 2016. 4(3): p. 814-829.

Merghem, K.A., et al., Impact of wastewater on groundwater resources in Sana’a basin, Yemen. Arabian Journal of Geosciences,
2016. 9(4): p. 268-282.

Kumar, P.S., P. Jegathambal, and E. James, Chemometric evaluation of nitrate contamination in the groundwater of a hard rock area
in Dharapuram, south India. Applied Water Science, 2014. 4(4): p. 397-405.

Lockhart, K., A. King, and T. Harter, Identifying sources of groundwater nitrate contamination in a large alluvial groundwater basin
with highly diversified intensive agricultural production. Journal of contaminant hydrology, 2013. 151: p. 140-154.

Muharam, R.A,, et al., Evaluation of Sana’a Wastewater Treatment plant—Problem Analysis and Suggested Results. Hadhramout
University Journal of Natural & Applied Sciences 2019. 16(2): p. 225-249.

Metcalf, L., H.P. Eddy, and G. Tchobanoglous, Wastewater engineering: treatment, disposal, and reuse. 4th ed ed. Vol. 4. 2004,


http://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en
https://doi.org/10.20944/preprints202201.0281.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2022

New York: McGraw-Hill

57. Abu-Madi, M.O.R,, Incentive systems for wastewater treatment and reuse in irrigated agriculture in the MENA region: evidence from
Jordan and Tunisia. 2004, Delft University of Technology, Netherlands: Ph.D. Dissertation. UNESCO-IHE Institute for Water
Education.

58. Al Aizari, H., et al., Quality assessment of ground water in Dhamar City, Yemen. International Journal of Environment, 2017.

6(4): p. 56-71.


https://doi.org/10.20944/preprints202201.0281.v1

