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Abstract The Syrian crisis caused a massive influx of

displaced people into neighboring countries, with Lebanon

hosting the highest per capita number of refugees (3:10).

Water remains the most critical natural resource that

influences the resilience of host and refugee communities.

We provide a new GIS-based updated water balance and

water scarcity analysis at the national and the watershed

level in Lebanon by comparing current conditions to no-

refugee levels. Results show a small (6%) increase in water

stress in an average water year at the national level that

masks hot spots of water scarcity at the local geography.

While domestic water use increased by 20%, we find that

refugees’ water use is only 10% of agricultural water use in

summer. We also show that interventions to rehabilitate the

water networks can reduce water stress to better than pre-

conflict levels (3% less stress).

Keywords Conflicts � GIS analysis � Lebanon �
Middle East � Migration � Water security

INTRODUCTION

Millions of refugees are migrating throughout the world

escaping threats caused by violence, conflicts, or other

circumstances (UNHCR 2011). Developing countries host

the vast majority (89%) of the world’s refugees. The

countries hosting the most refugees worldwide are Turkey,

Lebanon, and Jordan (hosting 27% of total world refugees),

Pakistan and Iran (hosting 16%), and Ethiopia and Kenya

(hosting 7%) (World Bank 2016b). Before the Syrian

conflict, Lebanon was the 28 most water-stressed country

in the world (Gassert et al. 2013). The crisis had unex-

pectedly triggered waves of refugees to neighboring

countries. With more than 1.5 million Syrian refugees,

Lebanon now, by far, hosts the largest number of refugees

per capita worldwide. Since then, water stress has

increased, but it remains to be quantified at the national

and, more importantly, the sub-national level. There are

reports of declining groundwater levels in several aquifers

in Lebanon as well as a decline in spring flows that has

been linked to the refugee crisis (UNDP 2014b). However,

water stress existed in the country even before the Syrian

crisis, mainly due to population increase coupled with

network deterioration and water governance issues across

the significant water institutions and authorities within the

country. While many studies have analyzed the demo-

graphic, social and political complications of the refugee

crisis in Lebanon—see for example: (Refaat and Mohanna

2013; Berti 2015) on Syrian refugees, and (Roberts 2010)

on Palestinian refugees—none, to the authors’ knowledge,

have quantified the impact of the crisis on water stress in

the country by comparing the situation before and after the

refugee crisis at an appropriate spatial scale. The primary

objectives of this research are: (1) to provide an updated

water balance for the country, (2) to spatially quantify

water stress in Lebanon following the Syrian refugee crisis,

(3) to compare current conditions to a scenario where

reasonable network efficiency improvements are made, and

(4) to provide recommendations for policy directives and

improvements.

Findings show that while national and even governorate-

level analysis of water use mask local and basin-level

patterns of water stress and abundance, water savings

measures, if implemented, can reduce water stress in the

country to before-Syrian-crisis levels. The methodology
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used herein is based on analyzing spatial variation of

domestic and industrial water use, agricultural water con-

sumption (using an established energy balance model), and

population data in Lebanon using geographic information

systems (GIS) in the presumed absence of the Syrian crisis

(scenario 1). To estimate the refugee impact, the analysis is

re-run based on the existing conditions with more than 1.5

million refugees in the country (scenario 2), and re-run

once again assuming a degree of improvement in network

efficiency (scenario 3). The analysis shows the location of

increased water use, the quantity of that use, and the benefit

of improving network efficiency in urban areas. This con-

tribution is essential to both the scientific and the devel-

opment community, because it highlights hot spots of

severe water stress in the country, and because it provides a

basis for quantifying refugees’ impacts in other similar

situations. We conclude that the refugee crisis has created

and continues to sustain extreme hot spots of water stress in

urban areas that need immediate attention. However, we

also observe that the refugee water use is still a small

percentage of the total water use, especially when com-

pared to agricultural water consumption in the country.

Moreover, the geographic distribution of refugees creates

different degrees of water stress in various parts of Leba-

non, partly due to the uneven distribution of both water

resources and refugees.

BACKGROUND

Impact of refugees’ crisis on the water in host

countries

While there are a plethora of studies relating to the Syrian

refugee crisis impacts in the region, many of these studies

focus on socio-economic components rather than bio-

physical ones—see for example (El-Khatib et al. 2013;

Achiume 2015; Wall et al. 2017). Spatially evaluating the

impacts of refugees on the hosts’ land use and water

resources remains a challenge (Müller et al. 2016). Many

studies from different parts of the world have shown how

refugee crises have imposed stresses on water resources in

host countries (Black 1994; Hoerz 1995; Jacobsen 1997).

In Jordan, for example, increased groundwater pumping

due to the Syrian crisis caused declines in the water table in

one of the largest and highly populated camps (Abu-Alla-

ban et al. 2015; UNDP 2015).

The sudden increase in the demand for water in refugee

camps and settlements may create water shortages for both

the refugees and the host communities that need to be

quantified for adopting the most appropriate resilient

measures. The impact of refugee crises have been studied

previously in several countries such as Tanzania (Paskett

1998), and Sudan (World Bank 2010), and the Iraqi refugee

influx to Jordan in 2003 (Sassoon 2008).

Very often, the impact of the crisis on water use is

indirect. Conflicts have induced a change in land and water

use and management of both war-affected and host coun-

tries. For example, the Syrian crisis led to a decrease in

irrigated agriculture in Southern Syria, associated with

changes in the way Syrians managed their reservoirs,

which caused an increase in the flow of downstream Yar-

mouk river to Jordan (Müller et al. 2016). A remote-

sensing based study conducted on the Syrian portion of the

Orontes basin showed a severe drop in irrigated agricul-

tural production (Jaafar et al. 2015), indicating a lower

usage of both surface and groundwater in the Syrian parts

of the basin in contrast to the Lebanese part were water use

had been reported to increase (Jaafar et al. 2016; King and

Jaafar 2015).

Lebanon’s political and administrative structure

Lebanon is a small country (10 425 km2) that lies on the

Eastern Mediterranean with 82% of its borders shared with

Syria (Fig. 1). Before the Syrian crisis (2011), the popu-

lation in Lebanon was estimated at 4.6 million, most of

which are considered to be urban (88%) (World Bank

2017). The World Bank estimates the population as of 2016

to be 6.01 million. Lebanon has eight governorates (Beirut,

North, Akkar, South, Nabatiye, Beqaa, Baalbeck-Hermel,

and Mount Lebanon). Each of these eight governorates is

further composed of several administrative units called

‘‘Kada,’’ and each Kada consists of several municipalities.

The total number of Kadas in Lebanon is 25, and there are

1 561 municipalities within the country with an average

area of 6.7 km2 per municipality. The population of

Lebanon in 1932 was 875 000. Following the end of the

civil war in 1990, the population has grown, reaching

approximately 4 million Lebanese in 2002 (Central

Administration of Statistics 2017). Since the beginning of

the Syrian conflict in 2011, there has been an unexpected

increase in the number of refugees in Lebanon. In his

address to the United Nations and world leaders, the

Lebanese president Michel Aoun in 2018 stated that

Lebanon ‘‘can no longer cope’’ with the refugee crisis,

stating that the current density of Syrian refugees in

Lebanon is 153 per km2 (an equivalent of 1.6 million)

(Dakroub 2017). Even before the crisis, Lebanon already

faced water stress. Post-civil war expansion in population

and lack of adequate water policies had transformed

Lebanon from a water-secure country (* 2 500 m3/capita

in the 1960s) to a water-deficit country (less than

1 000 m3/capita) just before the Syrian conflict (FAOSTAT

2017). The primary water sources used by refugees in

Lebanon are the public water network which is mainly fed
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by springs and groundwater (UNDP 2014a), especially

within the Litani Basin where a large portion of the refugee

population is located (Jaafar et al. 2016).

MATERIALS AND METHODS

Population data

To evaluate the impact of the refugees, a no-Syrian refugee

population scenario for 2016 is developed as follows.

Using Lebanese government statistics for years 2002–2016

derived from the Ministry of Interior, General Directorate

of Civil Status and published by the Central Administration

Statistics (CAS) (Central Administration of Statistics

2017), the net increase in population in each governorate is

calculated by subtracting the total births from the total

deaths registered in each governorate of the country. While

a net migration rate for 2002–2010 averaged 20 per thou-

sand was reported by the UN (Desa 2014), the World Bank

reports a negative net migration of - 0.6 per 1 000 for the

5 years before the crisis in 2011 (World Bank, 2016a). No

internal migration data in Lebanon are collected (Bell et al.

2015). The population expansion rate per governorate was

used to calculate the governorate’s average population

growth rate (annual rate of natural increase which is the

crude birth rate minus the crude death rate). The expansion

rate is then assumed to apply at each municipality within

that governorate. This assumption is the best estimate given

(1) the lack of any other higher resolution data (i.e. net

Fig. 1 Geographic map of Lebanon showing the location of informal refugee settlements in 2016 within the various administrative divisions of

Lebanon (source for locations of informal settlements: IAMP 2016)
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increase in population at the municipal level), and (2) the

small scale of the Lebanese governorates. The resulting

population figure for Lebanon in 2016 (* 5 million) is

slightly higher than the World Bank’s estimate (4.6 Mil-

lion). Population growth rates for Lebanon between 2002

and 2016 ranged between a minimum of 1.26% following

the Israeli war in 2006 and a maximum of 1.63% in 2014,

averaging at 1.46% per year (Table 1). Growth rates for

governorates were constant for South Lebanon and Naba-

tiye, decreasing for Beirut, and increasing for other gov-

ernorates. The population of Palestinian refugees already

existing in Lebanon as of 2016 was added to the Lebanese

population dataset. This population scenario is the baseline

for calculating the ‘‘normal’’ urban water stress situation in

the country. Based on the urban areas from a land-use map

of Lebanon, a population grid (30 m resolution) was cre-

ated by equally distributing the population for the munic-

ipality over the corresponding urban areas within that

municipality. This distribution is the most feasible at the

moment given the lack of data on the variability in popu-

lation density within urban settlements. The resulting

population grid was used later in the distribution of

domestic water use for the Lebanese population as well as

Palestinians and Syrians refugees living informal

settlements.

Syrian refugee population in Lebanon

To calculate the total population in Lebanon after the

Syrian crisis, the spatial dataset of the Syrian refugee

population is summed with the Lebanese population spatial

dataset. The Syrian refugee population constitutes of two

major classes: those living informal settlements and those

living within informal settlements. To determine the pop-

ulation count for Syrian refugees at the end of 2016, the

United Nations High Commissioner for Refugees

(UNHCR) statistics of registered Syrian refugees residing

in Lebanon (IAMP 2016) is adopted. The UNHCR states

that the actual number of refugees in Lebanon is much

higher than the number of refugees officially registered due

to instructions by Lebanese government (preventing reg-

istration of refugees, regulations on ceasing the registration

process by UN agencies). In 2016, UNHCR reported about

1.24 million Syrian refugees in the country, which is the

figure adopted in this study (IAMP 2016). The UNHCR

estimated that 20% of the Syrian refugees in Lebanon live

in what is referred to as informal settlements in 2016.

These include collective shelters, tents, schools, and other

structures that are characterized by poor living conditions.

The rest of the refugees live among Lebanese hosts. Fig-

ure 1 shows the geographic distribution of refugees in

informal settlements. The UNHCR publishes the refugee

distribution by municipality and those living in informal

settlements. The difference between the two counts is the

number of registered refugees living in rented or owned

apartments and houses. The registered refugees are con-

sidered to be distributed equally over the urban area within

each municipality.

Table 1 Population net births for years 2002–2016 for Lebanese governorates (Central Administration of Statistics 2017)

Calculated net births Beirut Mount Lebanon North Lebanon South Lebanon Nabatieh Bekaa Total for Lebanon

2002 6 367 9 776 18 766 8 726 10 940 4 536 59 111

2003 5 686 9 408 17 145 8 222 9 884 4 170 54 515

2004 5 957 9 259 18 772 8 172 9 826 4 140 56 126

2005 5 577 9 409 18 044 8 954 10 365 3 612 55 961

2006 5 745 8 522 17 977 7 898 9 010 4 851 54 003

2007 5 136 8 228 16 200 8 202 9 703 12 335 59 804

2008 5 725 9 025 16 770 8 546 10 559 13 150 63 775

2010 5 931 9 678 20 763 9 182 13 007 16 215 74 776

2011 6 155 9 568 22 967 9 217 9 251 16 662 73 820

2012 5 506 8 873 21 643 8 714 10 495 15 256 70 487

2013 5 351 10 863 20 473 9 191 10 164 15 191 71 233

2014 5 013 12 701 22 953 10 472 10 015 16 482 77 636

2015 4 589 12 717 21 781 9 180 9 349 15 049 72 665

2016 4 462 10 710 21 741 8 639 9 950 16 449 71 951

Population in 2002 403 338 1 511 686 812 175 477 515 279 239 544 208 4 028 161

Population at end of 2016 480 538 1 650 423 1 088 170 600 830 421 757 702 306 4 944 024

Average growth rate (%) 1.24 0.63 2.07 1.63 2.90 1.80 1.61
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Grid for informal settlements

Informal settlements locations and the number of tents in

each settlement are published by the UNHCR (IAMP

2016). The areas of settlements vary from one location to

another depending on the site location and the population

density in each settlement. To delineate the area of each

informal settlement, we multiplied the average area of one

tent by the number of tents in each informal settlement. A

sample of camps in different regions of Lebanon was

chosen where the area of camps was calculated using the

high-resolution imagery of Google Earth. This area was

divided by the number of tents provided by the UNHCR to

calculate the average area around the tent (* 100 m2). A

minimum area of a settlement was set to a 30 m-resolution

pixel. Settlement locations were buffered to obtain poly-

gons matching the calculated area (proportionally to

900 m2). The number of individuals in each settlement was

then assigned to the corresponding polygon. A

30 m 9 30 m grid for the informal settlements was

obtained from the derived polygons that were distributed

on various municipalities.

The water used for refugees living in informal settle-

ments and for those living in formal settlements as of 2016

was calculated separately, given the unequal water demand

and water-use potential within the two categories. The

water use of registered refugees was summed with the

Lebanese water-use grid in urban areas, while the water use

of refugees in the informal settlement was distributed

according to settlements location in each municipality.

The Palestinian refugee population in Lebanon

Palestinian refugees have inhabited the country since 1948.

These refugees live mostly in camps that were built for

temporary conditions. Other Palestinians live outside

camps which are referred to by the UN Relief and Works

Agency (UNRWA) as ‘‘gatherings.’’ UNHCR keeps a

record of Palestinian refugees who have fled their camps in

Syria along with their locations. UNHCR reports the

number of Palestinians living in camps and gatherings

along with the respective locations based on UNRWA

figures and their registers. They are considered to be living

in gatherings and not in informal settlements. The water

use of Palestinian refugees was added to the Lebanese

water-use grid in urban areas. Those Palestinians mainly

originate from the Yarmouk camp in the Damascus sub-

urbs. About 40 000 Palestinians have moved from Syria to

Lebanon due to the crisis. Although the new Palestinian

refugees comprise no more than 3% of the total Syrian

refugees in Lebanon, their water use was accounted for

because they may exert water stress in localized hot spots.

We adopted UNRWA’s official estimate of the current

number of Palestinians residing in camps and so-called

‘‘gatherings.’’

Determining the current population grids

Population counts in informal settlements per municipality

borders were added to the respective Syrian and Palestinian

refugees count due to the crisis. The result was two pop-

ulation datasets: one reflecting a no-conflict scenario,

Lebanese ? Palestinians, and another representing the

current status, Lebanese ? Palestinians ? Syrian

refugees ? Palestinian refugees living in Syrian camps

who have fled Syria to Lebanon. Nationals from other

countries residing in Lebanon were not accounted for

because they are believed to account for only a small

number of constituents (Central Administration of Statis-

tics 2017).

Domestic water use

The official Lebanese estimate of the per capita daily water

use in Lebanon is 180 l/day. This figure is adopted by the

Ministry of Energy and Water (MoEW) and is also adopted

in the literature (Bou-Zeid and El-Fadel 2002; Korfali and

Jurdi 2010; Safi et al. 2018). However, this estimate neglects

the spatial component of actual water use, which is also

linked to geography, climate, and standard of living. For

example, in warmer/more humid climates, water use may be

higher, so does the use in developed urban zones as compared

to rural regions. Domestic water uses were therefore deter-

mined according to population and per capita use statistics as

follows. The central administration of statistics (CAS) pub-

lished the tap water consumption and for each governorate

based on data provided by the water authorities in Lebanon

(Statistics 2008). According to this data, North Lebanon

governorate has the highest water use (187 l/day/capita),

followed by Beirut and Mount Lebanon (185 l/day/capita),

South Lebanon (175 l/day/capita), and the Bekaa

(127.0 l/day/capita). In this study, we adopted these fig-

ures for the respective governorates. A network efficiency of

50% was assumed for scenarios 1 and 2 (i.e., with and

without refugees) (MoEW 2010). For scenario 3, we simu-

lated the water stress assuming a hypothetical 30% reduction

in losses (i.e., 65% network efficiency).

The same per-capita water-use figure for the Palestinian

refugees and Syrians living among the Lebanese popula-

tion was adopted as the same network serves them, and

they share the same cultural habits. For calculating

domestic use for informal settlements, we assumed that the

water used for informal settlements is 50% of that of the

adopted figure in the corresponding governorate. This

assumption is closest to reality based on the following.

Initially, we used UNHCR data (IAMP 2016) to calculate
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the maximum capacity of water tanks in those informal

settlements. The total capacity was divided by the residents

of the informal settlement to derive a rough estimate of

daily water use, assuming the tanks are being filled once

per day. The average daily water use given this assumption

is 120 l/capita/day. However, water distribution across the

country is not uniform. Knowing that sources of water for

these settlements vary (sometimes water is delivered by

trucks, in other situations it is supplied by the existing

network, and sometimes a new borehole is drilled to supply

water), it is usually not customary to have these tanks filled

once per day. The most common filling pattern is 2–3 times

per week. There is also a lack of adequate water appliances

in these tents (for example, washing machines, bathtubs,

and others).

The water use for existing Palestinian refugees was

combined with that of the existing Lebanese population in

the corresponding municipality (no-refugee scenario-1).

That is, the no-Syrian refugee scenario was based on water

use by both the Lebanese and the Palestinian refugees

because the latter were considered permanent residents in

the country. The increase in water use due to the influx of

Palestinian refugees from Syria was accounted for by

adding their water use to that of the Syrian refugees (sce-

nario 2). Annual water uses were estimated spatially in

units of depth (mm), and volume (m3). The volume of

water was divided by the area of the urban zones in the

respective municipality to generate a use grid in mm.

Industrial water use

Industrial use, which is assumed not to be affected by the

refugee crisis, is included in the analysis herein because it

is a significant component of urban water use. Currently,

there is no water accounting for industrial water use in

Lebanon. The major industries in the country are chemical,

leather, food including wine, aluminum, paper, plastic,

ceramics, cement, rock and sand quarries, and other

materials. No metering exists in any industry, and it is

nearly impossible to account for industrial use. Therefore,

we adopted the official MOEW estimate, which assumes

that the industrial use is 30% of that of the domestic

(MoEW 2010), with the same network efficiency. The

Ministry of Industry recently published the number of

industrial firms among Lebanese Kadas (https://www.

lebanon-industry.com/statistic.pdf). In this study, the geo-

graphic distribution of the industries was extracted from

the land use map of Lebanon (2013) provided by the

Lebanese Center for Scientific Research (L-CNRS).

Another 30 m 9 30 m grid was constructed for indus-

trial distribution. An average water use per industry is

calculated as the ratio of the total industrial use to the total

number of industries in Lebanon. This ratio was multiplied

by the number of industries in each Kada to calculate the

industrial water use at the Kada level. Then the use was

distributed in proportion to the industrial areas (as per the

land use map) within each municipality. The result is a

municipality-level industrial water-use grid. This approach

is the least subjective approach given the lack of data on

the distribution of the various industries per type and their

water usage statistics.

Agricultural water use

Agricultural water use in Lebanon still lacks accurate

accounting. To calculate agricultural use, we produced, for

the first time, a field-scale actual evapotranspiration (ET)

grid (i.e. agricultural water use) at the 30-m resolution

(Summer ET) for May–October, which is the main irriga-

tion season for Lebanon (Fig. 2). Agricultural ET during

the wet season (November–April), is assumed to be met by

green water, i.e. rainfall stored in the root zone of crops and

available for biomass production (Falkenmark and Rock-

ström 2006). A new version (python-coded) of the Surface

Energy Balance Algorithm for Land (pySEBAL) was

implemented on Landsat imagery (30 m spatial resolution)

in this study. SEBAL is a well-established and validated

single-source energy balance model that has been widely

used to calculate field-scale ET (Bastiaanssen et al.

1998, 2005). We prefer to use Landsat satellite imagery

and SEBAL to estimate agricultural water use because finer

resolution imagery is more suitable to estimate ET in

heterogenous croplands that dominate the Lebanese

Landscape than MODIS (McCabe and Wood 2006). In

brief, SEBAL calculates ET as the residual of the energy

balance equation (ET = Rn - G - H), where Rn is the net

radiation, G is the soil heat flux, and H is the sensible heat

flux. The energy balance was spatially calculated using a

combination of field weather data and remotely sensed

data. SEBAL utilizes remotely sensed Land surface tem-

perature (from thermal bands of satellite imagery), and the

normalized difference vegetation index (from reflectance in

the red and near-infrared bands of the satellite, along with

other variables such as albedo, incident solar radiation,

temperature, wind speed, and relative humidity). To gen-

erate 30-m-resolution ET grids for Lebanon, we used all

cloud-free Landsat Imagery (Landsat 5, filled Landsat 7,

and Landsat 8 imagery) for 2010–2016. We mosaicked the

Landsat scenes (two Landsat scenes cover Lebanon),

clipped to the country boundary, filled the gaps in Landsat-

7, run pySEBAL, and then averaged the ET derived from

97 satellite overpasses over the summer period of May–

October to calculate the average summer ET ‘‘map.’’ We

gap-filled the L7 images using the ‘‘focal’’ function from

the ‘‘raster’’ package in R (Hijmans 2016). The function

estimates the values for the neighborhood of focal cells
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using a 3 9 3 moving window. We filled the thermal, red,

near-infrared, and surface reflectance shortwave bands by

averaging the moving window, while the pixel’s quality-

assurance bands were filled by the maximum of the

neighborhood of focal cells (worst case scenario). For a

detailed description of the methodology and the assump-

tions for calculating ET for Lebanon, the reader is referred

to Jaafar and Ahmad (2019). We do not account in the

analysis for the losses in the irrigation transmission, dis-

tribution, or on-farm systems, because, at the basin scale,

only ET is the actual loss from the system.

Water availability estimates

Many approaches consider only surface water to be the

primary sustainable source for communities (Vörösmarty

et al. 2000). However, we opt to determine renewable

water as the difference between precipitation and natural

evapotranspiration, which constitutes the renewable sur-

face flows and the renewable groundwater recharge.

Gridded annual precipitation data were obtained from a

remotely sensed gage-calibrated precipitation product

CHIRPS v2.0 (Funk et al. 2015). We averaged the data for

Fig. 2 Distribution and magnitude of irrigation use in Lebanon summed over the irrigation season of May to October and averaged over

2010–2016
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2010–2016. Average rainfall over Lebanon for this period

was 703 mm/yr., compared to the long-term average of

705 mm/yr for 1984–2016 (Fig. S1). CHIRPS grids were

re-sampled to 30 m using a kriging model in GIS where the

method used was ‘‘universal kriging.’’ Universal kriging is

a geostatistical technique for spatial interpolation with

minimum and known variance based on the theory of

regionalized variables. The method is based on doing the

regression with the spatial coordinates as the explanatory

variables, and it assumes the errors to be autocorrelated

rather than independent (Oliver and Webster 1990). Nat-

ural evapotranspiration was calculated as an average for the

same period (2010–2016) using NASA’s MODIS 8-day ET

product (MOD16A2) (Running et al. 2017). The natural ET

was calculated as the sum of the annual MODIS ET of

natural lands and the winter MODIS ET of agricultural

lands (because winter ET is primarily supplied by rainfall,

we consider this consumption as a loss from the supply

rather than as a demand). We use MODIS rather than

SEBAL for winter (November–April) because we found

that the latter overestimates winter ET (Fig. S2). Natural

lands include forests, shrubs, grasslands, bare soil, water

bodies, and riparian vegetation (i.e. all lands that are not

occupied with urban and industrial buildings and that are

not agricultural).

Use grids and water stress

To determine water stress, three water-use scenarios were

simulated. National water use for the first scenario (sce-

nario 1) is the summation of the domestic use (assuming no

Syrian crisis), the industrial use, and the agricultural use.

Scenario 2 is the same as scenario 1 but with factoring in

the domestic use for the Syrian and Palestinian refugees

displaced into Lebanon. Scenario 2 is the closest to current

conditions. Scenario 3 is the same as scenario 2 except that

network efficiency was assumed to increase from 50 to

65% following proposed rehabilitation.

Water stress

Annual water stress grids for each scenario were calculated

by dividing the annual use grids (domestic use (D),

industrial use (I), summer agricultural water use (ETAgs))

by the water availability grid also referred to as renewable

water (which is equal to the annual precipitation (P) minus

the annual natural evapotranspiration (ETN) and ET from

agricultural lands in winter ETAgw) (Eq. 1).

Water stress ðFWSÞ ¼ ðDþ I þ ETAgsÞ=ðP� ETN

� ETAgwÞ ð1Þ

The zonal mean of water stress was then determined for

each watershed/hydrologic zone. The result is a unit-less

stress indicator grid that shows the relative water use

(water usage divided by renewable water). The no-refugee

scenario is compared with the current status scenario to

highlight regions where water stress is the greatest and also

regions with the highest water use. Based on the stress grid,

the mean stress per zone was calculated by populating

municipalities within the watershed or zone (Eq. 2).

Mean FWS ¼
X

FWSper pixel=number of pixels per zone:

ð2Þ

RESULTS AND DISCUSSION

Water balance updates

Summer agricultural water use (ET) is shown in Fig. 2. Our

novel analysis shows that irrigated agriculture in Lebanon

consumes an average of 1 600 million cubic meters (mcm)

betweenMay andOctober. Due to transmission, distribution,

and on-farm field losses, diversions to agriculture are always

higher than the actual ET. The Litani, Orontes, the northern

and the southernmost watersheds consume two-thirds of the

total ET. These regions are where most of the Lebanese

agriculture is concentrated, and water diversions to agricul-

ture are in conflict with diversions for domestic and hydro-

power uses (Jaafar 2014). Precipitation provides 7 200 mcm,

natural landscape, and winter agriculture mostly (rainfed)

consume 2 380 mcm. Figure 3 shows the precipitation grids,

the natural ET grid (including agricultural use in winter, and

the difference between the two at a 30 m-pixel level). Vari-

ation of renewable water in Lebanon (2010–2016) is shown

in Fig. S3. The net balance is positive for Lebanon.

Impact of the crisis on domestic water use

Results indicate a 20% increase in domestic water use in

Lebanon due to the refugee crisis (from 676 to 826 mcm/

year). The primary determinant of changing levels in

domestic water-use results from the population of Syrian

refugees living in suburban areas close to cities and areas

where land is generally more available (Fig. 4). The most

impacted governorates by the increase in domestic use are

Bekaa (? 89%), Baalbeck–Hermel (? 59%), Akkar

(? 39%), and North Lebanon (? 20% increase) (Fig. 5).

Within the governorates, the most impacted Kadas are

Zahle (? 99%), West Bekaa (? 91%), and Baalbek

(? 66%). A 30% improvement in network efficiency (i.e.

65% of network efficiency) will reduce uses to pre-conflict

levels in all but five Kadas: Zahle (? 53%), West Bekaa

123
� The Author(s) 2019

www.kva.se/en

1186 Ambio 2020, 49:1179–1193

https://doi.org/10.1007/s13280-019-01272-0
https://doi.org/10.1007/s13280-019-01272-0
https://doi.org/10.1007/s13280-019-01272-0


(? 47%), Baalbek (? 27%), Akkar (? 7%), and Minieh-

Danieh (? 4%) (Fig. 6).

At the municipal level (Fig. 7), the increases are more

drastic, with more than 25% of the municipalities in

Lebanon suffering from a 90% to more than 1 000%

increase in domestic use. The percent increase in domestic

use is crucial for highlighting stress on water infrastructure

in the affected governorate or municipality. The absolute

value of the increase in water use is a measure of the

additional water quantity that needs to be secured to satisfy

the incurring demand.

Impact of the crisis on water stress

Assuming the Syrian crisis did not happen, the mean water

stress in Lebanon would have been 0.5 at the end of 2016

(that is, the use is 50% of the total renewable surface and

groundwater), which is above the high threshold of 0.4 but

below the extremely high threshold of 0.8. Currently, and

due to the refugee influx, mean water stress increased to

0.53 (6%), but it can be reduced from 0.53 to 0.49 if

rehabilitation and water conservation measures are taken to

improve efficiencies from 50 to 65%.

Fig. 3 Renewable water in Lebanon: remotely sensed-biased corrected gridded precipitation (CHIRPS), MODIS annual evapotranspiration over

natural territories plus winter evapotranspiration from agricultural lands, and the net annual difference between the two (average of 2010–2016)

Fig. 4 Spatial distribution of refugees’ water use in Lebanon

� The Author(s) 2019

www.kva.se/en 123

Ambio 2020, 49:1179–1193 1187



Water stress at the watershed level

At the watershed level, watersheds in Lebanon show a

crisis-induced increase in water stress of 2–10%. Out of

6.56 million, 2.45 are currently under extremely high water

stress (compared to 2.1 million without the crisis), 3.2

million inhabitants live under high water stress (compared

to 2.5 million without the crisis). Network improvements

can reduce the population living under extremely high and

high water stress by 10% (Table 2).

Despite this increase, a potential for improvement exists

in areas were network rehabilitation is possible. We find

that, at the watershed level, decreasing network losses from

50 to 35% would lower water stress in many areas to better

than pre-conflict levels (Table 2). At the municipal level,

reducing losses from 50 to 35% will not be enough to

reduce the stress to pre-crisis levels. Some 25% of the

municipalities (mainly in the Bekaa and Akkar) need

additional water sources to cope with the refugee crisis.

Fig. 5 Domestic water-use distribution in urban areas of Lebanon for three scenarios: (1) no refugee situation, (2) with refugees (i.e., current

conditions), and (3) with refugees if network losses are reduced from 50 to 35%
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Consequences of inaction

The consequences of inaction will eventually lead to

decreased water supplies, deterioration in water quality,

and a shift to relying more heavily on unsustainable

groundwater pumping. These effects are already felt across

the coastal zones through the massive saltwater intrusion in

groundwater wells (El Moujabber et al. 2006; Masciopinto

2013), and through the decrease in groundwater levels in

the Beqaa region (USAID 2011). Before the conflict and

now, the Orontes part of the Beqaa has witnessed an

increase higher than 20% in agricultural activity fed by

groundwater (King and Jaafar 2015). The lax and unen-

forced governmental regulations for groundwater pumping

will be an additional challenge. Climate change, although

not factored herein, will create more stress. However, its

impact in the short and medium-term is far less than the

impact of the sudden increase in the refugee population in

the country. The annual precipitation is expected to decline

by around 2 mm/yr in the 21st century (Evans 2009).

Results of this work indicate that averaging water stress

over the country would mask zones in the country that have

much higher degrees of water stress than the national

average. The higher the resolution of the stress analysis, the

more hotspots will be uncovered. This is evident when

comparing changes in domestic use at the governorate, the

Kada, and the municipality level. For example, improving

network efficiency at the country and governorate scale

will bring domestic use to levels well below those induced

by the refugee crisis. The same is not correct when running

the analysis at the Kada or municipal level. The com-

plexities of water network supplies necessitate demand–

supply analysis at the level of network service, which is

either the individual municipal level or the level of

municipal conglomeration (i.e., an association of

municipalities).

Fig. 6 Kada-level Percentage change in domestic uses compared to a no-refugee scenario: a current situation as of 2016, and b simulated percent

change assuming an improvement in network efficiencies. Labels indicate Kadas. Rehabilitation will reduce uses to pre-conflict levels except in

Zahle, West Bekaa, Baalbek, Akkar, and Minieh-Danieh
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Uncertainties and limitations

This study presents annual water stress estimates, and

although the relative uncertainty in the comparative anal-

ysis between the pre-and post-crisis is low, the actual use

estimates are affected by the per capita water-use figures.

Population estimates are expected to be within ± 10% due

to an estimated 250 000–350 000 tourists visiting the

country over the year, mostly in summer. A negative net

migration rate of - 0.6 per 1 000 for the 5 years before the

crisis in 2011 is unlikely to affect the water-use estimates

(World Bank 2016a). No internal migration data in Leba-

non are collected (Bell et al. 2015). There are no actual

measurements for industrial water use, and hence quanti-

fying it as 30% of domestic use bears some uncertainty.

There is also some degree of uncertainty in the CHIRPS

precipitation estimates. While these biases in the precipi-

tation estimates and the industrial use estimates will

influence the magnitude of the freshwater stress index, they

will not affect the results of the net increase in domestic

water use. Also and due to lack of sufficient data, water

transfers between governorates or municipalities within

Lebanon were not included in the analysis.

Recommendations

To alleviate water stress, there are three broad options—

decrease population, increase the supply by increasing

network efficiency, and reduce the use through environ-

mentally sound technologies. Given the high number of

Syrian refugees residing in Syria and no political solution

in sight between the Assad regime and opposition forces,

refugees are not likely to return en masse to Syria soon.

While some may return voluntarily within the next year,

that number is unlikely to be high enough that the popu-

lation would reduce drastically enough in Lebanon to

alleviate water stress. Further, because the Lebanese gov-

ernment has taken a nearly hands-off approach to the

refugee crisis, it is not likely that they intend to play any

role in reorganizing refugees within Lebanon, and the

refugees themselves are unlikely to move from their cur-

rent settlements to other parts of Lebanon. However, the

Fig. 7 Municipal-level percentage change in domestic uses compared to a no-refugee scenario: a current situation as of 2016, and b simulated

percent change assuming an improvement in network efficiencies and reductions in domestic water use (efficiency increase from 50 to 65%)
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government and the water authorities can work to imple-

ment several measures to conserve water at the national

and regional scale. The refugee distribution within the

country will probably remain static, barring some natural

disaster or eruption of a conflict that forces them from their

current settled locations.

Additionally, because urban water stress is already high,

refugees should not be moved from rural to urban areas as

it would serve to further exacerbate water stress in urban

areas. Refugees in the Beqaa Valley have settled mainly on

farmland. This causes its problems, namely, contamination

of potable and irrigation water. Moving refugees from rural

to urban areas would serve the same end as moving them

from urban to rural areas and only worsen water stress in

the Beqaa Valley. In either scenario, water stress levels

would be further exacerbated by another increase in pop-

ulation. Because of the static refugee population, water

stress must be addressed from a supply/water efficiency

approach. Efforts must be undertaken to reshape the way

water is thought about in Lebanon. Public awareness

campaigns should be designed that frame water not as a

political issue, but as a public good to which all citizens

deserve access. These campaigns could also lead citizens to

limit their consumption. Beyond efforts to reshape per-

ceptions, other measures should be taken in the short term,

such as introducing legislation that would implement

metering and pricing schemes for domestic water con-

sumption. While smart meters have begun to be installed in

areas of Beirut, these efforts need to be more widespread

throughout the country.

Global implications

This research has global implications. As long as there is

war, there will be refugee flows into neighboring host

countries that will adversely affect the host country’s

resources. It is important to note that refugees do not only

cause undue harm on a host community, but they have been

found to have positive effects as well, even in Lebanon.

However, the depletion of natural resources, such as water,

is a reasonable cause for concern in host communities, and

more must be done to combat these effects. Sufficient

water supplies must be made available early on in a crisis

to deter illegal drilling of wells, such as connecting set-

tlements to existing water networks. Care should also be

taken to avoid establishing settlements in water-stressed

areas. This requires more considerable planning and

coordination between the international aid agencies and

host governments early on in any crisis.

Given the scarcity of water that already exists in the

region, it is vital to introduce mechanisms that will identify

problem areas so that adverse effects of rising water stress

caused by an influx in refugees may be diminished. The

methodology used in this paper offers a framework for

future analysis that can be used in other countries in the

region and beyond to target hotspots of water stress. This

will allow for further planning and the ability to introduce

geographic-specific solutions to water stress in areas where

there is a large population of refugees, such as in Turkey

and Jordan. This will also be useful for emerging crises in

the region. The region is volatile, and it is foreseeable that

conflict may break out elsewhere in the region. Further, this

same kind of analysis can be used outside the region in

other places in the world that also host a large number of

refugees. While some countries are more capable of coping

with large refugee populations than others, the methodol-

ogy can still be applied to help address potential problem

areas.

CONCLUSION

Water stress is an urgent issue in the Middle East, and rapid

changes in population due to crisis put further strain on

freshwater resources. This work was conducted to present

an original estimate of the spatial water use at the national

Table 2 Population living under low (less than 0.2), medium (between

0.2 and 0.4), high (between 0.4 and 0.8), and extremely high (greater

than 0.8) water stress in Lebanon by watershed

Watershed Population

(excluding

refugees)

(scenario

1)

(1 000 s)

Population

(including

refugees)

(scenario

2)

(1 000 s)

Water

stress

(scenario

1)

Water

stress

(scenario

2)

Water

stress

(scenario

3)

Beirut 1 524 1 690 1.68 1.81 1.42

Oustuene 135 180 1.29 1.35 1.29

Kabir 114 177 0.97 1.02 0.99

Rasain 372 408 0.87 0.89 0.83

Litani-

North

420 803 0.64 0.70 0.66

Zahrani-

Sinic

439 496 0.59 0.62 0.54

Barid-

Arka

174 223 0.56 0.61 0.56

AboAli 682 818 0.55 0.61 0.52

Litani-

South

327 373 0.52 0.54 0.51

Kalb 239 259 0.44 0.45 0.38

Damour 142 185 0.40 0.43 0.39

Jouz 107 122 0.42 0.43 0.40

Awali 138 180 0.29 0.32 0.28

Hasbani 110 133 0.22 0.23 0.22

Ibrahim 119 129 0.21 0.21 0.188

Orontes 237 389 0.19 0.20 0.194
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level in Lebanon. A water-use GIS-based analysis was

performed by benchmarking, at several administrative and

geography levels, the current water use (including agri-

culture) for all population in Lebanon against a no-refugee

scenario based on Lebanese population estimated at the end

of 2016. Results of our spatial analysis show that while the

impact of refugees and indirectly conflicts’ on water stress

is of paramount importance and it cannot be neglected,

opportunities exist for the international community to

intervene and provide for water supply and network effi-

ciency improvements, which can relieve the induced stress.

Water stress transcends administrative boundaries, and it

has increased today across the semi-arid region of Beqaa,

as well as across many populated cities along the coastal

zones of North and South Lebanon due to the refugee

crisis. The recently induced increase in urban water stress

requires increased political attention and resources. The

refugee crisis question is politically sensitive, and a solu-

tion remains unknown. The existing situation, if left

untreated, means that future urban water-use vulnerabilities

will only worsen. Besides urban areas, rural areas would

require special care in water network construction and

rehabilitation efforts to meet the increasing uses. The

resilience of rural livelihoods in Lebanon is highly

dependent on sustained agricultural production areas where

refugees are concentrated. If a political settlement is

reached in Syria and refugees begin to return to Syria,

several initiatives must be implemented to reduce water

stress in Lebanon. Even as Syrian refugees return home and

Lebanon’s population shrinks, water stress in Lebanon will

remain a problem that must be addressed. These long-term

initiatives include agriculture water-use reform and ulti-

mately, government reform in the water sector.
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