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Abstract: Remote sensing can provide important and updated information for agricultural water
accounting (AWA). In this study, data from the open-access portal (WaPOR) of the Food and Agri-
cultural Organization was used in AWA to assess levels of agricultural water consumption and to
provide possible solutions for water deficiency in the North Jordan Valley (NJV). Consolidated proce-
dures have been applied to complement and validate the WaPOR products. These included the use of
climatic and ground data, the multispectral remote-sensing data of Sentinel-2 and Landsat 8 to derive
land use/cover maps, GIS layers, and calibrated evapotranspiration (ET) estimates using the surface
energy balance algorithm for land (SEBAL). The data of water inflows and outflows were analyzed
using the water accounting plus (WA+) system. Results showed that the WaPOR data of actual ET
and interception (AETI) were highly correlated with SEBAL-ET, with WaPOR data overestimating ET
for irrigated areas. Precipitation data from WaPOR, on the other hand, were underestimating inflow
from rainfall, although significant correlations were observed between these data and rainfall records.
As a result, the quality of WaPOR data affected the outputs from agricultural water accounting. The
main impact on water accounting outputs was the underestimation of percolated water that could
be utilized as a possible solution to water deficiency in the NJV. In addition, the water accounting
performance indicators were relatively affected, although they reflected the nature of the study
area where water deficiency predominated as a result of inter-basin transfer. The study compared
outputs from water accounting in terms of the possible solutions to water deficiency in the NJV and
concluded that considerable amounts of recoverable water could be developed when compared with
the option of developing surface water from the side wadis. Also, it emphasized the important role of
remote-sensing sources for providing information for AWA needed for improved water management
and governance.

Keywords: Jordan Valley; water accounting; WA+; FAO; WaPOR; remote sensing; SEBAL

1. Introduction

Remote-sensing data provides important information for water resources management,
particularly in Mediterranean countries where water resources are scarce. The progres-
sive improvements in spatial, temporal, and spectral resolution of remote-sensing data
made them invaluable sources of information for managing water resources at different
scales [1–3]. The integration of remote sensing and geographic information systems (GIS),
as geospatial techniques, with ground data has become widely adopted in new tools for
water-use assessment and reporting. A good example of these new reporting and full water
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budgeting tools is the water accounting [4–6], which provides detailed information on
water inflows and outflows with proportions of beneficially used and recoverable water.

The rationale behind water accounting is the improvement of water-related sectoral
and intersectoral decision-making methods at local, regional, and national levels. Improve-
ments can often be initiated by basing decisions on ‘best-available’ information, evidence
and analysis—rather than intuition, assumptions, and guesswork [4]. As such, applying
water accounting for agricultural areas requires an accurate information on water use,
flows and fluxes. This can be achieved by integrating geospatial techniques of both remote
sensing and GIS within water accounting systems. The use of remote sensing (RS) in
agricultural water accounting (AWA), specifically in the irrigation sector, includes map-
ping of irrigated crops and their evapotranspiration (ET) [7]. Analysis of remotely sensed
data is carried out within GIS environment that integrates different spatial, climatic and
management data to derive information and indicators used in AWA.

During the last three decades, data from different sensors of earth observation systems
(EOS) had been widely used in mapping irrigated crops, agricultural areas and land use
(LU). This could be attributed to the fact that remotely sensed imagery, acquired by EOS,
provided cost-effective and accurate means by which to derive these spatial maps [5–7].
The advantages of using remote sensing to map irrigated areas is their ability to provide
spatial information on cropping patterns and their intra- and inter-seasonal dynamics and
the large capacity for data acquisition over large areas [5,7,8]. The progressive development
and improvements of digital image processing techniques and software has encouraged
researchers and professionals to use RS data to derive LU and agricultural maps of crops
and irrigated areas with minimum cost and limited fieldwork [9,10]. The nominal spatial
resolution for crop type mapping is usually 10–30 m [10]. At present, many sources of EOS
provide medium-level spatial resolution data, which is needed for different agricultural
applications, including crop mapping. The most commonly used RS satellite data for these
applications are the Landsat 8 and Sentinel-2, which are accessible free of charge. Landsat 8
provides multispectral images with 30 m spatial resolution, every 16 days. These can be
compared with historical data of previous generations of Landsat satellites, launched from
the early 1970s [10,11]. Sentinel-2 has been providing multispectral data since 2015. The
data has a spatial resolution of 10–60 m and a temporal resolution of 5 days [12].

In AWA, ET is the most important water flux for assessing water balance, water-use
efficiency, and fractions of beneficially used water [8,13]. Depending on the context, it
is important to identify and quantify other components of water balance and outflows.
In addition, detailed maps of land use, including water-related infrastructure and urban
areas, are needed [4]. The influence of land use and landscape ET on the water cycle
is obtained by recoding LU maps, derived from RS data, to water-use groups [13]. As
yet, there are no reliable sensors that directly measure ET rates from land surfaces at a
range of scales relevant to water balance analysis [13]. Therefore, different methods are
proposed to estimate evapotranspiration using empirical equations and/or energy balance
approaches. So far, the FAO56 Penman–Monteith method has provided the best estimate of
ET under various climatic conditions [14]. The method is based on deriving the theoretical
crop evapotranspiration (ETc) through the product of grass reference evapotranspiration
(ETo) and a dimensionless crop coefficient (Kc) that expresses the evapotranspiration
difference between the crop and the reference surfaces. The level of accuracy in ETc
estimates depends mainly on the value of Kc, which changes depending on crop and
irrigation management [1,14]. Therefore, different RS methods have been developed to
map actual evapotranspiration (ETa) with minimum ground data inputs. The RS methods
for mapping ETa include surface energy balance models [15–17], reflectance-based basal
crop coefficients methods [8], and RS-based FAO-56 Penman–Monteith (FAO56PM) direct
approaches [18].

Among the remote-sensing-based ET models are METRIC (mapping evapotranspira-
tion with internalized calibration) [16] and SEBAL (surface energy balance algorithm for
land) [17]. Both models, which are widely used for irrigation and hydrological applications
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using the medium resolution data of Landsat, require ground data to reduce biasness in
ET estimates. In the context of water accounting, the RS-based FAO56PM is preferred
over other methods as it has the ability to separate ET components into evaporation and
transpiration, and therefore it provides data needed for evaluating the beneficially used
fraction of irrigation water. A good example of these models is the ET Look, which uses the
FAO56PM method separately to estimate evaporation and transpiration with a daily time
step [18]. The method was developed to provide free data of ET and water productivity
through an open access portal supported through the Food and Agricultural Organiza-
tion of the United Nations (FAO). The FAO portal, known as WaPOR [19], provides the
10-day, monthly, and annual ET data for Africa and the Near East at 100–250 m spatial
resolution [20].

The use of WaPOR datasets for monitoring and developing water resources is very
important, particularly in countries suffering from water scarcity, such as Jordan. Con-
sidering the internal per capita share from renewable freshwater resources and the gross
domestic product (GDP0, Jordan is ranked the second country worldwide in terms of water
scarcity [21]. The problem of water scarcity in Jordan and the gap between demand and
supply is expected to increase in the future due to the increased demand and decreased
supply under the adverse climatic trends [22–24]. Therefore, this study performs an AWA
that includes a full water budget for the agricultural area of the North Jordan Valley (NJV).
The AWA aims to assess the levels of agricultural water consumption and deficiency in
the NJV so that sustainable solutions to water deficiency can be provided. The novelty
of the work stems from the fact that water deficiency solutions within AWA are based
on a detailed water budgeting that utilizes remote-sensing data with WaPOR, SEBAL,
and climate and ground surveys. The study integrates the work of water accounting sup-
ported by the FAO Regional Office for Near East and North Africa (FAO-RNE) with the
research activities of Euro-Mediterranean Cooperation through ERANET joint activities
(ERANETMED). The work and datasets generated from the FAO-RNE project includes
detailed land use/cover mapping, WaPOR-ET data and water accounting for the NJV,
while calibration of SEBAL-ET has been carried out within the ERANETMED EO-TIME
project [25].

The major components of water accounting systems are the water inflows and outflows
data that must be filled into the resource base and the ET sheets of the water accounting
system. Performance indicators can be then calculated based on the data outputs from
the water accounting sheets [13,26,27]. In this study, the open-source sheets of the Water
Accounting Plus (WA+) system [28] were used to assess the water fluxes and the proportions
of recoverable and beneficially used water and to perform the AWA for the NJV. The data
of inflows and outflows were based on integration of remote-sensing and ground data.
Bearing in mind that the intended outcome from the work of water accounting, within the
context of FAO-RNE project, was the institutionalizing of this water reporting and analysis
system at the MWI, so it was important to assess the level of accuracy of remotely sensed
data, as these would control the outputs and results of water accounting [29]. The need to
calibrate and assess WaPOR data has been emphasized by the results of a previous work
of water accounting, carried out using WaPOR data for the whole Jordan River Basin [30].
Therefore, this study contributes to the water management in the Jordan River Basin area
by applying an AWA with more detailed and calibrated remote-sensing and ground data.
The work presents results for the year 2019, which has complete water datasets at farm unit
level, provided by the Jordan Valley Authority (JVA) and Jordan’s Ministry of Water and
Irrigation (MWI).

2. Materials and Methods

The study methodology was based on collection and integration of climatic data, re-
mote sensing images, ground surveys, GIS layers, volumes of water inflows and interbasin
transfer, data of cropping patterns, and water pumped to farmers. Cropping patterns and
water-use categories were obtained from a detailed land-use/cover map derived from
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Landsat 8 and Sentinel-2 images. Weather records and Landsat 8 images were used in
SEBAL to derive ET maps at a resolution of 30 m. The data of SEBAL-ET were calibrated
to provide gross irrigation water depth using ground data of water delivered to farm
units (FU) in the NJV. Daily weather records and ground data were used to calculate the
net irrigation depth and to assess the level of water deficiency in the NJV. Both climatic
data and the calibrated SEBAL-ET were used to assess WaPOR data precipitation and ET,
respectively. The data of water supply and interbasin transfer, obtained from the JVA and
MWI, and the WaPOR data of actual ET and interception (AETI) were filled in WA+ sheets
to derive information needed for assessing irrigation water supply and water deficiency
levels in the NJV. A summary for the methodology is shown in Figure 1, while detailed
descriptions of the methodology are included in the following subsections.

Water 2022, 14, x FOR PEER REVIEW 4 of 24 
 

 

The study methodology was based on collection and integration of climatic data, re-
mote sensing images, ground surveys, GIS layers, volumes of water inflows and inter-
basin transfer, data of cropping patterns, and water pumped to farmers. Cropping pat-
terns and water-use categories were obtained from a detailed land-use/cover map derived 
from Landsat 8 and Sentinel-2 images. Weather records and Landsat 8 images were used 
in SEBAL to derive ET maps at a resolution of 30 m. The data of SEBAL-ET were calibrated 
to provide gross irrigation water depth using ground data of water delivered to farm units 
(FU) in the NJV. Daily weather records and ground data were used to calculate the net 
irrigation depth and to assess the level of water deficiency in the NJV. Both climatic data 
and the calibrated SEBAL-ET were used to assess WaPOR data precipitation and ET, re-
spectively. The data of water supply and interbasin transfer, obtained from the JVA and 
MWI, and the WaPOR data of actual ET and interception (AETI) were filled in WA+ sheets 
to derive information needed for assessing irrigation water supply and water deficiency 
levels in the NJV. A summary for the methodology is shown in Figure 1, while detailed 
descriptions of the methodology are included in the following subsections. 

 
Figure 1. Flowchart of the study methodology. 

2.1. Study Area 
The NJV study area is located in the northwest of Jordan between 32.35 to 32.68° N 

and between 35.55 to 35.62° E (Figure 2), with a total area of 182 km2 and a total population 
of 142 thousand. The study area is located below the mean sea level (bmsl) with altitudes 
ranging from −200 to −300 m. Therefore, the NJV has a subtropical climate that is warm in 
winter and hot in summer. The average monthly minimum and maximum temperatures 
are 13 °C (January) and 32 °C (August), respectively. The mean annual rainfall during 
1980–2019 was 391 mm. Soils in the NJV are deep and characterized by silty clay and silty 
clay loam textures, that originated from alluvial and colluvial parent materials that cov-
ered the layer of marl or Lisan [31]. Soil data from the JVA showed low levels of soil sa-
linity in the NJV, where the average salinity, expressed in electrical conductivity (ECe) 
units, was less than 1.5 dS/m. The warm climate and the good soils have made the NJV an 
important agricultural area that contains most of the citrus crops grown in Jordan. In ad-
dition to citrus, irrigated farms grow crops of vegetables (tomato, okra and others), vine-
yards, and date palm. Rainfed cultivation of cereals and olives is practiced in the eastern 
parts of the NJV. 

Figure 1. Flowchart of the study methodology.

2.1. Study Area

The NJV study area is located in the northwest of Jordan between 32.35 to 32.68◦ N
and between 35.55 to 35.62◦ E (Figure 2), with a total area of 182 km2 and a total population
of 142 thousand. The study area is located below the mean sea level (bmsl) with altitudes
ranging from −200 to −300 m. Therefore, the NJV has a subtropical climate that is warm in
winter and hot in summer. The average monthly minimum and maximum temperatures
are 13 ◦C (January) and 32 ◦C (August), respectively. The mean annual rainfall during
1980–2019 was 391 mm. Soils in the NJV are deep and characterized by silty clay and silty
clay loam textures, that originated from alluvial and colluvial parent materials that covered
the layer of marl or Lisan [31]. Soil data from the JVA showed low levels of soil salinity in
the NJV, where the average salinity, expressed in electrical conductivity (ECe) units, was
less than 1.5 dS/m. The warm climate and the good soils have made the NJV an important
agricultural area that contains most of the citrus crops grown in Jordan. In addition to
citrus, irrigated farms grow crops of vegetables (tomato, okra and others), vineyards, and
date palm. Rainfed cultivation of cereals and olives is practiced in the eastern parts of
the NJV.
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In addition to its importance as a productive agricultural zone, the NJV is located
in an area that receives transboundary surface water from the upper Jordan River Basin
and groundwater from Mukheiba wells in the north. Due to the problem of water scarcity
in Jordan, part of this water is transferred for domestic uses in the Capital Amman and
for irrigating parts of the South JV. Subsequently, the JVA adopted reduced quotas of
water distribution to farmers in the NJV. The present quotas are 360, 765, and 1255 mm for
vegetables, citrus, and bananas, respectively [32]. These quotas correspond to 75–80% of
the gross irrigation depth needed by the different crops. Irrigation water is transferred from
north to south via King Abdulla Canal (KAC), which has a total length of 110 km, with
42.3 km located in the NJV. The irrigation scheme in JV consists of 53 development zones
that are divided into farm units, each with an average size of 3.5 ha. The study area of the
NJV includes 24 development zones (DZ) that have 3202 farm units. Water is delivered to
these farm units by pumping stations and a network of pipes and canals.

At present, the JV irrigation scheme and network has considerable water losses, which
exacerbate the problem of water deficiency in the NJV. The main water losses from KAC are
seepage (11%), unmetered/illegal uses (14%), and evaporation (1%) [33,34]. The average
losses from KAC in the NJV are 19% of the total annual inflow [34]. Within the context of



Water 2022, 14, 1198 6 of 22

AWA these losses are recoverable and can be used after recharging groundwater [4]. The
AWA applied in this study, therefore, is important as it provides estimates of recovered
amounts of water that percolate from the irrigation network in the NJV. Also, it compares
these volumes with amounts that can be developed from the surface water of the eastern
side wadis so that informed decisions for supply augmentation can be taken by both of the
JVA and MWI.

2.2. Data Collection and Processing
2.2.1. Climatic Data

Daily and hourly climatic data were obtained from the MWI and Jordan Meteorological
Department (JMD) for the weather stations of Baqoura (North), Wadi El-Rayyan (South),
Wadi Al-Yabis (Southeast), Dair Alla (20 km south of the NJV), and Kufr Awan and Dair
Abi Said (6 km east of the NJV). The daily and hourly data included air temperature, wind
speed, relative humidity, sunshine hours, and precipitation. Climatic data were used to
run SEBAL-ET for the NJV and to derive FAO56PM-ETc and rainfall inflow needed to
fill the resource base sheet of WA+. The FAO56PM-ETc method was used to provide an
overall assessment of ET data of SEBAL and WaPOR and to calculate the monthly and
annual water demand and deficit in NJV. Calculations of ETc were made as described by
Allen et al. [14], with modifications for Kc values based on previous research results carried
out in JV [35]. Crop calendar for irrigated crops was obtained from the JVA and field visits
to different farms in the NJV.

2.2.2. Land-Use/Cover Mapping

An updated land-use/cover map was not available for the NJV. The map of land
cover at the WaPOR portal, available at a spatial resolution of 100 m, underestimated the
irrigated area in the NJV and included some mixing between irrigated citrus and other
land-use categories. The maps available at the JVA only included the GIS layers of irrigated
farm units west of KAC with types and areas of crops inside each farm unit. Therefore,
cloud-free high-resolution images of Sentinel-2 and medium resolution images of Landsat
8 were used to map the land use/cover of the NJV. Landsat 8 images, for path 174 and
row 37, included level-1 data from the operational land imager (OLI) and thermal infrared
sensor (TIRS). These were also used to derive SEBAL-ET for the year 2019 (Table 1). For
Sentinel-2 data, three images were used for mapping land use/cover. These were level-1C
data acquired in March, August, and November. The 10-m resolution data of bands 2 (blue),
3 (green), 4 (red), and 8 (near infrared) were used in this study.

Table 1. Summary of Landsat 8 acquisition dates and some climatic parameters for the NJV
during 2019.

Month Images
(DD/MM) ETo (mm) Rainfall (mm) Max. Temp.

(◦C)
Min. Temp.

(◦C)

January 10/01 *, 26/01 52 91 19.8 9.2
February 11/02, 27/02 * 65 97 21.2 10.5

March 15/03, 31/03 * 70 72 22.4 10.5
April 16/04 109 22 27.5 13.3
May 02/05, 18/05 163 0 37.2 18.0
June 03/06 *, 19/06 163 0 38.0 23.1
July 05/07, 21/07 186 0 38.8 24.2

August 06/08, 22/08 212 0 39.2 23.9
September 07/09, 23/09 167 0 37.3 22.5

October 09/10, 25/10 130 9 33.8 20.9
November 10/11, 26/11 101 15 28.9 16.0
December 12/12 *, 28/12 58 86 22.1 11.0

* Cloudy or partially cloudy.
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Mapping of land use/cover was carried out using a combination of methods that
included digital and visual interpretation, aided by GIS layers of farm units and ground
surveys. The OLI and Sentinel-2 images were transferred into layers of the normalized
difference vegetation index (NDVI). The OLI data were stacked in one file and were
transformed into 12 spectral classes using the unsupervised classification with the iterative
self-organizing data analysis technique (ISODATA) algorithm [9]. The NDVI layers derived
from Sentinel-2 were used to decide on the types of crops and land cover based on temporal
changes in NDVI values. The image of March showed the peak NDVI values for rainfed
cereals and vegetables and high values of NDVI for citrus and fruit trees. Therefore,
this NDVI layer was used to delineate all areas of irrigated and rainfed crops in the NJV.
The NDVI layer of November image, on the other hand, showed the areas of irrigated
vegetables and citrus, when field crops had not emerged yet. Using GIS, this NDVI layer
was intersected with the NDVI layer of March to delineate the borders of citrus and
vegetables. Finally, the NDVI layer derived from the image of August was used to separate
the area of citrus from other crops as it showed the peak values of NDVI for citrus and fruit
trees, as no vegetables or cereals were grown during this time of year. Differentiation of
irrigated fodders, fruit trees, and mixed crops was based on JVA data for the irrigated farm
units and ground observations. The map of land use/cover was verified using the GIS
layer of farm units, provided by the JVA, and the ground observations collected during
field visits to the NJV. In order to derive the water-use categories needed for applying water
accounting, the map of land use/cover was reclassified into the water-use categories used
in WA+ system.

2.2.3. Water Inflows to the NJV

Water inflows to the NJV included the amounts of surface and groundwater diverted
to KAC and the surface water flow from rainfall. The data of water inflows to KAC
were obtained from the annual water budget report of 2019, prepared by the MWI [36].
It included the inflows from the transboundary water resources of Yarmouk River and
the Peace Water stored in Tiberias (Sea of Galilee). It also included the water delivered
from Al-Wehdah Dam, Mukheiba wells and the dams on the eastern side wadis. Water
inflows from streams included the amounts measured by the JVA for wadis El-Yabis, El-
Arab, Zeglab, Waqqas, and Rajib. The amounts of inflow from rainfall for the NJV was
calculated using rainfall data and runoff coefficients reported in previous studies for the
NJV and the side wadis [37–39]. The volume of rainfall inflow was calculated for both of
recorded rainfall and WaPOR precipitation, which represented the Climate Hazards Group
InfraRed Precipitation with Station (CHIRPS) quasi-global rainfall dataset [40]. The annual
precipitation (PCP) data of WaPOR (5-km resolution) was converted to a vector shape file
representing polygons or parcels with different rainfall depths. The layer was then clipped
to the borders of the NJV and GIS functions were applied to derive the weighted average of
rainfall volume for the NJV. For MWI and JMD data, the volume of rainfall was calculated
by multiplying the rainfall record of each station by the area represented by that station,
derived using the nearest neighbor interpolator of Thiessen polygons [10].

2.2.4. Water Outflows from the NJV

In AWA, the major part of water outflow is the actual ET. For irrigated areas, this is
usually the net irrigation depth under nonsaline soil and water conditions. The amount of
water applied to an irrigated crop is known as the gross irrigation depth. Under no water
and soil salinity conditions, the net irrigation water requirements (NIWR) equal the ETc,
while the gross irrigation depth equals the gross irrigation water requirements (GIWR),
which is obtained by dividing NIWR by the irrigation efficiency. The amounts of water
provided to farmers from KAC during 2019 were obtained from the JVA, while amounts
pumped from groundwater were obtained from the MWI. The data of other outflows
included the volumes of water transferred to the Capital Amman, Wadi Al-Arab dam
(Temporary storage), and the southern parts of the JV. The outflows of ET were obtained
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from remote-sensing data of WaPOR and SEBAL. The data of WaPOR included the fluxes
of evaporation (E), transpiration (T), and interception (I). These were downloaded for the
NJV and were summarized for each water-use category derived from the land-use/cover
map (Table 2). The data of ET from SEBAL was mainly to calibrate the data of WaPOR, as a
previous study showed that WaPOR data was overestimating ETa at the basin level [29].
The use of SEBAL to calibrate WaPOR could be justified by the fact that SEBAL-ET was
calibrated using ground data of gross irrigation depth and farm irrigation efficiency during
the implementation of a rapid water accounting cycle for the NJV [41] and through the
activities of the ERANETMED project.

Table 2. Summary land- and water-use categories in the NJV during 2019.

Land- and Water-Use Category Area (ha) %

1. Protected (conserved) land use 25.4 0.2

2. Utilized land use 6305.4 34.7

2.1. Open forests 331.3 1.8

2.2. Open rangelands (shrub and grasslands, noncultivated farm units, bare soils and rocks) 5988.9 32.9

3. Modified land use 2041.0 11.2

3.1. Rainfed trees 414.3 2.3

3.2. Rainfed field crops 1626.7 8.9

4. Managed water land use 9816.3 54.0

4.1. Irrigated trees (citrus, dates, fruit trees) 6185.7 34.0

4.2. Irrigated vegetables—open fields 1985.3 10.9

4.3. Irrigated vegetables—plastic houses 60.8 0.3

4.4. Irrigated fodders and cereals 282.4 1.6

4.5. Irrigated—mixed cropping 113.1 0.6

4.6. Urban 1093.2 6.0

4.7. Managed water bodies (dams and KAC) 97.5 0.6

Total 18,222.5 100.0

2.2.5. WA+ Sheets and Performance Indicators

Data of inflows and outflows were filled in WA+ sheets. The first sheet, known
as the resource base, was used to analyze inflows and outflows, while the second sheet
(evapotranspiration) was used to partition ET for the different water-use categories into
beneficial and nonbeneficial proportions. Outputs from both sheets were used to calculate
the performance indicators of water accounting needed for assessing water resources and
uses [5,13,30]. The purpose of these numeric indicators was to provide a clear overview of
water resources issues in the NJV and the proportions of water that were beneficially used.
The ET indicators included the beneficial, the agricultural, and nonagricultural fractions
of ET, in addition to the transpiration fraction (T/ET). The water resources indicators
included the available water, the managed fraction of water, the basin closure (utilized
flow/available water), and the stationary index (change in water storage/ET). Considering
the problem of water deficiency in the NJV, outputs from WA+ and performance indicators
would provide figures on volumes of water that could be developed from recoverable
water, as a possible solution for water deficiency in this area.

2.2.6. Mapping Surface Water from the Side Wadis

Two dams were constructed on the eastern side wadis of the NJV, while the Al-Wehdah
dam was constructed in the upstream area. Therefore, development of surface water
resources for solving water deficiency in the NJV could be made possible by constructing
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other dams on the eastern side wadis. The volumes of water that could be harvested were
calculated using GIS tools, climatic data, and outputs from previous studies on surface
water hydrology of the side wadis. In this study, catchments of the side wadis were
precisely delineated using the functions of terrain analysis included in GIS. The delineation
was based on a digital elevation model (DEM) that had a resolution of 20 m. Streams
networks and borders of catchments were derived by applying different GIS functions of
terrain analysis using the 20 m DEM [10]. These included filling of DEM sinks, generation
of flow direction and flow accumulation layers, and delineation of catchments. Outputs
from this analysis were converted from raster format to vector layers of catchments and
stream networks. Rainfall data were obtained from MWI and JMD data for the six weather
stations for the period 1984–2019. A runoff coefficient of 5% was adopted by this study to
calculate possible volumes of water that could be harvested by constructing new dams.
The runoff coefficient, which was adopted by the JVA, was in agreement with findings of
previous hydrological studies for the side wadis [37–39]. The possible volumes that could
be harvested on side wadis were then calculated by multiplying the runoff coefficient with
the rainfall depth for each part of catchment.

3. Results
3.1. Land- and Water-Use Categories

Results of land-use/cover mapping showed that the total irrigated area in the NJV
during 2019 was 8.63 thousand ha constituting 47% of the total area of the NJV. About 96%
of the irrigated area was located in the farm units distributed and managed by the JVA,
while the remaining irrigated areas were to the east of KAC outside the JVA farm units.
Other agricultural activities included 2000 ha of rainfed area of cereals and trees. Figure 3
shows the spatial distribution of land use/cover in the NJV during 2019. Detailed analysis
of land-use/cover map (Table 2) showed that agricultural areas of both of irrigated and
rainfed areas constituted 59% of the total area of the NJV. Citrus was the main irrigated
crop and constituted 80% of the total irrigated area. About 33% of the NJV area was used
as an open rangeland to support the grazing herds of sheep and goats.

3.2. Water Inflows and Crop Water Requirements

Water inflows to KAC from surface and groundwater resources reached 155 MCM,
while calculated rainfall volumes ranged between 67.5 and 85.5 MCM for WaPOR and
recorded data, respectively (Table 3). Other sources of water included 0.6 MCM of ground-
water pumped by farmers and 4.5 MCM from the flows of the eastern side wadis. Amounts
of treated wastewater (TWW) in the NJV were minor (0.15 MCM)/year) and were dis-
charged from the North Shouneh wastewater treatment plant. These were not used by
farmers due to their high levels of salinity [42].

Table 3. Water inflow volumes in the NJV during 2019.

Water Inflow Source Volume (MCM)

1. Precipitation inside the NJV calculated from:
WaPOR data (CHIRPS) 67.5
Meteorological data (JMD and MWI) 85.5

2. Surface–main riverstem inflow (Yarmouk River and Al-Wehdah Dam) to KAC 124.0

3. Surface–tributaries inflow to KAC 14.2

4. Groundwater inflow (Mukheiba wells) 16.7

Total inflows to KAC from surface and groundwater 154.9

5. Groundwater pumped by farmers 0.6

6. Tributaries or springs inflow (directly used in irrigation) 4.5

Total inflows
Using WaPOR precipitation data 227.5
Using JMD and MWI precipitation data 245.5
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In terms of rainfall, the volume of inflow calculated from WaPOR precipitation data
was less than the volume calculated from ground records. For the station of Baqoura,
the average annual rainfall calculated from WaPOR precipitation data during 2009–2019
was 338 mm, while the mean annual rainfall recorded in Baqoura station was 389 mm,
although significant correlations (p < 0.05) were obtained between both datasets (Figure 4).
The correlation between both datasets for the 2009–2019 period showed that WaPOR
precipitation data overestimated rainfall during some months and underestimated rainfall
in other months (Figure 4). The correlation for the average monthly values during the same
period showed that the overall trend is an underestimation of rainfall (Figure 4).
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Figure 4. Relationships between WaPOR precipitation and rainfall records for Baqoura Station.
(a) Monthly data of 2009–2019; (b) average value during 2009–2019.

3.3. Water Outflows

The main outflow in the NJV was the AETI from irrigated and rainfed areas, followed
by the interbasin transfer (Table 4). The estimated runoff in this agricultural area was
3.4 MCM, which accounted for 2.3% of the total outflows. Detailed analysis of AETI from
WaPOR data showed that managed water use constituted 70% of the AETI outflows, as
summarized in Figure 5. The data of WaPOR, which were summarized for each water-use
category using different GIS functions, showed that irrigated areas contributed to 66% of
the total AETI (96 MCM out of 146 MCM), while rainfed areas and rangelands contributed
to 30% of the total AETI.

Table 4. A summary of water outflows in the NJV during 2019.

Water Outflow Volume (MCM)

1. Evapotranspiration and interception (AETI) 146.2

2. Interbasin transfer 90.3

KAC—water transferred to Amman 78.4

KAC—water pumped back to Wadi Al-Arab 6.1

KAC—water delivered to south JV 5.8

3. Runoff from rainfall inside the NJV 3.4

Total outflows 239.9
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Figure 5. WaPOR-AETI and its components for the different land- and water-use categories in the
NJV during 2019.

Considering the inflows and outflows data, the water balance for the NJV was in the
range of −12.4 MCM (using WaPOR precipitation) to +5.6 MCM (using recorded rainfall).
The differences in water balance were investigated by comparing the data of WaPOR-AETI
with SEBAL-ET. Results showed that the total WaPOR-ET for irrigated areas was 92.4 MCM
while the total ET obtained from SEBAL was only 73.6 MCM. In terms of total ET for
farm units, both datasets of WaPOR-AETI and SEBAL-ET were significantly correlated
(p < 0.05) with relatively high coefficient of determination (R2). However, WaPOR-ET data
were overestimating ET for irrigated areas. The correlation between WaPOR-AETI and
SEBAL-ET showed better correlations, with higher value when the correlation was based
on the sum of ET for irrigated farm units compared with that based on the ET value at the
pixel level of WaPOR-AETI (Figure 6).

3.4. Irrigation Water Demand

Calculations of ETc for irrigated farms showed that the NIWR and GIWR for irrigated
areas in the NJV were 58.2 and 83.1 MCM, respectively. The total amounts delivered to
these areas were 69 MCM, with an obvious gap between supply and demand (Figure 7).
The calculations of ETc using climatic data and Kc values for the NJV showed that SEBAL
provided better estimates of ET than WaPOR. In terms of water deficiency, the gap between
supply and demand was observed throughout the year, indicating the problem of water
deficiency in the NJV. The deficit in year 2019 was 16%, which was less than the average
deficiency of 20–25% adopted by the JVA for water distribution to farmers. This could be
attributed to the relatively good rainfall season of 2019, which provided most of GIWR
during December–March (Figure 7).

3.5. WA+ Sheets and Performance Indicators

Results of AWA obtained from the resource base and ET sheets (Figure 8) showed that
most of water inflows allocated for irrigation were used in the form of ET. In terms of ET
fractions, about 66% of this outflow component was from irrigated agriculture and 7% from
rainfed areas, indicating that irrigation was the main consumer of water delivered to the
NJV. The beneficial fraction of ET was more than 80% showing high, and possibly efficient,
utilization of water under the deficit irrigation conditions. The sheets of WA+ showed that 81%
of the ET was beneficially used, with 74% of ET being on the form of transpiration (Table 5).
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Figure 6. Relationships between WaPOR and SEBAL annual ET in the NJV using the sum of ET for
farm units (a) and ET at the level of WaPOR’s pixel (b).
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Table 5. Performance indicators for the NJV in 2019.

Indicator Formula and Value Implication

Resource Base

1. ET fraction ETtotal
(P+Qin)

= 146/(64.1 + 155) = 67%

Under exploitation of water
resources (assuming water
inflows are dedicated to
the NJV)

2. Stationarity index = ∆storage
ETtotal

= −12.5/146
= −8.5%

Depletion of soil moisture and
groundwater
(implications: illegal access to
water, uncertainty of
data accuracy)

3. Available water Available water
Exploitable water = 85.8/163.6 = 52%

Water deficiency and transfer
outside the NJV

4. Basin closure = Utilized flow
Available water = 146/224 = 65%

Water shortage and transfer
outside the NJV

5. Managed fraction = Managed water
Total available water = 112.1/224.1

= 50%
Further development of water
resources is needed

Evapotranspiration

6. Transpiration fraction
= T

ET = 108.6/146 = 74%
Rainfed = 6.3/10.3 = 61%,
Irrigated = 80.8/101.8 = 79%

Low evaporation from
irrigated areas, possibly due
to partial wetting of soil under
the pressurized systems used.

7. Beneficial fraction
E beneficial+T beneficial

ET = 118.3/146
= 81%

Good utilization of
ET amounts

8. Agricultural ET fraction = 106.4/146 = 73% Area dominated by
agricultural activities

9. Irrigated ET fraction 96.1/146 = 66% Considerable proportion of ET
came from irrigated areas

3.6. Mapping Surface Water from Side Wadis

Analysis of GIS layers, derived from the 20 m DEM, showed that the side wadis had
15 catchments with different sizes (Figure 9). Among these catchments, Wadi Al-Arab and
Ziglab had two constructed dams, while other catchments were under investigation for
constructing water harvesting structures. Table 6 summarizes the possible volumes that
could be harvested and the suitability for developing surface water in these catchments.
Among the small catchments, a water-harvesting structure was constructed, by the FAO-
RNE project, on Rod Um Eddieb to supply DZ14 and DZ15 with 0.1 MCM of water per year
during the period of water shortage. The suitability of other catchments for developing
surface water was initially based on the volume of water that could be harvested. The data
of land tenure was used to exclude catchments that had privately owned lands that could
be affected by the structure. The other criterion for exclusion was the location of the outlet
and the reservoir, which should be away from urbanized areas and touristic sites.

Results showed that development of surface water resources on the side wadis would
decrease water deficiency in the NJV. Among the catchments that could provide consid-
erable amounts of harvested rainfall water were those of Wadi Al-Yabis (Al-Rayyan) and
Wadi At-Tayyiba, where a total of 6.4 MCM could be developed (Table 6). Based on the 2019
data, this amount would compensate 46% of the water deficiency (14 MCM). Development
of other catchments would provide small volumes of water that could be utilized for agro-
pastoral activities or for providing limited volumes of water for certain DZs, depending on
location and the possibility of connecting the structure to KAC.
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Table 6. Summary of catchment areas and estimated annual amounts of water that can be harvested
from the side wadis.

Catchment Area (km2) Minimum Capacity (MCM) Suitability for Further Investigation/Constraints

Wadi Al-Arab 258.8 9.44 Developed (18 MCM capacity)

Wadi Quasyba 21.4 0.78 Suitable

Wadi At-Tayyiba 55.4 2.02 Suitable

Wadi Ziglab 103.7 3.78 Developed (4.0 MCM capacity)

Abu Ziyad 24.6 0.90 Not suitable/land ownership

Rod Um Eddeib 3.0 0.11 Developed through FAO-RNE

Rod Khalat Salman 3.2 0.12 Not suitable/touristic sites

Rod Al-Bahja 1.9 0.07 Not suitable/urban

Hemma 19.7 0.72 Suitable

Jurum 18.3 0.67 Suitable

Nhair 19.3 0.70 Suitable

Wadi Yasaneh 7.7 0.28 Not suitable/urban

Wadi Al-Yabis 121.7 4.44 Suitable

Wadi Abu Sufair 8.4 0.31 Not suitable/urban

Wadi Al-Harouth 17.2 0.63 Suitable
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4. Discussions
4.1. WaPOR Data Assessment

In this study, the correlations between monthly data of WaPOR precipitation,
i.e., CHIRPS, and rainfall records were significant and were in line with findings reported
by previous studies, e.g., [43–47]. Results from this study showed that the use of CHIRPS
precipitation data in AWA underestimated the inflows from rainfall, which in turn resulted
in decreasing estimated recoverable water. A previous study in Jordan showed that the
suitability of remotely sensed precipitation data, including CHIRPS, to fill gaps in monthly
rainfall data decreased when the percentage of missing data increased, indicating that the
use of CHIRPS to obtain precipitation for larger study areas could increase uncertainty of
outputs from hydrological models [48]. The trend of underestimating rainfall amounts was
also indicated for other sources of remotely sensed precipitation data [49]. These findings
emphasized the need for calibrating these precipitation data to make them satisfactory for
different applications, including AWA.

Regarding WaPOR AETI data, results showed that the calibration of the total ET for
irrigated parcels (farm units in this study) would provide better corrections of data when
compared with the ET values at the pixels level (Figure 6). This would be attributed to the
different resolutions of WaPOR and SEBAL that would affect calibration and the types of
algorithms and data used in the ET model [50]. The impact of resolution was indicated as
an important source of uncertainty in ET mapping that overweighed the accuracy of land
cover maps used in remotely sensed ET models [51]. Therefore, it would be important to
decide on the scale or level of WaPOR data to be used in AWA, depending on the objective
and geographical extent of the study area. From the perspectives of hydrological modeling,
the monthly temporal scale of WaPOR data would be suitable for irrigation and water
management [52], as indicated by the results and outputs of this study, providing that
calibration of data had been carried out. In this study, high-resolution ET estimates from
SEBAL served the purpose of calibration, which was also supported by ground data of
gross water amounts delivered to farm units in the NJV. This approach could give an insight
for data integration to reduce the cost and efforts of WaPOR data calibration.

4.2. Remote-Sensing Data and Water Accounting

Results showed that EOS provided important remote-sensing data needed for AWA.
In particular, the data of outflow from WaPOR and SEBAL in the form of ET would save
time and efforts of ET calculations from climatic and ground data. The outputs from
water accounting, however, would depend on the accuracy level of these data. For the
NJV study, WaPOR ET data overestimated ET while precipitation data underestimated
rainfall volumes. As a result, return flow that could be used as a possible source of water
for farmers in the NJV was underestimated. Nevertheless, remote-sensing data of earth
observation systems (EOS) provided important information for AWA. Compared with the
classical water budget approach, remote-sensing-based water accounting provided detailed
information on fluxes of water for both rainfed and irrigated areas. Also, it reflected
the proportions of manageable and nonmanageable water fractions. In terms of water
balance analysis, the ET fluxes enabled the estimation of the volume of water percolating
through soils, beyond the root zone. This proportion of percolation, rarely measured, was
always regarded as a loss rather than a major source of groundwater recharge. Failure
to recognize this fact would cause biased estimates of water volumes in water balance
analysis at the field and/or irrigation scheme scales [4]. In this study, results showed that
the use of calibrated WaPOR-AETI and rainfall data from ground stations would enable
the estimation of recoverable water that could be could be utilized by farmers. In the NJV,
the volume of this water, calculated after correction of WaPOR data, was 24.3 MCM. This
amount was sufficient to overcome water deficiency in the NJV.

The impact of WaPOR data correction on outputs from AWA was indicated by the
results of this study. For cases similar to the NJV, outflows and inter-basin transfer will
be always needed, and should be measured at all times, to ensure accurate outputs from
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the AWA. The use of measured data in this study showed that the basin closure, which
represented the utilized flow out of the total inflows, was only 65% compared with an
average value of 99% obtained from the AWA results that were totally based on WaPOR
data [30]. This emphasized the importance of integrating remote-sensing and ground data.

4.3. Implications for Solving Water Deficiency

In terms of water supply and conflicts on transboundary water resources, the basin
of the Jordan River could be considered as a complex case where information on water
resources were considered confidential and strategic among the countries sharing surface
and groundwater resources in this basin. Therefore, remote-sensing data of WaPOR and the
high-resolution data from EOS, coupled with remote-sensing-based ET models could help in
establishing transparent databases that would contribute to solving water scarcity problems
in this basin, including the NJV study area. The role for these geodatabases was emphasized
as they would provide data and information needed to guide and enable informed decisions
pertinent to water resources management that integrates science with policy [53,54]. There
had been advances in real-time ground-based data acquisition, including new sensors and
smart meters, which could be also adopted and used in conjunction with remote-sensing
data. The use of WaPOR data in water accounting would indicate the levels of water
inflows and outflows and the levels of water deficiency. Ground data and measurements
of inter-basin transfer and nonagricultural uses, however, would be needed for accurate
information on levels of water demand, supply and consumption, as indicated by the
results of this study.

Analysis of outputs from this study provided a base for comparison among the most
probable solutions to water deficiency in the NJV. These would include the augmentation
of water supply through development of surface water from the side wadis or the use
of groundwater volumes originated from percolated water and return flows. The study
showed that both options could be adopted to overcome the problem of water deficiency in
the NJV. While the emphasis in Jordan was always on developing surface water resources,
the results of this study show that the shift to improved water management practices
should be encouraged and should depend on outputs from the AWA. In the NJV area,
the hydraulic structure of irrigation and the large irrigated area would result in large
volumes of recoverable water that could be utilized. In terms of water harvesting structures,
the results from the first cycle of water accounting carried out in the NJV through FAO-
RNE [41] indicated that losses on the form of deep percolation would occur in all phases of
the irrigation process (Figure 10). The sources of losses were mainly the open KAC and the
water conveyance network. These off-farm systems’ losses could be employed to supply
irrigation water in both developed and developing countries and would provide important
source of water that could be reused after carrying what is known as a “hotspot assessment”
of spatial water losses [55]. In Jordan, the assessments reported by previous studies [33,34]
showed that the average losses from KAC in the NJV were 19% of the total annual inflow,
which might emphasize the need for utilizing large part of these losses by either developing
recoverable water or by replacing the open channel system with closed pipelines.

The other options that shall be kept in mind as solutions to water deficiency in the NJV
would be the improvement of farm irrigation efficiency and the use of treated wastewater. Since
most of irrigation systems in the NJV are pressurized, with an average farm irrigation efficiency
of 70%, and since the area is under deficit irrigation, the option of improving farm irrigation
efficiency will be minor when compared with the option of developing recoverable water coming
from deep percolation and return flows. The option of using treated wastewater and utilizing
fresh water for domestic uses is already proposed by the JVA and MWI though the extension
of the Zarqa carrier from KTD to the NJV. This option is opposed by citrus farmers who are
concerned about the adverse impacts of marginal water quality on citrus yield. A previous study
supports the farmers’ opinion as it shows that the area has high risks of salinization if marginal
water sources are used for irrigation [56]. Therefore, outputs from this study encourage the
utilization of recoverable water and the surface water flowing from the side wadis.
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5. Conclusions

Results showed that WaPOR-AETI was highly correlated with SEBAL-ET, with Wa-
POR data overestimating ET for irrigated areas. Precipitation data from WaPOR were
also highly correlated with ground records with a trend of underestimation of rainfall.
Subsequently, outputs from AWA were affected and the amounts of recoverable water were
underestimated. These results could indicate that the limitations of the remote sensing-
based AWA methodology in absence of reliable in situ datasets, particularly those related
to surface and ground water volumes. Therefore, in order to have reliable outputs from
AWA, calibration and integration of different datasets would be needed. This was indicated
by the improvement in the estimates of water consumption and volumes of recoverable
water after the calibration of WaPOR-AETI with SEBAL-ET. The outputs obtained from
this study also showed that remote-sensing-based AWA was valuable in summarizing the
complex hydrological processes, water supply, demand, and consumption. Therefore, it
could be concluded that the open-source datasets of WaPOR, and other remote-sensing
data used in this study, provided important spatial information on water consumption
through ET, as well as estimates of recoverable fractions of water that could be developed to
overcome water deficiency. This, however, would require reliable calibration and correction
for WaPOR data, particularly precipitation and ET. Although emphasis in Jordan was
always on water supply augmentation, results from this study showed that the option
of developing recoverable water would provide efficient solutions to water deficiency in
the NJV, and other irrigated areas of JV. Such results emphasized the important roles of
remote-sensing-based AWA in managing the scarce water resources.

6. Recommendations

The study showed that implementing a standardized water accounting system with
the support of remote sensing products of WaPOR would be recommended after calibration
against ground or high-resolution remote-sensing data. This could decrease the uncertainty
of the final results. Therefore, the approach proposed in this study would be highly
recommended under the conditions of limited ground data, considering that new space-
borne systems and sensors, such as the Sentinel constellation from Copernicus-ESA, will
provide more and more accurate products in support to AWA. Within the context of
the NJV, calibration of WaPOR-AETI was only possible for irrigated farm units as water
amounts delivered to these units were recorded by the JVA. Therefore, the study would
highly recommend the use of different options for calibration of WaPOR data, including
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soil moisture measurements, climatic records, and high-resolution data of ET. Calibration
and validation of remotely sensed ET should be also made for all of the land- and water-
use categories, including both of irrigated and rainfed crops. As part of the complex
Jordan River Basin, the study area of the NJV showed that detailed AWA would require
documented data on groundwater abstraction, interbasin transfer, and utilized return
flows. All of these data should form part of a geodatabase for this important basin. Within
the context of FAO-RNE project, the study would highly encourage the adoption and
institutionalizing of water accounting at MWI to enable informed water management and
planning. This, however, might require capacity building in the area of remote-sensing-
based AWA.
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