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Executive summary

The Jordan River Basin is the most important water resource shared between the Middle East coun-

tries: Israel, Lebanon, Syria, and Jordan. Its surface water and groundwater have been highly exploited and fought 

over throughout history. The diverse climate over its area results in spatially variable precipitation and evapo-

transpiration, thus, variability of water generation and consumption. The basin is considered a closed one with 

no outlet except for an inter-basin transfer from Lake Tiberias through the National Water Carrier to Israel. To be 

able to manage the water resources in a sustainable manner, it is important to understand the current state of the 

water resources. However with limited up-to-date ground observations, in terms of duration, completeness and 

quality of the hydro-meteorological records it is difficult to draw an appropriate picture of the water resources 

conditions. A simplified Water Accounting Plus (WA+) system was designed by IHE Delft with its partners FAO 

and IWMI using open access spatial data. This framework has been applied to gain insights as far as possible into 

the state of the water resources in the basin. 

This report describes the rapid water accounting study for the Jordan River Basin using the Water Pro-

ductivity (WaPOR) database of the Food and Agricultural Organization (FAO). For this study, we used the WaPOR 

datasets for the period 2009 to 2018. The WaPOR version 2.0 level 1 with 5km resolution data for precipitation and 

level 2 with 100m resolution data for actual evapotranspiration, reference evapotranspiration, interception and 

land cover classification layers were used for WA+ analyses. Additional open access data was used to assess chang-

es in storage (the Gravity Recovery and Climate Experiment (GRACE) data). In addition, the WaPOR land cover 

classification layer was reclassified to WA+ classes using the World Database on Protected Areas and the Global 

Reservoir and Dam Database. 

The initial data analysis showed a considerable discrepancy in the water balance using WaPOR data 

(29% of precipitation). A comparison using other remote sensing precipitation and actual evaporation products 

showed that none of the combinations were able to close the water balance, with a best error of 16% of precipita-

tion, however the quality of the different datasets in representing accurately the spatial variability varies a lot. 

There is insufficient information on inter-basin transfers and groundwater outflows which could be an additional 

reason for the discrepancies, besides the uncertainties of the remote sensing data. It is therefore important to 

review the WaPOR precipitation and evapotranspiration data before drawing any final conclusions on the state of 

the water resources in the Jordan River Basin.

Sustainable management of the water resources in the Jordan River Basin is critical not only for wa-

ter-dependent sectors but also geopolitical stability among the riparian countries. Open access remote sensing 

derived data can provide useful information about the status of water resources in the basin. However, for better 

management of these resources in the basin, collaboration and sharing information about water availability, ab-

straction, and reuse among the riparian states are the way forward to a sustainable development.
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1.	 Introduction

1.1.	 Case study description

The Jordan River Basin is one of the selected pilot basins for Rapid Water Accounting using the WaPOR 

database. It covers an area of 43,200 km2 (between 34o24’E  29o24’N and 36o42’E  33o42’N), which is shared by 

Jordan, Israel, West Bank, Lebanon, Syria, and Egypt (Figure 1). It is an endorheic basin, whose generated water 

converges into the Dead Sea. The perennial rivers run North-South to the Dead Sea, while from the opposite direc-

tion, there are many intermittent wadis draining into the Dead Sea. The headwater of the Jordan River originates 

from three rivers, the Hasbani, the Banias, and the Dan, which flow into Lake Tiberias (or Sea of Galilee, total area 

of about 166 km2). The outflow of Lake Tiberias receives water from the main tributaries of the Jordan River: Yar-

mouk and Zarqa and continues flowing southwards to the Dead Sea. The Jordan River Basin is the main source of 

fresh water supply to many agricultural zones, industrial sectors, and domestic use of populated cities (e.g. Am-

man, Tel Aviv-Yafo) mainly in Israel, Jordan, and Syria. 

The Jordan River Basin is characterized by very diverse ecosystems, especially in the north of the basin, 

with climate ranging from sub-humid Mediterranean to arid in a very short distance (FAO, 2016a). The hydrologi-

cal year typically starts in September before the rainy season starts and ends in August of the following year after a 

prolonged dry season. The average annual precipitation varies greatly across the basin, from more than 1,200 mm/

year in the north of Lake Tiberias to less than 100 mm/year in the south. The major area of fertile land (suitable 

for agricultural development) of the Jordan River Basin is located to the north of the Dead Sea, along the eastern 

and western banks of the Jordan River, tributaries, and wadis. This area is also the most populated part of the basin 

with approximately 7.18 million residents (UN-ESCWA and BGR, 2013). 

The Dead Sea, the terminal sink of the Jordan River Basin, is one of the saltiest water bodies in the world 

and is the lowest point on earth (about 420 m below sea level). Its current surface area is approximately 615 km2 

with 255 km2 of the southern open water surface being exploited as evaporation ponds for potash and magnesium 

chloride production. Since the 1960s, the water level of Dead Sea has been decreasing at an alarming rate (-1 m/

year) due to diversion of its natural water sources (Salameh and El‐Naser, 2000). The major problem caused by 

the decline of Dead Sea level are sink holes and shrinking sea shores (UN-ESCWA and BGR, 2013). Therefore, 

more efforts have been made to conserve its natural level such as reducing the amount of diverted water and con-

veying water through the Red Sea – Dead Sea pipeline which was initiated in 2018 and expected to be completed by 

2021 (Al-Omari et al., 2009).
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Figure 1: The geography of the Jordan River Basin. Basin boundary and stream network data were collected from HydroSHED database. 

Digital Elevation Model (DEM) was achieved from SRTM 1sec. Location of main dams was collected from FAO GeoNetwork database. 

Location of populated cities was collected from NaturalEarth database. 
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1.2.	 Water resources developments and challenges in Jordan River Basin

1.2.1.	 Overview of water resources developments

The Jordan River Basin is highly developed with extensive water infrastructure to exploit available 

water resources, with more than 45 dams (maximum storage capacity of 390 Mm3) to the north of the Dead Sea 

(UN-ESCWA and BGR, 2013). The main dams in Jordan are the Al-Wadha (Unity) Dam shared between Jordan 

and Syria (Capacity: 110 Mm3) which, as claimed by Jordan’s Ministry of Water and Irrigation (2016), mostly di-

verts Yarmouk water to Syria and the King Talal Dam on Zarqa River (Capacity: 80 Mm3). The Yarmouk River is 

also the main water source of the King Abdullah Canal, which carries water to irrigation area in Jordan Valley. In 

Israel, Lake Tiberias and the Jordan River headwaters are the main surface water sources. The National Water 

Carrier of Israel, a system of about 130 kilometres of open canals and tunnels with maximum capacity of 1.1 Mm3/

day conveys this water from Lake Tiberias across Israel for domestic supply and irrigation (Israel Water Authority, 

2019). 

Groundwater resources are also highly exploited in the Jordan River Basin. In Israel, groundwater ac-

counts for about 65% of the total internal renewable water resources (FAO, 2016a). The main groundwater aqui-

fers are the Coastal Aquifer and the Mountain Aquifer (Figure 2), which, as with many other aquifers in the Jordan 

River Basin, are transboundary aquifers. In Jordan, the major groundwater resources are concentrated mainly in 

the Yarmouk, Amman-Zarqa and Dead Sea basins. Half of the groundwater basins in Jordan are being overexploit-

ed (FAO, 2016b). The recent project to pump groundwater from the Disi Aquifer in the south of Jordan to Amman 

was started in 2009 and expected to reach full capacity of 100 Mm3 by 2025, but is limited to water supply for do-

mestic use in Amman (Salameh et al., 2014).

In addition to conventional water resources (surface and groundwater), non-conventional water re-

sources including treated wastewater, desalinated sea water and brackish water, and harvested precipitation are 

also utilized in the Jordan River Basin. Treated wastewater in is an important resources in Jordan and mostly used 

in irrigation. For example, in the Greater Amman municipality, almost 90% of treated wastewater is being reused 

in irrigation (FAO, 2016b). Desalinated water is often produced in small- and medium- facilities, and of quality 

adequate for irrigation. According to FAO AQUASTAT, the total non-conventional water resources accounts for 

about 20% of Israel’s water withdrawal, 10% in Jordan, and 16% in Syria (FAO, 2016b, 2016a, 2016c), which sug-

gests that these can be important fluxes in the Jordan River Basin.

1.2.2.	 Water resources management challenges

As the main water resources which are shared by Jordan, Israel, Palestine and Syria, the most chal-

lenging issues that the Jordan River Basin faces are water scarcity and adequate water allocation among the ri-

parian countries and different sectors within them (Abu-Sharar and Battikhi, 2002; Al-Kharabsheh and Ta’any, 

2005; Phillips et al., 2009). Existing physical water scarcity in the Jordan River Basin is likely to be exacerbated by 

climate change, deteriorating water quality, and fast-growing demands from overpopulation. The recent 15 year 

drought (1998-2012), which was the driest in the Levant (Easter Mediterranean countries including Turkey, Syria, 

Occupied Palestinian Territory, Lebanon, Israel, and Jordan) over the past 900 years (Cook et al., 2016) is an ex-

ample of the Jordan River Basin vulnerability to extreme climate anomalies.

The Jordan River and tributaries have been the subject of conflicts between the riparian countries for 

many decades largely due to the relatively small amount of available water compared to high demands (Abu-Sha-

rar and Battikhi, 2002; Borthwick, 2003; FAO, 2016a; Shuval, 2000; UN-ESCWA and BGR, 2013; Wolf, 1995).  
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Figure 2: Transboundary aquifers delineation and depletion rate. The major groundwater discharge and abstraction area are also located. 

Source of data is from the International Groundwater Resources Assessment Center (IGRAC).

Therefore, sharing information about water availability is important not only to support integrated 

water resources management, but also geopolitical stability of the basin. However, different sources report dif-

ferent values and often at sub-basin level (Al-Omari et al., 2009; Comair et al., 2012; Courcier et al., 2005; Gunkel 

and Lange, 2012; Klein, 1998; UN-ESCWA and BGR, 2013) or administrative level (Abu-Sharar and Battikhi, 2002; 

FAO, 2016a), which makes it difficult to develop water accounts of the whole basin.

1.3.	 Objective of water accounts

The purpose of this study is to assess water availability, consumptive use, and non-consumptive use in 

the Jordan River Basin using remote sensing derived data from FAO WaPOR database in conjunction with other 

open-access data sources. In particular, the study seeks to investigate:
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•	 What is the current water resources availability in the Jordan River Basin?

•	 How much water is being consumed by irrigated agriculture in the Jordan River Basin?

•	 What are the safe caps of water withdrawals for the agricultural sector in the Jordan River Basin? 

A system referred to as Water Accounting Plus (WA+) has been designed by IHE Delft with its partners 

FAO and IWMI using spatial data from earth observations and various other open-access databases. It aims to 

complement the lack of routine water resources data collection and incorporates spatially distributed water con-

sumption. The WA+ framework is a reporting mechanism that summarizes the state of the water resources condi-

tions by means of customized sheets. While the WaPOR database does not contain all the input data required for 

fully implementing the WA+ framework, key data is provided, such as precipitation, actual evapotranspiration, the 

breakdown between transpiration, evaporation and interception (FAO, 2018).

Thus, the present study implements a rapid WaPOR-based WA+ framework, which used WaPOR v2.0 

level 2 data (100m resolution), for the Jordan River Basin which is available between 2009 and 2018. It focusses on 

the basin-wide analyses (WA+ Resource Base, see example Figure 3) as an initial analysis of the state of the water 

resources utilisation in a river basin. Finally, this report reflects on the quality of the WaPOR v2.0 data for WA+.
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Figure 3: WA+ Sheet 1 Resource Base template. Description of WA+ Sheet 1 is given in Section 2.3
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2.	 Materials and Methods 

In this chapter, we describe: [2.1] key datasets from WaPOR database used for WA+; [2.2] preliminary 

assessment of WaPOR data using other global datasets and available observations; and [2.3] the rapid assessment 

procedure for WA+ Sheet 1 Resource Base.

2.1.	 WaPOR datasets

The WaPOR v2.0 database contains information at three different spatial resolutions. At continental 

level, data is available at 250m resolution (Level 1). For selected countries and basins, data is available at 100m 

resolution (Level 2). For detailed crop water productivity analyses for selected irrigation systems, 30m resolution 

data is available (Level 3). In this study, we used the Level 1 Precipitation data (5 km resolution) and Level 2 Land 

Cover Classification (LCC) and Actual Evapotranspiration and Interception (AETI) data (100m resolution). The 

AETI data is further indicated as ETa in this report.

2.1.1.	 Precipitation

WaPOR precipitation data is based on the CHIRPS database created by the United States Geological 

Survey (FAO, 2018; Funk et al., 2015). Temporal variation of precipitation in WaPOR data can be seen in Figure 5. 

The monthly-average precipitation shows that hydrological year typically starts in September at the end of the dry 

season.  Therefore, for annual values aggregation, the hydrological year period was used and indicated as the year 

in which it ends. The annual precipitation over the Jordan River Basin varied between 210 to 260 mm/year during 

the period of 2010-2018.  Figure 4 shows the spatial variability of the mean annual WaPOR precipitation (P) in the 

Jordan River Basin for the hydrological years 2010-2018. It can be seen clearly in the precipitation map that most 

of the precipitation falls north of the Dead Sea while the biggest land area of the Jordan River Basin receives less 

than 200 mm/year. 

2.1.2.	 Actual Evapotranspiration and Interception

The WaPOR evapotranspiration (ETa) layer estimates the total evapotranspiration, including inter-

ception. Figure 4 also shows the spatial variability of  ETa in comparison with precipitation in the Jordan River 

Basin. The highest ETa value is observed in water bodies while the vast bare land has ETa much lower than 200 

mm/year. It can be seen from this map that the agriculture development along the Jordan River and King Abdullah 

Canal has relatively high ETa. The inter-annual variation of basin average ETa follow similar trend with precipita-

tion but in a lower range between 150 to 185 mm/year, which means in total, the basin has net water generated from 

precipitation (Figure 5). In contrast, the monthly variation of ETa follows different pattern from precipitation. 

During the driest month when there is no precipitation, the average ETa of the Jordan River Basin is relatively high 

(about 16mm/month) which means evaporated water is mostly sourced from stored water of the previous months.
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Figure 4: Spatial variation of WaPOR P and ETa in Jordan River Basin based on WaPOR average annual data of hydrological years from 2010 

to 2018 (maps of the  individual years are provided in Annex I and Annex II)

 
Figure 5: Monthly variation (left) and yearly variation (right) of precipitation and actual evapotranspiration in the Jordan River Basin 

(JRB) based on WaPOR data of hydrological years from 2010 to 2018. A hydrological year in the JRB starts in September

2.1.3.	 Land Cover Classes 

The WaPOR database provides a yearly land cover maps (LCC) for the Jordan River Basin, which is 

based on the Copernicus land cover product (FAO, 2019). The land cover map of the year 2018 from the WaPOR 

database is presented in Figure 6B. The land cover map provides 23 land use classes, with 11 different land cover 

classes for trees. The major land cover classes in the Jordan River Basin are bare/sparse vegetation, grass land, and 

crop land. Throughout the study period, there were no significant changes in the area of natural land cover classes 

based on WAPOR data (Figure 6A).
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The land cover area of cropland classes varies between 2011 and 2015; total area of rainfed cropland de-

creased while that of irrigated cropland increased (Figure 6A). It should be noted that the irrigated cropland class 

in WaPOR’s LCC layers is identified by applying a water deficit index that takes into consideration seasonal cumu-

lated values of precipitation and actual evapotranspiration (FAO, 2019). The total change in cropland area is due 

to two major changes in the basin: the growing area of irrigated cropland in the Jordan Valley, and the decreasing 

area of cropland (both irrigated and rainfed) in the Syrian territory of Yarmouk sub-catchment (Annex VI), which 

might be an impact of the conflict since 2011 (ESA, 2017).

Figure 6: Temporal variation from 2010-2018 (A) and spatial variation in 2018 (B) of land cover area in the Jordan River Basin based on 

WaPOR L2_LCC_A layers. Maps of the individual years are provided in Annex III.

2.2.	 Preliminary assessments

Before using the data for the Water Accounting Plus, several checks were performed including (1) com-

paring WaPOR data with in situ observations, (2) mapping net water generation and consumption and identifying 

net consumer land cover class, and (3) assessing WaPOR-derived basin scale water balance using remotely sensed 

total water storage.

2.2.1.	 Comparison with in situ observations 

In situ precipitation measurements were collected from the Global Historical Climatology Network 

(GHCN) open-access database by the National Oceanic and Atmospheric Administration (NOAA) (Menne et al., 

2012). The location of GHCN stations with data available for the study period are shown in Figure 1. Unfortu-

nately, most stations are located outside of the basin, with only Har Kenaan and Jerusalem central are located in 

the basin. The monthly precipitation measured from these two stations are compared with monthly precipitation 

derived from WaPOR datasets at the location of the station in Figure 7. The data was available from 2009 to 2015. 
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Overall, WaPOR precipitation data shows adequate agreement with in situ observations at these locations except 

in the highest precipitation months. However, comparison with only two stations is insufficient to validate the 

precipitation map of the whole large area of the Jordan River Basin, thus, stations within the range of latitude and 

longitude were also selected for comparison with WaPOR monthly precipitation.

As can be seen from Figure 7 and 8, stations that are close to the coast (Bet Dagan, Ben Gurion, Beer 

Sheva City and Elat) show high overestimation of precipitation (from +23 up to +75% bias) while the more inland 

stations (Beer Sheva) show stronger agreement with WaPOR data (only +5% bias). Unfortunately, there were no 

records at locations in the bare land area in the west and south of the Jordan River Basin, thus, a large part of the 

precipitation map was not validated. 

There are no actual evapotranspiration measurements in the Jordan River Basin to validate the WaPOR 

ETa map. However, compared to reported evaporation in natural lakes, WaPOR ETa over open water bodies seems 

to be underestimated. Courcier et al. (2005) has consolidated several secondary data sources and reported that 

evaporation over Lake Tiberias is about 285 Mm3/year, which is divided by the average surface area to be about 

1,700 mm/year. This is about 55% higher than the average ETa of Lake Tiberias (1,100 mm/year) from WaPOR data-

set as seen from Figure 4.

Figure 7: Monthly precipitation derived from WaPOR data compared with measurements from GHCN stations in the Jordan River Basin 

between 2009 and 2019.
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Figure 8: Monthly precipitation derived from WaPOR data compared with measurements from GHCN stations Beer Sheva, Beer Sheeva 

city, and Ben Gurion between 2009 and 2019
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Figure 9: Monthly precipitation derived from WaPOR data compared with measurements from GHCN stations Bet Dagan and Elat be-

tween 2009 and 2019

2.2.2.	 Water generation and consumption analysis

The WaPOR datasets for precipitation, actual evapotranspiration and interception, and land cover 

class were used to describe precipitation excess (water generation), and thus, lateral transport of water from wa-

ter surplus to net water consumption per land cover class. Land cover classes that satisfy P > ETa are considered 

water generating areas while those fulfil ETa > P  are net consumers of water (Bastiaanssen et al., 2014). The yearly 

average precipitation excess or deficit (P - ETa) for the hydrological years from 2010 to 2018 is mapped in Figure 10. 

As can be seen in this map, the net water consumers are water bodies and croplands. Most parts of the Jordan River 

Basin are net water generating areas yielding between 0 and 200 mm/year. However, the total area of these parts is 

large so even a small excess can accumulate into a large amount of water. The western area adjacent to the Red Sea 

and in the highland area to the south-west of the Dead Sea have relatively high precipitation excess (between 250 

and 500 mm/year). The total P - ETa of the whole basin and each land cover class are reported in Table 1 and Table 2.
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The basin wide long-term precipitation excess is 66 mm/year with positive value reported for all years 

between 2010 and 2018 (Table 1). If values from WaPOR data are accurate, it implies that, as a whole, the Jordan 

River Basin generates water. Excess precipitation that is not consumed via evapotranspiration can generate sur-

face runoff, interflow, drainage, groundwater recharge, seepage, and baseflow (Bastiaanssen et al., 2014). Since 

the Jordan River Basin is an endorheic basin, which means there is no surface water outlet, excess water can only 

exit the basin through groundwater outflow, man-made inter-basin transfers or in the form of recharge to deep 

groundwater storage which is no longer accessible in the basin.

Table 1: The total annual precipitation (P) and actual evapotranspiration and interception (ETa) from WaPOR data for the 

Jordan River Basin for hydrological years from 2010 to 2018 

 

 

Year

P

 (mm/year)

ETa 

(mm/year)

P - ETa 

(mm/year)

P 

    (mm3/year)

ETa 

    (mm3/year)

P – ETa 

      (mm3/year)

2010 256 198 58         11,071         8,570         2,501 

2011 208 170 38           8,978         7,340         1,638 

2012 225 155 71           9,746         6,689         3,057 

2013 262 167 95         11,330         7,208         4,122 

2014 221 147 74           9,550         6,369         3,181 

2015 247 176 72         10,694         7,602         3,092 

2016 226 170 56           9,759         7,356         2,404 

2017 214 163 51           9,240         7,046         2,194 

2018 263 184 80         11,376         7,938         3,439 

Average 236 170 66         10,194         7,346         2,848 

Figure 10: Yearly average of difference between 

total Precipitation and total Actual Evapotranspi-

ration and Interception (P – ETa) from hydrological 

years 2010 to 2018. The blue to light blue color rep-

resents the net water producers and the red to light 

orange color represents the net consumers. Maps 

of the individual years are presented in Annex IV.



14

The same calculation was done for each land cover class to identify net water generating and consum-

ing land cover classes (Table 2). It can be seen here that 50% of the Jordan River Basin area is made up of the bare/

sparse vegetation class, which is the biggest net water generator (+2,536 Mm3/year). This class receives 32.7% of 

total precipitation, while only contributing 10.9% of the total ETa (Figure 11). The excess precipitation (P – ETa) of 

this class is 77% of its precipitation (3,332 Mm3/year), which means the runoff coefficient is very high. Grassland 

and fallow are the second and third largest net water producers, and generated +934 and +568 Mm3/year respec-

tively. Table 2 also clearly shows that the rainfed croplands are net water generators, which might not be easi-

ly seen from Figure 10 due to these small areas being scattered across the landscape. Though having the largest 

contribution to total ETa (25.3%), the rainfed crop also receives significant share from total precipitation (18.7%) 

(Figure 11), which resulted in a net water generation. The built-up (urban) class yields the highest average P – ETa 

(+147 mm/year), which is due to high runoff coefficient of the impermeable surfaces.

Figure 11: Contribution of the land cover classes to mean annual precipitation (P) and actual evapotranspiration (ETa) of the Jordan River 

Basin for the hydrological years from 2010 to 2018. The land cover classes that contribute less than 0.1% are not presented in the graphs. 

Contribution from all tree cover classes are summed together.

The biggest net water consumers are water bodies (-1,157 Mm3/year), followed by the irrigated crop-

lands class (-217 Mm3/year). Figure 11 shows that ‘water bodies’ class receives only 1.2% of total precipitation, 

while it contributes to 18.1% of total ETa. Though all tree cover classes are net water consumers, they account for 

very small area (less than 2% of the Jordan River Basin), thus, the total volume of net water consumption is rela-

tively insignificant. It can also be seen here that needle-leaved tree consumes much less water (-15 to -50 mm/year) 

than broadleaved trees (-380 to -430 mm/year).

2.2.3.	 Basin scale water balance

Some components of the catchment water balance in the Jordan River Basin, such as inter-basin trans-

fer, groundwater outflow, cannot be directly derived from WaPOR datasets. Therefore, to check whether WaPOR 

data can close the water balance, additional data sources must be utilised 
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2.2.3.1.	 Observed inter-basin flows
There are several water diversion projects intra-basin and inter-basin. The exact amount of these hu-

man-induced fluxes are not well reported. In this analysis, we were only able to obtain the volume of water pumped 

to the Nation Water Carrier (NWC) from Lake Tiberias to Israel between 2009 and 2019 (Figure 12).

         

Figure 12: Yearly and monthly values of volume water pumped from Lake Tiberias to the National Water Carrier for the hydrological years 

from 2009 to 2019 (Source: The Governmental Authority for Water and Sewage of Israel).

The measurements show that the annual total volume of pumped water in NWC has decreased from 

above 150 Mm3/year before 2015 to less than 50 Mm3/year for the subsequent years. Two processes could attribute 

to this decline, 1) the area around Lake Tiberias observed below average precipitation during the period after 2015 

(see also Annex I) and 2) Israel is increasing its capacity of desalination, thereby reducing its dependency on the 

NWC. Even during the year with highest value, it is much lower than the maximum capacity of the NWC. The peak 

month for the transfer is typically around mid-year, i.e. during the dry season. On average, each year in the period 

2009-2019, the NWC pumped 107 Mm3/year from Lake Tiberias, which is only a quarter of the value before 2005 

(440 Mm3/year as reported by Courcier et al., 2005). This amount is only about 3.75% of the total excess precipita-

tion P – ETa each year, which suggests that there could be other unaccounted inter-basin transfers or groundwater 

outflows.

2.2.3.2.	 GRACE Total Water Storage Change
To assess how much of the difference between P and ETa is due to change in total water storage, we 

used data from the Gravity Recovery and Climate Experiment (GRACE), a dual-satellite mission continuously 
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Table 2: The average P – ETa for each land cover class for the hydrological years from 2010 to 2018 in the Jordan River Basin.

Land Cover Class Description

Area

(km2)

Area percentage

(%)

P

 (mm/year)

P 

(mm3/year)

ETa 

(mm/year)

ETa 

(mm3/year)

P – ETa 

mm/year)

P – ETa 

(mm3/year)

Bare / sparse vegetation 21,586 50.0% 154  3,332 37  796 118 2,536

Grassland 7,191 16.6% 320  2,302 190  1,368 130 934

Cropland, fallow 4,686 10.8% 215  1,010 94  441 121 569

Built-up 1,092 2.5% 320  350 173  189 147 161

Cropland, rainfed 4,883 11.3% 389  1,900 379  1,850 10 50

Shrub land 1,207 2.8% 447  540 411  496 37 44

Tree cover: open, evergreen needle-leaved 1 < 0.1% 635  1 649  1 -15 < - 1

Shrub or herbaceous cover, flooded 2 < 0.1% 438  1 459  1 -21 < - 1

Tree cover: closed, deciduous broadleaved < 1 < 0.1% 640  < 1 1,029  < 1 -389 < - 1

Tree cover: open, deciduous broadleaved < 1 < 0.1% 641  < 1 1,072  1 -430 < - 1

Tree cover: closed, evergreen needle-leaved 24 0.1% 690  17 742  18 -53 -1

Tree cover: closed, mixed type 4 < 0.1% 718  2 1,137  4 -419 -1

Tree cover: open, unknown type 558 1.3% 481  268 519  289 -38 -21

Tree cover: closed, unknown type 101 0.2% 529  53 911  92 -382 -38

Cropland, irrigated or under water management 847 2.0% 299  253 555  470 -257 -217

Water bodies 1,057 2.4% 163  172 1,258  1,329 -1,095 -1,157

Total 43,238 100.0% -  10,201 -  7,343 - 2,848
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monitoring and mapping Earth’s changing gravity field to estimate the total water storage anomalies (TWSA). 

There are several GRACE solutions for TWSA estimation from gravity anomalies, which covers the whole globe 

from 2003 till end of 2015. The GSFC-v02.4-ICE6G solution (Luthcke et al., 2013) was used to validate the storage 

change in the water balance calculated using WaPOR data. Since GRACE solution provides mean monthly TWSA 

not the exact TWSA of the first and last day of the month, change of storage (ΔS⁄Δt) in a time period was approx-

imated using a second order central difference as proposed by Biancamaria et al. (2019). After that, the residual 

(P – ETa – Qout) should be equal to the change of storage (ΔS⁄Δt) following the simplified water balance equation:

	

Figure 13: Monthly Total Water Storage solved from GRACE measurements for the Jordan River Basin in equivalent water height from 

2009 to mid-2016

The longer term trend in storage change (∆S) as observed by GRACE is negative (Figure 13). The trend 

of total water storage in equivalent water height for a number of GRACE solution grids, or mass concentration 

(also called mascons), that cover the Jordan River Basin from 2009 to 2016 is -0.582 mm/month, which is translat-

ed into about -300 Mm3/year. This amount represents only about 10.5% of the yearly difference between WaPOR P 

and ETa. In combination with the NWC measurements, the available data can only explain for 14.3% of the average 

WaPOR P - ETa gap over the study period. This implies that up to 85.7% of excess precipitation, is not accounted 

for. Part of this could be groundwater outflow and other inter-basin transfers, however this is not quantified and 

the significant amount indicates it is probably more likely an issue with the quality of the WaPOR P and ETa data.
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2.2.3.3.	 Assessment of errors in water balance 

Figure 14: The total water storage change derived from WaPOR data and GRACE TWSA for 2 selected sub-catchments of the Jordan River 

Basin: Zarqa and Yarmouk for the hydrological years from 2010 to 2015.

Figure 15: Cumulative monthly difference of WaPOR  P – ETa – Qout and GRACE TWSA for Jordan River Basin.
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Since groundwater flows data in Jordan River Basin from both in situ measurements and remote sens-

ing or hydrogeological modelling are not well reported, the gap between computed P – ETa – Qout and GRACE 

TWSA can be used as a proxy of error in water balance derived from available datasets. This error can be due to 

uncertainty in WaPOR P and ETa, total inter-basin transfers data, from unquantified groundwater flows and/or 

from GRACE TWSA solution. Two sub-catchments with available outlet discharge data was selected to assess the 

difference between WaPOR  P – ETa– Qout. As can be seen in Figure 14, there was a huge difference between WaPOR 

P – ETa – Qout and the estimated total water storage change in both sub-catchments, especially from the hydrologi-

cal year 2011, in terms of both trend and magnitude. 

At the basin scale, Figure 15 shows the plot of cumulative storage based on GRACE data compared to 

WaPOR   P – ETa – Qout in equivalent water height. On average, the error compared to GRACE TWSA change is 

29.4% of total precipitation (Table 3). Based on results reported in the available literature regarding the water 

scarce conditions in the Jordan River Basin, this amount of excess precipitation is questionable. When compared 

to reported values, WaPOR ETa over water bodies seems to be underestimated. Ultimately, this results in a sig-

nificant error in water balance of the whole basin, since water bodies are the largest net water consumers in the 

Jordan River Basin (Table 2). Moreover, WaPOR P exceed in situ measurements at many locations adjacent to the 

Jordan River Basin (Figure 8 and Figure 9). Karimi and Bastiaanssen (2015) also reported that precipitation es-

timates from remote sensing have higher mean absolute error percentage (ranging from 0 to 70%) than actual 

evapotranspiration (ranging from 0 to 20%), which implies that overestimation of precipitation could be a source 

of error in water balance.

Table 3: Estimation of Error in Water Balance of Jordan River Basin based on GRACE Total Water Storage from 2010 to 2018. ∆S from 

GRACE was calculated from the GRACE TWSA solution and ∆S from Water Balance was calculated as  P – ETa – Qout ,  where P and ETa  

wereaggregated from WaPOR data and Qout  was the outflow to the National Water Carrier.

Year

∆S from GRACE 

(mm3/year)

∆S from Water Balance

(mm3/year)

∆S difference 

(mm3/year)

Error percentage

(% Precipitation)

2010 256 2,347 2,091 18.9

2011 -810 1,449 2,258 25.2

2012 -1,159 2,868 4,028 41.3

2013 22 3,883 3,861 34.1

2014 230 3,007 2,776 29.1

2015 36 3,020 2,984 27.9

Average -237 2,762 3,000 29.4

The error in the water balance for the Jordan River Basin using WaPOR precipitation and evapotrans-

piration data is significant. Besides the WaPOR data there are other uncertainties in the data used, for example 

the storage change, which can be computed using different GRACE solutions, and the reliability of the observed 

outflow in the form of the inter-basin transfer through the National Water Carrier. The assumption that there are 

no other in- or outflows from the basin has also not been validated. 

We therefore wanted to assess if other remote sensing products for precipitation and evapotranspi-

ration were better able to close the water balance. In addition we evaluated four different GRACE solutions. For 

this purpose, the water balance of Jordan River Basin was computed using three precipitation, four evapotranspi-

ration remote sensing products and four different GRACE solutions. These data provide forty-eight combination 

for computing the outflow from the basin and the change in storage in the basin. Performance of the different 
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combinations was evaluated in two ways. The first evaluation was by computing the coefficient of determination 

from the runoff generated using the water balance and the observed runoff in the form of inter-basin transfer. The 

second on is by computing the error in change in storage from the water balance computation and the change of 

storage estimated from GRACE solutions as percentage of the precipitation (similar to Table 3). The details of this 

analysis are presented in Annex XI. 

The analyses show that though some combination of different products are better in reducing the gap, 

none of the product combinations were able to close the water balance. The gap for the best combination is 16% 

of the precipitation. Because the Jordan River basin receives low amount of precipitation, small errors in the data 

could lead to significant errors at basin scale. There is also a large variation between the products in being able to 

accurately represent the spatial variability. For example GLEAM has a much lower resolution compared to the 

other products and the P - ETa comparison for the different land use classes does not show the variance as expect-

ed.

2.2.4.	 Conclusion

The preliminary data quality assessments shows that WaPOR 2.0 Level 2 data can be useful to map and 

show spatial patterns of net water generation and water consumption in the basin. In general, spatial variation of 

P and ETa are consistent with the characteristics of the basin. However, when compared with the GRACE TWSA 

dataset, it appears that the absolute value aggregated from the WaPOR data might have errors up to 40% of total 

precipitation (Table 3). This error could be a consequence of uncertainty in P and ETa estimates, and/or from un-

quantified groundwater flows and inter-basin transfers. In summary, the following aspects of the WaPOR datasets 

are highlighted:

Precipitation is often overestimated relative to available observations. However, the number of obser-

vation points is not sufficient for spatial bias correction (only 2 stations within the basin). Therefore, WaPOR 

precipitation maps were used without modification.

Evapotranspiration (ET) is lower than Precipitation every year, more so for the large areas of bare soil, 

where more water is generated than the consumption via evapotranspiration. Evaporation over water bodies 

(Lake Tiberias) is also underestimated compared to information available from literature. Therefore in the fol-

lowing WA+ analysis, WaPOR ET reference will be used instead of WaPOR actual ET for water bodies.

Land cover maps from WaPOR include some essential Land cover classes (rainfed and irrigated crop-

lands) but lack many Land and Water use classes in the current WA+ methodology. For example, WaPOR does 

not differentiate between natural and dammed water bodies and built-up areas of different sectors (residential, 

industry, greenhouses, etc.). In WaPOR, the differentiation between rainfed and irrigated croplands is based on 

a water deficit index, which does not necessarily replicate the actual irrigated crop area. Therefore, for this rapid 

assessment, land use maps with only four categories were derived and used in WA+ Sheet 1. For full WA+ sheets, 

more detailed land use maps will be required.

Error in Water balance: For the WaPOR-based Water Accounts of 2010-2018, the total storage change 

estimated from water balance will be used as GRACE data is not available for the whole period. However, the er-

ror estimated for years 2010-2015 should be kept in consideration when interpreting the rapid WA+ outputs. To 

improve the water accounts of the Jordan River Basin, it is highly recommended that groundwater flows are quan-

titatively estimated either by groundwater monitoring or modelling. It is also recommended that the quality of 

WaPOR P and ETa data should be further validate and improved for this area.
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2.3.	 WA+ methodology

The longer term planning process of water and environmental resources in river basins requires that a 

measurement – reporting – monitoring system is in place. The Water Accounting Plus (WA+) framework is based 

on the early WA work of Molden (1997) focussing on agriculture and irrigation systems. WA+ was further devel-

oped by Karimi (2014) and Karimi and Bastiaanssen (2015) for river basin analyses to incorporate all water use 

sectors. Further developments include more hydrological and water management processes and focus on specific 

land uses. 

A key element of WA is that it separates ET into rainfall (ETrain) and incremental ET (ETinc), there-

by clearly identifying managed water flows. WA+ includes the hydrology of natural watersheds that provide the 

mains generation of water in streams and aquifers, as well as quantifying water consumption. The current study 

utilises the WaPOR v2.0 Level 2 data (100 m resolution) for the analyses. As such, it provides a rapid WaPOR-

based water accounting framework. 

The output of WA+ is presented a number of sheets and supporting spatial maps. Remote sensing, GIS 

and spatial models form the core methodology, so all data has a spatial context. The accounts are reported on an 

annual basis, as WA+ is meant for longer term planning. Software tools have been developed that automatically 

collect and download data from WaPOR database as well as for the calculations. The models and scripts for the 

creation of the water accounts and the elaboration of the reports are available on GitHub under the Water Ac-

counting account . The WA+ framework is public and open for all users.

Figure 16 shows the flow chart of the rapid WA+ process and the data used, where ETa is Evapotranspi-

ration, P is Precipitation, I is Interception, TWS is Total Water Storage, LUWA is WA+ Land Use maps, ETincr is ET 

incremental, ETrain is ET from rainfall. L1_PCP_E, L1_PCP_M, L1_RET_M, L2_I_M and L2_AETI_M are WaPOR 

data cubes (Level 1 daily and monthly precipitation, monthly reference evapotranspiration, Level 2 monthly ac-

tual evapotranspiration and interception respectively). The rapid WA+ mainly uses WaPOR data such as the level 

1 monthly precipitation and level 2 annual time series of land cover classification, interception and actual evapo-

transpiration and interception. Based on the preliminary assessment, WaPOR ETa is replaced with ET reference 

(Annex VI) for water bodies to reduce the error in ETa estimation. External data sources used include GRACE 

satellite data for estimating the change in storage in the basin, Global Reservoir and Dam Database (GRanD) to 

identify dam locations and extents, the World Database on Protected Areas to identify the protected land uses, 

and the map of top soil saturated water content (de Boer, 2016).

2.3.1.	 WA+ Land Use categorization

The WaPOR land cover map forms the basis for dividing the basin landscape into the four main catego-

ries (PLU, ULU, MLU, and MWU). Four main categories of land and water uses are distinguished:

•	 Protected Land Use (PLU); areas that have a special nature status and are protected by National 

Governments or Internationals NGO’s

•	 Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic influ-

ence. The water flow is essentially natural

•	 Modified Land Use (MLU); areas where the land use has been modified. Water is not diverted but 
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land use affects all unsaturated zone physical process such as infiltration, storage, percolation and 

water uptake by roots; this affects the vertical soil water balance

•	 	 Managed Water Use (MWU); areas where water flows are regulated by humans via irrigation ca-

nals, pumps, hydraulic structures, utilities, drainage systems, ponds etc.

The underlying reason for framing these four land use categories is that their management options 

widely differ from keeping them pristine to planning hourly water flows. 

The land use categories map (Figure 17) is based on the land cover layer (LCC) from WaPOR database, 

but needed to be reclassified into the Water Accounting classes. Protected Land Use (PLU) class was updated us-

ing the protected area profile from the World Database on Protected Areas (UNEP-WCMC, 2019a, 2019b, 2019c, 

2019d). The areas which are designated as IUCN categories I and II are reclassified as PLU. The Managed Wa-

ter Use class was reclassified from the ‘Cropland, irrigated or under water management’ and ‘Built-up’ classes in 

WaPOR LCC layer and updated with the area of constructed reservoirs from the Global Reservoir and Dam Data-

base (GRanD) (Lehner et al., 2011). WaPOR Water bodies class except for natural lakes were also reclassified as 

Managed Water Use class to include irrigation and evaporation ponds. The Modified Land Use was reclassified 

from the class ‘Cropland, fallow’ and ‘Cropland, rainfed’ in the WaPOR LCC layer. Thereafter, the rest of the area 

was reclassified as Utilized Land Use class.

Figure 17: WA+ Land Use category map of Jordan River Basin in 2009 based on WaPOR Level 2 Land cover (LCC) layers and global dataset 

of protected area and reservoirs. Maps of the individual years are provided in Annex V. 

 

2.3.2.	 Pixel scale analysis – Monthly soil moisture balance
2.3.2.1.	 Method
The water accounting framework distinguishes between a vertical and horizontal water balance. A ver-

tical water balance is made for the unsaturated root zone of every pixel and describes the exchanges between land 

and atmosphere (i.e. precipitation and evapotranspiration) as well as the partitioning into infiltration and surface 

runoff. Percolation and water supply are also computed for every pixel, to facilitate attributing water supply and 

consumption to each land use class.
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Figure 16: Flowchart of steps in WaPOR-based WA+ process. 
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The WaterPix model calculates for each pixel the vertical soil water balance (See Figure 18 and described 

below). Rainfall ET (ETrain) and incremental ET (ETincr) are separated by keeping track of the soil moisture balance 

and determining if ET is satisfied only from precipitation or stored in the soil moisture or additional source (sup-

ply) is required. The main inputs into WaterPix are provided in Table 4 and the outputs are provided in Table 5. 

Each parameter is calculated at the model resolution of 100m and available for monthly and annual time steps. 

Figure 18: Main schematization of the flows and fluxes in the WaterPix model

Table 4: Inputs of WaterPix

Variable Parameter Source Spatial Resolution Temporal resolution

Precipitation P WaPOR 5,000 m Daily 

Actual Evapotranspiration ETa WaPOR 100 m Monthly

Interception I WaPOR 100m Monthly

Land cover map LULC WaPOR 100 m Yearly

Saturated Water Content HiHydroSoil 0.008333 degree 
(about 900m at the equator)

Static

Table 5: Outputs of the water balance model at pixel level

Variable Calculation step Definition

S 1 Soil Moisture

Qsro 1,4 Surface Runoff

R 1,4 Recharge

ET 2 ET

Qsup	 3 Supply

Step 1: Compute soil moisture 

The soil moisture (Srain,t) is computed as the soil moisture storage at the end of the previous timestep 

(Srain,t-1) plus the effective precipitation (P - I) minus recharge (Rrain) and surface runoff (Qs) (eq 1):

Srain,t = Srain,t-1 + P - I -〖Rrain -  Qsro,rain            (eq 1)

Where the surface runoff (Qsro,rain) is calculated using an adjusted version of the Soil Conservation Ser-

vice runoff method. The adjusted version replaces the classical Curve Numbers by a dynamic soil moisture defi-
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cit term that better reflects the dry and wet season infiltration versus runoff behaviour (see Schaake et al., 1996; 

Choudhury & DiGirolamo, 1998). As the Curve Number method is developed for event based runoff, we calculated 

Qsro,rain on daily basis, dividing the effective precipitation by the number of rainy days (n) and a calibration pa-

rameter  to account for the soil moisture variation due to drying up and filling with in a month. The total surface 

runoff for a month is then multiplied by n:

Where the saturated soil moisture (Ssat) is calculated by multiplying the Saturated Water Content 

(θSAT) by the effective root depth (RD) for each land cover class estimated based on the effective root depth by 

Yang et al. (2016) (Table 6).

Table 6: Root depth look-up table. The values of root depth for each land cover class is based on study by Yang et al. (2016)

WaPOR Land cover class Root depth (mm)

Shrubland 370

Grassland 510

Cropland, rainfed 550

Cropland, irrigated or under water management 550

Fallow cropland 550

Built-up 370

Bare/sparse vegetation 370

Permanent snow/ice 0

Water bodies 0

Temporary water bodies 0

Shrub or herbaceous cover, flooded 0

Tree cover: closed, evergreen needle-leaved 1,800

Tree cover: closed, evergreen broad-leaved 3,140

Tree cover: closed, deciduous broad-leaved 1,070

Tree cover: closed, mixed type 2,000

Tree cover: closed, unknown type 2,000

Tree cover: open, evergreen needle-leaved 1,800

Tree cover: open, evergreen broad-leaved 3,140

Tree cover: open, deciduous needle-leaved 1,070

Tree cover: open, deciduous broad-leaved 1,070

Tree cover: open, mixed type 2,000

Tree cover: open, unknown type 2,000

Seawater 0

2
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Step 2: Separate ETa into ETrain and ETincr and update S

To compute the precipitation and incremental component of  ET, ETa is subtracted from Srain, t . When Srain, t is 

insufficient for ETa, the difference will be supplied by surface or groundwater uptake. The rainfall ET (ETrain) becomes 

the amount which can be supplied by the soil moisture, whereas the difference will become incremental ET (ETincr): 

ETrain = if⁡(Srain,av  >〖ETa ,〖ETa , Srain,av )

ETincr=〖ETa - ETrain

The new soil moisture storage then becomes:

Srain,t = Srain,av - 〖ETrain

Step 3: Estimation of Water Supply 

The amount of water supplied to each pixel is a function of ETincr and the so called consumed fraction 

(fc):

fc is dependent on the land use class and was suggested to replace the classical irrigation efficiencies 

(Molden, 1997; Simons et al., 2016). The consumed fractions applied in this study are specified in Table 7. 

Table 7: Consumed fraction per land use class

Land use class Consumed fraction (fc)

Natural land use classes 1.00

Rainfed crops 1.00

Irrigated crops 0.80

Step 4: Estimating incremental soil moisture

A separate soil moisture storage (blue area in Figure 18 is added to store Qsup and calculate incremental 

recharge and runoff as follows:

Sincr,t = Sincr,t-1 + Qsupply -〖ETincr - Rincr - Qsro,incr

And total soil moisture storage (St) becomes:



27

St = Srain,t + Sincr,t

Then total recharge (Rt) is calculated as exponential function of the soil moisture. If the soil moisture 

is above a certain percentage (calibration parameter) of the saturated content, the percolation will be computed 

using the following simple exponential function:

And the incremental recharge (Rincr) and the recharge from rainfall (Rrain) are computed as proportions 

of the incremental and rain soil moisture values.

The surface runoff is updated to account the increase due to incremental surface runoff from the supply

The incremental surface runoff (Qsro,incr)is then computed as: 

Qsro,incr = Q sro,tot - Qsro,rain

2.3.2.2.	 Results
The maps of estimated annual ETrain and ETincr averaged over the study period are shown in Figure 19. The 

upstream area has high ETrain while water bodies, irrigated cropland show high ETincr, and are aligned with the P – 

ETa maps. In most areas of bare land and grassland, ETrain and ETincr are of the same range. Figure 20 describes the 

partition of ETrain and ETincr of each land cover class and the ratio of each component relative to total precipita-

tion. ETincr over water bodies is about 10 times total precipitation. ETincr of irrigated cropland is 103% of total pre-

cipitation (Figure 20), which shows that supplied blue water is an important source for these crop areas. ETrain in 

tree cover classes, which includes interception is estimated to be about 70% to 80% of total precipitation (Figure 

20), which means 20 to 30 % percolates or forms runoff. The mean annual ETa of the bare/sparse vegetation land 

cover class is only 23% of the total precipitation it receives, with more than 80% of that is ETrain.   
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2.3.3.	 WaPOR-based WA+ Sheet 1: Resource Base

The WA+ sheet 1 Resource Base provides an overview of the water resources and its current utilisation 

per different land use categories. The rapid WaPOR-based WA+ approach estimates gross inflow, precipitation 

and incremental evapotranspiration for each of the WA+ land use categories. Therefore, it provides and overview 

of the current utilisation of precipitation for each land use for the study period. Details of how each flux in the WA+ 

Sheet 1 was estimated is given in Table 8.

Based on the WA+ sheet 1, a number of key performance indicators, which were developed by Dost et al. 

(2013) in consultation with the Land and Water Division of FAO, can be calculated to describe the entire system. 

These indicators help the basin planners to understand the key information on water management in the basin 

(Karimi, 2014).

The first set of indicators can be related to the Resource Base Sheet:

•	 ET Fraction = 

ET fraction indicates which portion of the total inflow of water is consumed and which part is convert-

ed into renewable resources. A value higher than 100% indicates over- exploitation or a dependency on external 

resources.

•	 Stationarity Index =                                              (%)

Stationarity Index is an indication of the depletion of water resources. Positive values indicate that wa-

ter is added to the groundwater and/or surface water storage. Negative values indicate a depletion of the storage.

•	 Basin Closure =                                                        (%)

Basin Closure defines the percentage of total available water resources (Precipitation + basin inflow) 

that is consumed and/or stored within the basin. A value of 100% indicates that all available water is consumed 

and/or stored in the basin.

The second set of indicators focuses on the actual amount of water that is currently managed, or is 

available to be managed:

•	 Available Water (AW) = Gross Inflow – Landscape ET – Reserved flow (km3/year)

Total amount of water that is available to be managed.

•	 Managed Water (MW) = Incremental ET of Managed Water Use (km3/year)

Total amount of water that is abstracted for Managed Water Use.

•	 Managed Fraction =                                                      (%)

Percentage of water that is actually managed from the total amount of water that is available.

ETtot

( P + Qin) 

1 - outflow

(P + Qin)

ΔStorage

ETtot

Managed water

Available  water
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Figure 19: The yearly average map of ETrain and ETincr estimated from WaPOR data in Jordan River Basin of hydrological years from 2010 to 2018. Maps of the individual years are provided in Annex VII and 

Annex VIII
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Figure 21: The WA+ Sheet 1 of Jordan River Basin with average values of hydrological years from 2010 to 2018
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Figure 20: The area percentage (left) and yearly average Precipitation, ETrain and ETincr, (right) of each land cover class for the hydrological years 2010-2018. The percentages in the right indicate the propor-

tion of ETrain and ETincr to Precipitation



32

3.	 Water Accounting+ Results

3.1.	 WA+ Sheet 1: Resource Base

Figure 21 shows the summary of water resources in the Jordan River Basin of the WA+ framework for 

Sheet 1 only and depicts average values for the 2010-2018 hydrological years (Annex VIII shows the WA+ sheet 1 

for the individual years). The gross inflow is 10.19 km3/year and the total outflow and consumed water is 8.02 km3/

year, which results in 2.05 km3/year remaining as total water storage change. The basin has no natural outlet, how-

ever, surface water that is transferred out of basin through canals and tunnels accounts for about 0.12 km3/year 

on average. The utilized land use has the highest water consumption (2.78 km3/year from ETrain and 2.12 km3/year 

ETincr). Protected land use consumes the least water (0.06 km3/year). The modified land use category consumes 

about 1.86 km3/year with about 75% from ETrain. The managed water use category water consumption is mainly 

ETincr (67%).  

The variation of the main fluxes in these sheets is shown in Figure 22 and Figure 23. Overall, the propor-

tion of each component compared to gross inflow is stable over the study period. Landscape ET, which is sum of 

ETrain and ETincr of non-managed water use, is the largest component. Surface water outflow (Qsw
out) or inter-basin 

transfer is relatively small.

Figure 22: Yearly variability of Sheet 1 fluxes. Total storage change (∆S) was estimated as the difference P – ETa – Qsw
out  to close the water 

balance. ETa  in water bodies was corrected using WaPOR ET reference.
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Table 8: Data and estimation methods used for fluxes in WA+ Sheet 1. N/A stands for Not Available.

WA+ Sheet 1 Flux Description Data used Calculation approach

Padvection
Precipitation WaPOR’s L1_PCP_M Aggregate by hydrological year

Qdesal
The inflow from desalinated water N/A -

Qsw
in The inflow from surface water (i.e. interbasin surface water inflow) N/A -

Qgw
in The inflow from groundwater (i.e. interbasin groundwater inflow) N/A -

Gross Inflow Total inflow from all sources - Padvection + Qdesal + Qsw
in + Qgw

in

Net Inflow The gross inflow and the storage change - Consumed water + Outflow

∆S Change in total water storage - Net Inflow – Gross Inflow

Rainfall ET

-	 PLU
-	 ULU
-	 MLU
-	 MWU

ET that occurs from effective precipitation and canopy interception. Effective precipita-
tion is the part of the rain water that does not percolate below the root zone, flows away 
over the soil surface as run-off, or evaporates from canopy interception, thus, available in 
the root zone and can be used by the plants.

WaPOR-derived ET rainfall; 
WA+ Landuse maps

Aggregate by hydrological year and 
LU classes

Incremental ET

-	 PLU
-	 ULU
-	 MLU
-	 MWU

ET that occurs from other sources except effective precipitation and interception. For 
example, evaporation of irrigation water, evaporation of groundwater through deep 
rooted vegetation, water evaporation from a lake or other water surface that exceeds the 
precipitation on the water body itself.

WaPOR-derived ET incre-
mental;

WA+ Landuse maps

Aggregate by hydrological year and 
LU classes

Landscape ET
ET that occurs naturally, not due to water management (i.e. evaporation on natural land 
cover classes, rainfall ET from Managed Water Use).

-
Rainfall ET + Total Incremental ET 
of PLU, ULU, MLU

Consumed water/ ET
ET occurs as interception, evaporation, soil evaporation, water evaporation, canopy 
transpiration/ The total Evapotranspiration is evapotranspiration from non-manage-
able, manageable and managed land uses.

WaPOR’s L2_AETI_M Aggregate by hydrological year

Utilized flow ET from managed water use (i.e. irrigated crops, managed reservoirs) - MWU Incremental ET

Exploitable water The net inflow minus Landscape ET - Utilized flow + Outflow

Qsw
outlet The river outflow at the outlet of the basin N/A 0.0 (Endorheic basin)

Qsw
out The outflow as surface water (i.e. interbasin surface water outflow) NWC’s monthly flow records Aggregate by hydrological year

Qgw
out The outflow as groundwater (i.e. interbasin groundwater outflow) N/A -

Non-consumed water/
Outflow

Total outflow
- Qsw

outlet + Qsw
out + Qgw

out
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Figure 23: Variability of rainfall ET and incremental ET in Jordan River Basin from 2010 to 2018

3.2.	 WA+ Key indicators

The key performance indicators are presented in Table 9. From 2010 to 2018, the average ET fraction 

of the Jordan River Basin is ranging from 69.7 to 89.6 %, which indicates that not all precipitation is consumed. 

The excess precipitation is either contribute to increase storage and/or generate outflow from the basin. Since the 

Jordan River Basin has no outlet except for the inter-basin transfer in the NWC, this surplus water was added to 

the groundwater storage. Therefore, the estimated average stationarity index is 25.8%. Based on the preliminary 

assessments, this index value might be overestimated due to errors in the WaPOR data, unaccounted groundwater 

outflows and/or inter-basin transfers. 

The average basin closure index is 98.8%, which shows that almost all water resources is consumed and/

or stored in the basin. About 1.2% of the gross inflow become outflow through the Israel’s National Water Carrier. 

The average available water is 2.98 km3/year, out of which approximately 28.9% is currently managed. The Man-

aged Water, which is ETincr of Managed Water Use is on average 0.81 km3/year, which is 87% of the total exploit-

able water. Managed Water Use includes irrigated crops, dammed water bodies, built-up area, and evaporation 

ponds. Among these, irrigated crops ETincr consumed 31.5% of total managed water (Table 10) which shows the 

importance of agriculture development in managed water. ETincr for irrigated crops therefore accounts for 28% of 

exploitable water.

The difference between the water storage changes derived from WaPOR-based WA+ and GRACE 

TWSA is 2.3 km3/year on average (Table 11), which is 23% of the mean annual precipitation. Compared to Table 

3, the difference magnitude was reduced by 6% of mean annual precipitation thanks to the correction of actual 

evapotranspiration on water bodies with reference ET. This difference was used as a proxy of error in water bal-

ance derived from WaPOR data, which indicates that the estimated available water is unreliable, thus, the safe 

caps of water withdrawals for the agricultural sector could not be determined with any confidence. Moreover, this 

error in storage change derived from water balance significantly influenced the results of stationarity index, basin
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Table 9:  WA+ Sheet 1 key indicators of Jordan River Basin for the hydrological years from 2010 to 2018 based on water bal-

ance derived from WaPOR datasets.

 
 
Year

ET fraction 
 

(%)

Stationarity 
index  

(%)

Basin Closure  
 

(%)

Available water 
 

(km3/year)

Managed water  
 

(km3/year)

Managed fraction  
 

(%)

2010 83.8 17.7 98.6 2.58 0.79 30.5

2011 89.6 9.2 97.9 1.70 0.77 45.4

2012 75.6 29.7 98.1 3.09 0.71 22.9

2013 69.7 40.4 97.9 4.15 0.72 17.3

2014 73.8 33.0 98.2 3.29 0.79 24.0

2015 77.1 28.9 99.3 3.35 0.90 26.7

2016 82.2 21.4 99.8 2.62 0.88 33.7

2017 83.7 19.1 99.6 2.42 0.91 37.6

2018 75.4 32.4 99.8 3.59 0.79 21.9

Average 79.0 25.8 98.8 2.98 0.81 28.9

Table 10: Contribution of irrigated crop’s ETincr to Managed Water

 
 
Year

ETincr of irrigated crops 
 

(km3/year)

Managed water  
 

(km3/year)

ETincr of irrigated crops/ Managed water  
 

(%)

2010 0.22 0.79 27.4

2011 0.20 0.77 26.1

2012 0.18 0.71 24.9

2013 0.18 0.72 25.2

2014 0.24 0.79 30.8

2015 0.34 0.90 37.9

2016 0.33 0.88 37.6

2017 0.35 0.91 38.1

2018 0.28 0.79 35.9

Average 0.26 0.81 31.6

A part of the available water amount can be contaminated by anthropogenic pollution loads to the ex-

tent that exceeds the basin’s assimilation capacity. The water pollution level of the Jordan River Basin related to 

anthropogenic Nitrogen and Phosphorus loads from diffuse and point sources from 2002 to 2010 was estimated 

to be 5.5 (Mekonnen and Hoekstra, 2015) and more than 10 (Mekonnen and Hoekstra, 2018) respectively. In these 

studies, the water pollution levels were calculated as the ratio of Gray Water Footprint over the annual actual run-

off of the basin. These values indicate that it would take more than 10 times of actual runoff of the basin to dilute 

the pollution related to anthropogenic Nitrogen and Phosphorus loads. As a result, the estimated available water 

might not be suitable for some uses (irrigation, drinking water, etc.). It should be noted that the uncertainty range 

of the global GWF is of -33% to +60% (Mekonnen and Hoekstra, 2015).
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Table 11: Estimation of Error in WaPOR-based WA+ of Jordan River Basin based on GRACE Total Water Storage from 2010 

to 2015*. 

 
 

Year

∆S from GRACE  
 

(mm3/year)

∆S from WaPOR-based WA+  
 

(mm3/year)

∆S difference  
 

(mm3/year)

Error percentage  
 

(%Precipitation)

2010 256  1,642  1,386  13 

2011 -810  740  1,550  17 

2012 -1,159  2,191  3,350  34 

2013 22  3,192  3,170  28 

2014 230  2,326  2,096  22 

2015 36  2,382  2,346  22 

Average -237  2,079  2,316  23 

 

*∆S from GRACE was calculated from the GRACE TWSA solution and ∆S from Water Balance was calculated as P – ETa – Qout, where P and 

ETa were aggregated from monthly WaPOR data and Qout was the outflow to the National Water Carrier. ETa in water bodies was corrected 

using WaPOR ET reference.
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4.	 Conclusions
The rapid water accounts are valuable in terms of demonstrating the suitability of the WaPOR data-

sets for applying the WA+ framework and closing the water balance. The results of this study highlights that the 

WaPOR datasets can provide a spatial overview of where in the basin water is generated and consumed via ET, the 

largest water sink in the Jordan River Basin. The WaPOR P - ETa analysis showed that, on average, the whole Jordan 

River Basin is a net water generator as precipitation is always higher than total evapotranspiration for the study 

period 2010-2018. The largest water consumers in the basin are water bodies and irrigated crops. Bare land class 

(50% of the basin area) shows the highest contribution to water availability and an unrealistic runoff coefficient 

of 77%. Overall, the water balance analysis showed a large discrepancy in total storage change estimated from 

WaPOR and NWC data from the GRACE TWSA solution. Although there is high uncertainty in the measurements 

of the interbasin transfer and GRACE TWSA, the trend in GRACE TWSA is in line with the current water scarce 

conditions in the basin (e.g. a decline in the Dead Sea level and groundwater aquifer). This observation is not in-

line with the quality assessment report of the WaPOR v1.0 data (FAO and IHE Delft, 2019), which shows very high 

correlation at basin level between WaPOR ETa and P – Q in various river basins in Africa. The arid conditions of the 

Jordan River Basin were not included in the analyses, and the results of this study showing significant surplus at 

basin level should be further investigated.

The main weakness of this study is lack of data for several fluxes that cannot be obtained from remote 

sensing data. For a basin such as this, where the water balance is highly influenced by interbasin transfer activities, 

and groundwater depletion like the Jordan River Basin, the simplified water balance (P – ET – ∆S = Qout) cannot be 

closed in absence of this information. The WA+ results of the study, therefore, cannot be used to estimate the safe 

caps of water withdrawals in the basin as the error of the WaPOR water balance is in the same range as the estimat-

ed available water. For a detailed water accounts, more information of groundwater, interbasin transfer, utilized 

and return flows is needed. At the moment, these data cannot be directly derived from remote sensing, thus, in 

situ measurements still play important roles in the water accounts. In case these data are not available, assimila-

tion of available data with comprehensive hydrological modelling results are recommended.
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Annexes 

Annex I.           Total annual Precipitation (P) of hydrological years

‘Time’ value is the ending date of the hydrological year
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Annex II.           Total annual actual evapotranspiration (ETa) of hydrological years

 ‘Time’ value is the ending date of the hydrological year
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Annex III.           Yearly WaPOR Land cover classification maps 

 ‘Time’ value is the starting date of the calendar year. 
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Annex IV.           Total annual P - ETa of hydrological years

‘Time’ value is the ending date of the hydrological year.
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Annex V.           Yearly WA+ Land use classification maps

‘Time’ value is the starting date of the calendar year.
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Annex VI.           Total annual reference evapotranspiration (ETref) of hydrological     	
		        years

‘Time’ value is the ending date of the hydrological year.
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Annex VII.           Total annual estimated Incremental ET (ETincr) of hydrological years

 

‘Time’ value is the ending date of the hydrological year.
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Annex VIII.           Total annual estimated Rainfall ET (ETrain) of hydrological years

 ‘Time’ value is the ending date of the hydrological year

.
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Annex IX.           Yearly WA+ Sheet 1 Resource Base
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Annex X.           Supplementary WA+ Sheet 1 results

This annex is to show the WA+ Sheet 1 key indicators in case water storage change is derived from 

GRACE TWSA solution instead of WaPOR-based water balance. The difference P – ETa – Qsw
out – ∆S GRACE is then 

considered groundwater outflow (Qgw
out), where Qgw

out is the surface water outflow through the NWC. Since there 

is no information on the recommended value of reserved groundwater flow from Jordan Basin, no reserved out-

flow was deducted from available water which, hereby, remains the same as Table 9. As can be seen in Table X- 1, 

the stationarity index is -3.2%, which has opposite sign compared to the results from WaPOR-based water balance 

(Table 9), indicating that water was extracted from the groundwater and/or surface water storage. The basin clo-

sure indicator is 75.7%, which is significantly lower than WaPOR-based water balance results (98.8%), as 23% of 

precipitation is now considered groundwater outflow. If this groundwater outflow is reserved for environmental 

flow or water uses outside of the Jordan River Basin, the amount available water will be less than 3.03 km3/year, 

which will result in higher managed fraction. As demonstrated here, the state of water resources in the Jordan 

River Basin will be understood differently due to the uncertainty in the WaPOR data.

Table X- 1: WA+ Sheet 1 key indicators of Jordan River Basin for the hydrological years from 2010 to 2018 based on WaPOR 

Precipitation and Actual evapotranspiration datasets and ∆S from GRACE TWSA solution.

 
 
 
Year

ET  
fraction  

 
(%)

Stationarity 
index  

 
(%)

Basin Closure  
 
 

(%)

Available water  
 
 

(km3/year)

Managed water  
 
 

(km3/year)

Managed  
fraction  

 
(%)

2010 83.8 2.8 86.1 2.58 0.79 30.5

2011 89.6 -10.1 80.6 1.70 0.77 45.4

2012 75.6 -15.7 63.7 3.09 0.71 22.9

2013 69.7 0.3 69.9 4.15 0.72 17.3

2014 73.8 3.3 76.2 3.29 0.79 24.0

2015 77.1 0.4 77.4 3.35 0.90 26.7

Average 78.3 -3.2 75.7 3.03 0.78 27.8
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Annex XI.           Comparison of Remote Sensing products

Annex XI.1          Introduction

This annex shows the results of the comparisons of different open access remote sensing products for 

precipitation and evapotranspiration and GRACE solutions. Table XI - 1 shows the details of the products consid-

ered for the analyses. These data sets were resampled to the same spatial resolution of 0.05°x0.05° and monthly 

temporal resolution and aggregated to annual values using the hydrological year from September to August. Then 

the data was clipped to the Jordan River Basin shapefile. The period from 2009 to 2018 was used for this analysis, 

consistent with the period used in the main report. 

Table XI - 1    Data sets considered for Water Balance Computation

Product Duration Spatial Res. Temporal Res. Coverage URL

P

CHIRPS 2009 - 2018 0.05° Sub-daily 50°S-50°N https://www.chc.ucsb.edu/data/chirps

TRMM 2009 - 2018 0.25° daily 50°S-50°N https://pmm.nasa.gov/data-access/downloads/
trmm

GPM 2009 - 2018 0.1° monthly 90°N-90°S https://pmm.nasa.gov/data-access/downloads/
gpm

ETa

WAPOR 2009 - 2018 250m Dekadal Africa + 
Near East

https://wapor.apps.fao.org/catalog/1/L2_
AETI_D

SSEBop 2009 - 2018 1,000m Dekadal Global https://earlywarning.usgs.gov/fews/product/461 

GloDET 
(ALEXI)

2013 - 2017 375m Daily Global https://glodet.nebraska.edu/#/

GLEAM 2009 - 2018 0.25° Daily Global https://www.gleam.eu/

MOD16 2009 - 2018 500m 8-Daily Global https://lpdaac.usgs.gov/products/mo-
d16a2v006/

CMRSET 2009 - 2012 0.05° Monthly Global Local database at IHE Delft

SEBS 2009 - 2017 5,000m Monthly Global Local database at IHE Delft

GRACE

CSR 2009 - 2016 1.0° Quasi-monthly Global https://podaac.jpl.nasa.gov/dataset/TELLUS_
GRAC_L3_CSR_RL06_LND?ids=DataFor-
mat&values=NETCDF&search=GRACE&tem-
poralSearch=2003-10-31T23:00:00.000ZTO201
9-11-26T23:00:00.000Z

GFZ 2009 - 2016 1.0° Quasi-monthly Global https://podaac.jpl.nasa.gov/dataset/TELLUS_
GRAC_L3_GFZ_RL06_LND?ids=DataFor-
mat&values=NETCDF&search=GRACE&tem-
poralSearch=2003-10-31T23:00:00.000ZTO201
9-11-26T23:00:00.000Z

JPL 2009 - 2016 1.0° Quasi-monthly Global https://podaac.jpl.nasa.gov/dataset/TEL-
LUS_GRAC_L3_JPL_RL06_LND?ids=DataFor-
mat&values=NETCDF&search=GRACE&tem-
poralSearch=2003-10-31T23:00:00.000ZTO201
9-11-26T23:00:00.000Z

GSFC 2009 - 2016 1 arc Quasi-monthly Global https://ccar.colorado.edu/grace/

https://www.chc.ucsb.edu/data/chirps
https://pmm.nasa.gov/data-access/downloads/trmm
https://pmm.nasa.gov/data-access/downloads/trmm
https://pmm.nasa.gov/data-access/downloads/gpm
https://pmm.nasa.gov/data-access/downloads/gpm
https://wapor.apps.fao.org/catalog/1/L2_AETI_D
https://wapor.apps.fao.org/catalog/1/L2_AETI_D
https://www.gleam.eu/
https://lpdaac.usgs.gov/products/mod16a2v006/
https://lpdaac.usgs.gov/products/mod16a2v006/
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/Data_Satellite/Evaporation/CMRSET/Global/
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/Data_Satellite/Evaporation/SEBS/SEBS/
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_CSR_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_GFZ_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_GFZ_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_GFZ_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_GFZ_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_GFZ_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_JPL_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_JPL_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_JPL_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_JPL_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC_L3_JPL_RL06_LND?ids=DataFormat&values=NETCDF&search=GRACE&temporalSearch=2003-10-31T23:00:00.000ZTO2019-11-26T23:00:00.000Z
https://ccar.colorado.edu/grace/
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The analyses consisted of an inter-comparison of the different P, ETa and GRACE products (section 

XI.3). Secondly, comparison of runoff based on the water balance with the observed inter-basin transfer and com-

parison of storage change based on the water balance with the GRACE storage change (section XI.4). Four evapo-

transpiration, three precipitation and four GRACE solutions provided 48 different possible combinations to com-

pute the water balance for Jordan River Basin. First, the monthly volume of water pumped to the National Water 

Carrier (NWC) from Lake Tiberias to Israel between 2009 and 2019 is compared to the runoff estimated using the 

RS product combinations (see chapter two of this report for methodology) and secondly the change in storage is 

calculated using the water balance and compared to GRACE solutions and presented as error in percentage of pre-

cipitation. Finally the spatial variability of the different products were compared by analysing P - ETa for different 

land use classes (section XI.5). 

Annex XI.2          Datasets
Precipitation products
Three precipitation products were considered: 

1.   CHIRPS - The Climate Hazards group Infrared Precipitation with Stations (CHIRPS) dataset, de-

veloped by the U.S. Geological Survey Earth Resources Observation and Science Center and Santa Barbara Cli-

mate Hazards Group at the University of California is a precipitation product based on multiple data sources 

(Funk et al., 2015). CHIRPS incorporates monthly precipitation climatology (Climate Hazards Group Precipita-

tion Climatology, CHPClim), quasi-global geostationary thermal infrared satellite observations, TRMM product, 

atmospheric model precipitation fields from the National Oceanic and Atmospheric Administration (NOAA) Cli-

mate Forecast System (CFS), and observed precipitation (Funk et al., 2015). The global CHIRPS data is missing 

values over the Jordan valley. We therefore decided to use the WaPOR precipitation product, which is based on the 

CHIRPS database but it has the missing values are filled in (FAO, 2018).  

2.    TRMM – The Tropical Rainfall Measuring Mission (TRMM), a joint mission of NASA and the Japan 

Aerospace Exploration Agency, was launched in 1997 to study rainfall for weather and climate research. TRMM 

Multi-satellite Precipitation Analysis (TMPA) algorithm merges a variety of existing ground- and satellite-based 

observations to yield high spatial (0.25 × 0.25 degree) and temporal resolution (three-hourly instantaneous re-

trievals) observations with a higher degree of accuracy (Huffman et al., 2007). 

3.   GPM  is the NASA/JAXA Global precipitation measurement (GPM) mission in coordination with 

the Goddard Earth Sciences Data and Information Services Center (GES DISC) is the Integrated Multi-satellite 

Retrievals for GPM, which merges precipitation estimates from passive microwave (PMW), calibrated infrared 

(IR) sensors and monthly surface precipitation gauge analysis data to provide half-hourly precipitation estimates 

on a 0.1° grid over the 60° N-S domain. GPM extend the spatial coverage from its predecessor (TRMM), and also 

provide improved measurements of precipitation globally (Liu et al., 2017)

 

Evapotranspiration products
Seven existing ETa products were considered. All of them except WaPOR are global scale products.  The 

ET products used are based on multi-spectral satellite measurements and surface energy balance models (Paca, et 

al., 2019). These models include;

1.	 MODIS Global Terrestrial Evapotranspiration Algorithm (MOD16) (Mu et al., 2011),

2.	 Atmosphere-Land Exchange Inverse Model (ALEXI) (Anderson et al., 2007), 
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3.	 Global Land Evaporation Amsterdam Model (GLEAM) (Miralles et al., 2011), 

4.	 Surface Energy Balance System (SEBS) (Su, 2002), 

5.	 Operational Simplified Surface Energy Balance (SSEBop) (Senay et al., 2013) and 

6.	 CSIRO MODIS Reflectance-based Evapotranspiration (CMRSET) (Guerschman et al., 2009). 

7.	 FAO’s data portal to monitor Water Productivity through Open access of Remotely sensed de-

rived data (WaPOR) (FAO, 2018)

 

GRACE Solutions
Total Water Storage Anomalies (TWSA) from four global solutions based on the Gravity Recovery And 

Climate Experiment (GRACE) satellite mission were considered for this analysis. GRACE is a NASA and Deutsch-

es Zentrum für Luft- und Raumfahrt (DLR) satellite mission to map the global Earth gravity field every 30 days 

(Biancamaria et al., 2019).  Variations of earth gravity field as mapped by GRACE at the monthly to inter-annual 

time scales can be attributed mainly to redistribution of water in its fluid envelope (Wouters et al., 2014). GRACE 

solutions provided as TWSA at monthly time scale corresponds to the sum of all water mass variations at the con-

tinents surface and in the soil (i.e. the sum of snow water equivalent, surface water, soil water and  groundwater) 

(Chen et al., 2016).

Four publicly available monthly global GRACE solutions have been considered in this study. The prod-

ucts used correspond to liquid water equivalent thickness in meters on regular grid for the first three solutions 

(see Table XI - 1) which are labelled here as CSR, GFZ and JPL, respectively;

1.	 the GRACE Tellus – Land release RL05 monthly mass 1°x1° grids  computed by the University of 

Texas – Center for Space Research (CSR, version DSTvSCS1409);

2.	 GeoForschungsZentrum (GFZ, version DSTvSCS1409);

3.	 Jet Propulsion Laboratory (JPL, version DSTvSCS1411) processing centers (Swenson and Wahr, 

2006; Landerer and Swenson, 2012; Swenson, 2012); 

4.	 The GRACE global mascon solution uses the NASA Goddard Space Flight Center (GSFC) GEO-

DYN precision orbit determination and geodetic parameter estimation software (Luthcke et al., 2013). This data 

set is provided as centimetres of liquid water equivalent thickness per mascon. The data then is converted to ras-

ter of centimetres of liquid water equivalent thickness on 0.5°x0.5° grid. 

Grace data is available between January 2003 and July 2016. The data is available in quasi-monthly 

time steps with windows of observation varies. However, most of the data in is centred around on the 16th of each 

month. Interpolation was made to get data at every 16th of every month to get monthly values and central differ-

ence method is used to calculate the change in storage (Biancamaria et al., 2019).
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Annex XI.3          Data comparison
Precipitation products
The three precipitation products show similar trends and comparable values (Figure XI - 1). TRMM has 

missing values in the dry months of 2015 to 2017. 

Figure XI - 1 Precipitation values from GPM, TRMM and CHIRPS for Jordan River Basin

The monthly mean and annual precipitation from the three products are shown in the Figure XI - 2 and 

Figure XI - 3. All products show the same seasonal trend, CHIRPS and GPM show very similar values, whereas 

TRMM values are slightly lower during the wet winter months (November-March) and slightly higher during the 

dry months (April-October). The annual precipitation values do not show significant differences either among 

the different products except for 2017 when CHIRPS showed a significant higher value compared to the other 

products (upto 75mm/year).

Figure XI - 2 Monthly mean precipitation for Jordan River Basin from CHRIPS, TRMM and GPM
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Figure XI - 3 Annual Precipitation for Jordan River Basin from CHIRPS, TRMM and GPM

The correlation between the products (all combinations) show very good correlation (Pearson Cor-

relation Coefficient (PCC) between 0.94 and 0.97) (Figure XI - 4).

Figure XI - 4 Correlation of the three precipitations data for Jordan River Basin

ETa products
Close investigation of the seven ETa products values identified that SEBS and MODIS have significant 

amount of missing values (31.5% and 68.5% in terms of spatial coverage) for ALEXI we found that water bodies 

have zero values (Figure XI - 5). Hence these three products are left out from consideration for further analysis.

Of the remaining products, CMRSET has an incomplete dataset ending in 2012 (see Figure XI - 6). The 

ETa values among the four remaining products show significant difference in terms of their magnitude and timing 

of the peak. CMRSET overall has higher ETa values compared to the other products, it ranges between 20 and 50 
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mm/month while the others show values below 20 mm/month during the dry season and the maximum values do 

not exceed 40 mm/month. 

Figure XI - 5 Annual Evapotranspiration for 2009 of Jordan River Basin from SEBS, ALEXI and MODIS 

Figure XI - 6 Evapotranspiration values from WaPOR, SSEBop, GLEAM and CMRSET for Jordan River Basin

The monthly mean and annual ETa are shown in Figure XI - 7 and Figure XI - 8. CMRSET has the higher 

monthly mean values in all the months followed by GLEAM, SSEBop and WaPOR. The timing of the peaks also 

differs, where the peak of SSEBop data occurs in June, the peak observed by CMRSET, GLEAM and WaPOR are in 

March and April.
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Figure XI - 7 Monthly ETa for Jordan River Basin from CMRSET, GLEAM, SSEBop and WaPOR

Figure XI - 8 Annual ETa for Jordan River Basin from CMRSET, GLEAM, SSEBop and WaPOR

Table XI - 2   Annual ETa from CMRSET, GLEAM, SSEBop and WaPOR in mm/year

Year
CMRSET GLEAM SSEBop WaPOR 

2010 396 201 209 199

2011 381 200 203 170

2012 385 186 196 156

2013 184 198 168

2014 193 184 149

2015 218 210 178

2016 222 173 172

2017 174 149 165

2018 227 171 186

Average 388 201 188 172
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CMRSET annual ETa values are close to 400mm/year, which is double the values from the other prod-

ucts, slightly below 200mm/year. Overall annual WaPOR ETa is the lowest of all the products (see Table XI - 2).

The map of mean annual ETa from the four products are shown in Figure XI - 9. GLEAM has the low-

est spatial resolution and does not show the same spatial patterns as the other products. Except for GLEAM, the 

water bodies in the Jordan valley appear clearly with the highest ETa, for CMRSET ETa values in the water bodies 

are more than 1,750 mm/year, compared to 1,250 mm/year for SSEBop and WaPOR. ETa in the northern part of the 

basin also shows variation, with high ETa in Syria (1,000 mm/year) estimated by CMRSET compared to 250-500 

mm/year estimated by SSEBop and WaPOR.

Figure XI - 9 Mean Annual ETa of Jordan River Basin from CMRSET, GLEAM, SSEBop and WaPOR	

In terms of correlation, the CMRSET showed good correlation with both SSEBop and WaPOR, how-

ever this is based on only four years (see Figure XI - 10). It is also clear that the absolute values differ significantly 

(variations from the 1:1 line), the correlation only indicates that three data sets exhibit similar trends. When com-

paring the data sets with similar annual values (SSEBop, GLEAM and WaPOR) for the full period 2009 to 2018, 

WaPOR versus SSEBop showed the highest correlation.
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Figure XI - 10 Correlation of CMRSET, GLEAM, SSEBop and WaPOR ETa for Jordan River Basin

GRACE solutions
The time series of the storage changes from the GRACE solutions are plotted in Figure XI - 11. All the 

solutions show a similar trend with some anomalies observed at the beginning of 2015 by CSR and JPL. The GSFC 

appears to have a slightly smaller amplitude compared to the other products.  

 

Figure XI - 11  Storage changes from CSR, GFZ, JPL and GSFC for Jordan River Basin
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Figure XI - 12 shows the mean monthly change in storage in mm/month for Jordan River basin as de-

rived from the four GRACE solutions.  There is significant variation in change in storages among the different 

GRACE solutions. All solutions show storage gain during the wet winter months (November to January) and stor-

age loss during the dry summer months (April to September). During the transition months (October, February 

and March), GSFC appears to make the transit earlier than the other products, indicating a storage increase in 

October and a storage decrease in February, which is an opposite trend to the other products.

Figure XI - 12 Mean monthly change in storage for Jordan River Basin as computed from four different GRACE solutions

The yearly change in storage plot is shown in Figure XI - 13.  The yearly change in storage also show vari-

ation among the products, with GSFC most often showing an opposite trend compared to the other products (e.g. 

2011, 2014 and 2016). All the products show a decrease in storage during the years 2010 and 2012 and increasing 

trends in 2015.

Figure XI - 13 Mean annual change in storage for Jordan River Basin as computed from four different GRACE solutions
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The correlation plots (Figure XI -14) show that GSFC has the lowest correlation with the other GRACE 

solutions (0.30-0.36). The correlation between the other GRACE solutions are better and range between 0.51 and 

0.7, which represents the correlation between JPL versus CSR.

Figure XI -14 Correlation of the four different GRACE solutions for Jordan River Basin
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Annex XI.4          Comparison of runoff and storage change

The comparison in terms of coefficient of determination (R2) and the absolute error as percentage of 

precipitation between storage change computed from water balance and storage change from GRACE solutions 

are shown in Figure XI - 15. 

R2 for all the combinations varied from 0.0 (no correlation) to 0.79. The best performing combination 

in terms of R2 is SSEBop ETa, TRMM P and JPL for change in storage. The combination of TRMM with other ETa 

and storage change generally perform better than other precipitation products. CMRSET performs the least of all 

ETa products. In terms of the R2 values, the ETa products ranked from 1st to 4th are SSEBop, WaPOR, GLEAM and 

CMRSET respectively. For the GRACE solutions, JPL performs better than the others which showed more or less 

similar performance. For precipitation, TRMM performs consistently better.

Figure XI - 15 (B) shows the absolute error in change of storage as percentage of precipitation for the 

different combinations. The combination CHIRPS and CMRSET has the highest error ranging from 32 to 34%. The 

other combinations with CMRSET and WaPOR also perform much worse (>26% error) than SSEBop and GLEAM 

with errors ranging from 16-19%. For the error estimations, ETa seems to be the most determining factor, whereas 

for R2, precipitation is more important.   

 

Figure XI - 16 Runoff generation map for the 

best (left) and worst (right) performer in terms 

of coefficient of determination

Figure XI - 17 Runoff generation map for the 

best (left) and worst (right) performer in terms 

of error in change of storage as percentage of 

precipitation
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Figure XI - 15  Performance of different combinations of the remote sensing products to calculate the runoff generated from Jordan River 

Basin. The left figure (A) is the coefficient of determination and the right figure (B) is the absolute error between water balance

Figure XI - 16 shows a comparison of the mean runoff generation for the best performed combination 

and one of worst in terms of R2. The spatial patterns are generally very similar except around Lake Tiberias and the 

Dead Sea, where TRMM appears to estimate significant precipitation, compared to GPM.  

A similar comparison for the best and worst performers combination in terms of error in change in 

storage as percentage of precipitation (Figure XI - 17), the difference is in that the worst performing combination 

shows water consumption (negative P - ETa) in the north-western part of the basin. 
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Annex XI.5          Spatial comparison of ETa products

As the indicators used in Figure XI - 15 show a basin average value and Figure XI - 16 and Figure XI - 17 

show the spatial variability is equally important, we also compared the ETa products by computing P - ETa per land 

cover classes considering one precipitation product (CHIRPS). We expect the products to identify water bodies 

and irrigated agriculture as water consuming classes and land use classes such as bare / sparse vegetation, grass-

land and shrubland to be  close to zero and built-up areas to be water generating. The results is provided in Table XI 

- 3. The P - ETa for CMRSET show negative values (indicating water consuming) for all type of the land cover class-

es, which is not realistic. GLEAM showed negative P - ETa values for water bodies and irrigated croplands though 

their amount is very small compared to those of SSEBop and WaPOR (Figure XI - 18). WaPOR and SSEBop showed 

comparable results, except that SSEBop showed negative values for built-up and shrubland land cover classes.

Table XI - 3:  P - ETa (Mm3/year) per land cover classes for CHIRPS P compared to CMRSET, GLEAM, SSEBop and WaPOR

 
Land Cover Class Description

Area  

(km2)

CHIRPS - 
CMRSET

CHIRPS - 
GLEAM

CHIRPS - 
SSEBop

CHIRPS - 
WaPOR

Bare / sparse vegetation 21,369.2 -764 660 2,513 2,548

Grassland 7,042.6 -125 543 390 900

Cropland, rainfed 5,163.7 -1,827 402 64 123

Cropland, fallow 4,457.4 -1,542 164 606 559

Built-up 1,304.2 -436 109 -82 87

Shrubland 1,197.9 -22 260 -33 99

Water bodies 1,183.3 -1,469 -481 -1,519 -1,164

Cropland, irrigated or under water management 882.4 -392 -4 -195 -145

Tree cover: open, unknown type 572.4 -95 102 -72 -37

Tree cover: closed, unknown type 51.7 -6 17 -8 -11

 

Figure XI - 18  P - ETa  per land cover classes for CHIRPS P compared to CMRSET, GLEAM, SSEBop and WaPOR
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Annex XI.6          Conclusion

The comparison of the 48 product combinations showed that the ETa products have the highest impact 

on the error of the water balance and precipitation showed the highest impact on the R2 of the runoff compari-

son. SSEBop performs better in terms of coefficient of determination followed by WaPOR, GLEAM and CMRSET.  

While in terms of error in change of storage SSEBop and GLEAM performs better while WaPOR and CMRSET 

showed high percentage of errors. 

Even though GLEAM showed the comparable performance with SSEBop in terms of error in change 

of storage, it has the lowest resolution of the ETa products. This is reflected in the spatial assessment as the ETa 

estimation per land cover class is affected by this resolution, estimating lower consumption over water bodies and 

irrigated land cover classes compared to SSEBop and WaPOR. This indicates that the performance indices consid-

er the basin water balance as a whole cannot fully determine the performance of the ETa products. 

The error in change of storage varied from 16 to 34% depending on which combination is used to cal-

culate the change in storage. However, 16% error is still significant to conclude the water balance of the basin is 

closed. From this it is safe to say that the problem of the water balance not closing for the basin is not inherent 

only to WaPOR data but with other remote sensing products as well. Before attributing the problem of the water 

balance to the use of remote sensing products, it is recommended to check the reliability of the observed outflow 

from the basin. There could be other outflows either not reported or under reported which may help in closing the 

gap in the water balance. 
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