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Abstract The Jordan River Basin is shared between Lebanon, Syria, Israel, Jordan and
Palestine; the waters of the River are a critical resource for the future water security of the
co-riparians. Because of the political situation in the region, field data such as rainfall and
evapotranspiration are very difficult to obtain making the use of remote sensing and
Geographic Information System (GIS) very useful to study water availability in the basin.
The approach used in this paper integrates recently compiled data derived from satellite
imagery (evapotranspiration, rainfall, and digital elevation model) into a GIS geodatabase to
measure the contribution of each riparian country to the total available water in the basin.
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1 Introduction

Today, 40 % of the world’s populations live in transboundary river basins (Phillips et al.
2006; The World Bank 1992). The water-scarce Middle East region in particular is known
for the fact that a considerable amount of its freshwater resources cross national boundaries.
Thus increasing pressures on water resources in the area requires adequate planning and
management in order to promote cooperation between all riparian countries and achieve an
equitable distribution of water. This planning process also involves conflict resolution
(Barrow 1998), the former being essential in international basins such as the Jordan River
Basin. Major hydro-political and geo-political events have impacted this basin since the
Ottoman Empire in 1299, and water allocation has been an element of tension between
riparian countries for the last 40 years. Many water allocation plans were proposed such as
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the Johnston Water Allocation Plan of 1955, but all failed to be ratified. Moreover, the
historical and political instability in the region has hindered the possibility for any basin-
wide agreement on water.

In this context, more efforts are needed in order to foster collaborative and sustainable
management of the Jordan River Basin. In order to achieve this purpose, obtaining accurate
and up to date data on the river basin is crucial. International water laws such as the Helsinki
Rules on the Uses of the Waters of International Rivers of 1966 (ILA 1966) and the 1997
United Nations Convention on the Law of the Non-navigational Uses of International
Watercourses (United Nations 1997), mention main components to be considered for water
allocations in international river basins. These include the basin’s geography including the
drainage area in each basin state, the basin’s hydrology, and in particular the contribution of
each basin state to global flow, as well as climatic factors. In the past, drainage areas and
stream length were obtained through maps and field surveys. However, since these techni-
ques are subject to considerable operator modification (Patiiio-Gomez et al. 2007), the area
of the Jordan River Basin mentioned in the literature has differed significantly.

Values of watershed areas and precipitation over the Jordan River Basin are only found in
two comprehensive report known to the authors, which are the Middle East Regional Study on
Water Supply and Demand Development (GTZ 1995) and the Water Data Banks (WDB)
project through the cooperation of Jordanian, Palestinian and Israeli water authorities in the
Executive Action Team (EXACT) (EXACT 1998). Other more recent available literature such
as Mimi and Sawalhi (2003); Courcier et al. (2005); Al-Abed and Al-Sharif (2008); Black
(2009); Simpson and Carmi (1983) and Rimmer and Salingar (2006) analyzed specific
countries or basins such as the Lower Jordan River Basin or the Zarqa Basin but not the entire
Jordan River Basin. Although discharges of streams have been recorded and analyzed by the
WDB project for the Lower Jordan River Basin, no precipitation analysis of the entire Jordan
River Basin was performed and little explanatory work has been done. The latest study by
GLOWA-EXACT (Gunkel and Jens 2011) modeled seasonal water availability in the Lower
Jordan River Basin excluding the Yarmouk and Zarqa Rivers. In addition, Gunkel and Jens did
not calibrate or validate the model, as their work was not intended to represent the current state
of the water available in the Lower Jordan River Basin (Gunkel and Jens 2011).

In this study, we complement the work done by GTZ, and to comply with international
laws on water allocation, two main factors are taken into consideration, that is riparian
watershed area and precipitation contribution to the Jordan River Basin.

Using a newly available 30 m Digital Elevation Model (DEM), released in June 2009
under the Advanced Spaceborn Thermal Emission and Reflection Radiometer (ASTER)
program (ASTER GDEM Validation Team 2009), catchment areas can be determined more
precisely than Gunkel and Jens (2011) who used data captured by the Space Shuttle (SRTM
DEM) with a resolution of 1 arc second (about 90 m). In addition, in February 2011, NASA
released a global evapotranspiration (ET) product based on imagery from the Moderate
Resolution Imaging Spectroradiometer (MODIS) (NASA 2011).

This paper is thus the first to apply this valuable new datasets towards understanding
evaporative losses in the Jordan River Basin, and aims at reporting and sharing (1) riparians
area contributions to the basin; and (2) providing complete estimates of precipitation and
evapotranspiration in the basin, at the country and sub-basin level. This study is part of an
ongoing research that ultimately aims at creating a common database to provide unified
access to water information for the globe (Bermudez and Arctur 2011). The results of this
study (catchment areas, precipitation and ET) will thus be incorporated into a geographically
referenced database (geodatabase) using the recently updated hydrologic information system
(CUAHSI-HIS) similar to the Arc Hydro framework (Maidment 2002; Horsburgh et al.
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2008; Tarboton and Maidment 2010) called World Water Online (WWO) (Espinoza et al.
2012). Later publications will document how World Water Online enables web-based
analysis to understand global water issues. To date, three riparians of the Jordan River Basin
have adhered to the WWO project, representing a major achievement for this politically
stressed region. Presently, each riparian has their own understanding of how the Jordan
River Basin works, based on their own, privately collected data. This research will thus
contribute to improve the understanding of the basin with up to date information and
promote collaborative efforts among riparians for the management of this vital resource.

2 Study Area

The Jordan River is a 250-km long transboundary river shared between five riparians: Israel,
Jordan, Lebanon, Palestine (West bank) and Syria (Fig. 1). The Banias, Hasbani and Dan tributaries
are part of the Upper Jordan River. After their confluence, the river flows into Lake Tiberias, passes
through the Lower Jordan to eventually discharge into the Dead Sea at the end of its course.

The Upper Jordan River derives its base flow primarily from a group of karstic springs on the
western and southern slopes of Mount Hermon that flow into the three upper tributaries
(Simpson and Carmi 1983). The largest of the springs is the Dan Spring, which supplies a
steady flow and accounts for about one-half of the base flow of the Upper Jordan River, which
represents around 270 million cubic meters per year, (MCM/year) (IWA 2010). The average
annual water inflow into Lake Tiberias is estimated at 610 MCM/year with 240 MCM/year
being lost to evaporation (IWA 2010). The bulk of the Lake’s water, estimated at about 440
MCM/year is diverted by Israel through its National Water Carrier (NWC) (Klein 1998).

Syria
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Fig. 1 The Jordan River Basin
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The next largest tributaries to the river are the Yarmouk and Zarqa Rivers that are part of
the Lower Jordan River Basin. The latter river mostly carries wastewater from Amman, the
basin’s largest city. The Yarmouk River is fed by springs and wadis located in Syria and has
an annual flow of about 470 MCM/year (Salameh and Bannayan 1993).

It is important to emphasize the distinction between the Jordan River Basin, which is the
focus of our study, and the Dead Sea Basin. The Dead Sea is a natural sink for the Jordan
River Basin, which receives discharge from the Jordan River. Since several other streams
also discharge their waters into the Dead Sea, the Dead Sea Basin comprises the Jordan
River Basin and the drainage basins of these other streams as well (including Egypt). The
Dead Sea Basin area is close to 40,000 km?, which represents more than the double of the
Jordan River Basin area (Niemi et al. 1997).

3 Methodology
3.1 Watershed Delineation

GIS tools Arc Map and Arc Hydro (Maidment 2002) were used to delineate the Jordan River
watershed as well as subwatersheds from a 30 m resolution ASTER DEM provided through
Japan-U.S. collaboration (ASTER GDEM Validation Team 2009). The DEM is in GeoTIFF
format with geographic latitude/longitude coordinates and a 1 arc-second (30 m) grid of
elevation postings. It is referenced to the WGS84/EGM96 geoid. The region of the Jordan
River Basin was selected to be in the 30N-35E region. The DEM obtained from ASTER
contained sinks that could vary between 0.1 m and 4.7 m in a 30 m DEM (Tarboton et al. 1991).
In order to perform a proper hydrological analysis, sinks were identified and eliminated using
the Spatial Analyst extension. The ArcGIS Geoprocessing toolbox and Arc Hydro techniques
were used to isolate the watershed. As mentioned earlier, this study isolates exclusively the
Jordan River Basin, including drainage areas from the headwaters of the Hasbani down to the
outlet point of the Jordan River at the Dead Sea, located at 31°45'36N and 35°33"28E.

The Arc Hydro tools were used to derive several data sets that collectively describe the drainage
patterns of the catchment. Geoprocessing analysis was performed to recondition the digital elevation
model and generate data on flow direction, flow accumulation, stream definition, stream segmen-
tation, and watershed delineation. These data are then be used to develop a vector representation of
catchments and drainage lines from selected points that can then be used in network analysis. The
full process of the methodology is described by Tarboton and Maidment (2010).

Using the Arc Hydro data model (Maidment 2002), a geographically referenced database
containing geographic and hydrographic data was created for the Jordan River Basin. This
database included political boundaries, basin, sub-basin and stream networks. The database
will be improved in the future to include water bodies and dam locations, monitoring points
and climatologic and hydrometric information (time series). Once the Basin was delineated
and the streams defined, a shapefile for world countries was downloaded from the Natural
Earth data and North American Cartographic Information Society (Natural Earth 2011) and
used to overlay the basin and identify each country within the basin. Every polygon was
projected from the WGS84 coordinate system to the Jordan JTM projection to allow area
calculations. Using ArcGIS’s intersect tool, each country’s portion of the basin was extracted
(Fig. 1), and their contributing area recorded (Table 1).

Additionally, even though this is not the main purpose of this study, the Litani River
Basin was also delineated in order to assess whether any hydrological connection with the
Jordan River Basin exists.
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3.2 Precipitation

Precipitation (P) data was obtained from the Water Systems Analysis Group (WSAG),
University of New Hampshire (Fekete et al. 2004). The WSAG data was derived by
Mitchell et al. (2004) using a dataset developed by the Climate Research Unit (CRU) at
the University of East Anglia and the Department of Geography at the University of
Delaware (Willmott and Matsuura 2001; Legates and Willmott 1990). The data was
downloaded from an online GIS database in raster format. The raster represents long
term (1950-2000) average annual precipitation (mm/year) for the globe on a 0.5x%0.5 °
global grid. The raster was projected to the Jordan JTM projection and since the grid
cell resolution was larger than some catchment sizes, the raster was re-sampled to
reduce the cell size from 0.5 ° (38 km) to 30 m using the nearest neighbor sampling
method. The zonal statistics tool in ArcGIS was used to calculate the average annual
precipitation in each catchment over the period 1950-2000. Since the Jordan River
region is modulated by complex topography, for this large scale study of the precipi-
tation in the basin, the modeled rainfall data is known to have values lower than those
obtained from rain gages (Black 2009).

3.3 Evapotranspiration and Available Water

Evapotranspiration (ET) in the basin was calculated using the MOD16 data product, a global
map of ET derived from MODIS (MODerate-resolution Imaging Spectroradiometer) imag-
ery (NASA 2011). It provides 8-day estimates of global evapotranspiration from January
2000 when MODIS was first launched aboard the NASA satellite Terra. Evaporation and
transpiration are treated separately, both according to the Penman-Monteith equation below
(Maidment 1993).

(Rn — G) + pCpesa — €a)/1a
+y(l:—;) g

The two variables that drive this equation are available energy (R, — G) and vapor
pressure deficit (e,, — e,). The latter is a function of air temperature and humidity,
which are taken from NASA’s Global Modeling and Assimilation Office (GMAO 2011),
while the former is derived from other MODIS data products. Net radiation (R,) is
calculated using the methodology described by Cleugh et al. (2007), which is mostly
driven by the MOD42 product: surface albedo. The soil heat flux (G) is assumed to be
inversely proportional to the fraction of absorbed photosynthetically active radiation
(MOD15). The resistance of the surface (r;) and air (r,) to energy transfer are calculated
differently for transpiration and evaporation. For a more complete explanation of the
MODI16 algorithm, refer to the work of Mu et al. (2011). In this study, the average
annual ET over the Jordan River Basin is calculated using the MODIS toolbox, which
was developed at the Center for Research in Water Resources (Siegel 2011). This
toolbox is a collection of python scripts freely available online that automate the
process of downloading MOD16 data and converting it into ArcGIS layers. Using these
tools, the authors imported all 10 years of MODI16 data into Arc Map and used the
raster calculator tool to average them together, creating a single map of annual
evapotranspiration (Fig. 2).

Annual average Available Water (AW) was estimated by subtracting evapotranspiration
data from precipitation estimates (P-ET).

ET =
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Fig. 2 Mean annual evapotranspiration map of the Jordan River Basin

4 Results and Discussion
4.1 Watershed Areas

As shown in Table 1, 40 % of the Jordan River Basin is located in Jordan which represents
the highest share of the Jordan River Basin in terms of watershed area, the lowest share
being in Lebanon, contributing 3 % of the total basin area. The total area of the Jordan River
Basin obtained using a 30 m resolution DEM was found to be 18,103 km?, significantly
lower than values previously reported in the literature. For instance, the GTZ lists the total
surface area of the basin to be 18,850 km* (GTZ 1995), while Elmusa (1997) mentions a
value as high as 19,839 km®. Amery and Wolf (2000) reported 18,300 km?. Suleiman
(2004); Courcier et al. (2005); and the Jordan Natural Resources Authority (1977) reported
an area of 18,194 km?, which is the closest value to our analysis.

At the sub-basin level, catchment area of the Upper Jordan was found to be 1,547 km?.
The Hasbani basin area, which is part of the Upper Jordan, was found to be 611 km?, which
is close to the value of 612 km? reported by Rimmer and Salingar (2006). Areas of the
Yarmouk and Zarga basins were estimated at 6,975 km? and 3,984 km? respectively. The
Yarmouk’s basin area is similar to the area of 6,974 km?” obtained by Suleiman (2004) but
lower than the GTZ value of 7,250 km? (GTZ 1995).

By comparing the different area values reported in the literature with ours, we see that the
former area estimates result from difference in the DEM cell sizes used, which were lower in
our study and thus more accurate than in the references mentioned. Furthermore, the GTZ
(1995) and Elmusa (1997) values seem to have included the area of the Dead Sea subwater-
sheds in the Jordan River Basin, which have a surface of about 800 km?. This could explain
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the higher area estimations for the Jordan River Basin mentioned previously. Although Mimi
and Sawalhi (2003) objective was to divide proportionally by area, flow, etc. the Jordan
River waters between the five countries, they actually used combined data for the Dead Sea
Basin (GTZ 1995). Their study on optimization shows that the data provided by GTZ
consider Lebanon and Syria to be in the same basin. After carefully reviewing the original
GTZ data we found that the authors mention the Jordan River Basin as part of the Dead Sea
Basin, which makes it confusing for the reader not familiar with the region’s geography.

On the other hand, it is worthy to note that while analyzing the Lebanese part of the
Jordan River Basin, no connection between the Litani River Basin and the Jordan River
Basin was found in terms of surface flow, even though both basins lie close to each other
(Fig. 1). The former basin was found to lie entirely in Lebanon. This result removes any
ambiguity pertaining to the inclusion of the waters of the Litani River in any future water
allocation scheme for the Jordan River Basin. As it was mentioned in the Johnston Plan and
the Isracli “Cotton Plan”, some Israeli negotiators wished to include the Litani River in the
Jordan River Basin plan (Amery 1998). Today, the inclusion of the Litani River is still
present in the opinion of some politicians but these arguments are not credible since
hydrological connections between the Litani and Jordan River Basin have not been proven
(Medzini and Wolf 2004; Zeitoun et al. 2012).

4.2 Precipitation

Globally, we notice that precipitation contribution of Jordan, Lebanon and Palestine are
somewhat consistent with their area contribution to the Jordan River basin. However, even
though Syria contributes almost twice as more area than Israel to the watershed, both
countries are similar in terms of precipitation contribution to the whole watershed (Table 1).

Minimum and maximum (range) values are averages over the period 1950-2000. When
comparing our study with the GTZ study, we can see that two distinct values of precipitation
were obtained for Lebanon and Syria in our approach, which is more accurate than the GTZ
studies that considered Lebanon and Syria to have the same contribution of 508 mm/year of
precipitation (GTZ 1995).

On the other hand, the Lebanese part of the basin is characterized by a complex
topography similar to the coastal mountains of Israel. This factor is often disregarded and
therefore, all precipitation models underestimated the mean precipitation over these moun-
tainous terrains (Mithen and Black 2011). This is also the case with the values obtained by
our precipitation model, that are lower than the actual observed rain gage data recently
obtained by the Ministry of Energy and Water in Lebanon indicating a mean rainfall of
700 mm/year in Lebanon (MEW 2011). Some simple linear regressions were made between
one precipitation gage in the Lebanese part of the basin (Kfar Qouq) and the satellite data
which indicated that values were correlated with a correlation coefficient R* of 0.65. Our
precipitation value obtained for Syria could not be verified with local authorities. Previous
studies using Regional Climate Models (RCMs) of the same resolution and lower (0.4 °)
were also unable to resolve the issue of the complex and changing topography with regard to
the precipitation pattern of southern Lebanon (which includes the Western part of Mount
Hermon at 2,814 m above sea level) as well as mountainous areas and coastal mountains in
Israel and Jordan (Goldreich 1994; Lionello and Giorgi 2007; Krichak et al. 2007; Kitoh et
al. 2008; Evans et al. 2004; Mithen and Black 2011). However, it is interesting to mention
that although the underestimation of precipitation reported in this study is consistent with
other RCMs used in the region, overall, the values of precipitation presented here can be
considered acceptable for the purpose of this study that looks at the global annual rainfall
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and ET over the entire Jordan River Basin, without focusing on monthly or seasonal
precipitation variations.

The average precipitation over the Jordanian part, which contributes for most of the
precipitation in the basin, has been mentioned in two reports (Suleiman 2004 and Courcier et
al. 2005) that both obtained the precipitation from the EXACT team and estimated the
average volume of rainfall in this area to be about 2,200 MCM/year. In contrast, this study
computed 1,911 MCM/year. The mean annual precipitation estimated in these reports ranged
between 100 and 490 mm, which are very close to the range of 87-432 mm obtained in this
study. At the sub-basin level, Al-Abed and Al-Sharif (2008) studied the Zarqa River Basin
using hydrological modeling and GIS analysis and reported a long-term (1937—1998) mean
annual rainfall of 248 mm. In this study spanning a wider timeframe, mean annual rainfall
over this sub-basin was calculated to be 229 mm.

Concerning Israel and the West Bank, the rainfall distribution could not be compared with
other studies, because past analyses that dealt with isotope studies (Simpson and Carmi
1983) or modeling of the precipitation-streamflow processes (Rimmer and Salingar 2006;
Gilad and Bonne 1990) and hydrochemistry (Gur et al. 2003) mentioned that precipitation
data was obtained from the Israel Hydrological Survey and cannot be retrieved publicly.

4.3 Evapotranspiration and Available Water

There is substantial spatial variation in ET over the basin, depending mostly on climate and
land use. As shown in Fig. 2, highest levels of evapotranspiration are found in the northern
part of the basin, where there is more precipitation, but small areas of intense transpiration,
most likely irrigated agriculture, can be seen in Jordan and Israel. Our study shows that 88 %
of all precipitation within the basin is lost to ET. This matches up well with estimates in the
literature, which range from 85 to 90 % (Fisher et al. 2002; El-Naser 1998; Courcier et al.
2005). The basin-wide ET average is 247 mm/year. The authors could not find any previous
papers that studied ET over the whole Jordan River Basin, but a study of the Lower Jordan
River Basin used the Shuttleworth-Wallace equation to come up with an estimate of
269 mm/year for this area (Gunkel and Jens 2011). Our study calculates 254 mm/year over
the same region — well within the 25 % Root Mean Square Error (RMSE) typically found
when comparing the MOD16 data to local measurements (Mu et al. 2011).

Observations of each country’s area, precipitation and evapotranspiration contribution
with regard to available water show that even though the Lebanese headwaters receive the
highest precipitation rates in the basin, the West Bank, which receives 40 % less precipita-
tion per square meter, provides a similar amount of water to the basin because it has lower
ET than Lebanon and greater surface area contributing to the basin (Table 1). Once baseflow
from springs is added to the geodatabase, the contribution recorded as coming from Lebanon
will most likely increase.

As for Syria, we observe that it does not provide any water to the basin at all. In fact, this
part of the basin averages 274 mm/year of evapotranspiration despite only receiving
225 mm/year in precipitation. As shown in the table, this translates to an annual water
deficit of 281 MCM, which is most likely attributable to intensely irrigated agriculture fed
by groundwater pumping. In fact, several studies have shown that the Syrian water budget is
dominated by groundwater, and that the country’s agricultural sector is extremely inefficient
(Bakir 2001; Daoudy 2005; Phillips et al. 2009).

Israel does not possess as much territory in the Jordan River Basin as Jordan does, nor
does it receive as much precipitation as the Lebanese part of the basin. However, the 17 % of
the basin’s it does control receives 438 mm/year of precipitation, the highest rate of any
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riparian other than Lebanon. Because of this, 48 % of the available water in the basin comes
from Israeli territory. Jordan, which possesses 40 % of the basin’s land, only receives
266 mm/year of precipitation. Despite a lower rate of ET than Israel, there is only 216
MCM of available water left over each year — about 22 % of the basin’s total supply.

Based on our results, the total quantity of available water for anthropogenic withdrawal is
estimated at 987 MCM/year. If we compare this value with estimates from the literature The
literature reports that water use in the basin is estimated at around 800 MCM/year (Mithen
and Black 2011) with Israel diverting around 500-600 MCM (FoEME 2011; Zeitoun et al.
2012); Syria withdrawing approximately 200 MCM from the Yarmouk River, and another
100 MCM diverted by Jordan to supply the King Abdullah Canal (Courcier et al. 2005). Due
to all these abstractions, the Jordan River discharge to the Dead Sea is currently estimated at
150-200 MCM/year (Gavrieli et al. 2005; Courcier et al. 2005). In addition to what is left
from the river and tributaries flow, this discharge to the Dead Sea originates from drainage of
fishponds, wastewater, fresh and saline springs, and agricultural return flows (FOEME
2010). Thus if we estimate the initial amount of available water based on the literature
(adding up the abstractions and the discharge to the Dead Sea; i.e. 950-1,000 MCM), we
find that is it close to the value obtained in our study.

5 Conclusion

Managing water resources in the Jordan River Basin is difficult, due to the transboundary
nature of the basin and the absence of an agreement between the riparian countries. The
difficulty of studying the Jordan River Basin lies in interpreting the diverse references and
sources of data available. Regional studies besides that of the GTZ (1995) typically only
mention one country; it is up to the reader to extract the sub-basins of the Jordan River. The
political context does not help, and for the most part data are exclusively obtained from each
government.

This study is the first to provide additional information using GIS and remote sensing
about the natural water available for runoff in the Jordan River Basin from precipitation
without considering anthropogenic effects. It was found that the total precipitation falling
over the Jordan River Basin was about 5292 MCM/year. 88 % of this precipitation is lost to
ET which makes the total available water inside the basin about 987 MCM/year, with nearly
half the flow contributed by Israel. Even though 32 % of the drainage basin lies within
Syrian territory, this land contributes no water to the river, because evapotranspiration in the
region is high. The Jordan River’s natural flow is estimated to be about 1000 MCM/year, yet
this study estimates the total available water to be 987 MCM/year. This underestimation is
not surprising, as discharge from springs is not accounted for, and a negative bias in
precipitation was identified as well. Opportunities to check statistically the results were
limited due to data scarcity; linear regression was performed for precipitation gages in
Lebanon showed that observed and satellite values were correlated with an R? of 0.65.

As better data becomes available, the geodatabase will be improved and expanded, acting
as a central repository for authoritative data. An emphasis will be placed on acquiring better
precipitation data, and on accounting for stream-aquifer interactions. The effects of climate
change and anthropogenic influence are also crucial. Global climate projections, land use
change, dams, withdrawal points, and water quality measurements all fit into the data model
and the authors are working to acquire these data.

Future research will follow the methodology outlined in this paper for other transboun-
dary river basins. Because the geodatabases they create have the same data model, the same
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set of tools for data sharing and analyses will work on all of them. The authors hope that by
providing a standardized, web-based architecture for sharing and analyzing hydrological
data, World Water Online will encourage cooperation between nations in the Jordan River
Basin.
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