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A B S T R A C T

Study Region: The upper Jordan River is the major water resource in Israel, a country which
suffers from increasing shortage of natural water resources.
Study Focus: In this study, we apply for the first time to this area an approach based on an
ensemble of regional climate models, verify their trends vs. observations for a control period and
use them for simulating future discharges of the Jordan River.
New Hydrological Insights for the Region: The results of this study show that the observed negative
trend of precipitation for the control period is also simulated by the climate models ensemble and
projects a continued decreasing trend to the near future and further into the far future. Using the
GR6J daily hydrological model for evaluating the effects of the predicted climate changes on the
hydrological cycle in the region shows an increase in potential evaporation and a decrease in
streamflow volumes in the Jordan River, Northern Israel. The results reveal and quantify the
changes in rainfall–runoff relationships. These changes in the hydrological cycle in the region can
be explained by changes in precipitation distribution and duration and decrease in soil moisture
caused by the increase in evaporation. Results presented in this study could imply major con-
sequences for the region. The findings here are relevant not only to Israel but also to the sur-
rounding countries.

1. Introduction

The expected impacts of climate change in the Eastern Mediterranean and Middle East region are worrying. The most recent IPCC
general circulation models (GCMs) projections agree on drying scenarios in the region by the end of the 21st century (IPCC, 2013).
Future climate in the region is expected to be characterized by possible decreasing precipitation and increasing temperature trends
(Kunstmann et al., 2007; Krichak et al., 2010; Peleg et al., 2015; Samuels et al., 2017). These future evolutions impact a region that is
already affected by sparse water resources (Evans, 2009; Chenoweth et al., 2011; Smiatek et al., 2011; Kelley et al., 2015). A
significant decrease in rainfall, spring flow and streamflow has recently been documented both in the Jordan River basin in Northern
Israel (Givati and Rosenfeld, 2007; Rimmer et al., 2011) as well as in the Litani River basin in Lebanon (Shaban, 2009). The average
available water (natural recharge minus evaporation) in Lake Kinneret decreased to 392 mcm/year for the period 1975–2010 to
365 mcm/year for the period 1985–2010 and down to 319 mcm/year for the period 1993–2010 (Rimmer and Givati, 2014). Fig. 1
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shows a statistically significant (P = 0.006) decreasing trend in the available water volumes entering into lake Kinneret for the period
1975–2017 (available water volumes are defined as the total incoming water to lake from direct precipitation, streamflow and springs
minus the evaporation from the lake).

Future hydroclimate projections are extremely important for operational stakeholders and for planning the water sector in this
region. There is a growing need for hydrological simulations at the basin scale, in order to better plan the future water allocation.
GCMs are relatively coarse (∼100-200 km grid resolution) and are incapable of resolving the necessary details of the complex
precipitation structures that are forced by mesoscale orography, land-surface heterogeneities and land-water contrasts. In the Eastern
Mediterranean region, strong sea-air interactions and orographic forcing produce precipitation with strong gradients that are gen-
erally missed by the coarse-grid operational models. In Israel, the precipitation patterns are particularly complex and large pre-
cipitation contrasts occur over a relatively small geographical distance. Large climatological precipitation gradients in Israel are
caused by the complex orography and the coastline shape (Saaroni et al., 2009).

To cope with these limitations, downscaling of GCMs outputs is necessary. The downscaling can be realized through the use of
regional climate models (RCMs) that are limited-area models constrained by the GCMs outputs. Analyses confirm the ability of RCMs
to capture the basic features of the climate at the Euro-Cordex domain, including its variability in space and time (Kotlarski et al.,
2014).

Moreover, climate change impact needs to be assessed at regional and local scales. This requires climate projection information at
a spatial scale relevant to the system of interest, which is often significantly smaller than the resolution of GCMs. Dynamic down-
scaling with RCMs is capable to address this scale gap. A number of previous projects have produced regional climate projections
using RCM ensembles including PRUDENCE (Kotlarski et al., 2014), ENSEMBLES (van der Linden and Mitchell, 2009), RMIP (Fu
et al., 2005), NARCCAP (Mearns et al., 2012), CLARIS-LPB (Solman et al., 2013). In each case, various strategies were used to design
the experimental procedure in order to sample the model uncertainties, which are driven by practical limitations of computation time
and data storage. The highest possible accuracy of climate projections (precipitation, temperatures) is needed for hydrological
projections, including the Eastern Mediterranean and Middle East. In order to support the decision makers, studies have to address a
range of future hydroclimate scenarios while identifying the most likely one.

Here we propose a new methodology that uses the output of an ensemble of regional climate models as input to hydrological
modeling, and apply the outcome to the upper Jordan River for predicting future water volumes and discharges. We used daily
precipitation and temperature from the various climate models provided by CORDEX (after verifying each of them vs. the observed
precipitation trend) as an input for the hydrological simulation, and obtain the streamflow at the Jordan River. In addition to the
hydrological simulations based on individual climate models, we used the average of the 19 outputs, which constitutes the ensemble
mean. Each member was represented with an identical weight in the ensemble. Previous studies have already shown the advantages
of using ensemble of climate models for hydrological applications in Israel (Givati et al., 2017).

Various hydrological models can be used in order to translate climate input data into water volumes. We used in this study the
GR6J daily lumped conceptual rainfall-runoff model in order to assess the impact of climate change on river streamflow. Such hydro-
climate simulations were not done yet in the Eastern Mediterranean. Their ensemble results will give water resources mangers and
planners in the region new tools to evaluate and plan accordingly in response to expected changes in the hydrological cycle and water

Fig. 1. Annual available water in Lake Kinneret.

A. Givati et al. Journal of Hydrology: Regional Studies 21 (2019) 92–109

93



Fig. 2. Maps of study area: (a) the Eastern Mediterranean; (b) Lake Kinneret watershed of the Upper catchments of the Jordan River and the location
of Kefar Giladi rain gauge (in Black circle).

Table 1
The general circulation models and the Cordex regional climate models.

Model Domain RCM GCM Resolution
[degrees]

EURO – Cordex CLMcom-CCLM CNRM-CERFACS 0.11
EURO – Cordex CLMcom-CCLM ICHEC-EC-EARTH 0.11
EURO – Cordex SMHI ESM-LR 0.11
MENA – Cordex CLMcom-CCLM MPI-ESM_IMS 0.44
MENA – Cordex WRF CESM 0.44
Africa – Cordex CLMcom-CCLM CNRM 0.44
Africa – Cordex CLMcom-CCLM ICHEC 0.44
Africa – Cordex CLMcom-CCLM MOHC 0.44
Africa – Cordex DMI ICHEC 0.44
Africa – Cordex KNMI ICHEC 0.44
Africa – Cordex KNMI MOHC 0.44
Africa – Cordex SMHI CCMA 0.44
Africa – Cordex SMHI CNRM 0.44
Africa – Cordex SMHI ICHEC 0.44
Africa – Cordex SMHI MIROC 0.44
Africa – Cordex SMHI MOHC 0.44
Africa – Cordex SMHI MPI 0.44
Africa – Cordex SMHI NCC 0.44
Africa – Cordex SMHI NOAA 0.44
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availability under various climate-hydrological scenarios. The range of scenarios is based on the IPCC emission scenarios. This study
is also trying to evaluate changes in rainfall – runoff relationship in order to better understand the effects of climate change on the
hydrological cycle.

2. Methodology and study area

2.1. The study area

The study area is the upper Jordan River basin in Northern Israel (Fig. 2). The climate conditions in the basin change sharply from
North to South; while the North is relatively wet with annual precipitation around 800–1000 mm/y in the mountain regions and
provides most the of water resources of the basin, the southern part covers lower elevations (the Lake Galilee is located at -210 masl)
and is drier (annual precipitation is less than 400 mm/y). The region’s climate is strongly affected by external forcing of both mid
latitude and tropical origins (Alpert et al., 2005). Most of the annual precipitation is obtained during a limited number of rainy days
(45 to 60 days). The rainy events are typically associated with intrusions of cold air masses with a North-European origin that pass
over the Mediterranean Sea. Topography and coastal features (with windward effects, gap winds, land-sea breezes) also influence the
spatial distribution of climate characteristics in the region (Krichak et al., 2010).

Observed meteorological forcing (daily precipitation and temperatures) was available from the Kefar Giladi Israeli meteorological
station. Daily observed discharge data from the Sede Nehamia Israeli Hydrological Service hydrometric station at the Jordan River
head water was used. The station drains an area of 800 km2 and the annual average streamflow volume is 360 mcm for the period
1979–2005 (see the station location on Fig. 2). The potential evapotranspiration that was used for the rainfall-runoff model was
computed with the use of the Oudin’s formula (Oudin et al., 2005), implemented in the airGR package (Coron et al., 2017b).

2.2. The Cordex data base: Ensemble of regional climate models

Nineteen daily regional climate models (RCMs) from the CORDEX project were used in this study for the control and future si-
mulations (for future simulations at RCP 8.5 scenario we had to use only 17 models due to partial data). We used models from Africa,
Middle East-North Africa (MENA) and Euro CORDEX domains that contain simulations based on observed emission for the period
1951–2005 and future simulations based on future emission scenarios for the period 2006–2080 for two IPCC radiative concentration
pathways (RCPs): RCP4.5 (reduced CO2 emissions after 2040) and RCP8.5 (business as usual). The data from the models were extracted
for a chosen location at the upper part of the Jordan River basin (Lat.: 33.240/ Long.: 35.596 see location at Fig. 2, in the black circle,
Kefar Giladi meteorological station). The data set contains daily time series for precipitation and temperature. The period from 1951
until 2005 was defined as control period and from 2006 the simulations were based on the different RCPs. We analyzed the full
1951–2005 period for long-term trends of observed and projected climate and then compared to around 30 years of simulation:
1979–2005 as the control period vs. the future periods of 2020–2049 (near future) and 2050–2079 (far future).

Table 2
Precipitation slope [mm/y] and the Student t-test for each model at the control period.1951–2005

Model Domain RCM GCM Precipitation Slope
1951-2005
[mm/y]

T diff

Kefar Giladi–Observed −0.14
Ensemble mean −0.16 +0.01
EURO – Cordex CLMcom-CCLM MOHC-HadGEM2 −0.40 −0.11
EURO – Cordex KNMI-RACMO MOHC-HadGEM2-ES −0.67 −0.21
EURO – Cordex CLMcom-CCLM MPI-M-MPI-ESM-LR −3.37 −0.29
MENA – Cordex CLMcom-CCLM MPI-ESM −6.56 +2.42
MENA – Cordex WRF CESM −0.39 +0.13
Africa – Cordex CLMcom-CCLM CNRM −1.51 +0.52
Africa – Cordex CLMcom-CCLM ICHEC +0.72 +0.30
Africa – Cordex CLMcom-CCLM MOHC +4.15 +1.38
Africa – Cordex DMI ICHEC −2.27 +0.79
Africa – Cordex KNMI ICHEC −1.24 +0.46
Africa – Cordex KNMI MOHC +2.02 +0.85
Africa – Cordex SMHI CCMA +1.16 +0.54
Africa – Cordex SMHI CNRM −3.51 +1.17
Africa – Cordex SMHI ICHEC −0.50 +0.14
Africa – Cordex SMHI MIROC −1.38 +0.51
Africa – Cordex SMHI MOHC +3.05 +1.10
Africa – Cordex SMHI MPI −2.33 +0.83
Africa – Cordex SMHI NCC +1.04 +0.42
Africa – Cordex SMHI NOAA −1.32 +0.42
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Fourteen models of the CORDEX data base were from the Africa CORDEX domain, 3 from EURO CORDEX and 2 from MENA
CORDEX (one RCM was provided by the Israeli Meteorological Service and the other by the Cyprus institute, Zittis et al., 2014). The
list of GCMs and the details regarding the Cordex different RCMs are provided in Table 1.

Since the climate data from the various models are used to simulate the future hydrological conditions with respect to the current
ones (for example the average water volume amounts at the Jordan River for the period 2020–2050 with respect to the average

Fig. 3. Annual precipitation and trends at Kefar Giladi station. Ensemble mean of simulated precipitation from 19 regional climate models based on
Cordex Africa and Mena (A) and each member in the ensemble (B to S).

A. Givati et al. Journal of Hydrology: Regional Studies 21 (2019) 92–109

96



volumes at the period 1979–2005), there is a need to evaluate first each RCM performance with respect to observed values. In order
to do it we calculated the annual precipitation trends for the period 1951–2005. The trend was calculated for each individual RCM
and for the RCM ensemble mean. The RCMs trend was compared to the observed precipitation trend at Kefar Giladi meteorological
station, the closest location to the models grid point extraction (see Fig. 2). A Student’s t-test was used in order to evaluate the
significance of each model trend with respect to the observed precipitation trend (a parametric method for normal distribution
annual precipitation data set). The assumption behind this methodology is that if a model was able to reconstruct well the observed
precipitation trend, it allows us to consider using it for the future simulations. Good performance of a model/ensemble for the control

Fig. 3. (continued)
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period still does not assure that this will be also the case in the future. It can only allow us to assume that the model results for the
control period are indicating a suitable model physics which can give some more credibility for the future simulation.

Annual precipitation data are important for the models long-term trend analysis; however, monthly resolution is also essential for
evaluating the models seasonality and precipitation variability. Bias in monthly precipitation distribution in a model with respect to
the observed (for example, simulated compared to the observed precipitation of the dry seaso, which is the summer), means un-
resolved model physics and would make it difficult to trust the simulations for the future. In addition, bias in monthly precipitation
would directly lead to bias in the hydrological simulation.

Fig. 3. (continued)
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In order to examine the climate models seasonality behavior, we plotted the monthly precipitation averages of each model and the
ensemble mean vs. the observed precipitation values in Kefar Giladi rain gauge for the period 1951–2005.

The post processing of the climate model data included statistical downscaling for the precipitation and temperature daily data
using the quintile mapping methodology for bias correction. No climate model was excluded from the ensemble.

2.3. Hydrological simulations using the GR6J rainfall-runoff model

Assessing the impact of climate change on river streamflow requires the use of rainfall-runoff models, i.e. models transforming
climatic time series into streamflow time series. In this study, the daily lumped conceptual GR6J model was used. It was chosen

Fig. 3. (continued)
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because of its ability to reproduce well high as well as low flows (Pushpalatha et al., 2011). The GR6J model is a storage type model
that has six free parameters to calibrate. The GR6J requires daily precipitation and potential evapotranspiration input time series. The
potential evapotranspiration input was calculated using the Oudin formulation (Oudin et al., 2005). The GR6J model and the Oudin
potential evapotranspiration were used within the airGR version 1.5.0.12 R package (Coron et al., 2017a, b).

The robustness of hydrological models, i.e. their ability of being applied to different periods or basins, is crucial for applications to
changing conditions (Thirel et al., 2015). In this work, a calibration-validation exercise was undertaken: an automatic calibration
algorithm was used to find the combination of parameters that lead to the best simulations of discharge (i.e. simulated discharge
closest to observed discharge).

Fig. 3. (continued)
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Calibration was performed over the period 1981–1987 and an independent validation was made over the period 1988–2014. For
this exercise, we used the observed meteorological forcing from the Kefar Giladi Israeli meteorological station (a station with a full
daily data set of precipitation and temperature for the entire calibration and validation periods). The model calibration was done
against observed daily discharge data from the Sede Nehamia Israeli Hydrological Service hydrometric station.

An expected feature of the rainfall-runoff model is to provide good quality simulations over the validation period. Indeed, this
shows the robustness of the model, i.e. its temporal transferability, which is a necessary quality especially for climate change impact
applications (Klemeš, 1986; Thirel et al., 2015).

To assess the quality of the simulations, we used both numerical criteria and visual inspection. The main criterion that we used is
the KGE’ (Kling et al., 2012), which is a combination of the bias ratio, the correlation coefficient and the coefficient of variation. In
addition, the Nash-Sutcliffe Efficiency (NSE, Nash and Sutcliffe, 1970) was used for an evaluation purpose only.

The next step after running the model for the calibration and validation periods with observed meteorological data set was to
produce hydrological projections for the periods 1979–2005 and 2020–2080 using the different 19 climate projections for both
RCP4.5 and RCP8.5 used as inputs. The annual streamflow volume at the upper Jordan River was calculated for each simulation, and
also for the ensemble in both RCP scenarios. In addition to the daily precipitation inputs, we analyzed the daily simulated potential
evaporation and discharge of GR6J for the Jordan River basin at the Sede Nehamia hydrometric station. Analyzes of simulated
streamflow were performed both for the 1979–2005 control period and for the 2020–2049 and 2050–2079 future periods (extracted
from the continuous 2020–2080 GR6J simulations).

3. Results

3.1. Simulated vs. Observed precipitation for the control period

Table 2 displays the annual precipitation trend for each model vs. the observed slope for the period 1951–2005 using the sta-
tistical student’s t-test It can be seen that the annual precipitation observed trend at Kefar Giladi decreased by -0.14 mm/y for the
period 1951–2005. The wide dispersion of the 19 RCMs can be seen in Table 2 and in Fig. 3A-S that displays the observed against the
simulated trend for each model. Some of the models show a negative slope (decreasing trend) and other a positive slope, while the
range was between -6.56 mm/y (CLMcom_MOHC - MPI-ESM_IMS) to + 4.15 mm/y (CLMcom_MOHC-HadGEM2-ES) and -0.16 mm/y
for the ensemble mean. The ensemble mean represents very well the observed precipitation slope with significant P value of 0.01).

Fig. 4 summarizes the precipitation trends and displays the observed precipitation for the period 1951–2005 vs. the ensemble
mean for this simulate control period. It shows the larger variability in the observed annual precipitation than in the mean of the
ensemble. Fig. 5 displays the monthly precipitation averages of each climate model (A) and the ensemble mean (B) for the period

Fig. 4. Simulated annual precipitation from all models (ensemble mean, in blue) vs. the observed precipitation in Kefar Giladi, Kinnert basin for the
control period of 1951–2005.
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1951–2005 vs. the observed precipitation values in Kefar Giladi rain gauge. It can be seen that while variability and range differ
between the models, the RCM's seasonality fits well to the observed behavior: DJF is the wet season (with precipitation peak in
January) and the dry season occurs in JJA (with the lowest amount of precipitation in August).

3.2. Calibration and validation of streamflow volumes at the upper Jordan River using the GR6J hydrological model

Fig. 6 displays observed vs. simulated daily discharge at the upper Jordan River, Sede Nehamia hydrometric station for the
calibration period 1981–1987 using the GR6J model (middle and lower panels). The observed precipitation at the Upper Jordan River

Fig. 5. Simulated monthly precipitation from all models (ensemble mean, in blue) vs. the observed monthly precipitation in Kefar Giladi, Kinnert
basin for the control period of 1951–2005.
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basin is shown in the upper panel of the figure. We can observe a slight underestimation of low flows by the model while high flows
are generally well reproduced. The results for the calibration period show NSE = 0.82 and KGE = 0.91. Results for the validation
period of 1988–2014 (Fig. 7) are lower but still have relatively good agreement with the observed flow: NSE = 0.76 and KGE = 0.84.
It can be seen in the model that although there is an overall agreement between the observed and the simulated flows, the model
underestimates the high flows in the Jordan River (flood events) and overestimates the low flows at the dry season (June-September)
except in a few cases. The inter-annual streamflow regime is globally well reproduced.

These results indicate that GR6J is robust for the Jordan River basin, i.e. that the performance of the model does not drop too
much on an independent validation period. As a consequence, the application of GR6J for the present climate change case study can
be performed with reasonable confidence about the reliability of the results.

3.3. Future precipitation and potential evapotranspiration trends

Table 3 displays the relative changes in annual precipitation (%) for the near (2020–2049/1979–2005) and far future
(2050–2079/1979–2005) periods at the RCP4.5 and RCP8.5 scenarios for each model and for the ensemble mean, compared with the
reference period. It can be seen that according to the RCP4.5 ensemble for the near future there is a 3.5% decrease in precipitation
and a 11% decrease for the far future, while for the RCP8.5 ensemble the evolution is -10.5% for the near future and -15.5% at the far
future. Fig. 8 shows the precipitation trend range at all models for the near future at RCP4.5 and RCP8.5 for the period 1951–2100
and the observed precipitation for the period 1951-2017. Large annual precipitation range can be seen between the various models.
We can also observe that the annual mean of the climate projections does not fit well with the observed values, as the annual
variability is not well reproduced. This is an expected feature as climate models projections are not intended to represent the
chronology of past climate. As a consequence, the average of projections masks the actual projection variability over the years.

Decreasing trends can be seen for both scenarios, with much larger decreasing trends in the RCP8.5 scenario: -1.46 mm/y
compared to -0.8 mm/y for RCP4.5.

Fig. 9 (top row) displays the simulated potential evaporation at the upper Jordan River basin for the periods 1951–1978,

Fig. 6. Observed precipitation at the Upper Jordan River basin (upper panel), observed vs. simulated daily discharge at the Jordan River, Sede
Nehemia hydrometric station using the GR6J model (middle and lower panels): results for the calibration period 1981–1987. NSE = 0.82,
KGE = 0.91.

A. Givati et al. Journal of Hydrology: Regional Studies 21 (2019) 92–109

103



Fig. 7. Same as Fig. 4, but for the GR6J model validation period (1988–2014). NSE = 0.76, KGE = 0.84.

Table 3
Changes in annual precipitation (%) between future and reference periods for all projections.

Model RCP4.5
2020-2049/
1979-2005
[%]

RCP8.5
2020-2049/
1979-2005
[%]

RCP4.5
2050-2079/
1979-2005
[%]

RCP8.5
2050-2079/
1979-2005
[%]

Ensemble
mean

−3.4 −5.4 −9.2 −11

CESM-WRF −15.6 −17.0 −24.0 −46.8
CLMcom-

MPI-ESM
−4.0 −4.0 −11.0 −15.0

CNRM-CNRM-
CLMcom-CCLM

+2.0 −7.0 −1.0 −8.0

CLMcom-
EC-EARTH

−2.0 +6.0 −3.0 −18.0

KNMI-
EC-EARTH

−8.0 – 0.0 –

SMHI_NOAA-GFDL-GFDL-ESM2 −7.4 −7.7 −4.0 −20.3
SMHI_NCC-NorESM-LR −2.1 −6.6 −11.0 −17.2
SMHI_MPI-M-MPI-ESM-LR −8.8 +0.4 −17.0 −17.3
CLMcom_CNRM-CERFACS-CNRM-CM5 +0.7 −12.4 −5.0 −21.0
CLMcom_ICHEC-EC-EARTH −2.6 −3.5 −21.1 −21.8
KNMI_ICHEC-EC-EARTH +2.3 – −9.9 –
DMI_ICHEC-EC-EARTH −10.2 −20.7 −18.4 −25.1
KNMI_MOHC-HadGEM2-ES −5.8 – −6.3 –
SMHI_CCMA-CanEMS2 −8.1 −3.6 −9.1 −14.7
SMHI_CNRM-CERFACS-CNRM-CM5 +5.8 −10.3 −0.2 −5.5
SMHI_ICHEC-EC-EARTH +7.2 +6.0 −1.5 −8.5
SMHI_MIROC-MIROC5 +5.0 +8.7 −8.3 −4.3
SMHI_MOHC-HadGEM2-ES −10.4 −10.0 −14.6 −17.0
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1979–2010, 2020–2050 and 2071-2098. Increases of 4.6% and 5.4% can be seen in the RCP4.5 scenario for the near and far future
respectively (Fig. 9A) and increases of 14.5% and 15.4% can be seen in the RCP8.5 scenario (Fig. 9B). The middle and bottom panels
display the same, but for precipitation and stream flow at the Jordan River according to the ensemble mean. Decreases of 2.7% and
7.6% can be seen for precipitation in the RCP4.5 scenario for the near and far future respectively (Fig. 9C) and 5%, 20% respectively
(Fig. 9D) can be seen for the RCP8.5 scenario (Fig. 9D). Fig. 9E display the change in stream flow for RCP4.5 scenario (-12.3%, -22%
for the near and far future respectively) and 8 F for RCP8.5 (-15.8%, -50% for the near and far future).

Precipitation and evaporation are the major elements in the hydrological cycle and changes in their regimes (decrease in pre-
cipitation and increase in evaporation) should have a major effect on the hydrological regime.

3.4. Future streamflow volumes at the Jordan River

Table 4 shows the changes in average annual streamflow (%) for all the models at different periods for the RCP4.5 and RCP8.5
scenarios. It can be seen that according to the ensemble mean the annual streamflow volumes is decreasing by 12% and 22% for the
near and far future respectively. For the RCP8.5 scenario, a much more important decrease is expected: 16% and -50% for the near
and far future respectively. Again, a wide range of uncertainty can be noted in Table 4 as for the RCP4.5 scenario the annual
streamflow ratio with respect to the control period is changing from maximum of +15% to minimum of -28% for the near future and
from -3% to -45% for the far future. For the RCP8.5 scenario, the spread of the ratio changes is even larger: from maximum of +9% to
minimum of -46% for the near future and from -9% to -51% for the far future. This corroborates the results of Fig. 8 that show how
much larger the relative change is for discharge compare to precipitation or actual evapotranspiration in the future.

Fig. 10 illustrates that the decrease of discharge is present for almost all GCMs/RCMs couples and that the decrease is more
intense for RCP8.5 than for RCP4.5 and for the far future than for the near future.

Fig. 11shows the annual streamflow at the Jordan River (MCM) for the period 2006–2100 represented by the ensemble mean at
RCP4.5 and RCP8.5 scenarios. The strong decreasing trend is striking and it can be observed that RCP8.5 projections indicate lower
future discharge. Fig. 12 summarizes the simulation results and displays the change in annual precipitation (%) in respect to the
change in annual streamflow (%) for the periods 2020–2049 and 2050–2079 vs. 1979–2005 at the RCP4.5 and RCP8.5 scenarios. It
demonstrates very well how streamflow volumes decrease with the decrease in rainfall on a non-linear way, as a decrease of pre-
cipitation by 20% can lead to a decrease of stream flow of more than 40% for many projections.

4. Discussion and summary

This study shows new hydroclimate findings for the Upper Jordan River in the northern part of Israel. Israel and the surrounding
countries are already experiencing a significant decrease in water availability. The projected trends for precipitation, evapo-
transpiration and streamflow presented in this study will have major effects for the region, as already indicated by previous studies.

Fig. 8. Simulated annual ensemble precipitation for the period 1951–2100 at the RCP4.5 (blue) and RCP8.5 (red) scenarios. The black line represent
the observed precipitation at the Kefar Giladi rain gauge, Kinnert basin.
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In this study, we used for the first time an ensemble of 19 RCMs, some of them having a very high resolution (the Euro Cordex
domain). We assessed their trends against observations for a control period of 54 years (1951–2005). Such relatively long time series
allow us to robustly quantify each model slope against the observed precipitation slope and to assess our confidence in its results.

Fig. 9. Annual ensemble mean actual evapotranspiration for the RCP4.5 (blue) and RCP8.5 (red) scenarios (A) and their evolution compared to the
control period (B).
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Although there is a large spread between the various models, a decreasing trend in precipitation and increase in evapo-
transpiration can be seen in the majority of the models, especially for the far future, and for the RCP8.5 scenario. Respectively, the
streamflow volumes at the upper Jordan River are decreasing, but in much sharper trend than the precipitation. The results presented
in this study show the effects of climate change on water availability by (Table 4) show that a decrease of 4% and 11% in pre-
cipitation in the near and far future (RCP4.5) leads to a significant decrease of 11% and 16% in annual stream flow volumes,
respectively. For the RCP8.5 scenario a decrease of 5% and 14% in precipitation for the near and far future leads to a decrease of 16%

Table 4
Changes in annual streamflow (%) between future and reference periods for all projections.

Model RCP4.5
2020-2049/
1979-2005
[%]

RCP8.5
2020-2049/
1979-2005
[%]

RCP4.5
2050-2079/
1979-2005
[%]

RCP8.5
2050-2079/
1979-2005
[%]

Ensemble
mean

−10.6 −14.5 −26.1 −35.3

CESM-WRF −28.2 −34.3 −39.1 −49.9
CNRM-CNRM-

CLMcom-CCLM
+8.0 −6.0 −4.0 −13.0

ICHEC-EC-EARTH-
CLMcom-CCLM4

−3.0 +8.0 −4.0 −11.0

MPI-M-MPI-ESM- CLMcom-CCLM −2.0 −3.0 −3.0 −15.0
SMHI_NOAA-GFDL-GFDL-ESM2 −23.3 −22.0 −29.3 −46.3
SMHI_NCC-NorESM-LR −14.8 −16.6 −35.8 −35.7
SMHI_MPI-M-MPI-ESM-LR −25.1 −6.9 −42.4 −43.4
CLMcom_CNRM-CERFACS-CNRM-CM5 −9.1 −31.4 −20.5 −50.1
CLMcom_ICHEC-EC-EARTH −9.5 −2.4 −45.1 −40.8
KNMI_ICHEC-EC-EARTH +4.4 – −19.8 –
DMI_ICHEC-EC-EARTH −26.2 −46.0 −45.0 −51.2
KNMI_MOHC-HadGEM2-ES −21.9 – −33.6 –
SMHI_CCMA-CanEMS2 −24.7 −14.6 −34.7 −43.4
SMHI_CNRM-CERFACS-CNRM-CM5 −0.9 −24.8 −12.5 −26.7
SMHI_ICHEC-EC-EARTH +9.4 +5.4 −14.1 −27.4
SMHI_MIROC-MIROC5 +15.0 +9.0 −22.5 −25.3
SMHI_MOHC-HadGEM2-ES −28.2 −31.3 −39.1 −49.7

Fig. 10. Future streamflow volume changes at the upper Jordan River at the RCP4.5 (A) and RCP8.5 (B) scenarios for the periods 2020–2049 in
respect to 1979–2020 (red) and 2050–2079 in respect to 1979–2005 (blue).

A. Givati et al. Journal of Hydrology: Regional Studies 21 (2019) 92–109

107



and 44% in the simulated stream flow, respectively. Such trends are dramatic for the region in terms of future water availability and
water scarcity. We also suggest that the modification of the rainfall-runoff relationship could lead to enhanced impact of the com-
bined effects of decrease of precipitation and increase of evaporation on the water resources availability.

Using more detailed hydrological models that combine also the effects of changes in land use on the hydrological cycle and water
obstructions on downstream flow may sharpen our insight and knowledge of future streamflow. Decision makers will have to decide
how to adapt their water sector management based on such climate scenarios and hydrological projections. The results here present
the range between the best- and the worst-case scenarios and the ensemble mean. They also provide some clues regarding the quality
of each GCM/RCM combination for the control period. Such findings as presented here can help decision makers to better plan the
water management with respect to the predicted climate changes.

Fig. 11. Ensemble of simulated annual streamflow for the period 2006–2100 at the RCP4.5 (black) and RCP8.5 (blue) scenarios for upper Jordan
River, Kinneret basin, using the GR6J model (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 12. Change in annual precipitation (%) in respect to the change in annual streamflow (%) for the periods 2020–2049 and 2050–2079 vs.
1979–2005 at the RCP4.5 and RCP8.5 scenarios.
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