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ABSTRACT

The integration of climate change projections into hydrological and other response models used for water
resource planning and management is challenging given the varying spatial resolutions of the different
models. In general, climate models are generated at spatial ranges of hundreds of kilometers, while hydro-
logical models are generally watershed specific and based on input at the station or local level. This paper
focuses on techniques applied to downscale large-scale climate model simulations to the spatial scale required
by local response models (hydrological, agricultural, soil). Specifically, results were extracted from a regional
climate model (RegCM) simulation focused on the Middle East, which was downscaled to a scale appropriate
for input into a local watershed model [the Hydrological Model for Karst Environment (HYMKE)] calibrated
for the upper Jordan River catchment. With this application, the authors evaluated the effect of future climate
change on the amount and form of precipitation (rain or snow) and its effect on streamflow in the Jordan
River and its tributaries—the major water resources in the region. They found that the expected changes in
the form of precipitation are nearly insignificant in terms of changing the timing of streamflow. Additionally,
the results suggest a future increase in evaporation and decrease in average annual rainfall, supporting

expected changes based on global models in this region.

1. Introduction

Climate change is expected to have a negative effect
on water resources and freshwater ecosystems in all re-
gions of the world (Parry et al. 2007). Currently, the
leading tools available for projecting future conditions
of transient atmospheric circulation variables that are an
effect of unseen CO; levels are global circulation models
(GCMs). These models are based on physical equations
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appropriate at spatial ranges of hundreds of kilometers.
While they are obviously not perfect records of reality,
the ability of GCMs to modify their forcings make them
a useful tool for connecting anthropogenic emissions and
effects on precipitation and evaporation at large scales
(Déqué 2007). Although hydrological modules (precipi-
tation, evaporation, land use) are also used within the
GCMs, they are less reliable for analysis of surface and
groundwater water balances in local river basins. The
leading tools for these purposes are usually hydrological
and agricultural models, used to support water policy and
management decisions. These models are often valid for
a particular watershed—geographically much smaller in
size than the climate model—and usually calibrated with
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local historical trends of streamflow or groundwater flow.
Hydrological models by themselves cannot forecast fu-
ture climate changes. The challenge then is to optimally
combine the climate and hydrological models such that
future forecasts of local changes and trends of natural
water availability will be as reliable as possible.

The most common methods for transferring GCM
output to variables at the local river basin scale include
(i) delta change/ratio methods, which look at the percent
(or amount) of change from present to future conditions;
(i1) dynamical downscaling, using regional circulation
models (RCMs) driven by GCMs; and (iii) statistical
downscaling. Vicuna and Dracup (2007) surveyed 60
studies completed over the past two decades, focusing
on the effects of climate change on water resources in
California and applying various downscaling techniques.
They conclude that the choices of which GCM and sta-
tistical method are used are key components for reliable
future scenarios. In the past, statistical downscaling of
rainfall using linear methodologies has been applied in
Korea (Kim et al. 2004), over Turkey (Tath et al. 2004),
and in Europe in the spring (Lloyd-Hughes and Saunders
2002). Classification methods such as hidden Markov
models have been used in Ceara, Brazil (Robertson et al.
2004); the Rhine basin (Buishand and Brandsma 2001),
Spain (Diez et al. 2005); and Israel (Samuels 2008).
Bias-correction methods have been used to downscale
daily precipitation and temperature in France (Déqué
2007) and Israel (Alpert et al. 2008). Different tech-
niques can be chosen based on the research question
being pursued.

In this paper, we present skillful methods for apply-
ing results from a dynamically downscaled regional cli-
mate model (RegCM) simulation focused specifically on
the Middle East (Fig. 1a) to drive a local watershed
model [Hydrological Model for Karst Environment
(HYMKE); Rimmer and Salingar 2006]. In this way we
can examine the effects of climate change on local wa-
ter resources. The results of the RegCM driven by the
German ECHAMS GCM have recently been published
(Krichak et al. 2007; Krichak et al. 2009) and here we
provide a first prediction estimate for expected changes
on streamflow in the region. Since the greatest uncer-
tainty in climate change studies is typically the global
model providing boundary conditions (e.g., Fowler and
Ekstrom 2009), using an ensemble of global models is
preferable to improve skill (see, e.g., Pierce et al. 2009).
The results presented are limited to a single potential
future projection, and they may not be representative
of a model consensus. Currently, model runs using a
different driving GCM have been undertaken in an
attempt to begin addressing this uncertainty. Given
these limitations, the results should be seen as a first
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approximation used to test the ability of the approach
and its sensitivity to changes in climate parameters
in the vulnerable areas of the eastern Mediterranean
(EM) and the Middle East. The approach should be
improved and validated based on results from addi-
tional climate models. However, for now, the method-
ology can provide important information for water policy
and planning.

This study specifically focuses on the important me-
teorological variables for precipitation and evapora-
tion modeling and presents results for daily recharge
of the three main sources of the Jordan River—Dan,
Hermon (also known as Banyas), and Snir (also known
as Hatzbani) tributaries—under climate change condi-
tions for near-future (2010-35) and far-future (2036-60)
time slices. While bias correction applied to precipi-
tation is well documented, here we present a daily ap-
proach for calculating potential evaporation (PE) using
meteorological parameters extracted directly from a
RegCM. Additionally, while the results of the model
presented here are specific to the region, the techniques
used can potentially be applied to any RegCM to create
precipitation time series and derive local PE data for
use in a multitude of hydrological, agricultural, or water
management models.

2. Study area: The upper catchments of the Jordan
River

The study area in this paper is the upper catchments
of the Jordan River (UCJR; Fig. 1b) with an area of
~1700 km?* ~920 km? is in Israel and the rest is in Syria
and Lebanon. These catchments are the major water
source within the Lake Kinneret watershed, located in
the northern part of the Jordan Rift Valley (northern
Israel; Fig. 1a). Lake Kinneret contributes ~30% of the
Israeli water consumption. The lake is heavily deployed
through the Israeli National Water Carrier (NWC), the
national water supply system that takes water from the
lake and distributes it to other parts of the country.
The average area of the lake surface is 166 km?, the
average volume is 4100 Mm®, and the average annual
inflows of natural sources (not including water diversion
from the Yarmuk River) is ~640 Mm®. An average of
230 Mm® evaporate every year, so that the average an-
nual volume of natural available water is ~410 Mm>.
The renewal period of the lake is ~10 years.

The UCJR region includes four different hydrological
units: (i) the Jurassic karst region of Mount Hermon, (ii)
the basalt plateau of the Golan Heights, (iii) the eastern
Galilee Mountains, and (iv) the flat alluvial Hula Valley.
An average of 486 X 10° m® of water is contributed
annually (1969-2006) to the UCJR through the karstic
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springs and surface flow of the Mount Hermon region
(Fig. 1c), an elongated 55-km-long and 25-km-wide anti-
cline of mostly karstic limestone with summits of 2814 m.
Only 7% of the range lies in Israel, while the rest is di-
vided equally between Syria and Lebanon. The Hermon
high regions (above 1000 m MSL) receive the most pre-
cipitation in Israel (>1300 mm yr '), restricted to the
wet season from October to April. On the basis of data
from the years 2006-08 (3 yr), the temperature gradient
from the Hula Valley (elevation of ~70 m MSL) to the
summit of Mount Hermon was calculated as ~ —0.43°C
100 m~'. During the winter months (January-March),
the temperature on the highest parts of the mountain
(>1400 m) often reduced to below 0°C, and precipita-
tion is mainly in the form of snow. Rainfall and snow-
melt of Mount Hermon recharge the main tributaries of
the upper catchments of the Jordan River (Fig. 1c): (i)
Dan (255 X 10° m® annually), (ii) Snir (118 X 10° m?),
and (iii) Hermon (107 X 10° m?).

The expected effects of climate change in the eastern
Mediterranean and Middle East regions in general and
in the study area in particular are worrisome indeed.
As opposed to some regions in the world, the multiple
Intergovernmental Panel on Climate Change (IPCC)
models are fairly consistent when it comes to the region
of the Mediterranean, where annual precipitation and
the number of rainy days are very likely to decrease and
temperatures, especially those in the summer, are likely
to increase. Potential evaporation is also likely to in-
crease with a higher likelihood of extreme events, in-
creasing the importance of skillfully predicting droughts
and floods (Giorgi et al. 2004; Parry et al. 2007; Krichak
et al. 2009; Kunstmann et al. 2007).

3. Model descriptions

There are two physical models used in the research:
(i) the RegCM3 and (ii) the HYMKE. This section de-
scribes general aspects of the two models, while the next
section describes the techniques used to reconcile the
different spatial scales of the models.

a. The RegCM

The RegCM chosen is the Abdus Salam International
Centre for Theoretical Physics (ICTP) RegCM3 model
driven from the lateral boundaries by the results of
ECHAMS5- Max Planck Institute Ocean Model 1 (MPI-
OM1,; Roeckner et al. 2003). A transient climate simu-
lation from 1960 to 2060 under Special Report on Emis-
sions Scenarios (SRES) A1B, where a balance between
fossil fuel and other energy sources is assumed, is used.
Details about the model run can be found in Krichak et al.
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(2009). We used RegCM3, a third-generation model (Pal
et al. 2007) of the ICTP with 50-km horizontal resolu-
tion and 14 vertical sigma levels, model top at 80 hPa, and
five levels located below ~1500 m. The model domain
(Krichak et al. 2009) including the southern part of Eu-
rope, eastern part of the Mediterranean region and the
Middle East as well as the physics options chosen [radi-
ation (Kiehl et al. 1996); land surface model (Dickinson
et al. 1993; Gao et al. 2006); planetary boundary layer
(Holtslag et al. 1990); cumulus parameterization (Fritsch
and Chappell 1980; Grell 1993); ocean flux parameteri-
zation (Zeng et al. 1998), lateral boundary treatment
(Davies and Turner 1977); and cumulus parameterization
according to Grell (1993) with Arakawa and Schubert
(1974) closure; for references and further details, see Pal
et al. (2007)] were selected according to results of earlier
evaluations (Krichak et al. 2007). Also in the RegCM3
run, the greenhouse gas (GHG) concentrations varied
according to the A1B scenario.

When compared with the other IPCC GCM models,
the ECHAM model used to drive the RegCM3 shows
a slower drying than most of the models from the 2020-
40 period but catches up in the later decades (2040-60
and 2060-80). This trend can be seen in our model results
here as the earlier 2010-35 period have little change with
much of the decrease in precipitation taking place in the
2035-60 period (see section 5).

Table 1 shows a comparison of seasonal daily data
(October—March) between the RegCM3 (50-km hori-
zontal resolution-14 vertical levels) and observed data
from the Golan Experimental Station (GES) for the
years 1975-2005. The results indicate that the specific
run of this model is able to capture intraseasonal sta-
tistics, such as the number of wet days, as well as per-
sistence indicators, such as wet spells and dry spells, and
transition probabilities between wet days and dry days
effectively across the different quantiles (2.5%-97.5%).
Similar comparisons were seen at other stations in the
area. This validation of the model is important, because
in addition to the total amount of rainfall, it is the per-
sistence or absence of rainfall events that plays a major
role in determining streamflow, specifically peak events.
A more comprehensive comparison of the RegCM3 with
other climate models and at additional stations is cur-
rently underway.

b. The HYMKE

The HYMKE (Rimmer and Salingar 2006) used in
this study receives daily precipitation and PE time series
as input. Prediction of the effect of such meteorological
changes on the streamflow and river systems is not
trivial. For such analysis, established and well-calibrated
mechanisms for groundwater and streamflow recharge is



864

JOURNAL OF HYDROMETEOROLOGY

VOLUME 11

TABLE 1. Comparison of intraseasonal results from the RegCM3 with data from the GES for different quantiles. Results are calculated
from the rainy season between October and April during the years 1975-2005. Number of wet days, number of 7-day dry spells, and
number of 3-day wet spells are shown along with the probability of having a wet day following a wet day and a dry day following a dry day.

Number of wet days 7-day dry spell

3-day wet spell

Wet-wet P (%) Dry-dry P (%)

(%) GES RegCM3 GES RegCM3 GES RegCM3 GES RegCM3 GES RegCM3
2.50 35 42 7.3 7.3 6.0 43 0.09 0.10 0.47 0.47
25 51 55 10.0 9.0 8.8 8.0 0.14 0.14 0.53 0.55
50 63 61 12.0 11.0 12.0 10.0 0.18 0.16 0.60 0.59
75 75 71 15.0 13.0 14.3 13.3 0.23 0.21 0.67 0.63
97.50 87 84 19.4 17.4 18.7 18.7 0.29 0.26 0.76 0.72

needed. A first attempt to look at climate change on the
Jordan River was done using a noncalibrated, distrib-
uted hydrological model that was not able to account for
the karstic environment and corresponding preferential
flow paths, which are typical of the Mount Hermon re-
gion (Kunstmann et al. 2007). In the specific karst area
of the Mount Hermon region, the location of different
aquifers and the discharge area of the three main trib-
utaries are unknown. Moreover, from the ratios of fast
to base flow, it is clear that these recharge areas are not
correlated with the size of the geographic surface water
catchments. HYMKE is therefore based on the idea that
the fast-flow component is correlated with the geograph-
ical catchment area, while the area of the groundwater
aquifer is a parameter that should be calibrated against
the separated, measured base flow. This aspect of karst
hydrology was discussed in detail in previous papers
(Rimmer and Salingar 2006; Rimmer 2009). The main
equations in HYMKE are composed of five modules
(Fig. 2): 1) the snow routine, 2) surface layer, 3) surface
(““fast”) flow, 4) vadose zone, and 5) groundwater. Un-
like the other parts of the model that were published by
Rimmer and Salingar (2006), the snowmelt routine is
new in the HYMKE structure. This module uses the
precipitation and temperature data from the RegCM3
and analyzes it separately to produce snow and snow-
melt in 56 discrete stripes of 50-m height, in elevation
from 75 to 2825 m. It uses the approach of the stan-
dard Hydrologiska Byrans Vattenbalansavdelning (HBV)
model after Bergstrom (1995). HBV is based on the
degree-day temperature-index approach. With currently
available temperature data, we calibrated the actual tem-
perature gradient and evaluated the daily temperature
of each elevation strip, so that the input to the snow
routine is fairly accurate. However, because of the lack
of measured snowmelt at the latitude of Mount Hermon,
several parameters of the model could not be calibrated
and were adopted from the literature on alpine climates
(Hamilton et al. 2000; Moore 1993; Seibert 1997). Melting
temperature was 0°C, the degree-day factor was set at
2 mm °C~ ! day ', the refreezing factor was set to 0.05,

and holding capacity of snow cover as fraction of total
water equivalent was set to 0.1.

The daily amount of water in the surface layer (module
2) of each elevation is controlled by precipitation and
snowmelt, actual evaporation (based on the input of daily
PE), and downward seepage to the vadose zone. Upon
saturation the surface layer generates both fast flow and
downward preferential flow. The fast-flow component
reaches the stream via the surface flow routine (module
3). The preferential flow bypasses the upper soil layer
and enters directly into the vadose zone routine (module
4), therefore recharging the vadose zone with fast pref-
erential flow component and “slow” Darcian outflow
from the surface layer. The vadose zone routine is a lin-
ear reservoir that feeds the groundwater routine (mod-
ule 5), which finally yields the base flow of the subsurface
system. The accumulating output from the surface run-
off (module 3) and the base flow (module 5) for each
tributary results in the full natural flow. The sum of all
three tributaries creates the flow in the main stream, the
Jordan River.

Model calibration was carried out using daily discharges
of the main UCJR tributaries, measured by the Israeli
Hydrological Service. In the three measured flow time
series, the base flow was separated from the fast flow
and created six time series—two for each of the three
tributaries. Baseflow separation technique was based on
the Eckhardt (2005) method and verified for these
tributaries by comparing the “‘separated” baseflow com-
ponent to the direct measurements of spring discharge
(Rimmer and Salingar 2006). Model calibration was
performed by reconstruction of both the surface and
base flows during a continuous period from 1 January
1986 to 30 September 2000, and then it was verified by
applying the calibrated parameters to the periods 1
January 1970-31 December 1985 and 1 October 2000-30
September 2004. The calibration resulted in correlations
of R? = (0.60, 0.75) between the calculated and sepa-
rated surface flows of the Snir and Hermon tributaries,
respectively; correlations of R* = (0.84, 0.89, 0.77) and
Nash-Sutcliffe coefficient NC = (0.71, 0.80, 0.21)
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sisting of five modules: 1) precipitation—snow

routine; 2) surface layer; 3) surface flow as linear

reservoir; 4) the vadose zone linear reservoir; and 5) four groundwater linear reservoirs
representing main springs (see text). The calculated base flow and the surface flow compo-
nents of each tributary result in their full natural flow, and the combined flow creates the

Jordan River.

between the calculated and separated base flows of the
Snir, Hermon, and Dan streams, respectively; and cor-
relation of R = 0.94 and NC = 0.79 between the cal-
culated and measured flows of the Jordan River (Fig. 3).
The relatively low NC for the Dan base flow is because
its flow is less sensitive to extremely dry or wet seasons
and therefore more difficult to model for such condi-
tions. While this model has previously been used to eval-
uate hypothetical scenarios and changes in precipitation
(Samuels et al. 2009), this is the first time that actual
climate model results are used as future input.

4. Methodology

There are three main components in this study. The
first component is the comparison of raw data extracted
from the RegCM3 with historical measured data. The
second component, based on this analysis, is that the
RegCM3 output was transformed into appropriately
scaled precipitation and PE time series necessary for
input into the hydrological model. Lastly, the new time
series were used as input into the hydrological model

to determine the effect of future climate change on
streamflow.

Initial evaluation of data extracted from the RegCM3
was performed by comparing modeled to measured data
from a historical 25-yr period, 1980-2004." This period
was chosen because it is the last 25-yr period for which a
complete dataset is available. Though the accepted length
of a “climate period” is 30 yr, in this study we chose
a 25-yr period. The reason for this is that we wanted to
examine two sets of future data: near future and far fu-
ture. However, the RegCM3 data are from 1960 to 2060,
and since it is desirable that future periods do not
overlap, we divided the RegCM future data into future
periods of 25 yr each: (i) near future, 2011-35; and (ii)
far future, 2036-60. Therefore, for the historical period,
a period of 25 yr was also chosen. A comparison of the
cumulative distribution functions from the 25-yr period
(1980-2004) and the 30-yr period (1975-2004) showed

! Years are defined as hydrological years, October—September.
The year refers to the year in January.
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that the bias-correction technique was not sensitive to
the 5-yr difference.

The rest of this section describes the methods used to
generate the precipitation and PE time series from the
output of the RegCM3. These methods include two pro-
cedures: (i) a bias-correction method used for down-
scaling the rainfall time series (section 4a) and (ii) an
estimation of RegCM3 based daily PE using the Penman—
Monteith equation (section 4b).

a. Bias correction of the rainfall time series

The amount of precipitation on Mount Hermon itself
was not measured systematically before 2006 because of
the difficulties in maintaining meteorological stations at
altitudes above 2000 m MSL (Gil’ad and Bonne 1990).
Therefore, previous applications of HYMKE used de-
fault input of rainfall time series based on long-term
(1970-2005) daily precipitation data from four stations,
located in Ma’ayan Baroukh, Malkiya, GES, and Ein
Ziwan (Fig. 1c). Data were supplied by the Israeli Me-
teorological Service. These four stations were chosen
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because they represent various elevations in the north-
ern UCJR. The rainfall series were compiled and cor-
rected to prevent missing and erroneous values (less
than 1%) using linear regression with neighboring rain
gauges. The modeled precipitation from the RegCM3
was compared with the measured rain from these sta-
tions over the winter season. The output was extracted
from the grid point closest to the rain gauges. Analysis
of the eight surrounding grid points indicated that their
use did not change the results after the bias correction.
The intensity of modeled rainfall is much lower than the
measured rainfall (Fig. 4). This can be explained by the
fact that the 50-km spatial scale is too coarse to resolve
orographic and convective processes. In addition, there
is a seasonal bias with the RegCM3 data peaking in De-
cember as opposed to January in the station data. Given
these differences in rainfall intensity and distribution,
a bias-correction technique based on statistical correc-
tion of observed and modeled values was used to down-
scale the RegCM3 precipitation data to the station level.
This technique has been used on rainfall and temperature
data in France (Déqué 2007) and Israel (Alpert et al.
2008) and has been shown to capture seasonal trends as
well as extreme values. However, in this case, given the
seasonal bias of the RegCM3, the technique was applied
to each month separately. In this bias-correction pro-
cedure, for each month, the daily values from both the
observed data and modeled data for the historical period
are ordered sequentially. These two time series are then
divided into percentiles and the mean for each percentile
is calculated. The bias-correction factor (bcf) for each
percentile i for each month m is calculated by subtract-
ing the mean of the modeled data y from the mean of the
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observed data x such that bef, = (¥, —,,). This cor-
rection factor is then applied to all the daily values in the
modeled time series based on the appropriate percentile
and month. This new bias corrected time series is then
used as input into the hydrological model.

An additional variable needed for the snow routine
was the daily average temperature. Given the good ap-
proximation of this variable by the RegCM3 for the years
1980-2004 (see Fig. 6), the temperature from the RegCM
were applied to the snow routine in HYMKE without any
modification, and the temperature gradient was used to
define the attributed temperature to each elevation stripe.

b. Potential evaporation

Originally, in the default run of HYMKE (Rimmer and
Salingar 2006), PE estimations were based on long-term
(1970-2000) daily measurements of Pan A evaporation
(Ponce 1989). Measurements from three locations (Gamla
at an elevation of 380 m, Ayelet HaShahar at 180 m, and
Dafna at 150 m MSL; Fig. 5) were available. Mean sea-
sonal Pan evaporation averages were used to fit a seasonal
Pan A evaporation trend (PE,4, mm), determined by

PE, = b, {1 +a,sin[A,(JD + w,)]}. (1)

Here JD is the day of the year, az and b are constants
that determine the amplitude in mm, Az is the angular
frequency (rad), and w is the phase shift. However, for
a future scenario under an evolving climate, PE 4, as proxy
measures for PE, is not valid. Also, changing the future
PE by multiplying past data by a factor (e.g., Rimmer
2009; Viney and Sivapalan 1996) does not take into ac-
count the RegCM3 results. Moreover, the RegCM3 pro-
vides daily output of actual evaporation calculated using
a standard surface drag coefficient formulation based
on surface-layer similarity theory (Elguindi et al. 2007).
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FIG. 7. Inverse CDF for precipitation (mm day ! along the y axis) for October, January, and April based
on observed values at two rainfall stations—(top) Ein Ziwan and (bottom) Malkyya—and RegCM3 results from a
grid point centered at 33.1°N, 35.4°E with a 50-km radius for the years 1980-2004 (25 yr), based on the percentiles
(% along the x axis) of the daily values: observation (solid lines) vs model output (dashed lines).

However, in the selected grid point, the RegCM3 resulted
in the annual average evapotranspiration of ~950 mm,
while the annual average of representing rainfall on
the Hermon catchment is only ~960 mm (this is an
estimated average of the accumulated precipitation,
taking into account the distribution of heights on Mount
Hermon; see Rimmer and Salingar 2006). Therefore, us-
ing the direct evapotranspiration output from the large-
scale RegCM3 for the local catchment is obviously not
appropriate.

To address the problem of PE evaluation as input to
the hydrological model, we applied a regulated procedure,
through which we are able to identify the strengths and
weaknesses in the climate model to know which of the
results are more reliable and where we should expect
some errors. First, we calculated the daily averages of
RegCM3 results for the first period (years 1980-2004) of
the following variables: minimal and maximal daily tem-
peratures, global radiation, relative humidity, and wind
speed. Then, these daily averages were compared with
averages and confidence limits of measured meteorological

variables (Fig. 6) from five standard meteorological
stations in the UCJR (see Table 2 for more details about
these measurements). When we introduced the variables
from the RegCM3 simulation into the well-known equa-
tion of Penman—-Monteith (Allen et al. 1998; Valiantzas
2006), we found that the calculated PE (PEgrcy) was
nearly similar to the results from the measured station
data. Lastly, the PEgcy annual trend was compared and
scaled monthly to fit PEA. This entire procedure re-
sulted in a daily time series of PEgcy solely based on the
climate model. The results of this procedure, its limita-
tions, and its application to future scenarios are dis-
cussed further in the next section.

5. Results
a. Downscaled parameters from the RegCM3
1) PRECIPITATION TIME SERIES

Precipitation time series from the RegCM3 were cor-
rected for use in the hydrological model. A sampling of
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FI1G. 8. Quantile-quantile plots of observed and model data before and after bias correction.

the inverse cumulative distribution functions (CDFs)
used for the bias correction is shown in Fig. 7. The
magnitude of the bias correction for each percentile for
October, January, and April at Ein Ziwan and Malkiya
for the 25-yr period of 1980-2004 is depicted. The cor-
rection necessary is larger both for months with higher
rainfall (January as opposed to October or April) and
for stations with higher rainfall (Ein Ziwan as opposed
to Malkiya). The quantile-quantile plots (Fig. 8) show
the fit of the RegCM3 data to the observed data before
and after the bias correction for the whole season com-
bined. The observed values correspond to the x axis and
the model values to the y axis. Figure 9 summarizes the
RegCM3 precipitation time series analysis for Ein Ziwan,
from the typical daily values (Fig. 9a) to the control time
series before and after the bias correction (Fig. 9b), and
for the entire period (Fig. 9c). For the near future, we
see that the mean and interannual variability stays fairly
consistent with the recent past, while the far-future pe-
riod is characterized by a decrease in rainfall. In terms of
monthly distribution, Fig. 10 shows the average down-
scaled monthly rainfall in the Hermon region for the

Fig(s). 8 live 4/C

historical period as well as for the two future periods.
While there is a slight increase in precipitation in the
near-future period for October—January and March, there
is a distinct decrease in the annual average of about 10%
in the far-future period (2036-60) as compared to the
historical period (1980-2004). These results indicate that
the monthly bias correction is a robust technique to gen-
erate precipitation time series at the station level from the
RegCM3 simulation.

2) POTENTIAL EVAPORATION CALCULATIONS

The stations we used (Table 2 and Fig. 6) are only
~50 km apart, but they represent varieties of climatic
conditions in the UCJR. The two extreme meteorolog-
ical stations are Mount Hermon (2080 m MSL) and
Tabgha on the shore of Lake Kinneret (—210 m MSL).
On Mount Hermon, the temperatures are ~15° lower;
the global radiation is ~5 MJ (m) 2 higher, especially
during the summer; the relative humidity is ~20% lower,
also during the summertime; and the wind is at least 2
times higher than in the Tabgha station. The RegCM3
results of the minimal and maximal temperatures (which
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FIG. 9. Precipitation time series for Ein Ziwan station: (a) typical
downscaled daily precipitation over a 7-month period; (b) annual
precipitation from the RegCM before and after the bias-correction
procedure (1979-2004); and (c) annual precipitation based on the
downscaled results of the RegCM3.

represent an average of more than 50 km) usually fall
between the confidence limit of the five measurement
points. Note, however, that the RegCM3 global radia-
tion is slightly higher than even the measured radiation
on Mount Hermon, and the RegCM3 relative humidity
is higher than the measured data, especially during the
summer (even higher than the relative humidity in Tabgha
station, onshore Lake Kinneret). A major difference was
found between the calculated and measured wind pat-
tern, which the RegCM3 overestimates during the winter
and underestimates during the summer (the measured
Mount Hermon wind was not included in the compari-
son in Fig. 6 because it currently has slightly more than
one year of wind measurements). These differences
are reflected well in the calculated PErcy, as shown
in Fig. 11.

The PERrcw results and the PE from five stations for
2008 (Fig. 11) are divided into the radiation component
and the aerodynamic component, which together form
the complete PE. These values are shown compared to
the empirical seasonal PE curve, calculated from Pan A
measurements. In the Kinneret, Upper Galilee Field
Crops Experimental Station (UGFCES), and Kadesh
stations, the radiation component is larger than the
wind component, which is significantly reduced by the
high relative humidity. On the Golan Heights (GES),
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FIG. 10. The seasonal distribution of monthly precipitation on
Mount Hermon (mm) for the three tested periods.

the wind component increase is due to stronger winds,
while on Mount Hermon, the radiation component is
relatively small because of the low temperatures; how-
ever, the aerodynamic component is fairly large because
of low humidity and strong winds. The radiation com-
ponent of PErcn seems to be higher than in the mea-
sured cases, clearly due to the higher solar radiation. On
the other hand, the modeled aerodynamic component
is smaller because of higher relative humidity and lower
wind, especially during the summer. Analysis of this
variety of meteorological data results in nearly similar
annual trends of PE, mainly because the sum of the radi-
ation component and the aerodynamic component are
nearly similar. A detailed analysis of the specific compo-
nents reveals that the RegCM3 data slightly overestimate
radiation and underestimate wind speed; however, in
the PE calculation, these biases cancel each other out.
The relatively weak winds and high humidity from the
RegCM3 resulted in slightly reduced PEgcy compared
to the measured annual PE, especially during the sum-
mer month (see Fig. 5 as compared to the PE, annual
trend). To ensure that the statistical characteristics of the
downscaled PErcn time series for the past years (1980-
2004) are similar to those of the measured PE 5 (both the
measurements of Pan A evaporation and the calculated
Penman-Monteith series), we scaled the input of the
hydrological model (PEg) using a monthly factor,

PE,(j) = PEpcy X F:
F;=0951+0.0167 X j+0.0031 X (j - 6.5)"
j=1,2,.....12. )
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FIG. 11. Annual trend of average PE from Pan A measurements (heavy black line) compared with calculated
Penaman—Monteith values (gray line) and divided into the radiation and wind components for the RegCM3 data and
five measurement locations (Hermon, Tabgha-Kinneret, GES, Kadesh, and UGFCES).

The factor corrected the PEgrcp so that it would fit the
PE 4 annual trend. This correction factor was obviously
used for the second and third periods as well (i.e., 2010
35, 2036-60). Figure 12 shows the average daily PEg for
the years 1980-2060 based on the meteorological data
from the RegCM3. Similar to rainfall (Fig. 9c), the near-
future period (2010-35) showed no increase in PEg,
while the far-future time slice (2036-60) was character-
ized by an average increase of 5%.

b. Rainfall and streamflow simulations

Application of the generated precipitation time series
with HYMKE was carried out with a procedure nearly
similar to what was described by Rimmer and Salingar
(2006). A “‘representing” rainfall gauge of the entire
Hermon region was defined and calculated based on
the downscaled RegCM3 time series. A representing
rainfall gauge of the entire Hermon region was de-
fined as follows: The ~783 km? region was divided
into 56 strips of equal elevations from 75 to 2825 m with
50-m increments, and the area of each strip was calcu-
lated. Then, the daily measured (or modeled RegCM3)

precipitation of four rain gauges in various elevations—
Ein Ziwan, 948; GES, 960; Malkiya, 690; and Ma’ayan
Barouch, 240 m—were used to calculate an average
factor F of the daily rainfall. The factor was then used to
calculate the daily, representing precipitation on each
elevation stripe and on the entire watershed. The pre-
cipitation and temperature time series were used in the
snow routine to calculate rainfall and snowmelt for each

5.67

)

o 52

-

E

E 48]

4.4
4'Oiomomomomomcmomomo
W W O DO O — — NN O S S 0 0 O
O 00O OO0 0000 00 00 o0 oo o
- - = - N N8 88 88

year

FIG. 12. Annual time series of PE (mm day ') based on the scaled
results of the RegCM3 for the years 1980-2060.
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FI1G. 13. Distribution of calculated full natural flow in the Jordan River: (a) simulated with RegCM3 input for the
period 1980-2005 (validation) and (b) the best model results using the measured rainfall and EP 4 data (original). The

R? between probabilities is >0.99.

elevation. Simultaneously, the daily PE was calculated
with the application of the RegCM3 meteorological data.
In each simulation, HYMKE created 12 time series: base
flow, surface flow, and full natural flow for the Dan, Snir,
and Hermon streams and the Jordan River.

1) VALIDATION OF THE COMBINED RAINFALL
AND STREAMFLOW SIMULATIONS

Validation of the effectiveness of the combined model
to capture streamflow was carried out. For this purpose,
we compared the model results using measured rainfall
and PE 5 for 1980-2004 (the “‘original model”’) with the
model results from the downscaled rainfall and PEg data
for the same period (“‘validation model”). While it is not
expected that the results from these two types of input
will capture the exact annual sequence, we do expect
that the overall interannual variability and daily cumu-
lative distribution to be the same. We also expect the
model to be able to capture the correct seasonality. To
that end, we compare the cumulative distribution (from
the maximal 100% t0 99.5%, 97.5%, 90%, 75 %, median
50%, and 25%, 10%, 2.5%, 0.5%-0%) of the predicted
flows from the validation model with the flows from the
original model (Fig. 13). According to this test (R* >
0.99 between fractions of both distributions), the model
does a skillful job of representing the distribution of
daily streamflows. The same results were achieved when
we compared in similar way the flows of each of the
three streams separately.

Fig(s). 13 live 4/C

2) EFFECT OF SNOWMELT ON STREAMFLOW
TIMING

In this section, the snow routine is tested in detail. It
was found that in the higher elevations, there was a clear
difference between the timing of effective precipitation
(snowmelt + rainfall) compared to precipitation when
snowmelt was not taken into account. Figure 14 shows
the modeled contribution to the Jordan River stream-
flow during the wet season of 1991/92 from three altitude
bands. This year was selected for Fig. 14 because it was
an extremely cold winter, and the wettest season in the
region since 1970. Therefore, it can exemplify clearly
the snowmelt contribution to the streamflow. While
using the model, we found that snow remained on top
of the mountain into the middle of the summer, and
that the calculated snowmelt contribution to both the
fast flow and the base flow of the Jordan River were
nearly insignificant. In Fig. 14a the effective precipi-
tation (mm day ') for each altitude is presented. It
should be noted that during October-December, tem-
peratures were relatively high and no snow accumu-
lation occurred. Moreover, precipitation during this
period gradually saturated the upper soil layer and there-
fore very little flow to the streams occurred (Fig. 14b).
During the spring months, snowmelt at 2025 and 2775 m
altitude was high (Fig. 14a), but the contribution of
these two high altitudes to the flow of the Jordan River
(1000 m* day~'; Fig. 14b) is minimal because of the
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FIG. 14. Contribution of three altitude bands to the Jordan River streamflow during the extremely wet season of
1991/92. (a) Effective precipitation (snowmelt + rainfall) in each band (mm day '). During October-December,
precipitation saturates the soil with very little flow to the streams. During the spring months, snowmelt at 2025 and
2775 m is high. (b) Excess saturation (1000 m?) is the dominant contribution component of the surface layer to
streamflow. The relative contribution of snowmelt from altitudes of 2025 and 2775 m is minimal because of the
smaller area in these two bands. (c¢) Fraction of altitudes in the total area of Mount Hermon catchments.

physical area associated with these stripes (Fig. 14c).
Therefore, the changes of form of precipitation and
snowmelt had almost no effect on the final results
of the daily streamflow. The effect of altitude area is
also shown in Fig. 15, where we illustrate the average
monthly difference between the contribution of the
entire Mount Hermon catchment to the Jordan River
streamflow, when it was calculated with and without
the snow routine between 1970 and 2000. These dif-
ferences are plotted as a percentage of the average
annual precipitation on the entire Mount Hermon
catchment. Each full bar in Fig. 15 represents the monthly
difference between the amount of water contributed to
the Jordan River without and with snow calculations.
Each bar is composed of four altitude regions. The dif-
ference is usually positive during December—February

because during this period, part of the precipitation re-
mains on the higher elevations as snow and does not
contribute to streamflow. It is negative during March—
June because during this period there is little rainfall,
with most of the contribution to the streamflow coming
from snowmelt at very high altitudes. However, these
entire differences are at most +1% of the flow in the
Jordan River; therefore, they nearly went unnoticed in
the streamflow results.

The following is a summary of our findings regarding
the effect of snow and snowmelt.

1) The cumulative area of altitudes contributing snow-
melt to the streamflow is less than 12% of the entire
catchments area.

2) Because of the relatively high temperature and high
solar radiation on Mount Hermon, temperature often
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crosses the zero level during the winter, resulting in
a continuous snowmelt process at almost all elevations;
therefore, the delay in snowmelt application compared
to the rainfall usually takes only few days.

3) Only at very high altitudes (>2000 m) is there a
significant delay because of snowmelt (sometimes until
April-June), but their contribution to streamflow is mini-
mal because they have a very small area.

4) Since most of the river flow is from groundwater,
there are several lagging mechanisms (surface wetness,
vadose zone flow, and groundwater flow) that almost
totally even out the effect of the surface precipitation, so
that the only changes of streamflow are according to the
effect of precipitation amount and not precipitation
timing [Samuels et al. (2009) showed it in detail for the
same hydrological catchments].

Taking into account that snowmelt has nearly no ef-
fect on the timing of the Jordan River streamflow, this
aspect was not further tested in the future projections
(see next subsection). It should, however, been taken
into account if a model is used with shorter time inter-
vals, and for other purposes than streamflow (skiing avail-
ability, surface fauna and flora, among others).

3) FUTURE PROJECTIONS

For future projections, we looked at streamflows
during the validation period (1980-2005) together with
the two future periods: near future (2010-35, “second”
period) and far future (2036-60, ““third” period). The
RegCM3 projected only slight changes in precipitation
and PE amounts during the second period but a more
noticeable decrease of ~10% in mean annual rainfall
amounts during the third period. Together with a small
(~5%) mean annual increase in PE, these changes lead
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to a comparable reduction in the streamflow. However,
the hydrological response (and the model structure) is
not linear by definition, and the reduction in stream-
flow is not necessarily similar in all sources, and not
necessarily similar to the reduction in rainfall amounts.
In this case, however, the 10% reduction in rainfall
is well reflected by the 10%-11% reduction in daily
mean base flow for all the rivers. For the Hermon, Snir,
and Jordan, there is a 17% reduction in daily mean sur-
face flow, indicating a nonlinear response system in this
parameter.

Table 3 shows the distributions and moments of base
flow and surface flow in the Dan, Hermon, Snir, and the
Jordan River in the three tested periods. Figure 16
shows the distribution of the total flows (surface flow
and base flow combined). For the Dan, there is an in-
crease of more than 30% in standard deviation of daily
base flow. For the Hermon and Snir, there is a decrease
in standard deviation by 7% and 8% in daily base flow
and 10% and 11 % in daily surface flow, respectively. For
the Jordan River, which is fed by the three rivers de-
scribed, the mean daily base flow decreases by about
10% in the third period as compared with the first period
while the standard deviation increases by 6%. The sur-
face flow daily mean decreases by 17% with a decrease
of 10% in standard deviation; however, since the flow is
only about one-quarter of the base flow, this change is
less significant than it seems.

Additionally, for both the Jordan River base flow,
where most of the water flows, and for the Dan base
flow, which contributes almost 60% of the Jordan base
flow, there is an increase in the top 2.5% quantile as well
as in the standard deviation. This indicates that even
though there is a decrease in the total streamflow, there
is increased variability and risk of extreme events.

6. Discussion and conclusions

We have presented a methodology for taking large-
scale climate model results and reconciling them to the
spatial scale necessary for hydrological and other re-
sponse models. The results presented here, based on
a single climate model, should be seen as a first ap-
proximation that can provide important information to
planners and water managers but should be verified and
compared with results from other climate models. The
future trend described here, showing little change in
precipitation in the earlier 2010-35 period with much
of the decrease in precipitation taking place in the 2035-
60 period, is consistent with the trends of the driving
ECHAM GCM, which is characterized by a slower dry-
ing than most of the models from the 2020-40 period but
catches up in the later decades (2040-60 and 2060-80;
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TABLE 3. Distributions and moments of base flow and surface flow in the Dan, Hermon (Hrm), Snir (Snr), and the Jordan River (Jdn) in
the three tested periods: 1) 1980-2005; 2) 2010-35; 3) 2036-60.

Distributions

Base flow (1000 m® day ')

Quantiles % Danl Dan2 Dan3 Hrm1 Hrm2 Hrm3 Snrl Snr 2 Snr3 Jdnl Jdn2 Jdn3
Maximum 100.0 12739 1363.7 13973  745.6 708.0  709.8 7139 6717 653.8 2336.7 2332.6 2527.7
99.5 1083.0 1160.5 12544  669.8 664.0 645.6 6222 618.8 588.1 22513 2285.0 2380.0
97.5 1036.8 1107.0 1107.9  549.8 572.7 5149 5040 5314  468.0 1958.0 20299 1971.9
90.0 9103 973.0 8622 4285 442.9 386.3  380.8 391.7 336.7 1609.8 1688.7 1479.7
Quartile 75.0 790.8 864.8  733.7 302.5 307.9 271.0 2529  259.8 2247 1303.5 13683 1203.2
Median 50.0 7021 7144  610.0 201.3 196.2 177.7 1552  151.6 133.0 1050.8 1081.2  926.6
Quartile 250 611.7 606.6 5172 134.2 132.5 117.9 95.4 94.8 83.0 861.6 866.6 743.6
10.0 5412  540.7 4222 108.3 107.2 100.0 75.3 73.9 68.8 7434 7364 6113
2.5 463.6 4545 3257 93.9 91.1 85.1 64.8 62.2 571  625.0 611.5 4899
0.5 4072 4102  268.7 83.6 83.6 72.8 54.5 57.1 48.8 559.7 5574  388.7
Minimum 0.0 3844 393.6 2569 77.9 80.9 70.1 51.7 54.7 471 5322 5352 3769
Moments
Mean 7114 7398 637.0 237.0  239.5 213.0 1937 196.6 171.7 1117.5 1150.5 1001.5
Std dev 142.5 167.4  188.3 128.5 135.5 119.4 1240 1303  113.8  342.1 3733  363.6
Std err mean 1.5 1.8 2.0 1.3 14 1.2 1.3 14 1.2 3.6 3.9 3.8
Upper 95% mean 7143 7432 6409  239.6 242.3 2154 1962  199.3 1741 11245 11582 1008.9
Lower 95% mean 7084 7364 6332 2344  236.7 210.5 1912 1939 1694 11105 11428 994.0
N 9132 9131 9132 9132 9131 9132 9132 9131 9132 9132 9131 9132
Distributions
Surface flow (1000 m® day ')
Quantiles % Dan1 Dan2 Dan3 Hrm 1 Hrm2 Hm3 Snrl Snr2 Snr3 Jdnl Jdn2 Jdn3
Maximum 100.0 1866.0 2089.0 1881.7 3745.0 3867.0 3450.7 6228.9 6589.9 5955.4
99.5 1150.9 1183.2 1059.5 2073.3 2150.0 1941.5 3613.5 3697.9 3324.1
97.5 668.3 699.7 5952 11732 1248.9 1066.8 2046.8 2165.8 1861.8
90.0 264.2 265.7 2185 4169 4193 3242 7643 773.0 6169
Quartile 75.0 27.6 26.9 9.6 25.0 245 64 623  60.7 194
Median to minimum 50.0 to 0.0 No flow
Moments
Mean 74.2 76.7 61.4 121.5 125.7 100.6 2202 2279 1823
Std dev 189.0 197.7 168.8 3342 350.0 3003 5848 612.1 524.0
Std err mean 2.0 2.1 1.8 3.5 3.7 3.1 6.1 6.4 5.5
Upper 95% mean 78.0 80.8 64.8 1284 1329 106.8 2322 2404 193.0
Lower 95% mean 70.3 72.7 579 1147 1186 944 2082 2153 171.5
N 9132 9131 9132 9132 9131 9132 9132 9131 9132

Parry et al. 2007). This trend can be identified in our
model results here by the little changes during the ear-
lier 2010-35 period, with much of the decrease in pre-
cipitation taking place in the 2035-60 period.

One important aspect that we investigated was the
effect of changes in snowmelt on the streamflow. Little
work has been done on snow dynamics in warm regions
located in low latitudes (<40°N), where snow is only
ephemeral. Snow at low latitudes can be important, es-
pecially on high mountains. In the Atlas Mountains,
snow is a significant water source to the lowlands of
southeastern Morocco (Boulet et al. 2009; Schulz and de
Jong 2004). Aouad-Rizk et al. (2005) reported that in
Mount Lebanon, up to 40% of annual precipitation is
stored as snow during spring and summer. In Mount
Hermon, the subject of the current study, Gil’ad and

Bonne (1990) concluded that snow storage accounts for
~10% of the Jordan River annual yields. The main snow
feature in warm climate is rapid changes in snow cover,
and several complete melting cycles may occur dur-
ing one winter season (Herrero et al. 2009). The aspect
that we concentrated on—how changes in snowmelt are
expected to affect streamflow—was proven to be nearly
insignificant, mainly because of the small contributing
area of snowmelt. However, it is emphasized here that
our conclusions regarding the importance of the snow
cover to the Jordan River flow are a result of a basic
study, and more research is needed to comprehend the
full hydrological mechanism.

The entire analysis was based on the expected future
meteorological changes. While this is necessary as a
start, it is incomplete in terms of providing the whole
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picture of the future hydrological cycle. For example,
the direct CO, effects on evaporation due to long-term
changes in vegetation were not taken into account.
Given the seasonally of rainfall with dry summers and
wet winters, it is not expected that these effects will play
a major role in this region. Other aspects that were not
taken into account are the effects of land use changes;
however, Mount Hermon catchments are relatively un-
changed in terms of land use because of the sharp
mountainous ground surface.

Integration between the different models is necessary
to obtain reliable information about the effect of climate
change at the local level. Previous models have used
output from GCMs and RCMs to calculate evaporation
(e.g., Baguis 2010; Kay and Davies 2008; Rotstayn et al.
2006). However, these studies calculate the evaporation
based on monthly means, whereas here we calculate it
on a daily basis for the purpose of daily streamflow
analysis. The case study of the Jordan River provides an
example of how climate model results can be directly
input into a hydrological impact model that can be used
to inform the decision-making process. We show that
based on this simulation, the changes in streamflow of
the Jordan River and its tributaries are not significant in
the near future; however, in the far future, a reduction in
streamflow is expected along with an increase in peak
base flow and variability. This has implications for water
planning and management.

We have demonstrated the results of the first imple-
mentation of a methodology that may be used for cli-
mate change risk assessment in the EM region. While
here the methodology is applied to a single climate
model simulation, the application to multiple models
would create a method for obtaining a highly skillful
“climate-informed risk assessment,”” a tool that is be-
coming more and more crucial in a variable and evolving
environment.
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