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Abstract. A modeling framework is formulated and applied

to assess the sensitivity of the hydrological regime of two

catchments in a convective rainfall environment with respect

to projected climate change. The study uses likely rainfall

scenarios with high spatiotemporal resolution that are de-

pendent on projected changes in the driving regional mete-

orological synoptic systems. The framework was applied to

a case study in two medium-sized Mediterranean catchments

in Israel, affected by convective rainfall, by combining the

HiReS-WG rainfall generator and the SAC-SMA hydrolog-

ical model. The projected climate change impact on the hy-

drological regime was examined for the RCP4.5 and RCP8.5

emission scenarios, comparing the historical (beginning of

the 21st century) and future (mid-21st-century) periods from

three general circulation model simulations available from

CMIP5. Focusing on changes in the occurrence frequency

of regional synoptic systems and their impact on rainfall

and streamflow patterns, we find that the mean annual rain-

fall over the catchments is projected to be reduced by 15 %

(outer range 2–23 %) and 18 % (7–25 %) for the RCP4.5 sand

RCP8.5 emission scenarios, respectively. The mean annual

streamflow volumes are projected to be reduced by 45 % (10–

60 %) and 47 % (16–66 %). The average events’ streamflow

volumes for a given event rainfall depth are projected to be

lower by a factor of 1.4–2.1. Moreover, the streamflow sea-

son in these ephemeral streams is projected to be shorter by

22 % and 26–28 % for the RCP4.5 and RCP8.5, respectively.

The amplification in reduction of streamflow volumes rel-

ative to rainfall amounts is related to the projected reduc-

tion in soil moisture, as a result of fewer rainfall events and

longer dry spells between rainfall events during the wet sea-

son. The dominant factors for the projected reduction in rain-

fall amount were the reduction in occurrence of wet synop-

tic systems and the shortening of the wet synoptic systems

durations. Changes in the occurrence frequency of the two

dominant types of the regional wet synoptic systems (active

Red Sea trough and Mediterranean low) were found to have

a minor impact on the total rainfall.

1 Introduction

Rainfall spatial and temporal variability plays a major role

in the hydrological response of catchments affecting runoff

timing, streamflow volume, and peak discharge (Morin et al.,

2006; Morin and Yakir, 2014; Paschalis et al., 2014; Roza-

lis et al., 2010; Singh, 1997). The role of rainfall variability

is even greater in climate regimes where a substantial por-

tion of rainfall is convective and runoff is sensitive to this

type of rainfall (Morin and Yakir, 2014; Peleg and Morin,

2014; Rozalis et al., 2010; Smith et al., 2000; Yakir and

Morin, 2011). The hydrological response was found to be

sensitive to rainfall spatial variability in very small catch-

ments (less than 1 km2; Bahat et al., 2009), in catchments of

few dozen km2 (Zoccatelli et al., 2011) and larger catchments

(> 100 km2; Arnaud et al., 2011). It is therefore essential to

use rainfall data with high spatial and temporal resolution
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for hydrological modeling purpose. Such resolution can be

provided for small and medium sized catchments by weather

radar data (e.g., 1.5 km2 and 3 min, Peleg et al., 2013) and for

large catchments by satellite data (e.g., Nikolopoulos et al.,

2010; Shamir et al., 2013).

General circulation models (GCMs) used for climate stud-

ies and climate projections have coarser spatial and tempo-

ral resolution than usually required for hydrological simu-

lations. For example, most GCM simulations that are avail-

able from the Coupled Model Intercomparison Project Phase

5 (CMIP5) have a spatial scale larger than 10 000 km2 and

monthly to 6 h reporting intervals (an extensive overview of

CMIP5 is given by Moss et al., 2010 and Taylor et al., 2012),

which is inadequate to serve as input for catchment scale hy-

drologic modeling.

To generate GCM-forced rainfall input with spatial and

temporal scales that are appropriate for catchment scale hy-

drologic modeling, dynamical and statistical downscaling

methods were developed (e.g., Fowler et al., 2007; Hewit-

son and Crane, 1996; Wilby and Wigley, 1997). Dynamical

downscaling uses output from the GCM as boundary con-

ditions for a nested regional circulation model (RCM) with

higher spatial and temporal resolution that accounts for lo-

cal and regional climate processes and orographic influences.

Due to the significant computational time involved, dynami-

cal downscaling efforts often yield a single downscaled re-

alization of physically consistent input vectors for hydro-

logic modeling (e.g., downscaling 30 years of GCM data pro-

duces a single 30 year simulation). This approach often re-

quires bias adjustment for the downscaled high resolution

fields and/or for the resultant streamflow (Georgakakos et al.,

2012a).

A less computationally intensive approach uses statisti-

cal downscaling of the GCM fields. In statistical downscal-

ing, statistical relationships are formed between local ob-

servations (e.g., temperature or rainfall intensity at ground

gauges) and large scale atmospheric variables simulated by

the GCMs (e.g., sea level pressure or specific humidity). This

downscaling method permits the incorporation of changes

in the mean and variability of climate in a statistically con-

sistent and computationally inexpensive way (Semenov and

Barrow, 1997). It does, however, simplify the large-to-small

scale process dynamics and arrives at relationships for such

dynamics that are calibrated based on the historical climate.

Statistical downscaling is often integrated with a weather

generator (WG), which is a stochastic model that simulates

a likely weather time series realizations that are based on

statistical analysis of observed local data (Wilks and Wilby,

1999). In contrast to dynamical downscaling, an ensemble of

many realizations can be generated to represent the statistical

properties of the weather. Statistical downscaling is used in

this work as a first step to understand the sensitivity of the

hydrologic regime to climate change.

WG can be used to generate rainfall that represents dif-

ferent statistical characteristics of the regional synoptic sys-

tems (e.g., Robertson et al., 2004; Kioutsioukis et al., 2008;

Samuels et al., 2009; Shamir et al., 2014b). In these cases,

however, the rainfall was generated with a daily temporal res-

olution for point locations. Thober et al. (2014) presented a

daily but spatially high-resolution rainfall generator (4 km2)

that satisfies the requirements for assessments of hydrolog-

ical response at regional and continental scales. Two WG

models that were recently presented by Paschalis et al. (2013)

and Peleg and Morin (2014), simulate rainfall in high spa-

tial and temporal resolution (4 km2 and 5 min and 0.25 km2

and 5 min, respectively). This is a resolution that is adequate

for hydrological modeling of small size (less than 50 km2)

catchments assuming reliable rainfall estimates (Borga et al.,

2014). The latter rainfall generator model (high resolution

synoptically conditioned weather generator (HiReS-WG),

Peleg and Morin, 2014) which is used in this study, is unique

in that it was designed to capture convective characteristics

in a climate regime that is dominated by convective rainfall.

In this study we present a new modeling framework to

assess projected climate impact on the hydrological regime

by generating high spatiotemporal resolution rain fields with

statistics that are dependent on the regional meteorological

synoptic systems (Fig. 1). The suggested modeling frame-

work integrates methods and models from various disciplines

such as a classification of synoptic systems, remote sensing

of rainfall, stochastic convective rainfall generator, and hy-

drological modeling. This integration enables, for the first

time, an assessment of the impact of climate change on the

hydrological regime in an environment that is strongly in-

fluenced by convective rainfall. To exemplify the presented

modeling framework, two medium size catchments in Israel

were selected for a case study. Section 2 describes the sug-

gested conceptual modeling framework, and Sect. 3 presents

the case study. The projected rainfall and runoff changes are

presented in Sect. 4, and discussion and conclusions are in

Sect. 5.

2 A framework for assessing the sensitivity of the

hydrologic regime to climate change

A conceptual framework for assessing the sensitivity of the

hydrologic regime to climate change is presented on the left

side of Fig. 1. This framework integrates several tools and

models that were previously developed by the authors. The

steps of the conceptual modeling framework and their rela-

tion with the previously developed tools and models are pre-

sented in the following section. First, using reanalysis data,

a synoptic classification is performed to determine the re-

gional synoptic system prevalent during rainfall events and

its occurrence frequency for the historical climate record.

Second, a historical record of remotely sensed rainfall es-

timate is used to derive the relevant rainfall spatiotemporal

statistical properties for each synoptic system. Third, based

on the first and second steps, the WG is used to generate an

Hydrol. Earth Syst. Sci., 19, 567–581, 2015 www.hydrol-earth-syst-sci.net/19/567/2015/
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Figure 1. A framework flow chart (left) for assessing the sensitivity of the hydrologic regime to climate change. Models mentioned in

parenthesis (italic caption) relate to the models or methods used for the case study of upper Dalya and upper Taninim catchments. The

catchments are presented in the lower right side (red dots represent the hydrometric stations) and the prevailing two wet synoptic systems

affecting the region are presented in the upper right side (contours represent sea level pressure in hPa, blue star indicate the catchments

location).

ensemble of likely rainfall realizations that represents the his-

torical climate. Fourth, the GCM synoptic variables are bias

corrected to match the synoptic variables derived from the

reanalysis data during the analyzed historic period, and pro-

jected changes in the occurrence frequency of future synop-

tic systems are then estimated from the bias corrected GCM.

Fifth, the WG is used to generate an ensemble of likely rain-

fall scenarios that represent the occurrence frequency of the

GCM’s projected synoptic systems. Sixth, the historic and

projected synthetic rainfall ensembles are used as input to

a hydrologic model to assess the sensitivity of the hydrologic

regime to modeled climate change.

This framework is adequate for regions that experience

rainfall from distinctively different synoptic systems that can

be represented by uniquely identified statistical indices. In

such regions, not only the effect of changes in total amounts

of rainfall, but also the effect of changes in occurrence fre-

quency of the synoptic systems that cause rainfall should be

examined. A high correspondence between annual amounts

of rainfall and the occurrence frequency of wet synoptic sys-

tems was found for the study region (Saaroni et al., 2010).

Therefore, the proposed framework focuses on the change in

projected future rainfall that resulted from changes in the oc-

currence frequency of the regional wet synoptic systems. The

effect of projected changes in rainfall spatiotemporal charac-

teristics was not examined in this study because future pro-

jections with the adequate skill and resolution that are re-

quired for such assessment are not yet available for the ap-

plication area.

3 The case study of the Dalya and Taninim catchments

The framework discussed in the previous section was applied

to the upper Dalya and upper Taninim catchments. We fo-

cused on the projected change in rainfall and streamflow vol-

umes by comparing the beginning of the 21st century (histor-

ical period; 1996–2005) to mid-21st century (future period;

2046–2055). To achieve this goal the following methods and

models (Fig. 1, left side in italic) were used: (1) a synop-

tic classification was carried out using the NCEP/NCAR re-

analysis data (Peleg and Morin, 2012); (2) convective rain-

fall space–time characterization and the associated empirical

distributions per synoptic system were computed using data

www.hydrol-earth-syst-sci.net/19/567/2015/ Hydrol. Earth Syst. Sci., 19, 567–581, 2015
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Table 1. Summary of data sources and resolutions used in this study.

Data type Source Resolution

Weather radar Shacham (EMS) Mekorot 5 min and 1.4◦× 1 km

Rain gauges (national network) Israel Meteorological Service Daily

Rain gauges (dense network) Hydrometeorology lab at the Hebrew University 1 min

Hydrometric stations Israel Water Authority Changes within flow event

from the Shacham–Mekorot weather radar (Peleg and Morin,

2012; Peleg et al., 2013); (3) selected GCM simulations from

CMIP5 were bias corrected and changes in the occurrence

frequency of the synoptic systems between the historical and

future periods were estimated (Peleg et al., 2014); (4) rainfall

ensembles with convective features for current and projected

climate were generated by the HiReS-WG (Peleg and Morin,

2014); and (5) the streamflow in the catchments’ outlets was

simulated using the Sacramento Soil Moisture Accounting

Model (SAC-SMA) (Shamir et al., 2014a).

3.1 Study area

The upper Dalya (Bat Shlomo hydrometric station, 42 km2)

and upper Taninim (Amiqam hydrometric station, 47 km2)

catchments are located in the Ramot Menashe region, north-

western Israel (Fig. 1, right side). The terrain near the catch-

ments outlets is mostly flat, ascending moderately eastward

up to 380 ma.s.l. Both upper Dalya and upper Taninim are

ephemeral streams, similar in size but slightly different in

their geologic formation and soil cover. The Adulam for-

mation, dated to the lower Eocene and composed mainly

of limestone and chalk, cover most of the drainage area of

the upper Dalya catchment. This formation covers also large

parts of the upper Taninim catchment, while the highest parts

of the catchment consist of older (Paleocene) Taqiye forma-

tion, composed mainly of chalk and marl. The area is mostly

cultivated agriculture that has experienced a severe soil ero-

sion in the last several decades. The soil thickness varies be-

tween 240 and 340 mm for the upper Dalya catchment and

between 240 and 500 mm for the upper Taninim catchment.

In both catchments the soil is classified as Rendzina with clay

texture in the top soil. The lithology of the upper parts of

Dalya and Taninim catchments is concordant with other ar-

eas of the Ramot Menashe region (Grodek et al., 2012).

The region has a Mediterranean climate with wet winters

(October–May) and dry and hot summers (June–September).

The annual rainfall is highly variable with rainfall exceeded

1000 mm in the wettest observed year (1991/1992), while

less than 400 mm was recorded in driest observed year

(1981/1982). A considerable number of rainfall events in

this area are caused by convective processes (Peleg and

Morin, 2014). Records of rainfall and streamflow exist for

these catchments from a weather radar, rain gauges, and

hydrometric stations (a summary of available data is in

Table 1). Following a rigorous quality control assessment

applied to the weather radar information, data for twelve

hydrological years (1 October–30 September) were com-

piled for this study (i.e., 1991/1992–1997/1998, 1999/2000–

2002/2003 and 2004/2005).

3.2 Rainfall patterns and synoptic classification

The wet synoptic systems (i.e., synoptic systems that might

lead to rainfall over the catchments) and their rainfall statis-

tics were studied for the northern coastal region of Israel by

Peleg and Morin (2012, 2014). A summary of their findings

that is relevant to this study follows.

The wet synoptic systems were classified using the

NCEP/NCAR meteorological reanalysis data (Kalnay et al.,

1996), extracted for the nearest location available to the

catchments (35◦ E, 32.55◦ N, Fig. 1). The grid cell is lo-

cated offshore; approximately extending from the northern

Israel coastline to Cyprus. The above-mentioned 12 years of

data were examined and 882 6 h intervals with rainfall over

the catchments observed by the weather radar were iden-

tified. The synoptic classification during these periods was

performed using a cluster analysis technique that considers

four variables from the reanalysis data: (1) sea level pres-

sure, (2) specific humidity at 700 hPa, (3) geopotential height

at 500 hPa; and (4) zonal wind at 850 hPa. Initially, three wet

synoptic systems classes were identified (Peleg and Morin,

2012). However, the first two were merged into one synoptic

class – known as the Mediterranean low (ML), an extratrop-

ical cyclone, see Fig. 1). The ML is the prevailing synoptic

system that generates rainfall over the study region (Alpert

et al., 2004; Peleg et al., 2014; Peleg and Morin, 2012; Saa-

roni et al., 2010). The second synoptic system (Fig. 1) was

linked to the active Red Sea trough (ARST), which occurs

mainly during the transition seasons (Tsvieli and Zangvil,

2005) and mainly affects the southern and eastern parts of Is-

rael (Kahana et al., 2002). The ARST is defined as a sea-level

trough that extends from eastern Africa along the Red Sea

towards the Mediterranean (Ashbel, 1938). The cluster anal-

ysis classified 94 % of the wet synoptic systems in the study

area as ML, and (6 %) as ARST (Peleg and Morin, 2012).

Empirical distributions that describe the rainfall statistics

during ML and ARST events were derived from analysis of

191 586 radar volume scans of the C-band Shacham (EMS)

Mekorot weather radar system, located ∼ 60 km south of the

study area (Peleg and Morin, 2012). The convective features

were spatially determined using a segmentation method and

Hydrol. Earth Syst. Sci., 19, 567–581, 2015 www.hydrol-earth-syst-sci.net/19/567/2015/
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Table 2. Summary of the control (NCEP/NCAR reanalysis) and the climate models (CMIP5) used in the study.

Modeling center Model name Grid location Spatial resolution

National Centers for Environmental Prediction NCEP/NCAR reanalysis 35◦ E, 32.5◦ N 2.5◦× 2.5◦

Beijing Climate Center, China Meteorological BCC-CSM1.1 33.75◦ E, 32.1◦ N 2.8◦× 2.8◦

Administration

NOAA Geophysical Fluid Dynamics Laboratory GFDL-ESM2G 33.75◦ E, 33.4◦ N 2◦× 2.5◦

Met Office Hadley Centre (Realization HadGEM2-ES 33.75◦ E, 33.1◦ N 1.25◦× 1.87◦

contributed by Instituto Nacional

de Pesquisas Espaciais)

Figure 2. Annual average of 6 h occurrence frequency of dry, ML, and ARST synoptic systems derived from the NCEP/NCAR reanalysis

data and the three GCMs used in this study for the historical period (after Peleg et al., 2014). The GCMs slightly overestimate the wet

synoptic systems frequency by 2.1 % (HadGEM2-ES), 1.2 % (GFDL-ESM2G) and 2.5 % (BCC-CSM1.1).

temporally analyzed using a rain cell tracking algorithm (Pe-

leg and Morin, 2012). The empirical distributions include for

example: the number of convective rain cells, their areal ex-

tent, maximal and areal mean of rain intensity, orientation

and advection properties, the low-intensity rainfall area, and

mean rainfall intensity (Peleg and Morin, 2012, 2014). In

addition to the radar data, a dense rain-gauge network in

a 4 km2 plot located in the upper Taninim catchment was

used to assess the small scale rainfall spatial correlation at

the sub-grid resolution (Peleg et al., 2013).

3.3 Climate change projection using CMIP5 models

The Coupled Model Intercomparison Project Phase 5

(CMIP5, see Moss et al., 2010 and Taylor et al., 2012 for

more details) simulations were used to compare the wet

synoptic systems’ occurrence between the historical (begin-

ning of the 21st century) and future (mid-21st-century) pe-

riods. The analyzed simulations were obtained from mod-

els with 6 h temporal resolution that correspond with the

NCEP/NCAR reanalysis, and for two of the IPCC Assess-

ment Report 5 emission scenarios: (1) the high-emission

scenario (RCP8.5); and (2) a midrange-mitigation-emission

scenario (RCP4.5). Peleg et al. (2014) present synop-

tic system classification and occurrence frequency related

to each system for the eastern Mediterranean based on

NCEP/NCAR reanalysis and GCMs for the two selected sce-

narios. A quantile-quantile bias correction was applied for

the meteorological variables of the CMIP5 models, using

the NCEP/NCAR reanalysis data as a reference for the cor-

rections. For the current analysis three GCM CMIP5 mod-

els were selected: HadGEM2-ES, GFDL-ESM2G and BCC-

CSM1.1. These GCMs were selected because of their 6 h

temporal resolution, the close proximity of the pixels from

which the models’ meteorological variables were derived to

the study region (Table 2), and the relatively good representa-

tion of synoptic systems occurrence frequency by these mod-

els (Fig. 2). It was found that the following are likely: rain in

the region will become less frequent because of a reduction

in the occurrence frequency of wet synoptic systems, the wet

season period (i.e., the period from the first to last rainy day

in the year) will be shortened mainly from the ending of the

wet season and the occurrence frequency of ARST will in-

crease at the expense of the ML; the magnitudes of the above

changes for each GCM and emission scenario are summa-

rized in Table 3 (see a detailed analysis and discussion by

Peleg et al., 2014).

Based on the above analyses two scenarios of projected

synoptic system frequency change were examined here.

RCP4.5 scenario: the wet season period was projected to be

shortened by 6.5 % from its ending, the occurrence of wet

synoptic systems was projected to be reduced by 16 %, and

the occurrence of ARST was projected to increase by 4.25 %

at the expense of the ML. RCP8.5 scenario: the wet season

period was projected to be shortened by 9.5 % from its end-

ing, the occurrence of wet synoptic systems was projected

to be reduced by 16 %, and the occurrence of ARST was

projected to increase by 8.5 % at the expense of the ML.

These two projections were combined subjectively from the

changes found for each GCM (Table 3) giving some higher

weights to higher values of change found.

www.hydrol-earth-syst-sci.net/19/567/2015/ Hydrol. Earth Syst. Sci., 19, 567–581, 2015
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Table 3. Projected changes in regional synoptic system frequency derived from three GCMs comparing the beginning and the middle of the

21st century for the northern Israeli coastline (after Peleg et al., 2014).

HadGEM2-ES GFDL-ESM2G BCC-CSM1.1

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Change in occurrence frequency of wet

synoptic systems

−10 % −10 % −12 % −12 % −17 % −17 %

Change in duration of wet season period −2.6 % −6 % +6.6 % +1.9 % −12.6 % −12.7 %

Change in occurrence frequency of ARSTs

(on the expense of occurrence frequency of MLs)

+5.8 % +10.8 % 0 % +2.2 % +1 % +1.2 %

3.4 HiReS-WG

The high resolution synoptically conditioned weather gener-

ator (HiReS-WG) is a stochastic model that generates rain

fields with a substantial proportion of convective features

(Peleg and Morin, 2014). The HiReS-WG generates rain

fields based on the empirical distributions of the rainfall char-

acteristics subjected to the classified wet synoptic system.

The rain fields were generated for the catchments in a spa-

tial resolution of 0.25 km2 (see Fig. 1 lower right side) and

a temporal resolution of 5 min. This is a sufficiently high spa-

tiotemporal resolution that can be adequately used to sim-

ulate the hydrological response of the studied catchments.

An ensemble of 300 years of likely rainfall realizations that

represents the historical period was generated. The ensemble

was further divided into 10 series of 30 years each, in order

to assess the inter- and intra-annual variability of the rainfall.

In addition, ensembles were generated for the future period

for each scenario and were also similarly divided into 10 data

series, representing the projected changes in the occurrence

of the wet synoptic systems, as discussed above.

3.5 SCA-SMA hydrological model

The Sacramento Soil Moisture Accounting Model (SAC-

SMA) is a conceptual, continuous, and aerial-lumped model

that describes the wetting and drying processes in the soil.

A detailed description of the continuous-time form formula-

tion of the model that was implemented in this study as de-

scribed by Georgakakos (1986). The SAC-SMA robustness

was demonstrated by the results of the Distributed Model-

ing Intercomparison Project (Reed et al., 2004; Smith et al.,

2004) and this model is used in many operational setups

for various water resources management and flood warn-

ing practices. In recent years the SAC-SMA was also used

in various climate change impact studies (e.g., Georgakakos

et al., 2012a, b; Carpenter, 2011; Kerkhoven and Gan, 2011;

Koutroulis et al., 2013; Kwon et al., 2011; Najafi et al., 2011).

The development of the SAC-SMA model for the study

area is detailed in Shamir et al. (2014a) and a short sum-

mary is provided below. The model was calibrated for the

hydrometric stations of Bat Shlomo (upper Dalya catchment)

and Amiqam (upper Taninim catchment; Fig. 1). The rain-

fall data are from the Shacham (EMS) Mekorot weather

radar system for a period of 12 years (mentioned above).

Daily rainfall data from 26 rain gauges within 100 km dis-

tance from the radar were used for the radar-gauge adjust-

ment and another 13 rain gauges in the surroundings of the

Dalya and Taninim catchments were used for validation (Pe-

leg and Morin, 2012). Rainfall data were initially calculated

using the weather radar reflectivity data by applying a fixed

reflectivity-rainfall power law relationship and then read-

justed for each year using the weighted regression method

(Gabella et al., 2001; Morin and Gabella, 2007). The model

was constructed for four and five sub-basins for the upper

Dalya and upper Taninim catchments, respectively. The rain-

fall input to the model was spatially aggregated to reflect

mean areal values for these sub-basins. Initial SAC-SMA pa-

rameter values were estimated using field survey soil data

and GIS layers of terrain, soil, and lithology. The SAC-SMA

model was implemented to run in 5 min intervals, which is

the native resolution of the radar data and the output of the

HiReS-WG and is adequate because of the small sub-basins

size and their rapid response time. The model was calibrated

to capture the general hydrologic regime rather than to sim-

ulate the peak and the timing of a specific flow event. The

SAC-SMA model was set to run continuously for each year

from 1 October to 31 May, where for each year the initial

conditions of the soil components were set to dry conditions

(∼ 1 % of saturation).

Comparing the observed average mean areal rainfall over

the hydrometric stations drainage area with the streamflow

indicate that initial cumulative rainfall is required in the

beginning of the rainy season before measurable stream-

flow is recorded in the stations. This phenomenon was pre-

viously reported in other Mediterranean karst catchments

(e.g., Ben-Zvi, 1998; Hartmann et al., 2014; Rimmer et al.,

2006; Samuels et al., 2009). Note that even very intense

and long rainfall events in the beginning of the wet season

(e.g., 1991/1992 and 1994/1995) did not generate measur-

able streamflow at the stations. The SAC-SMA model struc-

ture was modified to include an initial loss reservoir that

starts empty every year (1 October) and has to be satisfied

first before the rainfall is applied as input to the rest of the

SAC-SMA model components.
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Figure 3. Panels (a) and (b) present calculated (from SAC-SMA) vs. observed (from hydrometric stations) annual streamflow volumes for

the upper Dalya and upper Taninim catchments, respectively, for 12 years of data. The R2 values relate to the linear fit that runs through the

origin (red line). Dashed line represents perfect match between observed and calculated volumes (slope of 1). Panels (c) and (d) are the same

but for event streamflow volumes.

The SAC-SMA simulations match the observed annual

volumes at the hydrometric stations of the upper Dalya and

upper Taninim catchments (Fig. 3a and b), with high R2 val-

ues (0.89 and 0.94, respectively) for the linear fit (slope of

0.96 and 0.95, respectively). To examine the fit at the event

level we defined rain and streamflow events as follows: a rain

event begins when rain first appears over the catchment and

ends when there is a dry-spell intermission that exceeds at

least 3 h before the next pulse of rain occurs; a rain event is

being accounted for only if its mean areal rainfall exceeds

10 mm. A streamflow event begins when a corresponding

rain event begins. The end of the streamflow event was de-

termined by fitting an exponential decay to the discharge re-

cession limb (using a decay constant of 0.01 h−1 for both

catchments), cut at a threshold closer to zero (∼ 0.03 m3s−1).

An example is shown in Fig. 4 for a 2-week period in Jan-

uary 1991 for the upper Dalya catchment. The SAC-SMA

simulates the events streamflow volumes reasonably well

(Fig. 3c and d), with an acceptable slope of the linear fit

between observed and calculated data of 0.72 for the upper

Dalya catchment and 0.7 for the upper Taninim catchment

(R2 of 0.45 and 0.5, respectively).

A rainfall ensemble of 300 years was generated by the

HiReS-WG for historical climate conditions and was used

as forcing to the SAC-SMA model. Figure 5 presents three

Figure 4. An example of rainfall and streamflow discharge from

the upper Dalya catchment separated into different events of rain-

fall and streamflow. Red line represents the observed hydrograph

obtained from the hydrometric station and filled areas represent the

hydrograph simulated by the SAC-SMA. See text for details about

the separation procedure for rain and streamflow events.
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Figure 5. The annual streamflow volumes vs. the annual rainfall

depth over the catchments. Three data samples are presented: ob-

served rainfall from weather radar and observed volumes from hy-

drometric stations (blue), observed rainfall from weather radar and

simulated volumes from SAC-SMA (red) and rainfall realizations

generated by the HiReS-WG and simulated volumes from SAC-

SMA (grey).

combinations of annual rainfall and streamflow data: (1) ob-

served rainfall (from weather radar) and observed stream-

flow, (2) observed rainfall and its associated SAC-SMA sim-

ulated streamflow, and (3) HiReS-WG simulated rainfall and

its associated SAC-SMA simulated streamflow. It seems that

the HiReS-WG and SAC-SMA integration simulates well the

observed period with the exception of the wettest annual rain-

fall (1181 mm observed in 1991/1992). This is attributed to

the HiReS-WG limitation in generating uncharacteristically

long lasting rain events as in 1991/1992 (discussed in de-

tails by Peleg and Morin, 2014). For example, the average

duration of the longest 10 % rain events during the observed

12 years was 13 h, while the average duration of the longest

10 % rain events during 1991/1992 was 17 h.

4 Projected change in the hydrological regime induced

by climate change

4.1 Changes in rainfall amounts

Three ensembles, each with 10 data series of 30 years of rain-

fall, were generated by the HiReS-WG. The first ensemble

represents the historical period (beginning of the 21st cen-

tury) and the second and third ensembles represent the pro-

jected future (mid 21st century) for the RCP4.5 and RCP8.5

emission scenarios, respectively. As seen in Fig. 6, the mean

annual rainfall is projected to decrease from 646 to 547 mm

(15 % reduction) and 531 mm (18 %) for the RCP4.5 and

RCP8.5 emission scenarios, respectively. The decrease in

mean annual rainfall was found to be statistically significant

for both emission scenarios using a two-sided z test (with

a significance level [α] of 0.05).

A range of reduction values can be estimated by examining

the change between the minimum (maximum) rainfall annual

mean that was derived from the 10 data series of the three en-

sembles. For the RCP4.5 and RCP8.5 emission scenarios, the

projected range of the mean annual rainfall reduction over the

catchments is 2–23 % and 7–25 %, respectively. In addition,

the standard deviation of the annual rainfall derived from the

ensembles is projected to decrease from 104.5 mm for the

historical period to 99.9 mm and 95.8 mm for the RCP4.5

and RCP8.5 scenarios, respectively. The changes in standard

deviation however, were found insignificant (α = 0.05) us-

ing F test for equality of two standard deviations; samples

were normally distributed as tested by Shapiro–Wilk W test

(α = 0.05). In contrast to the projected decrease in mean an-

nual rainfall and standard deviations, the coefficient of varia-

tion (CV) of the annual rainfall is projected to increase from

an average of 16.5 % for the historical period to 17.9 and

18.2 % for the RCP4.5 and RCP8.5 emission scenarios, re-

spectively, indicating an increase of the inter-annual changes

relative to the mean rainfall.

Local sensitivity tests were conducted for the parameters

that were modified in the ensembles of the future projection.

Rainfall ensembles of 300 years each were generated for the

following cases: a shortening of the wet season period, an

increase in the occurrence frequency of ARST on the ex-

pense of occurrence frequency of ML, and a reduction of
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Figure 6. The standard deviation of the annual rainfall of each 30-

year ensemble selected from the 300-year simulation (black for his-

torical, red for RCP4.5 scenario and blue for RCP8.5 scenario) is

presented vs. the mean annual rainfall for each ensemble. Dashed

lines represent the average annual rainfall of each ensemble, and

colored boxes show the extent of annual rainfall mean and standard

deviation for the different periods and scenarios. The rainfall en-

sembles represent upper Dalya and upper Taninim catchments com-

bined.

occurrence frequency of wet synoptic systems. For all cases,

a 10 % change in the parameter values that were estimated

from the historic data was examined. The average annual

rainfall of each ensemble and its change compared to the his-

torical period are summarized in Table 4.

The reduction in the mean annual rainfall (by 15 %; sta-

tistically significant using a two-sided z test, α = 0.05) was

most sensitive to the reduction in occurrence frequency of

the wet synoptic systems (by 10 %). Increased frequency of

ARST at the expense of ML (by 10 %) had a small (a reduc-

tion of 0.5 %) and insignificant effect on rainfall in this re-

gion. This is a surprising result because of the marked differ-

ences in rainfall characteristics between the ML and ARST

synoptic conditions. For example, convective features caused

by ARST compared to ML are larger in area but with weaker

rain intensities (Peleg and Morin, 2012, 2014); it is possi-

ble that some of these differences affect the total rainfall in

an opposite manner such that the integrated effect is small.

Shortening of the wet season period (by 10 %) had no de-

tectible effect on the mean annual rainfall (a reduction of

0.9 %, statistically insignificant). This is because the short-

ening of the wet season period by 10 % implies a reduction

Figure 7. Same as Fig. 6 but for annual streamflow volume for up-

per Dalya catchment.

Table 4. Summary of the local sensitivity tests. The average annual

rainfall of each ensemble and its projected change comparing to the

historical ensemble (in parenthesis) are presented.

Ensemble Mean annual rainfall (mm)

Historical period (1996–2005) 646

Shortening of wet season period by 10 % 640 (−0.9 %)

Increasing occurrence frequency of ARSTs on the 643 (−0.5 %)

expense of occurrence frequency of MLs by 10 %

Reducing occurrence frequency of wet synoptic 547 (−15.3 %) ∗

systems by 10 %

∗ Significant changes at the 0.05 level

of about 1–2 rain events only when the occurrence frequency

of rain events for either the beginning or end of the wet sea-

son is low.

4.2 Changes in streamflow volumes

The mean annual streamflow volumes for the 10 data se-

ries of the historical period and of the future period (RCP4.5

and RCP8.5 emission scenarios) are presented in Fig. 7 for

the upper Dalya catchment. Streamflow was calculated by

the SAC-SMA using input from the above mentioned rain-

fall HiReS-WG ensembles. The mean annual streamflow vol-

ume calculated from the ensembles is projected to decrease

from 5.34× 106 m3 to 2.96× 106 m3 (45 % reduction) for

the RCP4.5 scenario and to 2.84× 106 m3 (47 %) for the

RCP8.5 scenario. A range of reduction values were com-

puted (Fig. 7) using the maximum and minimum streamflow
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Figure 8. The average event streamflow volume vs. event rainfall

depth for the historical period (black), RCP4.5 simulations (red) and

RCP8.5 simulations (blue) with exponential fits (lines) for upper

Dalya (upper graph) and upper Taninim (lower graph) catchments.

Note that rainfall is quantized in 10 mm intervals and the points in

the graph represent the average of all events within each 10 mm

interval of rainfall.

volumes of the data series for each period, as explained in

the previous section. For the RCP4.5 and RCP8.5 emission

scenarios, the projected reduction range of the mean annual

streamflow volume is 10–60 % and 16–66 %, respectively.

As seen in the analysis of the rainfall ensembles, the stan-

dard deviation of the annual streamflow volume was pro-

jected to decrease from 3.17× 106 m3 for the historical cli-

mate to 2.53× 106 m3 and 2.39× 106 m3 for the RCP4.5 and

RCP8.5 emission scenarios, respectively. The decrease in the

mean annual streamflow volume was found to be statisti-

cally significant (using a two-sided z test, α = 0.05). Because

the samples of the standard deviation are not normally dis-

tributed (tested by Shapiro–Wilk W , α = 0.05), we did not

assess the statistical significance of the projected reduction in

the standard deviation. As in the case of annual rainfall, while

both mean annual streamflow volume and average standard

deviation of annual volume are expected to decrease, the

CV of the annual streamflow volume was projected to in-

crease from an average of 61.9 % for the historical period to

87.5 and 86.2 % for the RCP4.5 and RCP8.5 scenarios, re-

spectively. This paragraph discuss the changes in streamflow

volumes for the upper Dalya catchment; similar trends were

found for the upper Taninim catchment.

In addition to the annual scale, changes in events’ stream-

flow volumes were examined. In general, a comparison be-

tween streamflow volume and rain depth at the event scale

presents a large scatter because of factors such as antecedent

moisture conditions and spatial and temporal distribution of

rainfall. Therefore, we have examined the average stream-

flow volume for all events with rainfall depth binned in

10 mm intervals (Fig. 8); an exponential fit was applied for

each period for both catchments (lowest R2 calculated was

0.96). The average events’ streamflow volumes for the his-

torical period were found to be higher than for the future pe-

riod for upper Dalya by a factor of 1.9–2 and 1.4–1.9 for the

RCP4.5 and RCP8.5, respectively, and for upper Taninim by

a factor of 1.5–2.1 for both emission scenarios. The decrease

in events’ streamflow volumes for a given event rainfall depth

is a result of the reduction in occurrence frequency of wet

synoptic systems which implies longer dry periods between

events. Thus, the upper Dalya and upper Taninim catchments

were projected to produce less runoff because of drier soil

and drier antecedent moisture conditions that precede rain-

fall events.

Last, the effect of climate change on the duration of the

streamflow season (i.e., from the first to the last appearance

of streamflow in the catchment’s outlet) was examined. Fig-

ure 9 presents the wet season periods and streamflow seasons

for both catchments. It can be seen that streamflow season is

projected to be shortened mainly because of delayed onset.

This shorter streamflow season is attributed to the increase in

dry duration between rainfall events, which cause drier soil

conditions and delays the first streamflow event. Although to

a lesser extent, the projected shorter streamflow season was

also due to an earlier ending caused by projected earlier end-

ing of wet synoptic systems, as discussed in Sect. 3.3. The

shorter streamflow season was projected to be more severe

for the RCP8.5 scenario (26 and 28 % for the upper Dalya

and upper Taninim catchments, respectively) compared to the

RCP4.5 scenario (22 % for both catchments).
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Figure 9. The period of the wet season (light blue, numbers repre-

sent duration in days), its interquartile range (IQR, dark blue) and

the streamflow season (central boxes, numbers represent duration

in days) for upper Dalya and Taninim catchments for historical and

future periods.

5 Discussion and conclusions

In this paper we present a case study in which we assessed

the sensitivity of the hydrological regime of two medium-

size catchments (upper Dalya and upper Taninim, ∼ 50 km2

each) to projected climate changes by generating high spa-

tiotemporal resolution rain fields using the HiReS-WG (ad-

equate for convective features) and applying them as input

to the SAC-SMA hydrological model. The climate projec-

tions were done by modifying the occurrence frequency of

the regional meteorological wet synoptic systems based on

analysis of three GCMs CMIP5 simulations for the RCP4.5

and RCP8.5 emission scenarios.

Previous studies used daily rainfall resolution, for exam-

ple: Chiew and McMahon (2002) examined the projected

effects of climate change on runoff, evapotranspiration and

soil moisture for eight Australian catchments, ranging from

a medium scale (27 km2) to large scale (544 km2); Jones et al.

(2006) estimated the hydrological sensitivity to changes in

rainfall and potential evaporation in 22 catchments in Aus-

tralia, ranging from medium (52 km2) to large (1300 km2)

scale; Chiew et al. (2010) conducted a comprehensive study

on eight medium-to-large catchments (161–1540 km2) in

Western Australia by comparing the predicted changes in

rainfall and runoff characteristics; Vaze and Teng (2011) con-

ducted another study in Australia to predict changes in runoff

for catchments of medium-to-large scales (50–2000 km2).

Most of the above studies used rainfall data for point loca-

tions.

The use of the HiReS-WG model to generate high spa-

tiotemporal resolution rain fields for hydrological projection

for small-to-medium sized catchments enables the simula-

tion of streamflow not only for the annual or seasonal scale

but also for the examination of the characteristics of flow

events that last less than a few hours. In this study we demon-

strated this capability by examining the projected change in

the volumes of streamflow events for the upper Dalya and up-

per Taninim catchments. It was found that a major reduction

in the projected average volumes of the streamflow events is

expected.

The synthetic rainfall ensembles generated by the HiReS-

WG indicated that the mean annual rainfall is projected to be

reduced by 15 % (in a range of 2–23 %) and 18 % (7–25 %)

for the RCP4.5 and RCP8.5 emission scenarios, respectively,

comparing 1996–2005 to 2046–2055 periods. This reduction

is larger than the regional reduction projected by other stud-

ies conducted for northern Israel. For example, Evans (2009)

projected an annual decrease in rainfall of 20 mm (3 %) for

2050 compared to 2005; future rainfall reductions for the end

of the 21st-century of 30–75 mm (4–12 %) were reported by

Alpert et al. (2008) while Oenol and Semazzi (2009) reported

a decrease in winter rainfall of 24 %. These studies used the

A2 emission scenario (presented in the IPCC AR4 report)

and were averaged for a much larger domain than the one

examined in this study. In addition, their projections were

derived from RCMs. In this study we focused on changes

in the characteristics of the wet synoptic systems. We found

that the characteristics of the projected wet synoptic systems

are expected to have a shorter season, fewer occurrences of

wet synoptic systems, and an increase in the occurrences of

ARST at the expense of ML. Other factors related to rain-

fall characteristics might also be subject to change, for ex-

ample, Black (2009) and Krichak et al. (2011) discussed that

the proportion of convective rainfall out of the total rainfall

might increase as a result of projected increase in surface

temperature. Such factors weren’t considered in this study

but could be included in future studies. To the best of our

knowledge, currently there are no future projections that con-

sider changes in rainfall spatiotemporal statistics for this re-

gion.

Along with the projected decrease in mean annual rainfall,

a decrease in the annual rainfall standard deviations and an

increase in the annual rainfall CV were found. This implies

an increase of the inter-annual changes relative to the mean

rainfall for the future period. This is a similar trend to that

found by Samuels et al. (2013) for Tel Aviv, located on the

central coastline of Israel, for the A1B emission scenario.

They reported a median decrease of 9.8 % in annual rainfall

for 2035–2060 with a minor annual rainfall decrease of 1.7 %

for the upper 5 percentiles. This implies that the extreme wet

years will be affected by climate change in a different way

than the mean annual rainfall. Similar results were found for

the projected change in the mean annual streamflow volume,

as it was also found that the mean and standard deviation are

projected to decrease and the CV is projected to increase.
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The mean annual streamflow volumes were projected to

be reduced by 10–66 % (RCP4.5 and RCP8.5 emission sce-

narios). Only three studies that assessed climate change pro-

jected impact on the hydrological regime for this region

(using A1B emission scenario) were found. Samuels et al.

(2009) evaluated the impact of projected increase of multi-

year droughts and extreme rainfall events on the stream-

flow of the Upper Jordan River and its tributaries. They

found that while the projected increase in extreme rain-

fall events increases the streamflow intensity and change

the extreme events recurrence distribution; no substantial

changes were found for the low flow regime. Samuels et al.

(2010) reported a projected reduction in mean daily base

flow and surface flow of 10–11 % and 17 %, respectively,

for the large-sized catchment (> 1000 km2) of the upper Jor-

dan River, comparing 1980–2005 and 2036–2060 periods.

Rimmer et al. (2011) calculated trends of the annual incom-

ing water volumes for the Sea of Galilee (northern Israel),

comparing the periods 1979–2009 and 2015–2060 and us-

ing four climate models. The trends were found to vary be-

tween −9.05× 106 m3 year−1 and 1.94× 106 m3 year−1; the

maximum projected annual inflow reduction trend was equal

to ∼ 1.3 %. All studies projected a reduction in streamflow

volumes, but differences exist between projected reduction

amounts as there are differences between the studies: the do-

main size, the emission scenarios, the historical and future

periods that were considered, and the catchments properties

(e.g., Dalya and Taninim are ephemeral streams and the Up-

per Jordan River is a perennial river).

Changes in rainfall amounts are usually amplified in

streamflow discharge and volume (Chiew and McMahon,

2002; Chiew et al., 2010; Li et al., 2013; Peleg and Gvirtz-

man, 2010). This effect was well demonstrated in the re-

sults of this study when examining the non-linearity of the

synoptic-rainfall-streamflow interactions, which resolved in

percentage change in runoff of about 3 times the percent-

age change in rainfall (the rainfall is projected to reduce by

2–25 % and the annual streamflow volume by 10–66 %). Fu-

ture drier soil conditions resulting from the shortening of the

wet season and reducing the number of rainfall events (which

cause an increase in the length of dry periods between rain-

fall events) are the reasons for this amplification. Chiew et al.

(2006) defined this amplification, the change in annual runoff

in comparison to the change in annual rainfall, as the pre-

cipitation elasticity of streamflow (εp). Chiew et al. (2010)

reported a change in annual runoff that is up to 2 times the

change in annual rainfall, but in an earlier study Chiew and

McMahon (2002) stated that “in ephemeral catchment with

low runoff coefficients the percentage change in runoff can

be more than 4 times the percentage change in rainfall”. εp

values similar in magnitude to those of this study (εp > 3)

were found in other catchments worldwide, representing a

variety of climates Chiew et al. (2006).

Lastly, limitation of the HiReS-WG and SAC-SMA should

be taken into consideration when discussing the effect of cli-

mate change on rainfall and streamflow. First, the HiReS-

WG is unable to generate the observed extreme rainfall year

(1991/1992); this is attributed to the HiReS-WG inability of

generating rain events with extreme long-durations (Peleg

and Morin, 2014). The SAC-SMA was often implemented

to a coarser spatiotemporal resolution than an area of tens

km2 and 5 min intervals that was applied in this study. The

River Forecast Centers of the US National Weather Service

commonly implement the SAC-SMA in basins larger than

50 km2 and with hourly or longer temporal resolution (e.g.,

Shamir et al., 2006). The coarse resolution allows for aver-

aging in time and space, and the hydrologic response is less

abrupt therefore contributing to robust model performance.

Nevertheless, the SAC-SMA was successfully implemented

in the upper Dalya and upper Taninim catchments (Shamir

et al., 2014a). When considering the results presented here

of the effect of climate change on the hydrological regime it

should be noted that besides the rainfall changes discussed

above, no other changes were made. SAC-SMA parameters

(land use, vegetation type and coverage, evaporation, etc.)

were regarded as stationary; thus enabling the examination

of how the projected changes in the regional synoptic sys-

tems would affect the runoff without taking into consider-

ation other non-synoptic parameters (some are expected to

change, e.g., evaporation is projected to increase along with

an increase in temperature).

We conclude that for small-to-medium sized catchments

influenced by convective rainfall, the HiReS-WG, integrated

in the suggested modeling framework, is a good tool for pro-

jecting changes in the hydrological regime resulting from cli-

mate change. The HiReS-WG can be applied to catchments

in other climate environments affected by convective rain-

fall. Further research assessing projected changes in rainfall

spatiotemporal statistics is still required to better represent

climate change impact on rainfall; once such information is

available, its integration into the HiReS-WG is straightfor-

ward.
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