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Abstract Variations and trends in the rain regime of
Israel are analyzed for 1975-2010, when persistent global
warming has been observed. Negative trend is observed
over the majority of Israel, statistically significant only in
the super-arid region. The decrease is significant over the
majority of Israel only in the spring, reflecting a shortening
of the rainy season, >3 days/decade. The dry spells are
becoming longer, significantly in most of the stations. The
factors affecting these variations, synoptic systems, large-
scale oscillations and global temperature, were studied for
extended period, 1953-2010. A simple multiple stepwise
regression model applied for the inter-annual rainfall
variations indicates that the occurrence of Cyprus lows is
the dominant factor and the Mediterranean oscillation
index, MOI2, is also a significant factor. In order to reduce
the inter-annual noise and reveal inter-decadal variations,
the time-series of the rainfall and its potential predictors
were smoothed by 11-year window, showing an increase
toward the 1990s, followed by a decrease, at a higher rate,
onward. Correspondingly, the aridity lines propagated
southward till the mid-1990s and then withdrew back, at a
larger rate. The large-scale oscillations and the global
temperature explain 83 % of the variance on the inter-
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decadal time-scale, half of it explained by the global
temperature alone. The findings of this study support the
expected poleward expansion of the Hadley cell due to
global warming.
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Introduction

Climatic models, both global and regional, are predicting a
rise in temperatures and a decrease in rainfall in the Med-
iterranean Basin (MB), based on all scenarios of greenhouse
emissions (IPCC 2007; Lionello and Giorgi 2007; Alpert
et al. 2008; Kitoh et al. 2008; Jin et al. 2010; Raible et al.
2010; Krichak et al. 2011). The rainfall decrease may be the
result of a poleward shift of the subtropical highs, toward
the MB, as a part of the expansion of the Hadley cell due to
global warming (Seidel et al. 2008). This expansion is also
expressed by the predicted change in precipitation, showing
bands of negative trend along the poleward sides of the
subtropical highs in both hemispheres (IPCC 2007).

Decreasing trend in rainfall has far-reaching environ-
mental implications on this sensitive region, located on the
climatic border between wet (Mediterrancan) and arid
climates. This region is subjected to large inter-annual
rainfall variability, and thus, it is difficult to identify sig-
nificant long-term trends (Morin 2011). Nevertheless, a
thorough analysis of rainfall variations is required in order
to determine whether we can identify the predicted
decreasing trend.

Most studies in recent years show a trend of rainfall
decrease in the vast majority of the MB (e.g., Alpert et al.
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2002; Xoplaki et al. 2004; Kostopoulou and Jones 2005;
Toreti et al. 2010). As for the eastern MB, Alpert et al.
(2002) and Zhang et al. (2005) did not identify any signif-
icant trend. For Israel, Ben-Gai et al. (1994, 1998) and
Perlin and Alpert (2001) analyzed the rainfall trend between
the 1960s and the mid-1990s and found an increase in the
northern Negev, located at the semi-arid region of the
country. They attributed this positive trend to changes in
land-use due to the national water carrier, which became
operational during that period, and deliver water for irri-
gation in large part of that region. They hypothesized that
the agricultural development there led to a decrease in the
surface albedo and thus to an increase in convective rains.
Zangvil et al. (2003) attributed this increase in the semi-arid
region to synoptic-scale factor rather than to a local one.
They showed an enhanced tendency of upper-level troughs,
a key factor for rainfall in Israel, to be oriented in the
southwest—northeast direction, which favor rains in that part
of Israel. Alpert et al. (2004) added another explanation that
this rainfall increase might be from an increase in the
number of days with Red Sea Trough (RST), a system
having rainfall potential in south Israel.

Yosef et al. (2009) showed nonsignificant increase in the
annual rainfall in Israel for the period 1951-2004, with
variations in the ratio of the rainfall in the southern and the
northern parts of Israel. They pointed on variations in the
synoptic systems and large-scale oscillations as controlling
these rainfall variations. Shlomi and Ginat (2009) exam-
ined rainfall trends in the southernmost part of Israel
between the years 1950 and 2008 and indicated a signifi-
cant decrease in this super-arid region.

In spite of the decrease in the total rainfall over the MB,
an increase in extreme daily rainfall was found for the
period 1951-1995 (Alpert et al. 2002). They showed an
increase in the occurrence of torrential rain in Italy, Spain
and Cyprus, and in heavy rainfall in Israel. However, these
trends were statistically insignificant in Israel. Yosef et al.
(2009), based on daily data from Israel for the period
1951-2004, found an increase in the relative contribution
of days with >32 mm at the center and south parts of the
country, and a decrease at the north. The relative contri-
bution of days with <16 mm showed an increasing trend in
the north and a decreasing trend at its center and south.
However, when analyzed on a regional basis, none of these
trends were statistically significant.

The rain regime in Israel is dominated by Cyprus lows
(CLs, e.g., Shay-El and Alpert 1991; Goldreich 2003; Sa-
aroni et al. 2010a). In addition, several large-scale atmo-
spheric oscillations affect the rainfall regime (e.g.,
Branston and Livezey 1987; Jacobeit 1987). Price et al.
(1998) showed a significant correlation between El-Nino
years and rainy seasons in Israel. This connection, how-
ever, was found significant only between the mid-1970s
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and the mid-1990s. The Mediterranean Index (MOI, Conté
et al. 1989), the North-Sea Caspian-Sea Pattern (NCP) and
the East-Atlantic-Western-Russia (EA-WR) were found to
be significantly correlated with the Israeli rainfall (Kutiel
and Paz 1998; Kutiel and Benaroch 2002; Krichak et al.
2002). Yosef et al. (2009) indicated that inter-annual
rainfall variations are significantly correlated with both the
EA-WR and the NCP oscillations.

Several studies indicated that the North Atlantic Oscil-
lation (NAO) is not correlated with the rainfall in Israel
(e.g., Ziv et al. 2006). However, Zangvil et al. (2003)
claimed that the positive phase of the NAO (between the
mid-1970s and the mid-1990s) is the cause for the afore-
mentioned unique orientation of the upper troughs,
responsible for the rainfall increase in the semi-arid region
of Israel. Krichak et al. (2002) and Krichak and Alpert
(2005) found a combined effect of the NAO and the EA-
WR on the rain regime in Israel.

The aim of this research is to examine variations and
trends in the rain regime over Israel with respect to vari-
ations in the occurrence of the synoptic systems, the large-
scale oscillations and the global temperature. Our goal is to
find whether the expected drying trend, implied by the
future projections of the climate models, can be already
identified during the period of consistent rise in the global
temperature (IPCC 2007), that is, from the mid-1970s.

Materials and methods
Data

The study area covers the entire area of Israel, with annual
rainfall ranging from 25 mm in the southernmost tip to
>1000 mm in the northern mountains (Fig. 1a). The study
area was divided according to the geographical and cli-
matological features (geographical regions, hereafter), as
defined by the Israel Meteorological Service (IMS,
Fig. 1b). The rain data were inspected by the climate
department of the IMS, and no homogenization was nee-
ded. However, fitting data from neighboring stations (in the
range of ~ 10 km) was done when needed.

Monthly rainfall data are based on all available rain-
measuring stations of the IMS, that is, 919 stations
(denoted in Fig. 1a). Daily data from 10 representing sta-
tions (denoted in Fig. 1b) are analyzed for exploring trends
in the structure of the rainy season (as specified in the
methods section). The data of these stations are full, except
for one station (Sedom, at the super-arid region of the Dead
Sea), where two seasons were missing and accomplished
by the IMS, based on neighboring stations.

Since the rain in Israel is obtained in the months October—
May (Goldreich 2003), the rain season is defined as starting
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Fig. 1 a Average annual rainfall in Israel (1981-2010) with notation of all the stations (919) used in the study. b The geographical regions and

the location of the 10 “representative stations”

at August 1 and ending at the next July 31. The study period
includes 36 rain seasons, between the years 1974/5 and
2009/10, during which the global temperature is rising per-
sistently (IPCC 2007). For inter-decadal analysis we refer
also to a longer period, that is, 1952/3-2009/10 (extended
period, hereafter), for which the data available are the annual
rainfall averaged over the region with >100 mm.

Methods

Linear trends in the annual rainfall, number of rain days,
daily rainfall intensity, length of the rain and dry spells and

the timing and duration of the rainy season were derived
using both the least-squares regression, with the Pearson’s
correlation coefficient for evaluating their statistical sig-
nificance, and the non-parametric method of Mann—Ken-
dall (Helsel and Hirsch 2002). The two-tailed p value is
considered since there was no a-priori expected trend for
any of the variables. The rain spells are derived for the
entire rainy season, October—May, and the dry spells, for
the period November—March, so that the long dry spells
characterizing the beginning or the end of the rainy season
are discarded. The duration of the rainy season is deter-
mined based on the method of Paz and Kutiel (2003),
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applied for the MB by Reiser and Kutiel (2009). The
beginning of the rainy season is defined as the date by
which 10 % of the annual rainfall for the pertinent year is
accumulated and its end as the date by which 90 % of the
annual rainfall is accumulated. The advantage of this
method is that it ignores sporadic rain events at the
beginning and the end of the rainy season.

The long-term trend of the annual rainfall (using the least-
squares regression method) over the area with >100 mm
was mapped using the ArcGIS 9.3 software (ESRI 2008) and
the interpolation method of Inverse Distance Weighted
(IDW). In order to better assess the data in regions with a
sharp rainfall gradients, the interpolation was done on the
annual rain anomaly values rather than the rainfall itself, so
that the values of the individual stations were interpolated
into a 3 x 3 km grid. The mapping does not include the
super-arid region at the southernmost part of Israel and the
Dead Sea areas due to the large variability characterizing this
area and the insufficient amount of rain gauges there. In
addition, the trend, together with its statistical significance,
is calculated for each of the geographical regions (see
Fig. 1b) separately.

One of the implications of changes in the annual rainfall,
most relevant to the study region, is a shift in the location
of the climatic borders. Based on Koppen classification
(McKnight and Hess 2008), the climatic borders between
the Mediterranean and the semi-arid and between the
semi-arid and arid regions for the study region, character-
ized by winter rainfall and an average annual temperature
of 20 °C, coincide with the 400 mm and the 200 mm iso-
hyets, respectively. The inter-annual variations in the
location of these isohyets and in the area included in each
of the climatic regions are analyzed based on all stations
located in the relevant region (see Fig. 1a).

The relationships between the annual rainfall and factors
that may explain its inter-annual and inter-decadal varia-
tions are studied for the extended period. This includes the
occurrence of the regional synoptic systems, the large-scale
oscillations known to affect the MB and the global tem-
perature. The definition of the regional synoptic systems is
based on the semi-objective synoptic classification of Al-
pert et al. (2004), including five systems that are further
divided into 19 types. This classification is based on the 12
UTC 1000-hPa temperature, horizontal wind and geopo-
tential height, reflecting the surface pressure systems. The
rain-producing systems considered here are the CL, being
the major rain-producing system, and the RST, known as a
source of flash floods in south Israel (Kahana et al. 2002). It
should be stressed that the occurrence of a synoptic system
refers to the number of days in which it appeared in the
synoptic maps of the eastern MB. For instance, an indi-
vidual CL that persisted 3 days near Cyprus would be
counted three times. The large-scale oscillations analyzed
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are the NAO, EA-WR, NCP, Nino3.4 and MOI2 (the
500-hPa geopotential difference between Gibraltar and Beit
Dagan, Israel), taken from NOAA-CIRES, Climate Indices:
Monthly Atmospheric and Ocean Time-Series (http://www.
esrl.noaa.gov/psd/data/climateindices/). The global tem-
peratures, in terms of anomaly with respect to the
1951-1980 average, were taken from the National Aero-
nautics and Space Administration, Goddard Institute for
Space Studies (http://www.esrl.noaa.gov/psd/data/correla
tion/gmsst.data).

The relationships between the rainfall and the afore-
mentioned factors were first examined by correlating its
annual amounts with the occurrence of the synoptic sys-
tems, the indices representing the large-scale oscillation and
the global temperature anomaly. Then, a simple multiple
stepwise regression model (regression model, hereafter)
was applied (e.g., Sousa et al. 2011), using the SPSS soft-
ware applying the forward stepwise option. The regression
model aims to identify the significant factors explaining the
inter-annual and inter-decadal variations in the rainfall and
to reconstruct the annual rainfall (predictant) based on a
linear combination of factors (potential predictors). The
regression model was calibrated and validated by the stan-
dard cross-validation technique of “leave one out” (Wilks
2011). This technique is based on repetitive derivations
(runs) of the regression model. In each run one data point
(i.e., one year) is excluded (left out), the model parameters
are determined based on the remaining data points, and the
model is applied on the left-out data point. N runs are
performed (N is the number of data points, i.e., years), so
that in each one, another data point is left out. For each run
the error in the regression model of the left-out point and
the parameters are saved. The model errors in the indi-
vidual runs were used for calculating the model’s standard
error.

The skill of the regression model was evaluated using
the SS factor (Wilks 2011), given by (1) SS = 100x
%, where RMSETref is the standard error of an
alternative reference prediction scheme and RMSEperf is
the standard error of a perfect prediction. If SS = 0, the
skill of the regression model is similar to that of the ref-
erence prediction. If SS = 4100, the prediction skill
reaches the quality of the perfect prediction, and if SS =
—100, the prediction is much worse than the reference one.
Reference prediction models commonly used for the sea-
sonal value of a climatological variable are its climato-
logical long-term mean (“climatology”) or its value in the
previous year (“persistence”), see Sousa et al. (2011).

Regression model was applied also on smoothed time-
series (using 11-year running average) of the rainfall and
the aforementioned factors for exploring relationships on
the decadal time-scale. The inter-decadal analysis was
redone, for the detrended time-series.


http://www.esrl.noaa.gov/psd/data/climateindices/
http://www.esrl.noaa.gov/psd/data/climateindices/
http://www.esrl.noaa.gov/psd/data/correlation/gmsst.data
http://www.esrl.noaa.gov/psd/data/correlation/gmsst.data
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Observed trends

Variations and trends in the annual rainfall
and the aridity lines

The average annual rainfall in the region with >100 mm
for the study period (1974/5-2009/10) is 429 mm, with a
standard deviation of 116 mm, that is, an inter-annual
variations of over 25 %. The inter-annual variation and the
long-term trend of the annual rainfall averaged over this
region are presented in Fig. 2. The implied linear trend for
the study period is a decrease of —2.7 and —1.9 % per
decade according to the least-squares regression and the
Mann-Kendall methods, respectively. This trend is not
statistically significant by both methods. The inter-decadal
variation, reflected by a polynomial curve (3rd order,
Fig. 2), is characterized by a slight increase at the begin-
ning of the study period, followed by a decrease, in a larger
rate toward the end of the study period. It could be
hypothesized that this course results from the unusual rainy
season of 1991/92. However, when this exceptional rainy
season was removed from the time-series, the polynomial
course remained almost similar. The average annual rain-
fall for this region for the extended period (beginning at
1952/3) shows also a negative linear trend, though being
considerably smaller, —0.1 and —0.5 % per decade,
according to the two methods (not shown). These results
demonstrate fluctuations in the annual rainfall on the dec-
adal time-scale rather than a consistent decreasing trend.
The spatial distribution of the linear trend for the study
period (Fig. 3a) shows a decrease over most of the region,
though being statistically insignificant over the vast
majority of the area. The largest decrease is found in the
Northern Mountains and the Judean Mountains. In certain
locations a slight increase is observed, especially in the
center of Israel. The linear trend averaged over each of the
geographical regions, using both of the aforementioned
methods, is presented in Fig. 3b. It further indicates the
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Fig. 2 Inter-annual variations of the annual rainfall averaged over the
region with >100 mm, together with the linear trend (black) and the

polynomial curve (third-order, gray solid) for the study period
(1975-2010)

general decreasing trend (still statistically insignificant),
even in regions in which local increase is noted (see
Fig. 3a). In the super-arid region, a larger decrease is
found, exceeding —25 %, in the southernmost point, Filat,
being statistically significant. These results go in line with
Shlomi and Ginat (2009), who found a significant decrease
in the southern, super-arid, part of Israel for the period
1950-2008.

A major aspect of changes in the annual rainfall is a shift
in the location of the borders of the climatic regions, the
wet (Mediterranean), semi-arid and arid regions. The inter-
annual variability in their location is exemplified by that of
the 200 mm isohyet (representing the border between the
semi-arid and the arid regions) for each year along the
study period (Fig. 4). For example, the most northward
transition of this isohyet, ~50 km into the wet (Mediter-
ranean) region, occurred in the extreme dry year of 1998/9.
The inter-annual variations in the relative area of each of
the three climatic regions, shown in Fig. 5, reflect a
shrinking of the wet region, at a rate of 2.5 %/decade
(statistically insignificant), versus an increase in the area of
both the semi-arid and the arid regions. The location of the
aridity lines (200 and 400 mm) was averaged for three
consecutive 12-year sub-periods (not shown). This analysis
indicates that both lines propagated southward, toward the
arid region, between the first and the second sub-periods,
and withdrew back at a larger rate, toward the wet region,
between the second and the third sub-periods. This is
consistent with the rainfall increase toward the 1990s and
the decrease, in a larger rate, toward the end of the study
period (see Fig. 2).

Trends in other features of the rainfall regime

This section addresses changes in the daily rainfall, in the
course of the rainy season and in the duration of the rain
spells and the dry spells separating between them. The
average trend in the daily rainfall was derived by dividing
the trend of the annual rainfall by that of the number of rain
days. The number of rain days is found to decrease in the
majority of the stations located in the wet and the semi-arid
parts of Israel, as the rainfall does, but in a larger rate,
implying that the average daily rainfall is increasing
(though statistically insignificant). The trends in the rela-
tive portion of days with >30 mm and >50 mm (heavy
rainy days) out of the total rain days were also examined.
No consistent trend is found, including among neighboring
stations belonging to the same geographical region. It is
worth noting that in the coastal plain, the percentage of
heavy rainy days was found to increase during the study
period (also statistically insignificant).

Trends in the course of the rainy season have also vast
environmental implications, such as changes in the
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Fig. 3 a Spatial distribution of the long-term trend, mm/y, for the
study period (1975-2010), based on the least-square regression, over
the region with annual average rainfall of >100 mm. The black line
encircles the area in which the trend is statistically significant

duration of the agricultural growing season and various
hydrological aspects. The distribution of the monthly
rainfall (averaged over the region with >100 mm) for two
20-year sub-periods, 1974/75-1993/94 and 1990/91-2009/
10, indicates a narrowing of the curve, suggesting a
shortening of the rainy season, most pronounced in the
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according to Pearson correlation. b The average long-term trend, %/
decade, in each of the geographical regions, according to the least-
square regression and to the Mann—Kendall method (in parenthesis)

spring, mainly in March. However, since the difference in
the monthly rainfall between the two sub-periods for each
month is several times smaller than the standard deviation,
these results are statistically insignificant. Changes in the
course of the rainy season were further explored by cal-
culating the linear trend of the rainfall for each part of the
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of the arid region) for the individual years included in the study period
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Fig. 5 Inter-annual variations in the percentage of the arid (<200 mm,
orange), semi-arid (200-400 mm, yellow) and the Mediterranean (>400
mm, green) climatic regions along the study period (color figure online)

season: autumn (September—November), winter (Decem-
ber—February) and spring (March—-May). Only in the spring
a significant decrease is found, at a rate of >15 %/decade
according to the two methods, both statistically significant.

Trends in the duration of the rainy season were
examined based on the time that passes between the

accumulation of 10 and 90 % of the annual rainfall, fol-
lowing Reiser and Kutiel (2009). These trends are exem-
plified by two stations, Haifa and Jerusalem (Fig. 6a, b),
representing the northern coastal region and the central
(Judean) Mountains of Israel, respectively. The vertical
axis in Fig. 6 denotes the serial day of the rainy season
starting at October 1. The red and blue straight solid lines
show the linear trends in the beginning (10 %) and the
ending (90 %) dates of the rainy season, respectively. The
interval between them (~ 110 days in both stations)
reflects the duration of the rainy season. The trend of the
beginning time of the rainy season is positive in both sta-
tions, while that of its ending is negative, indicating a
shortening of the rainy season from both sides. The average
shortening rate is ~3 %/decade (statistically insignificant),
mostly due to the anticipation of the season ending. Similar
trends were found for all representative stations, except one
(in the Dead Sea, see below), all statistically insignificant,
presumably due to the large inter-annual variations (well
seen in Fig. 6). The opposite trend found in the super-arid
area of the Dead Sea may be attributed to extreme rain
events that occurred near the ends of several rainy seasons
at the latest decade, that is, May 2001, October 2004 and
May 2007.

Trends in the duration of the rain and dry spells within
the rainy season have also important environmental
implications, especially for agriculture and ecosystems. For
instance, long dry spells may cause drying of the soil,
implying that more irrigation is needed, whereas longer
rain spells may increase flooding risk. Inter-annual varia-
tions and the trend in the duration of the rain and dry spells
were analyzed (Table 1). Regarding the rain spells, no
consistent or statistically significant trend was found. As
for the dry spells, a lengthening trend was found in all
representative stations, being statistically significant, in six
out of the 10 stations analyzed, at the 90 % level, and in
four of them, at the 95 % level (see Table 1). The average
duration of dry spells for the stations located at the region
with >200 mm is 5.2 days. This duration was found to
lengthen at an average rate of 1.1 days during the study
period, that is, 6.1 %/decade (statistically significant at the
95 % level).

External factors controlling the rainfall variations

External factors that can explain the inter-annual variations
in the rainfall are the occurrence of the relevant synoptic
systems, the large-scale oscillations and, potentially, the
global temperature. On the inter-decadal time-scale, the
rainfall variations resulting from synoptic and large-scale
factors may mask the long-term linear trend. The first sub-
section analyzes the relationships between the inter-annual
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Fig. 6 Inter-annual variations

in the dates by which 10 % 240
(red) and 90 % (blue) of the

seasonal rainfall are 200

a Haifa (Northern Israel)

b Jerusalem (Central Israel)
240

accumulated and the linear

(g

Al 1

trend, according to the least- 160 j\ / NI

square regression, for two
stations representing the

200 h
[\/\ ﬂ [\ 160 A’A\ !&\ i /\\ /‘/\\ /\/\

N Y YA L

120
northern coastal plain (Haifa, a)

and the central mountains %

120

(Jerusalem, b) along the study
period. In the y axis, 0

\f\/\ P

AN

n A /h\ A
f f/‘\h. =) \/’\\ N

- T .y e

107 \ /% 40

corresponds to October 1, 60

40 V \ = VN
corresponds to November 29,

N

160 corresponds to March 9, etc 0

1975 1980 1985 1990 1995

0
2000 2005 1975 1980 1985 1990 1995 2000 2005

(color figure online) [ —io%

——00%

| [ —=—10% —o0% |

Table 1 Average duration (number of days) and linear trend
(%/decade), calculated according to the least-square regression and
to the Mann—Kendall method (in parenthesis), of the rain spells

(October—-May) and the dry spells (November—March) for the
representative stations in the geographical regions of Israel

Region North North | Lower Central South | Judean& North Sede Sedom Eilat
Mountains| Coast | Galilee Coast Coast | Samaria Negev Boger

aR‘f‘ei?asgI:’(lj'uraﬁon 2.8 25 2.5 2.4 23 24 2.0 1.7 1.4 1.4
(+STD, days) +2.2 +1.9 +1.9 +1.7 +1.6 +1.7 +1.2 +1.0 +0.7 +0.9
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(+STD, days) +3.9 +4.3 +4.3 +4.4 +5.1 +4.6 +5.6 +8.4 +14.0 +19.2
Trend +7.0 +7.4 +9.6 +6.2 +3.7 +6.3 +4.0 +27.3 +2.5 +50.7
(%/decade) (+6.3) | (+6.9) | (+10.4) (+5.6) | (+4.7) (+6.6) (+5.2) | (+3.6) | (+0.9) (+22.0)

Values significant at the 95 % level (two-tailed) are bold, and those significant at the 90 % level are underlined

variations in these factors and the annual rainfall, and the
second, with the inter-decadal variations, attempts to iso-
late the contribution of the global warming. Both analyses
are done for the extended period, that is, 1952/3-2009/10.

Inter-annual variations

The linkage between the annual rainfall and the synoptic
systems was first analyzed by correlating its inter-annual
variation with that in the occurrence of the CLs and the
RST. The correlation was calculated for the average rain-
fall of each of the geographical regions, based on all sta-
tions, and for the three super-arid stations. The most
correlated factor for north and central Israel is the annual
occurrence of CLs (R > +0.7). The correlation decreases
southward, down to +0.49 in the northern Negev, and
vanishes in the super-arid region (Table 2). This demon-
strates the role of the CL as the main rain-producing system

@ Springer

and as the controller of the inter-annual rainfall variations,
even in the semi-arid region located >600 km away from
the CLs track (Alpert et al. 1990), in agreement with Sa-
aroni et al. (2010a).

As for the RST, a negative correlation (statistically
insignificant) was found for most of the geographical
regions, including the super-arid stations, suggesting that
the RST is essentially a system that prevents rain. This
finding disagrees with studies analyzing severe rain events
in south Israel, associated with “active” RST (e.g., Kahana
et al. 2002). The apparent contradiction can be settled by
the fact that the majority of days in which the RST prevails
over the region are inactive (e.g., Tsvieli and Zangvil
2005). This is due to upper-level ridges that commonly
accompany the lower-level RST that prevents rain forma-
tion (e.g., Saaroni et al. 2010b).

The rainfall was also correlated with the large-scale
oscillations, including the Nino3.4, EA-WR, NCP, MOI2
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Table 2 Correlations between the yearly rainfall and the synoptic and large-scale oscillations for the geographical regions and the three stations

located at the super-arid region

Study Geographical region/  Annual rainfall ~ Correlation (R) with the annual rainfall
period station (& STD), mm -
Cyprus low (CL)  Red Sea Trough  Nino 34 EA-WR  NCP MOI2
days (RST) days
1975-2010  Northern Mountains 694 (£186) +0.71 —0.15 +0.60 +0.34 +0.33  +0.47
Northern Coast 632 (£158) +0.73 —0.08 +0.59 +0.29 +0.29  +0.52
Lower Galilee 478 (£136) +0.72 —0.11 +0.58 +0.33 +0.37  +0.50
Central Coast 591 (£167) +0.77 —0.06 +0.59 +0.28 +0.31  +0.58
Samaria 466 (£138) +0.71 —0.06 +0.62 +0.32 +041  +0.60
Southern Coast 478 (£150) +0.72 —0.06 +0.59 +0.39 +0.40 +0.66
Judean Mountains 360 (£108) +0.64 —0.06 +0.62 +0.34 +0.37 +0.61
Northern Negev 174 (£53) +0.49 +0.05 +0.61 +0.29 +0.23 +0.62
Sede Boger 93 (£39) +0.29 —0.12 +0.41 +0.19 +0.09  +0.36
Sedom 41 (£24) +0.06 —0.07 +0.08 +0.12 -0.10  +0.04
Eilat 23 (£18) —0.01 —0.22 +0.03 —0.07 =031  —0.05
>100 mm 429 (£116) +0.74 —0.07 +0.64 +0.35 +0.37  +0.61
1953-2010 >100 mm 414% (£105) +0.68 —0.11 +0.33 +0.31 +0.32  +0.50

Values significant at the 95 % level (two-tailed) are bold, and those significant at the 90 % level are underlined

* The lower average rainfall for the extended period stems from the absence of data for the Golan Mountains (part of the Northern Mountains) up
till the early 1970s, and thus, this rainy area is not included in the extended period database

and the NAO (Table 2). All of them, except the NAO,
were found significantly correlated with the annual rain-
fall in most of the geographical regions, in agreement
with previous studies (Price et al. 1998; Kutiel and
Benaroch 2002; Krichak and Alpert 2005; Ziv et al.
2006). The correlations with the Nino3.4 and the MOI2
were the highest, around +0.6 over the wet and semi-arid
parts of Israel. No significant correlation was found with
the NAO and the global temperature for any of the geo-
graphical regions (thus not included in Table 2). The
correlation between the annual rainfall in the super-arid
region and both synoptic- and large-scale factors was
found poor, indicating that the rain regime there is
dominated by local effects and convective systems (as
shown, e.g., by Dayan and Sharon 1980; Dayan et al.
2001; Kahana et al. 2002). Therefore, the linkage between
the external factors and the annual rainfall is analyzed
hereafter for the region with >100 mm.

The correlation between the annual rainfall (averaged
over the region with >100 mm) and the CL occurrence is
significantly high, +0.74 and +0.68 for the study period
(1974/5-2009/10) and the extended period (1952/3-2009/
10), respectively. As for the MOI2, NCP and EA-WR
oscillations, the correlations were also statistically signifi-
cant, that is, R > +0.3 (the significance threshold for a
35-year period), for both the study period and the extended
period (see Table 2). The correlation with the Nino3.4 for
the extended period (R = +0.33) is considerably lower

than that for the study period (R = +0.64), in agreement
with Price et al. (1998). No correlation was found with the
NAO also for the extended period.

The significant correlation found between the annual
rainfall and both the CL occurrence and large-scale oscil-
lations suggests that the occurrence of the CLs and the
large-scale oscillations are correlated between them. In
other words, the annual rainfall may be controlled by the
large-scale oscillations both directly, and indirectly via the
CLs. Analysis done for the extended period shows that
three oscillations, MOI2, EA-WR and NCP, are signifi-
cantly correlated with the CL occurrence (Fig. 7). These
oscillations are also highly correlated with the annual
rainfall itself (Table 2), except the Nino3.4, which is not
correlated with the CL occurrence, but is significantly
correlated with the annual rainfall.

In order to quantify the contribution of the major
external factors, a regression model (see “methods” sec-
tion) was derived for the annual rainfall, averaged over the
region with >100 mm (the predictant). The potential pre-
dictors are the occurrence of the relevant synoptic systems
(CLs and RST), the five large-scale oscillations and the
global temperature. The regression model, applied for the
extended period, yielded two significant predictors, the CL
occurrence and the MOI2. The standard error of this
regression model, derived by the standard “leave one out”
cross-validation, is 77.1 mm, that is, 19 % of the average
annual rainfall and 73 % of its STD. The correlation
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Fig. 7 Correlations between the large-scale oscillations and the
number of CL days, based on data for the extended period (1952/
3-2009/10)

between the predicted and the actual rainfall is R = +0.73,
implying that these two predictors explain 53 % of the
inter-annual rainfall variation.

The skill of the regression model was evaluated using
the S§ factor (see “methods”). When “climatology” was
applied as a reference prediction model, the standard error
obtained was 105.3 mm, and when “persistence” was used
as a reference prediction model, it yielded a standard error
of 159.3 mm. The larger standard error obtained for the
“persistence” reference prediction model over the “cli-
matology” can be explained by the weak correlation
(R = —0.12, statistically insignificant) found between the
rainfall time-series and that of the previous year (one year
lag). The SS was calculated, applying for RMSEref, the
standard errors of the two aforementioned reference pre-
diction models. We applied for RMSEperf 41.4 mm (10 %
of the average annual rainfall), since this interval is con-
sidered as acceptable in seasonal forecast of annual rainfall
in Israel (by the IMS). The resulting SS are 470 and 444
when the standard errors of the “climatology” and “per-
sistence” models, respectively, were used as RMSEref.
This implies that our regression model is considerably
more accurate than those based on “climatology” or
“persistence”.

Inter-decadal variations

The variation of the annual rainfall (averaged over the
region with >100 mm) and the polynomial curve (6th
order) for the extended period (Fig. 8a) show prominent
inter-decadal variations, that is, a maximum in the 1990s
and a decrease since the late 1990s onward (as seen also in
Fig. 2). A similar course is seen in the curve based on
11-year smoothed time-series (Fig. 8b, thick green line),
except for the decrease at the beginning of the extended
period (seen in Fig. 8a) which cannot be included in the
smoothed time-series.
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Fig. 8 a Inter-annual variation of the annual rainfall averaged over the
region with >100 mm, together with the polynomial (6th order) curve
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variations in the 11-y running average of the annual rainfall (green), the
MOI2 (blue), the NCP (brown) and the global temperature (red). All of
the graphs are normalized and standardized (color figure online)

In order to identify factors explaining these variations,
the time-series of the rainfall, the CL occurrence, the large-
scale oscillations and the global temperature were
smoothed, using running average with varying time-win-
dow, from 5 to 13 years. The correlation between each of
these factors and the rainfall (as a function of the
smoothing time-window) is shown in Table 3, indicating
that the CL occurrence remains the dominant. As for the
large-scale oscillations, all of them, except the NAO, show
significant correlation with the unsmoothed time-series
(see Table 2 and previous section). When two significantly
correlated series are smoothed, one would expect that the
correlation between them would increase (positive ten-
dency). Here, this positive tendency is most pronounced for
the NAO (R = +0.08 for the unsmoothed time-series and
R = 40.48, significant at the 95 % level, for the 13-year
smoothing) and for the NCP (see Table 3). While for the
inter-annual variations in the rainfall, the MOI2 is clearly
the most correlated large-scale oscillation (see Table 2),
for the decadal time-scale the order of significance is
changed, that is, the NCP is the most significant oscillation
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Table 3 Correlations between the rainfall and the external factors as a function of the smoothing time-window

Factor/Smoothing time-window Cyprus low (CL) occurrence NAO Nino3.4 EA-WR NCP MOI2 Glob temp.
None 0.68 0.08 0.33 0.31 0.32 0.50 —0.01
5 years 0.82 0.31 0.40 0.35 0.35 0.39 —0.09
9 years 0.87 0.38 0.43 0.29 0.46 0.45 —0.01
11 years 0.84 0.43 0.40 0.26 0.49 0.49 —0.06
13 years 0.83 0.48 0.37 0.27 0.55 0.48 —0.04

Correlations statistically significant at the 95 % level (two-tailed) are bold

(for the 13-year smoothing), followed by the MOI2 and the
NAO. The global temperature, however, remained uncor-
related with the rainfall along the smoothing process.

The course of the annual rainfall, the MOI2, the NCP
and the global temperature, smoothed to the decadal scale
(11-year time-window) is shown in Fig. 8b. The rainfall
curve (green) reflects a course most similar to that seen in
the polynomial approximation shown in Fig. 8a. The two
extrema, one toward the end of the 1960s and second, most
pronounced, in the early mid-1990s, are in-phase with the
NCP and the MOI2 (as well as with the other three large-
scale oscillations, not shown), being in their maximum in
the 1990s and in their minimum in the following decade.
Note that the rainfall curve in the late 1960s and the 1970s
(in Fig. 8b) is above those of the NCP and the MOI2 and
decreases gradually below them from the late 1980s,
toward the end of the study period. This raises the need to
analyze the quantified contribution of each of the proposed
factors assumed to be relevant to the decadal time-scale.

Accordingly, the regression model was applied for the
11-year smoothed time-series and for detrended time-ser-
ies. As a first step, the list of potential predictors included
the CL occurrence, the five large-scale oscillations and the
global temperature. At the second step, the CL occurrence
was removed, in order to assess the contribution of the
external factors, that is, the large-scale oscillations and the
global temperature. In order to estimate the contribution of
the global temperature, in the third step, the regression
model was applied while excluding the global temperature

and the CL occurrence from the set of potential predictors.
While comparing the results of steps #2 and #3, the con-
tribution of the global temperature is revealed. The sig-
nificant predictors and the variance explained (R?) in each
of the six runs (11-year smoothed time-series and the same
for these time-series, in which each of the variables was
detrended separately) are specified in Table 4. In addition,
the regression models were evaluated by the SS factor,
based on the “leave one out” validation and “climatology”
as a reference model. The standard error of the perfect
prediction model (see previous section) was divided by

V11 (so that RMSEperf was 12.5 mm), since the data were
smoothed by 11-year running average.

The hierarchy of the natural variance explained by the
significant predictors and the SS factor found among the
three combinations of potential predictors was similar for
the original and the detrended time-series. The SS for the
original smoothed data including all factors was +62.
When the CL occurrence was excluded, it dropped to 433,
and when the global temperature was also excluded, it
further dropped to +12. The respective values for the
detrended data were higher, that is, +71, +60 and +34,
respectively.

The contribution of the global temperature as a signifi-
cant factor is further emphasized by the model runs that
included only the external factors. When only the large-
scale oscillations were included, the explained variance
was 31 % and 49 % for the nondetrended and detrended
time-series, respectively. When the global temperature was

Table 4 Summary of the significant predictors, the variance explained (R?) and the SS derived at the six runs of the regression model, applied for

the smoothed data (by 11-year time-window)

Data Potential predictors

Variance SS
explained (%)

Significant predictors
(in descending order of importance)

CL, LSosci, GlobT
LSosci, GlobT
LSosci

CL, LSosci, GlobT
LSosci, GlobT
LSosci

11-y smoothed time-series

Detrended 11-y smoothed time-series

CL, NINO, GlobT, NAO 88 62
MOI2, GlobT, NCP, EAWR, NAO 66 33
MOI2, NCP 31 12
CL, NAO, MOI2, GlobT 88 71
GlobT, EAWR, MOI2, NCP, NAO 83 60
MOI2, NCP, EAWR, NAO 49 24

The abbreviations CL, LSosci and GlobT denote occurrence of Cyprus lows, large-scale oscillations and global temperature anomaly
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added, the rainfall variance explained increased consider-
ably to 66 and 83 % for the nondetrended and detrended
time-series, respectively (see Table 4).

Summary and conclusions

This study analyzes variations and trends in the rain regime
of Israel, concentrating on the period 1975-2010, during
which persistent global warming is observed. A major
effort was devoted to study the factors explaining the
rainfall variations on the inter-annual and inter-decadal
time-scales, done for extended period, 1953-2010. The
factors examined are the occurrence of the rain-producing
synoptic systems and external factors, that is, large-scale
oscillations affecting the MB and Europe and the global
temperature.

The rainfall in the study region shows an increase
toward the early 1990s, followed by a decrease, at a higher
rate, toward the end of the study period. This decrease is
also manifested by the latest seven rain seasons, being all
below the long-term mean. The linear trend for the study
period (1975-2010) shows a small, statistically insignifi-
cant, decrease for the region with >100 mm, at a rate of
~2 %/decade. The significance level of a trend depends on
the inter-annual variability of the annual rainfall. Never-
theless, in spite of the larger rainfall variability in the
super-arid region of Israel (over 50 %), only there the
decreasing trend was found statistically significant.

In light of the expected drying over the Mediterranean
region as a part of global warming (e.g., [IPCC 2007), inter-
annual variations and potential displacement of the aridity
lines were inspected. The borders separating between the
wet (Mediterranean), semi-arid and the arid climatic
regions were found to propagate southward, toward the arid
region, till the mid-1990s, and since then withdrew back,
toward the wet region, at a larger rate, consistently with the
inter-decadal rainfall variations. Based on Koppen climate
classification, a rise in the annual temperature means an
increase in the thresholds defining the aridity lines. This
leads to the conclusion that the significant temperature
increase observed over the eastern MB (e.g., Saaroni et al.
2003; Ziv et al. 2005) implies a shift of the aridity lines
northward, beyond that implied by the rainfall decrease
alone. The future warming predictions for this region (e.g.,
IPCC 2007; Lionello and Giorgi 2007; Alpert et al. 2008;
Kitoh et al. 2008; Jin et al. 2010; Raible et al. 2010; Kri-
chak et al. 2011) imply retreat of the aridity lines toward
the wet region, with its related environmental implications.

The decreasing trend of the annual rainfall in the study
period is contributed mainly by the spring season, in which
its average rate exceeds 15 %/decade, statistically signifi-
cant in most of the regions. Together with the decrease in
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the autumn, it implies a shortening of the rainy season, as
reflected by the period between the time by which 10 and
90 % of the annual rainfall is accumulated. The length of
the rainy season shows a negative trend of ~4 days/dec-
ade, though statistically insignificant. The duration of rain
spells does not show any trend, but the dry spells have
become longer, a trend that was found statistically signif-
icant in most of the stations. This trend has an impact on
ecosystems, agriculture and water management. For
instance, during longer dry spells, the soil may become
dryer and therefore irrigation is required, even in the
middle of the rainy season.

The inter-annual fluctuations in the rainfall were found
to be controlled mainly by the occurrence of the dominant
regional rain-producing system, the Cyprus low (CL), with
a correlation of >40.7 in the wet region of Israel, in
agreement with Saaroni et al. (2010a). In addition, several
large-scale oscillations, the Nino3.4, EA-WR, NCP and
MOI2, were found significantly correlated with the annual
rainfall, but nor the NAO, neither the global temperature. A
simple regression model showed that the CL occurrence
and the MOI2 are the controlling factors of the inter-annual
rainfall variation, explaining 53 % of its variance.

The factors governing the inter-decadal rainfall varia-
tions were identified by applying the regression model on
the time-series of the rainfall and the potential factors for
the extended period (1953-2010), smoothed by 11-year
time-window. For this time-scale, the CL occurrence was
found the most significant, followed by large-scale oscil-
lations (with different composition for the nondetrended
and detrended time-series) and the global temperature,
explaining together 88 % of the variance.

The external factors (the large-scale oscillations and the
global temperature) were found to explain 66 and 83 % of
the variance on the inter-decadal time-scale for the non-
detrended and detrended time-series, respectively. The
prominent inter-decadal rainfall variations, that is, the
maximum in the 1990s and the minimum in the first decade
of the twenty-first century, occurred when all the large-
scale oscillations were in their positive and negative pha-
ses, respectively (see Fig. 8b). This is in contrast with the
period between the 1950s and the 1980s where the large-
scale oscillations were not in-phase.

As for the global temperature, it explains half of the
variance explained by all of the external factors (see
Table 4). It may be speculated that the relative downward
drift of the normalized rainfall curve with respect to that of
the large-scale oscillations (seen in Fig. 8b) is a manifes-
tation of the effect of global temperature on the regional
rainfall, particularly the warming trend from the mid-1970s
onward. The negative sign of the coefficient of the global
temperature in the regression model supports the expected
rainfall decrease in the study region under global warming.
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The general decreasing trend in the rainfall over the
study region, and the finding that this decrease is statisti-
cally significant over its southern part, may be regarded as
a manifestation of the increased influence of the subtropical
high over the MB. Such an evolution is implied by an
expansion of the Hadley cell, attributed to the global
warming (Seidel et al. 2008). This influence is expected to
be pronounced when the Mediterranean cyclone track
retreats northward, that is, in dry spells and in the transition
seasons. The shortening of the rainy season, though sta-
tistically insignificant, and the lengthening of the dry
spells, found in this study, may therefore be regarded as
first signs of the subtropical high enhancement over the
MB. This process is expected to be most pronounced in the
study region since it is a part of the southern edge of the
MB. In light of the climate models prediction for future
decrease in Mediterranean cyclones (e.g., Lionello and
Giorgi 2007; Raible et al. 2010), our findings, reflecting
general drying, should be taken as a first alarm for this
vulnerable region even though most of them are still sta-
tistically insignificant.

The high inter-annual rainfall variability over the study
region implies that the probability to identify statistically
significant trends within short periods, such as this study
period, is rather low. Morin (2011) showed that if a trend of
25 mm/decade (~3 %/decade, close to that found for the
study period) would take place at north Israel during
50 years, its probability to be statistically significant is
rather low. Since such a trend has far-reaching environ-
mental implications, ignoring it may reject any discussion
of decision makers on potential solutions. However, con-
tinual study of variations and trends in the rainfall regime,
and its controlling factors, is essential for the MB as a
whole, and its eastern part in particular.
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