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[1] Understanding changing trends and frequency of extreme rainfall and temperature
events is extremely important for optimal planning in many sectors, including agriculture,
water resource management, health, and even economics. For people living in the Jordan
River region of the Middle East such changes can have immediate devastating impacts as
water resources are already scarce and overexploited and summer temperatures in the
desert regions can reach 45°C or higher. Understanding shifts in frequency and intensity of
extreme events can provide crucial information for planning and adaptation. In this paper
we present results from regional climate model simulations with RegCM3 and MM5
centered on the eastern Mediterranean region. Our analysis focuses on changes in extreme
temperature and rainfall events. We show that maximum daily summer temperature is
expected to increase by between 2.5°C and 3°C, with an increase in warm spell length.
Precipitation extremes are expected to increase with longer dry spells, shorter wet spells,
and increases in heavy rainfall. Model agreement for the control period 1961–1990 is
higher in the southern region than in the north, perhaps because of the complex
topography, suggesting that even small differences in spatial scale play an important role.
In addition, we notice that the chosen global model plays an important role in determining
future temperature trends, while the choice of regional climate model is critical for
understanding how precipitation is expected to evolve.
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1. Introduction

[2] Some of the most worrisome future impacts of expec-
ted climate change are shifts in frequency and intensity of
extreme climatic events, specifically droughts and floods.
Clear changes have been shown in increasing mean annual
temperature and increasing or decreasing mean annual
rainfall (depending on the region) [Intergovernmental Panel
on Climate Change (IPCC), 2007b], as well as in extreme
events in the Middle East region [Zhang et al., 2005] and
Mediterranean area [Alpert et al., 2002]. Since these extreme
events can have significant and devastating impacts at the
local level, high-resolution climate projections have great
value. Specifically, for agriculture and water resource plan-
ning, extreme rainfall events such as extended cold wet
spells or long dry spells within a growing season can destroy
crops and changes in rainfall distribution because of intense
storms or increased drought period can have important
consequences for optimal water resource planning and allo-
cation. Changes in extreme temperature, such as increased
heat waves, have immediate direct impacts on both society

(e.g., health) and the economy (e.g., energy use). Concen-
trated efforts are being made at different scales to try and
understand the impact of evolving climate on such extreme
events. At the global level, there have been immense efforts
worldwide to perform a well-coordinated set of 20th and
21st century climate change experiments for the Fourth
Assessment Report (AR4) of the IPCC [IPCC, 2007b]. At
the regional level, the World Climate Research Programme
has initiated CORDEX: A Coordinated Regional Climate
Downscaling Experiment as part of its strategic framework
for 2005–2015 [World Climate Research Programme,
2009]. Both global and regional results are often down-
scaled to provide information at the local level [Díez et al.,
2005; Kunstmann et al., 2007; Robertson et al., 2007; Giorgi
and Lionello, 2008; Hertig and Jacobeit, 2008; Samuels
et al., 2010]. Recently, along the lines of these efforts to
understand climate change at the regional and local level,
multiple regional climate models at the 18–25 km spatial
scale have been realized within the GLOWA Jordan River
(GLOWA JR) project (http://www.glowa-jordan-river.de).
This is a multinational, interdisciplinary project focusing on
sustainable water management in the region. As water
resources are directly linked to rainfall, climate simulations
are an important driving force for this project. The initial
results of these models have recently been presented by
Krichak et al. [2010], Smiatek et al. [2011], and Krichak
et al. [2011].
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[3] Given the importance of extreme climate events in
general, and for the GLOWA JR project in particular, here
we focus on identifying changes in specific extreme char-
acteristics of temperature and rainfall. The indicators were
chosen on the basis of core indices previously identified for
extreme events [Karl et al., 1999; Peterson et al., 2001;
Alexander et al., 2006] as well as discussions with GLOWA
JR colleagues and stakeholders who will use the results in
hydrological, agriculture, and economic impact studies.
Section 2 describes the models and data sets used as well as
the study area. Section 3 describes the results of the models
and presents data on extreme event frequency calculated
from specific locations chosen to provide a comparison ref-
erence for the climate model results. The projected changes
in the chosen indices based on the multimodel ensemble are
presented here. Section 4 summarizes the central points of
the study as well as provides a discussion on how this
information can best be used and incorporated into envi-
ronmental, societal and economic planning.

2. Material and Methods

[4] Over the past few years, the use of ensembles, or a
combination of multiple climate model results, has been
suggested as a way to get improved probabilistic simulations
of future climate change [Collins, 2007]. These probabilistic
scenarios can help better assess risks and are useful for
planning and devising mitigation strategies [Lopez et al.,
2009; Stott and Forest, 2007]. Here we present the results
of three regional climate simulations for the purpose of
getting a sense of the range and variability of expected cli-
mate change. A range of model specific results as well as
ensemble averages are depicted. The specific study area,

observed data, climate models and chosen indicators are
described below.

2.1. Study Area

[5] The study region is characterized by steep temperature
and precipitation gradients because of both its complex ter-
rain (ranging from over 2800 to �400 m) and its location at
the intersection of Europe, Asia, and Africa, where it is
impacted by many climatic systems. The wet season extends
from October to April, followed by hot dry summer months.
There is high interannual rainfall variability ranging from
60% to 125% of long-term annual average [Alpert et al.,
2008], limited water resources [Gvirtsman, 2002; Tal, 2006],
and summer heat waves [Saaroni et al., 2003]. Under-
standing the impacts of climate change on precipitation and
temperature in the region is important for optimized plan-
ning of limited water resources, agricultural planning, and
preparation for heat-induced health impacts, among other
things. While most of the IPCC models simulate a decrease
on rainfall in the Mediterranean, the variability between the
model projections is very high [IPCC, 2007b;Mariotti et al.,
2008] hence the need for higher-resolution models.
[6] The nested regional models, which are driven by initial

and boundary conditions of a single general circulation
model (GCM), cannot obviously reduce the uncertainty
between the different GCMs. However, the GCMs provide
simulations at very rough spatial scales of 100–300 km.
Many of the processes responsible for rainfall occur at much
more detailed resolution, especially in the study region
where orographic rainfall is so important. The nested models
have the capability of capturing processes that the GCMs
miss (because of their spatial resolution) and hence have the
ability to represent rainfall much more accurately than their
GCM counterparts.
[7] In this research, we have chosen two study regions on

the basis of larger and smaller regions of impact (Figure 1).
The larger region (D) encompasses the whole of the Jordan
River Basin and is the main study area for the GLOWA JR
project. Two smaller areas (A and B), one located in the
north of Israel and one in the central area of Israel have been
identified as “hot spot” areas for change in extreme precip-
itation conditions as they are where most of the precipitation
and hence water resources are located. An additional smaller
area (C) has been chosen as this includes much of central
Israel where the population is most dense and increased

Figure 1. Study areas and locations of observed data.

Table 1. Performed Simulationsa

Institution Abbreviation
GCM

(Realization) RCM SVAT
DX
(km)

TAU RegCM ECHAM5(3) RegCM3 BATS 25
IMK-IFU 35EC5 ECHAM5(1) MM5 V3.5 OSU LSM 18.6
IMK-IFU 37EC5 ECHAM5(1) MM5 V3.7 Noah LSM 18.6
IMK-IFU 35had HADCM3(1) MM5 V3.5 OSU LSM 18.6
IMK-IFU 37had HADCM3(1) MM5 V3.7 Noah LSM 18.6

aGCM, general circulation model; DX, grid cell size; RCM, regional
climate model; SVAT, surface-vegetation-atmosphere transfer model; DX,
XXXX; TAU, Tel Aviv University; IMK-IFU, Institute for Meteorology and
Climate Research, Karlsruhe Institute of Technology; BATS, Biosphere-
Atmosphere Transfer Scheme; OSU, Oregon State University; LSM, land
surface model.
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temperature will have the most severe impact on health and
quality of life.

2.2. Climate Models and Observations

[8] Recently, simulations from regional climate models
focusing on the Middle East in general and the region of
Israel in particular have been generated as part of GLOWA
JR. The climate simulations currently include four generated
in transient runs over the period 1960–2099 using two ver-
sions of the MM5 regional model (MM5 3.5 and MM5 3.7)
[Chen and Dudhia, 2001]; one set driven by the ECHAM5
General Circulation Model (GCM) [Roeckner et al., 2006]
and the second driven by the UKMO (UK Meteorological
Office) HadCM3 GCM [Gordon et al., 2000]. The main
difference between the two versions of the MM5 model used
is the land surface scheme employed. Given the similarities
of the two sets we averaged the results of the two sets of
simulations driven by the same GCM model and present the
average. Another regional climate model (RCM) simulation
is performed using the International Centre for Theoretical
Physics (ICTP) RegCM3 model in transient runs from 1960
to 2060 driven from the lateral boundaries by the data from
ECHAM5 global climate change simulation experiment
from 1850 to 2100 [Pal et al., 2007; Krichak et al., 2010,
2011]. Table 1 provides a list of the different models, spatial
scales, and the main references for their configurations. In
section 3 only three simulations are presented: (1) ECHAM5-
RegCM, (2) ECHAM5-MM5, which include both MM5
simulations, and (3) HADLEY-MM5, which again includes
two actual model simulations. All models results are based
on the future IPCC A1B scenario which assumes techno-
logical emphasis and a balance across all energy sources.
[9] In order to better understand the skill of the model

simulations for the past 1960–1990 period, we have per-
formed comparisons with three observed data sets: (1) point
data from past observations at four meteorological stations
(2) gridded precipitation data provided within GLOWA
JR [Menzel et al., 2009] and (3) an additional gridded

precipitation set from the third version of the European
daily high-resolution (E-OBS Version 3.0) data for surface
temperature [Haylock et al., 2008; van den Besselaar et al.,
2011]. Both gridded data sets provide data at daily temporal
resolution. GLOWA JR data were aggregated to 0.25 res-
olution so that they would be compatible with the E-OBS
data set.

2.3. Chosen Indicators

[10] Climate change, in general, and the occurrence of
extreme events in particular, is likely to impact environ-
mental, health and other societal aspects. In this paper we
focus on the changes in extreme temperature and precipita-
tion events that have been identified as important for agri-
culture and water resource planning (precipitation) as well as
having social and economic impacts (temperature). Specifi-
cally, as the research in this manuscript was performed as
part of the GLOWA Jordan River project, these specific
indicators were chosen after discussions with stakeholders,
agriculturists, scientists and other professionals who are part
of the project. The list of chosen indicators is presented in

Table 2. Temperature and Precipitation Statistics Used in This Studya

Abbreviation Definition Formula Interpretation

TG Daily mean temperature Mean value
TX Daily maximum temperature Monthly mean value of daily

maximum temperature
Mean value

TXx Monthly maximum value of daily
maximum temperature

TXx = max(TXik, day i) and month k Maximum value

TNx Monthly minimum value of daily
minimum temperature

TNx = min(TNik, day i) and month k Minimum value

WSDI Warm spell duration index No. days in intervals of at least 6 days with
TX > 90th percentile calculated for each
calendar day (1961–1990) using running
5 day window

Count of days in runs of
6 or more days

RR Mean precipitation
R10 Heavy precipitation index Number of days RR > 10 mm Day count
R20 Very heavy precipitation index Number of days RR > 20 mm Day count
R75pTOT Precipitation fraction due to R75p Quotient of amount on days RR > 75th percentile

calculated for wet days (1961–1990) and
total amount

Fraction of total amount

R90pTOT Precipitation fraction due to R90p Quotient of amount on days RR > 90th percentile
calculated for wet days (1961–1990) and
total amount

Fraction of total amount

CDD Consecutive dry days Greatest number of consecutive days RR < 1 mm Maximum span of days
CWD Consecutive wet days Greatest number of consecutive days RR ≥ 1 mm Maximum span of days

aAfter WMO [2009] and http://eca.knmi.nl/documents/ETCCDMIndicesComparison.pdf.

Table 3. Extreme Indices Calculated at Four Meteorological
Stations (1961–1990)a

Index Units

Station

Har
Kenaan

Tel
Aviv Jerusalem

Beer
Sheva

TG °C 23.4 25.2 23.4 25.8
TX °C 29.1 28.7 28.3 32.5
TXx °C 38.7 34.4 38.8 41.5
RR mm 683 511 547 206
R10 mm/d 20.6 16.7 16.9 6.2
R20 mm/d 10.0 7.8 8.3 2.3
R75pTOT % 64 63 66 64
R90pTOT % 38 37 38 37
CDD (med) days 26 29 29.5 36
CWD (med) days 7 5.5 5 4

aThe station locations area are shown in Figure 1.
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Table 2. It follows the recommendations of the World
Meteorological Organization (WMO) [2009].

3. Results

[11] Initial simulation results of 1960–2060 based on the
regional models used in this study have been recently
published Krichak et al. [2010, 2011] and Smiatek et al.
[2011]. The main findings from two simulation using
RegCM (at spatial resolutions of 50 and 25 km [Krichak
et al., 2010, 2011]) include a notable and statistically sig-
nificant precipitation drop over the near coastal EM zone
during December–February and September–November and
statistically significant positive air temperature trends over
the entire EM region during the four seasons as well as an
increase in the relative contribution of convective processes
in the southern Mediterranean coastal zone region up until
the year 2060. Model simulation results discussed by Smiatek
et al. [2011] based on MM5 results indicate that compared to
the control period 1960–1990, the future period 2031–2050
is expected to have an annual mean temperature 2.1°C higher
than the control period and annual mean precipitation of
11.5% lower as compared to that period. Evaluation of model
results for 1961–1990 show that seasonal and annual trends
determined according to the results of the experiments are

comparable to CRU [Mitchell et al., 2004; Mitchell and
Jones, 2005] gridded observational reference data [Krichak
et al., 2011] and GLOWA/E-OBS data [Smiatek et al.,
2011] for the same years.
[12] In this study we focus on extreme events. These

events occur at the daily level and so our analysis will focus
on the change in number of days per year over specific time
periods, or changes in frequency or intensity percentages
between two time periods. For comparison with observed
data, we present in Table 3 the statistics of the chosen indi-
cators at four rainfall stations located through out Israel
(Figure 1) as well as observed versus ensemble mean statis-
tics over the different study areas (Table 4). Extreme values
for the stations (RR10, RR20, R75pTOT, and R90pTOT)
are slightly higher than for the averaged areas, however,
this is expected as averages naturally smooth out the peak
values. In general, there is strong agreement between the
gridded observed data sets and the ensemble means.

3.1. Evaluation

[13] Given the vast amounts of results generated, we have
chosen to present them either as maps for the larger area D or
mixed ensemble probability distributions (PDF) averaged
over the smaller areas A and B for precipitation and C for
temperature. The PDFs were smoothed applying the Gauss-
ian kernel method.

3.2. Absolute and Percentile-Based Temperature
Indices

[14] There are many different ways to depict and under-
stand changes in temperature. One of the most important and
interesting aspects of changing temperature is how this
change differs at different spatial locations. Figure 2 shows
the simulated change in maximum daily summer tempera-
ture for the larger study area and across the different models.
The difference in the models can give a sense of the range of
the expected changes. The Hadley/MM5 combination simu-
lates the largest increase with 2.5°C–3°C over the whole
region. The ECHAM5/MM5 shows the most modest increase

Table 4. Observed Versus Simulated Model Ensemble Precipitation
Statistics Averaged Over the Investigation Areas A, B, and C for
the Winter Season (01.10–30.04) 1961–1990a

Index Units

A B C

OBS RCM OBS RCM OBS RCM

RR mm 1053 1226 766 725 421 380.7
R10 mm/d 19.4 22.5 14.7 12.6 6.8 8.3
R20 mm/d 8.2 11.7 5.0 5.3 2.3 3.5
R75pTOT % 52.8 52.4 51.6 48.9 41.4 39.8
R90pTOT % 27.1 22.5 24.9 20.2 22.3 21.1
CDD days 27.3 24.6 29. 30 39.3 46.1
CWD days 7.6 7.1 7.2 5.4 5.1 4.4

aThe observations (OBS) are from the gridded GLOWA data.

Figure 2. Simulated change in maximum daily temperature TX in °C. Summer season (June–July–August
(JJA)) 2021–2050 as compared with 1961–1990. (a) MM5/HadCM3, (b) MM5/ECHAM5(1), and
(c) RegCM3/ECHAM5(3). Elevation contours are from the E-OBS data. Contour spacing is 250 m.
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of between 1°C and 2°C, while the ECHAM5/RegCMmodel
combination shows a middle range 1.5°C–2.5°C increase
over the whole area. All of the simulations suggest a more
intense warming inland as opposed to the coast, perhaps
because of the modifying effects of sea breezes.
[15] Similar to Figure 2, Figure 3 shows the trend of the

warm spell duration index for the summer months over the
study region and for the different model simulation combi-
nations. Here the Hadley driven model shows an intense
increase of 12–20 events, while the two ECHAM5 driven
models indicate a much more modest increase of up to
8 days. Part of difference in the results can be attributed to
the difference in the driving GCM models, ECHAM5 and
HadCM3. This can be attributed to the difference in the
driving GCMs. The Hadley simulation has been shown to
exhibit a steeper temperature increase in general until 2100
(3.5°C) IPCC [2007a]. Trnka et al. [2007] and in particular
in the summer monthly temperature in central Europe as
compared with the ECHAM5-MPI (3°C) [Krichak et al.,
2011, Table 2].

3.3. Absolute and Percentile-Based Precipitation
Indices

[16] Figures 4 and 5 show the simulated changes in
extreme precipitation amounts and events for the October–
April wet season. While for the temperature indices the
GCM model seemed to play a significant role in the intensity
of the trends, for precipitation, the choice of RCM is
important. In complex terrain RCM models still depict quite
large biases in precipitation statistics [e.g., Schmidli et al.,
2007; Smiatek et al., 2009]. In both MM5 simulations, the
CDD in the north is extended by 3 days and more while
the RegCM simulation shows a more moderate increase of
1–2 days. The models all agree with regard to the southern
region of extended dry periods by 3 or more days. For the
CWD, all models show little or no change in the duration in
the south, but the RegCM simulations suggests shorter wet
periods in the north of up to one day. Figures 6 and 7 show
the pdfs of wet season percentile-based precipitation indices
in the A and B regions. Both 75% (Figure 6) and 90%
(Figure 7) values are shown. For both areas, the curve shifts

Figure 3. Trend (in days) in warm spell duration index for summer season (JJA) for 2021–2050 as
compared with 1961–1990. (a) MM5/HadCM3, (b) MM5/ECHAM5(1), and (c) RegCM3/ECHAM5(3).
Elevation contours are from the E-OBS data. Contour spacing is 250 m.

Figure 4. Simulated change in consecutive dry days for October–April 2021–2050 as compared with
1961–1990. (a) MM5/HadCM3, (b) MM5/ECHAM5(1), and (c) RegCM3/ECHAM5(3). Elevation con-
tours are from the E-OBS data. Contour spacing is 250 m.
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to the right for the amount of precipitation that falls on
extremely rainy days, suggesting an increase in the amount
of rain falling during the extreme events. Another indicator
of changes in extreme rainfall can be seen in the number of
days with more than 10 mm or 20 mm per day at a single
location. We have not shown these results in the figures;
however, it is interesting to note that the models show a
larger spread, or interannual variability, in area A than the
observed data. For both the A and B regions the curve for
R10 shifts to the left in the future, indicating a marked
decrease in the number of days with 10 mm or more rainfall.
The same is true for the R20 indices for the A region,
however for the B region, there is little change. This sup-
ports the changes indicated by the percentile changes in
Figures 6 and 7.

3.4. Impacts of Expected Change

[17] In addition to the direct effects of rainfall changes on
the number of consecutive wet days and consecutive dry
days, these trends have important implications for agricul-
tural decisions as well as understanding changes in expected
soil moisture and evaporation. The decrease in average
rainfall combined with an increase in heavy rain days or
rainy periods suggests a shift in the patterns of rainfall dis-
tribution. Less light rainy days and more heavy rain days
have implications for crop growing both in terms of the
seasons available for planting and the types of crops that can
be planted efficiently. Also in terms of water management,
the rate of infiltration into the aquifers will change as soil
moisture and conductivity is altered. Also, the chance of
flooding increases with potentially more water lost to the
sea. For the Sea of Galilee, the most important water
resource in the region, the changes in temperature and wind
which effect evaporation along with the changes in rainfall
threaten to change the biological makeup of this natural
reservoir [Rimmer et al., 2011; Hambright et al., 1994]. In
addition, some natural plant communities may become vul-
nerable to invasive species because of reduced rainfall [Har-
Edom and Sternberg, 2010].
[18] With regard to temperature increase, the biological

diversity and distribution of mammals in some regions may

be impacted as some species are not able to sustain the
higher temperatures and extended hot, dry spells [Steinitz
et al., 2008]. The increased warm spells are also expected
to have negative health impacts on the densely populated
centers located in the center and south of the region, in area C
(See Figure 1). Figure 8 shows how both summer and

Figure 5. Simulated change in consecutive wet days for October–April 2021–2050 as compared with
1961–1990. (a) MM5/HadCM3, (b) MM5/ECHAM5(1), and (c) RegVM3/ECHAM5(3). Elevation con-
tours are from the E-OBS data. Contour spacing is 250 m.

Figure 6. Probability distributions for R75pTOT in areas
(top) A and (bottom) B.
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winter maximum temperatures are projected to shift in that
area, and Figure 9 shows how the minimum temperatures
are projected to shift. Though the median summer maxi-
mum temperature seems to stay stable (the peak) the shift
toward the right in the tails suggests that there will be more
years with higher than median temperatures. For winter, the
main change can be seen in the extension of the right tail,
and decrease in median probabilities. This shift indicates

that according to the model simulations the years with lower
maximums will stay the same but the probability of a
median year will decrease with an increase in years with
warmer winters. This could have negative impacts on
deciduous fruit trees and other crops which require a suffi-
cient period of cold temperature to break winter dormancy
[Linvill, 1990; Saure, 1985]. In their analysis of the 2006
heat wave over California with a similar Mediterranean-type
climate, Gershunov et al. [2009] have shown that nighttime
heat waves have intensified since the 1980s and they may
have even higher impacts on human health. Compared to
the maximum temperature, simulated changes in the daily
minimum temperature (Figure 9) indicate a much higher
increase of the daily minimum temperature in summer and
the future period 2021–2050.

4. Conclusions

[19] We have presented results for expected changes in
extreme rainfall and temperature parameters for a region in
the Middle East. Previous analysis has shown consistent
reductions in annual rainfall and increases in average tem-
perature. Here we focus on changes in frequency of extreme
events as they have vast implications across many sectors of
society. Model specific results as well as ensemble averages
are depicted in various formats so that the most appropriate
representations can be chosen and understood by the impact
community. In the presented model simulations it is inter-
esting to note the agreement and differences between both
the global driving models, the regional modeling schemes
chosen as well as the different regions evaluated. For tem-
perature data, it seems that the most important factor in
trends and changes is the chosen Global Model, as discussed
above. The Hadley GCM results are consistently warmer
than the ECHAM5 results which is evident in the variability
between model runs. All model results have a similar east–
west gradient with more moderate increase occurring near
the coastline, perhaps impacted by the sea breeze. For pre-
cipitation, the choice of the regional model plays an impor-
tant role. This seems reasonable as much of the rainfall is
orographic and highly dependent on local and regional pro-
cesses which are not well defined in the global models. Both
regional models used in this study agree about changes in

Figure 7. Probability distributions for R90pTOT in areas
(top) A and (bottom) B.

Figure 8. Probability distributions for TXx in area C winter
and summer seasons.

Figure 9. Probability distributions for TNx in area C winter
and summer seasons.
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precipitation in the south (moderate change) but there is a
difference in the north, the area critical to the water resources
of the region. The trend determined according to the results
of the experiment with the RegCM demonstrates little
change in the CDD length and decrease in CWD length
while the MM5 shows the opposite, little change in CWD
length and an increase in CDD length. This difference in the
relative importance of the global and regional model to the
different parameters has important implication for future
climate research and is being addressed in detail in a com-
plementary research.
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