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ABSTRACT: The Mediterranean has been recognized as a ‘hot spot’, currently influenced by climate change, and predicted
to be strongly affected in the future by significant warming and drying. This trend is expected to be expressed in changes in
the occurrence and intensity of Mediterranean cyclones, in general, and of East Mediterranean (EM), i.e. Cyprus Lows (CL),
in particular, as well as in the occurrence of all other synoptic systems dominating the region.

Here we have modified the semi-objective synoptic classification (Alpert et al., 2004) to investigate future changes in the
occurrence of EM synoptic types, with an emphasis on CLs. The modified classification was applied to eight CMIP5 models
for the present (1986–2005), mid-21st century (2046–2065) and end of the century (2081–2100) periods, for both RCP4.5
and RCP8.5 scenarios.

The modified classification captured the synoptic-type frequencies for the present period well, and particularly excelled in
capturing that of the CLs. For the future period, approximately a 35% reduction in CL occurrence is found towards the end of
the 21st century (RCP8.5). Analysing this reduction for each of the seven specific types of CLs showed that lows located to
the west of Cyprus are the main contributors to this decrease. The reductions in the frequencies of CLs are accompanied by an
increase in the frequencies of Red Sea Troughs in winter. The predicted changes in the occurrence of various synoptic types
in general and of CLs, in particular, will lead to a more accurate forecast of local potential climatic hazards.
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1. Introduction

The Mediterranean has been recognized as one of the
regions which is currently being significantly affected by
climate change, defined as a ‘hot spot’, and is predicted to
be influenced in the future by warming and drying (Giorgi,
2006; IPCC, 2013; Lelieveld et al., 2016). Moreover, a
tendency towards extremes was also observed, along with
a seemingly contradicting change in the Mediterranean
rainfall regime: an increase in extreme daily rainfalls and
a decrease in the total amounts of rainfall (Alpert et al.,
2002; IPCC, 2013; Westra et al., 2013).

Among the natural processes affecting this region
are synoptic-scale phenomena such as Mediterranean
cyclones (Lionello et al., 2010, 2014). A unique charac-
teristic of the Mediterranean region is the coexistence of
different kinds of cyclones. Indeed, in spite of their gener-
ally limited size and duration, Mediterranean cyclones are
known to have a prominent impact on the highly populated
coastal areas surrounding the basin, due to the associated
strong winds and heavy precipitation. The majority of
intense Mediterranean storms show a baroclinic life cycle
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typical of mid-latitudes extra-tropical cyclones (Flaounas
et al., 2015). However, under specific conditions, a few
storms evolve into tropical-like cyclones (Cavicchia
et al., 2014). The majority of extreme weather events in
the Mediterranean are associated with intense cyclones
(Nissen et al., 2010, 2014).

Large-scale systems, such as the North Atlantic Oscil-
lation, are suggested to contribute to Mediterranean
cyclogenesis (Raible, 2007) along with other large-scale
perturbations, e.g. the extension of the Asian monsoon
and the Red Sea Trough (Fita et al., 2006; Claud et al.,
2010; Flaounas et al., 2015; Krichak et al., 2016). The
occurrence of cyclones in the Mediterranean exhibits a
spatial pattern characterized by several maxima (Alpert
et al., 1990; Trigo et al., 1999; Lionello et al., 2016). The
most intense cyclogenesis area is located in the Gulf of
Genoa in the northwest. Another cyclogenetic area begins
south of the Atlas mountain ridge and enters the central
part of the basin from southwest. Other areas of increased
cyclone activity are located in the North Aegean Sea and
the Black Sea. The signature of the Cyprus Lows (CL) is
found in the Levantine Basin.

CLs are mid-latitude disturbances that tend to develop
in the Levantine Basin when upper troughs or cut-off
lows penetrate the EM (Zangvil et al., 2003). CLs trans-
port cool air, originating from Eastern Europe, over the
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Table 1. List of synoptic types/groups and their abbreviations
(Alpert et al., 2004).

Synoptic
group

Abbreviation English name

Lows Lw cold Low to the West of Cyprus
CLN-D Cyprus Low to the North (Deep)
CLN-S Cyprus Low to the North (Shallow)
CLS-D Cyprus Low to the South (Deep)
CLS-S Cyprus Low to the South (Shallow)
LE-D Low to the East (Deep)
LE-S Low to the East (Shallow)

Red Sea
Troughs

RSTE Red Sea Trough with an Eastern axis
RSTC Red Sea Trough with a Central axis
RSTW Red Sea Trough with a Western axis

Persian
Troughs

PT-W Persian Trough (Weak)
PT-M Persian Trough (Medium)
PT-D Persian Trough (Deep)

Highs HW High to the West
HE High to the East
HN High to the North
HC High over Israel (Central)

Sharav
Lows

SLW Sharav Low to the West of Israel
SLC Sharav Low over Israel (Central)

warmer Mediterranean where it becomes moist and unsta-
ble (Alpert and Reisin, 1986; Shay-El and Alpert, 1991;
Saaroni et al., 2010a). These lows contribute 90% of the
annual precipitation in Israel (Goldreich, 2003; Goldreich
et al., 2004). The rainfall yield and its spatial distribution
over Israel are highly sensitive to the location of a CL
(Zangvil et al., 2003).

The synoptic patterns of the Levant region are described
by the semi-objective synoptic classification (SC) of
Alpert et al. (2004). This classification was found to
well express the local weather conditions, especially for
atmospheric disturbances as CLs (Saaroni et al., 2010a,
2010b; Dayan et al., 2012). Alpert et al. (2004) showed
a decrease in the occurrences of CLs in the second part
of the 20th century due to global warming. Saaroni et al.
(2010a) used the products of the SC (Alpert et al., 2004)
to investigate the effect of the intensity (depth) and loca-
tion of the seven types of CLs (hence forth, CL types)
on daily precipitation distribution in Israel. Raible et al.
(2010) using outputs of climate models showed that the
frequency of cyclones in the western and middle parts of
the Mediterranean basin is projected to decrease in the

21st century, while no significant change is predicted in
the EM. There is a large spread among the models and
tracking methods concerning variability and trends of
cyclones (Raible et al., 2010; Nissen et al., 2014; Zappa
et al., 2015).

The purpose of this study is to investigate the changes
in the frequencies of synoptic types over the EM (for list
of synoptic types, see Table 1), with an emphasis on CL
types, using a SC approach.

2. Data

Data were acquired from the National Center for Envi-
ronmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis archive (Kalnay
et al., 1996; Kistler et al., 2001). This database is
available on daily and 6 h timescales from 1948 to
the present on a 2.5∘ × 2.5∘ spatial resolution. Modelled
data were retrieved from the World Data Center for Cli-
mate (WDCC-DKRZ, http://cera-www.dkrz.de/WDCC/
ui/Index.jsp) data portal for eight models participating in
the fifth phase of the Coupled Model Inter-comparison
Project (CMIP5, for list of models see Table 2). The main
improvements in CMIP5 with respect to CMIP3 include
the addition of interactive ocean and land carbon cycles,
more comprehensive modelling of the indirect effect of
aerosols and the use of volcanic and solar forcing in most
models (Taylor et al., 2012). Models data are available
on daily and 6 h timescales for 1861–2100. Spatial reso-
lutions vary in range from 0.94∘ × 1.25∘ to 3.71∘ × 3.75∘
(Table 2). CMIP5 models constitute closely related simu-
lations distinguished by the triad of integers formatted as
r <N > i<M > p< L> (e.g. r1i1p1). In this study, all of
the simulations come from the same initialization method
(‘i1’) and same ‘perturbed physics’ parameterization
(‘p1’). The same realizations (‘r’) were generally used for
historical and future scenarios (Tables S1 and S2, Sup-
porting Information). This is recommended for drawing a
fluent time line between historical and future simulations
(Taylor et al., 2012). However, for analysing decadal
distributions for synoptic groups it is not as essential
and the models spread is much larger than the individual
members of each model (Appendix) (Taylor et al., 2012;
Sillman et al., 2013).

Table 2. The eight CMIP5 models in the present study with the following listing columns: modelling centre (or group), institute ID,
model name, and horizontal resolution (∘) following Taylor et al. (2012).

Modelling centre (or group) Institute ID Model name (short name) Resolution (∘)

Canadian Centre for Climate Modelling and Analysis, Canada CCCMA CanESM2 (CANESM) 2.79× 2.81
National Center for Atmospheric Research, USA NCAR CCSM4 (CCSM) 0.94× 1.25
Met Office Hadley Centre, England MOHC HadGEM2-CC (HadGEM2CC) 1.25× 1.88

HadGEM2-ES (HadGEM2ES) 1.25× 1.88
Institut Pierre-Simon Laplace, France IPSL IPSL-CM5A-LR (IPSL) 1.9× 3.75
Max Planck Institute for Meteorology, Germany MPI-M MPI-ESM-LR (MPI) 1.87× 1.88
Meteorological Research Institute, Japan MRI MRI-CGCM3 (MRI) 1.12× 1.13
Norwegian Climate Center, Norway NCC NORESM1-M (NORESM) 1.9× 2.5
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The analysis is based on the historical (1986–2005)
simulations of the CMIP5 models and NCEP/NCAR
reanalysis. Future periods simulated are mid-21st century
(2046–2065) and end century (2081–2100) for RCP4.5
and RCP8.5 scenarios, following the recommendation
of the Fifth Assessment Report (AR5) of the Intergov-
ernmental Panel on Climate Change (IPCC, 2013). The
representative concentration pathways (RCP) adopted
by the IPCC for its fifth assessment report (AR5) are
RCP2.6, RCP4.5, RCP6 and RCP8.5. They are named
after the possible radiative forcing (e.g. RCP2.6 refers
to an increase of 2.6 W m−2) expected in the year 2100
relative to pre-industrial values. RCP2.6 assumes that
the global greenhouse gas (GHG) emissions will peak
between 2010 and 2020 and then will decline, RCP4.5
assumes GHG will peak around 2040, RCP6 assumes
GHG will peak around 2080 and RCP8.5 assumes that
GHG will continue to rise throughout the 21st century.

3. Method

To predict the changes in synoptic-type distributions in
the future, the SC algorithm used by Alpert et al. (2004)
was applied to the above mentioned CMIP5 models, with
the only difference being the input variables. While Alpert
et al. (2004) used geopotential height, temperature and
wind components at 1000 hPa (12Z), models data (except
for SLP – sea level pressure) were used at 850 hPa instead
due to lack of hourly data in 1000 hPa (12Z) outputs. The
hourly data are a prerequisite for the SC algorithm of
Alpert et al. (2004). Moreover, the purpose here was to
minimize the difference between the original algorithm
and the modified one. It should be noted that the mod-
els’ data are available in a variety of spatial resolutions
(Table 2), therefore were linearly interpolated to fit the
required 25 grid points (27.5∘–37.5∘N; 30∘–40∘E) used
by Alpert et al. (2004).

The change in input variables and its effect on the
synoptic-type occurrences was verified for the histori-
cal period (1986–2005). This was done by a comparison
between the original SC applied to NCEP/NCAR reanal-
ysis and the modified one applied to the CMIP5 mod-
els, using Taylor diagrams (Taylor, 2001). A Taylor dia-
gram can provide a concise statistical summary of how
well patterns match each other in terms of their corre-
lation, their root-mean-square difference and the ratio of
their variances. This approach evaluates the ability of the
models to capture the 19 weather patterns. Figure 1 shows
the Taylor diagrams for annual [Figure 1(a), all types;
Figure 1(b), CL types] and winter (DJF) [Figure 1(c), all
types; Figure 1(d), CL types]. The distribution of CLs
(Figures 1(b) and (d)) in CMIP5 was found to significantly
resemble the distribution of CLs in NCEP/NCAR reanal-
ysis, since these lows are well pronounced and can easily
be detected by the algorithm, even at a different pressure
level, i.e. 850 hPa instead of 1000 hPa. The comparison
done for the distribution of all synoptic types during the
winter (Figure 1(c)) remains significant because of the

dominance of lows during these months. Figure 1(a) shows
that the change between pressure levels, in the original
versus the modified SC, influences mainly the annual dis-
tributions.

It should be expected that using inputs from 850 hPa
pressure level instead of the original 1000 hPa pres-
sure level would over/under estimate the cold/warm
low-pressure systems, since cold/warm low-pressure
systems tend to deepen/shallow with height, respectively
(Holton, 2004). Therefore, this change does not influence
the analysis for CLs, which is the focus of this study.

It was concluded that the modified SC determines
synoptic-type occurrences well, especially for CL.
Thus, the modified SC was applied to CMIP5 models
for mid-century (2046–2065) and end of the century
(2081–2100) periods.

4. Results

Figure 2 summarizes the CMIP5 projections (RCP4.5 and
RCP8.5) of annual CL frequency for the 21st century.
A significant (Table S1) CL decreasing trend is observed
in all models, more pronounced in the harsh scenario
(RCP8.5, on average −34.4%). All CL types contribute to
this decrease (Table S1) except for the CLs to the south
of Israel, which constitute less than 0.5% of all days.
Figure 3 summarizes the CMIP5 average ensemble pro-
jections (RCP4.5 and RCP8.5) of annual synoptic group
frequencies (in % of all days: Lows, CL; RST, Red Sea
Troughs; PT, Persian Troughs; H, Highs) for the 21st cen-
tury. As expected, over/underestimation of the cold/warm
CL/PT, respectively, is shown for the CMIP5 models
ensemble (850 hPa) with respect to the original NCEP clas-
sification (1000 hPa). The high-pressure synoptic group is
replicated well by the ensemble of the models. It is shown
that the decreasing trend in CLs is accompanied by signifi-
cant increasing trends in PTs and some RST increases. The
PTs (weak and medium) are the main contributors to these
increases (∼150% increase on average, Table S1). These
types of PTs were associated with heat extremes during the
summer in the EM (Ziv et al., 2005; Lelieveld et al., 2016).
PTs increase may be associated with the enhancement of
the warm season of the year because of global warming (to
be shown in a following study).

Figure 4 summarizes the CMIP5 projections (RCP4.5
and RCP8.5) of winter (DJF) CL frequency for the 21st
century. The significant decreasing (Table S2) trend in
winter resembles the annual one (Table S1). However, the
main contributor to this decreasing trend, during winter,
is the cold low to the west of Cyprus (Lw). On aver-
age, the occurrence of this type of cyclone decreases by
−33.6% (Table S2). Lw is formed when cold air from the
north moves over the warmer Mediterranean Sea. These
cyclones are considered as frontal cyclones, while the more
eastern CL types are generated by the local synergistic
effects of topography (Anatolian high) and sea heat fluxes
(Alpert et al., 1995). Mediterranean Sea surface temper-
atures are expected to increase in the future. Hence, the
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(a) (b)

(c) (d)

Figure 1. Taylor diagrams of CMIP5 (classified with 850hPa_uwind, 850 hPa _vwind, 850 hPa _T and SLP) compared with original (Alpert et al.,
2004) NCEP/NCAR (classified with 1000 hPa: uwind, vwind, T and GPH) synoptic types historic (1986–2005) occurrences. (a) Annual 19 synoptic
types; (b) annual 7 Cyprus Low types; (c) winter (DJF) 19 synoptic types; (d) winter (DJF) 7 Cyprus Low types. The correlations are significant at
the 95% level under a two tailed t-test, for correlations that are higher than the solid black line. [Colour figure can be viewed at wileyonlinelibrary

.com].

predicted decrease in the occurrence of Lw might be due
to a weakening of upper cold air intrusions from the north
along with the expected expansion of the Hadley Cell
towards the Poles in a warmer climate (Lu et al., 2007).

Figure 5 summarizes the CMIP5 average ensemble
projections (RCP4.5 and RCP8.5) of winter synoptic
group frequencies. An expected over/under estimation
of the cold/warm CL/RST, respectively, is shown for the
CMIP5 models ensemble (850 hPa) with respect to the
original NCEP classification (1000 hPa). The CMIP5
ensemble accurately replicates the high-pressure systems
and the absence of PTs. The decreasing trend in CLs
is accompanied by increases in both RSTs and Highs
(Figure 5 and Table S2). The main contributor to the
increase in RST occurrences is the RST with a central axis

(RSTc), for which seven of the models show significant
increases (73.3% on average) in its occurrence at the
end of the century. Although the RST is a low-pressure
system, it is usually not an active weather system in
terms of precipitation, and was associated with intense air
pollution days in the region (Saaroni et al., 2009).

5. Summary and conclusions

The change in EM cyclones frequency and intensity is a
central question in predicting of future hazardous weather
phenomena in the region. A SC approach was applied
to investigate the changes in the occurrence of synop-
tic types in the EM, with special emphasis on CL. The
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Figure 2. CMIP5 annual Cyprus Low frequencies for the historic (1986–2005), mid-century (2046–2065) and end of the century (2081–2100)
periods for RCP4.5 and RCP8.5 scenarios. Significance levels are shown in Table S1. [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 3. The eight CMIP5 models average ensemble of annual synoptic group frequencies (in %: Lows, Cyprus Lows; RST, Red Sea Troughs; PT,
Persian Troughs; H, Highs) for the historic (1986–2005), mid-century (2046–2065) and end of the century (2081–2100) periods for RCP4.5 and

RCP8.5 scenarios. The NCEP synoptic classification is shown for reference. Significance levels are shown in Table S1.

Figure 4. Same as Figure 2, but for the winter (DJF) season. Significance levels are shown in Table S2. [Colour figure can be viewed at
wileyonlinelibrary.com].
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Figure 5. Same as Figure 3, but for the winter (DJF) season. Significance levels are shown in Table S2.

early semi-objective SC (Alpert et al., 2004) was modi-
fied, applied to eight CMIP5 models, and the results were
evaluated for the historical simulations (1986–2005). It
was shown that the modified classification captured signif-
icantly well the occurrence of the different synoptic types
and excelled in capturing CLs.

It is concluded that for the RCP8.5/RCP4.5 scenarios,
a reduction in the frequency of CLs is expected, of ∼35
and ∼22%, from 37 to 24% of the days and from 37 to
29% of the days annually, by the end of the 21st cen-
tury, respectively (Figure 3). These reductions are shown
here to be compensated by increases in PTs and RSTs on
an annual and winter season temporal resolution, respec-
tively. Intriguing is the significant reduction in the cold low
to the west of Cyprus (Lw), which may be explained by a
reduction in the intrusions of cold air masses aloft and the
predicted expansion of the Hadley Cell towards the poles.
Although the intensity of CLs was not investigated here, it
can be assumed that the expected reductions in total annual
precipitation can be at least in part, the result of changing
synoptic weather patterns in the EM. The projected inten-
sity of CLs is a subject of further research.

Finally, the predicted changes in the occurrence of vari-
ous synoptic types in general and of CLs, in particular, will
lead to a more accurate forecast of local potential climatic
hazards, associated with these weather patterns.
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Appendix

The triad of integers formatted as r <N > i<M > p< L>

(e.g. r1i1p1) distinguish between closely related simula-
tions by a single CMIP5 model. CMIP5 historical runs
initialized from different times of a control run would be
identified by the ‘realization’ number ‘r1’, ‘r2’, ‘r3’, and
so on. While future model outputs are named after the
historical run that created their initial state, e.g. a future
model with ‘r1’ was initialized by an ‘r1’ historical run. It
is recommended to use products of similar historical and
future runs, but for the purposes of synoptic group fre-
quencies it has a small effect, as shown below. To evaluate
the effect of different ‘realizations’ ‘r’ on the synoptic
group frequencies in CMIP5 models, we evaluated the
differences between r5i1p1 and r1i1p1 simulations of the
CanESM2 model with respect to the synoptic classifi-
cation algorithm of Alpert et al. (2004) for 1986–2005.
This was done for: (1) the difference in Taylor diagram
verification measures (correlation, standard deviation
and root mean square difference; Table S3); and (2) the
difference in synoptic group frequencies for the annual
and winter (DJF) season temporal resolutions in models
with the same ‘realizations’ (Figures S1(a) and (c)) and
with different ‘realizations’ (Figures S1(b) and (d)). It
was found that the difference between the two simula-
tions is statistically insignificant (Table S3). Furthermore,
the difference between the projections of synoptic group
occurrences in the future was also found to be insignificant
when using different ‘realizations’ simulations for the his-
torical runs (Figure S1). It can be concluded that the effect
of different ‘realizations’ (r) in the historical simulations
as compared with the future RCP scenario simulations has
a very small effect (if any) on the distribution of synoptic
group occurrences for the CanESM2 model. The other two
models which had different ‘realizations’ (Tables S1 and

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)



SYNOPTIC CLASSIFICATION 21ST CENTURY CMIP5 E. MEDITERRANEAN

S2) are assumed to follow similar results. Furthermore,
the differences between the models are much larger than
the differences between the specific models simulations
(Sillman et al., 2013).

Supporting information

The following supporting information is available as part
of the online article:
Table S1. CMIP5 models (RCP4.5 and RCP8.5) synoptic
type annual frequency projections (in % of all types)
for the historical (1986–2005), mid-century (2046–2065)
and end of the century (2081–2100) periods. Significance
tested at 95% confidence and power levels under a two
tailed binomial distribution. *Compared to 1986–2005;
**compared to 2046–2065.
Table S2. Same as Table S1 but for the winter (DJF)
season.
Table S3. Verification measures for CanESM2 historical
r1i1p1 and r5i1p1 for winter (DJF) and annual temporal
resolutions.
Figure S1. A comparison between synoptic group occur-
rences of the five models (MPI-ESM-LR, HadGEM2-ES,
HadGEM2-CC, NorESM1-M and CCSM4) that had the
same ‘realizations’ (‘r’) for historical and future simula-
tions (a, b: annual; c, d: winter) and the same models with
additional three models (IPSL_CM5A_LR, CanESM2 and
MRI_CGCM3) without the same ‘realizations’ (‘r’).
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