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Abstract The Mediterranean region has been identified
as a climate change “hot-spot” due to a projected reduc-
tion in precipitation and fresh water availability which
has potentially large socio-economic impacts. To increase
confidence in these projections, it is important to physi-
cally understand how this precipitation reduction occurs.
This study quantifies the impact on winter Mediterranean
precipitation due to changes in extratropical cyclones in
17 CMIPS5 climate models. In each model, the extratropi-
cal cyclones are objectively tracked and a simple approach
is applied to identify the precipitation associated to each
cyclone. This allows us to decompose the Mediterranean
precipitation reduction into a contribution due to changes in
the number of cyclones and a contribution due to changes
in the amount of precipitation generated by each cyclone.
The results show that the projected Mediterranean precipi-
tation reduction in winter is strongly related to a decrease
in the number of Mediterranean cyclones. However, the
contribution from changes in the amount of precipitation
generated by each cyclone are also locally important: in
the East Mediterranean they amplify the precipitation trend
due to the reduction in the number of cyclones, while in the
North Mediterranean they compensate for it. Some of the
processes that determine the opposing cyclone precipitation
intensity responses in the North and East Mediterranean
regions are investigated by exploring the CMIP5 inter-
model spread.
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1 Introduction

The Mediterranean area has been identified as a climate
change “hot-spot” (Giorgi 2006; Diffenbaugh and Giorgi
2012). Under climate change scenarios, the precipitation
in the Mediterranean region is projected to decline lead-
ing to increasing aridification and reduction in fresh water
supplies (Mariotti et al. 2008; Jin et al. 2010; Collins et al.
2013; Seager et al. 2014). This may have serious socio-
economic impacts in regions such as the Middle East and
Northern Africa which are already affected by water scar-
city (Arnell 2004). To increase confidence in these future
projections it is important to understand the physical pro-
cesses controlling the Mediterranean hydro-climate and
how they will respond to climate change.

The development of synoptic scale extratropical
cyclones in the Mediterranean region (Mediterranean
cyclones) is a key atmospheric process of the Mediterra-
nean climate. For example, Trigo et al. (2000) found that
the number of Mediterranean cyclones and the amount of
Mediterranean precipitation are associated in the inter-
annual variability. Mediterranean cyclones are typically
generated by lee cyclogenesis (Speranza et al. 1985; Buzzi
et al. 1990) following from the interaction of weather sys-
tems propagating across Western or Central Europe with
the orography of the Mediterranean region. In winter,
which is the most active season, intense cyclogenetic areas
are found in the Gulf of Genoa, in the Aegean Sea and in
the Black Sea (Trigo et al. 2002) and a regional Mediter-
ranean storm track has been identified in the meteoro-
logical reanalyses (Hoskins and Hodges 2002). A smaller
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fraction of Mediterranean cyclones [about 10 % according
to Romem et al. (2007)] are generated outside of the Medi-
terranean region and propagate into it from either North
Africa or the North Atlantic ocean.

Given the important role of extratropical cyclones and
their associated fronts in generating precipitation in the
extratropics (Catto et al. 2012; Hawcroft et al. 2012), future
changes in the mean precipitation at a given location might
be affected by both changes in the local number of extrat-
ropical cyclones and by changes in the amount of precipi-
tation generated by each cyclone (Finnis et al. 2007). A
number of studies have identified a future reduction in the
number of Mediterranean cyclones under climate change
scenarios (Schubert et al. 1998; Lionello et al. 2002; Geng
and Sugi 2003; Bengtsson et al. 2006; Lionello and Giorgi
2007; Pinto et al. 2007; Raible et al. 2010; Black et al.
2010; Nissen et al. 2013; Zappa et al. 2013b). By the end
of the 21st century, under the RCP4.5 emission scenario,
a robust reduction of 10-20 % in the number of Mediter-
ranean cyclones in winter has been also found by Zappa
et al. (2013b) in the climate models participating in the
fifth phase of the Coupled Model Intercomparison Pro-
ject (CMIPS). The reduction in the number of Mediterra-
nean cyclones has been suggested to be a main contributor
to the projected decline in precipitation in the South and
East Mediterranean regions in winter (Lionello and Giorgi
2007), although their impact has not been quantified.
Furthermore, Trigo et al. (2000) suggested that the nega-
tive precipitation trend in the North Mediterranean area
between 1958 and 1996 was also linked to a reduction in
the number of strong Mediterranean cyclones.

While the response in the number of Mediterranean
cyclones has been intensively investigated, less attention
has been given so far to understanding how the amount
of precipitation generated by individual Mediterranean
cyclones will change in the future. However, studies
focused on the main oceanic storm tracks have suggested
that the precipitation intensity of the extratropical cyclones
is expected to increase under climate change (Bengts-
son et al. 2006; Watterson 2006; Finnis et al. 2007; Zappa
et al. 2013b). Moreover, Finnis et al. (2007) showed that
this increase in the precipitation intensity of extratropical
cyclones is responsible for the projected increase in the mid
and high latitude annual mean precipitation in a climate
model, while the changes in the number of extratropical
cyclones tended to be of smaller importance. This increase
in the mean amount of precipitation generated by cyclones
is explained by an increase in the atmospheric moisture
content and evaporation which leads to an higher moisture
convergence toward the extratropical cyclones and mois-
ture uplift in the associated fronts (Trenberth 2011).

These results suggest that future trends in Mediterranean
precipitation might be affected by two opposing processes,
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as the number of cyclones is projected to decrease while the
precipitation generated by each cyclone might be expected
to increase. This leads to some open questions: why is the
Mediterranean precipitation projected to decline, and are
the two processes both important for interpreting the future
changes in Mediterranean precipitation? This study seeks
to answer these questions by quantifying the contribution
to the winter (DJF) precipitation projections from changes
in the number of Mediterranean cyclones and the contribu-
tion from changes in the precipitation intensity of cyclones.
The choice of the season is motivated by the high activity
of synoptic cyclones in DJF. The precipitation responses
to climate change from 17 CMIP5 climate models are ana-
lysed so that robust responses can be identified and the
sources of uncertainty in the future projections discussed.

The structure of the paper is as follows. Section 2
describes the data and methods. Section 3 discusses the
ability of CMIP5 models to represent the observed spatial
distribution of Mediterranean cyclones. Section 4 presents
the climatology of the precipitation associated with extra-
tropical cyclones in the CMIP5 models and its response
to climate change. In Sect. 5, the cyclone-associated pre-
cipitation response is decomposed between the contribution
due to changes in the number and in the precipitation inten-
sity of cyclones, and an interpretation of the precipitation
intensity response is presented in Sect. 6. Conclusions are
given in Sect. 7.

2 Data and methods
2.1 CMIP5 models

17 CMIPS5 coupled climate models are considered in this
study (see Table 1). The climate change response is evalu-
ated as the difference between an 18 year period at the end
of the twenty-first century (2082-2099) under the RCP8.5
emission scenario and a 30 year period (1976-2005) in
the historical simulations. The shorter time period in the
RCPS8.5 scenario compared to the historical period is due
to limited data availability. Six hourly average precipitation
rate, which is needed for attributing precipitation to extra-
tropical cyclones (see Sect. 2.3), is only available in the
CMIP5 end-of-century standard output for 2082-2099. For
simplicity, one ensemble member is considered for each
model and simulation. Using multiple ensemble members
for each model is unlikely to substantially affect the con-
clusions and this has been tested for some models that have
the needed data available for multiple members.

The ability of CMIP5 models to represent the Medi-
terranean hydrological cycle has been analysed in detail
by Kelley et al. (2012) and Seager et al. (2014). These
studies show that the CMIP5 models, on average, have a
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Table 1 List of analysed

. > No. Basic information
CMIP5 models including

Atm. resolution Track density

the horizontal and vertical Model name Institution Horizontal Vertical RMS bias

resolution of the atmospheric

component of the model 1 BCC-CSM1-1 BCC, China T42 (128 x 64) 26 4.17
2  BCC-CSMI-Im T106 (320 x 160) 26 3.00
3 CCSM4 NCAR, USA 280 x 200 27 2.68
4 CMCC-CM CMCGC, Italy T159 31 1.68
5 EC-EARTH European Consortium, Europe TL159 (320 x 160) 62 0.73
6  FGOALS-g2 LASG, China 128 x 60 26 5.79
7 GFDL-ESM2M GFDL, USA 144 x 90 24 3.07
8 GFDL-ESM2G 144 x 90 24 2.85
9 GFDL-CM3 C48 (144 x 90) 48 1.90
10 INMCM4 INM, Russia 180 x 120 21 3.57
11 IPSL-CM5A-LR IPSL, France 96 x 96 39 2.16
12 IPSL-CM5A-MR 144 x 143 39 2.03

The last column gives the DJF 13 MIROCS MIROC, Japan T63 (192 x 96) 56 1.97

root mean square track density 14 MIROC-ESM T42 (128 x 64) 20 409

bias (units of cyclones/month) ’

in the Mediterranean region 15 MIROC-ESM-CHEM T42 (128 x 64) 80 3.82

(30°N-45°N and 10°W-40°E) 16 MRI-CGCM3 MRI, Japan TL159 (320 x 160) 48 2.08

compared to the ERA-Interim 17 NorESMI1-M NCC, Norway 144 x 96 26 3.16

reanalysis

reasonable representation of the observed Mediterranean
precipitation, evaporation and moisture fluxes in winter. A
brief validation of the representation of the Mediterranean
storm track in the CMIP5 models will be given in Sect. 3.

2.2 Cyclone tracking

Extratropical cyclones are identified using the objective
cyclone tracking algorithm introduced by Hodges (1995)
and which has already been applied to track extratropical
cyclones in the CMIPS climate models (e.g. Zappa et al.
2013a, b). Extratropical cyclones are identified as maxima
above 1 x 107>s~! in the 6 hourly vorticity at 850 hPa
truncated at T42 resolution. Spectral waves of total wave-
number smaller than 5 are also removed to filter out the
large scale planetary waves. Using this approach, synoptic
cyclones of similar spatial scales are identified across a set
of models covering a range of horizontal resolutions (100-
300 km grid spacing).

The detected vorticity features with lifetime exceeding
2 days and along-track maximum T42 vorticity intensity of
at least 3 x 107> s~ ! are retained for analysis. This slightly
differs from the standard setup of the tracking algorithm used
in previous studies of the oceanic storm tracks, where a mini-
mum displacement threshold of 1,000 km but no additional
threshold on vorticity intensity are used (e.g. Zappa et al.
2013a). Removing the minimum displacement threshold is
motivated by the tendency of Mediterranean cyclones to occa-
sionally show quasi-stationary behaviour (Trigo et al. 1999).
The additional threshold on the cyclone maximum vorticity
intensity is introduced to filter spurious signals associated

with very weak quasi-stationary vorticity features. Depending
on the model, 4-16 % of the detected winter Mediterranean
cyclones propagate less than 1000 km in the CMIP5 model
historical simulations. However, the conclusions of the paper
are insensitive to using the standard setup of the tracking algo-
rithm which does not include quasi-stationary features. This
seems consistent with results from Ulbrich et al. (2013) which
show that the climate change response in the number of Medi-
terranean cyclones does not strongly depend on the choice of
the cyclone identification and tracking algorithm.

2.3 Decomposing the precipitation response

The methodology introduced by Hawcroft et al. (2012) has
been adapted here to decompose the precipitation response
to climate change between the contribution due to changes in
the number of cyclones and the contribution due to changes
in the amount of precipitation generated by each cyclone.
The approach is similar to that adopted by Finnis et al.
(2007) in their study of the mid and high latitude precipita-
tion projections. In the Hawcroft et al. (2012) framework,
each cyclone has a fixed radius of influence (R), and all the
precipitation falling within the radius of influence from the
cyclone centre is assumed to be associated with the cyclone.
Similarly, a grid point is defined to be under the influence
of cyclones if there is at least one cyclone centre within dis-
tance R from the grid point. The precipitation associated
with cyclones is determined using 6 hourly average precipi-
tation rate centred at the time steps of cyclone identification,
which is an improvement compared to the daily average pre-
cipitation used in Hawcroft et al. (2012).
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A radius of influence R of 10° has been found to be
appropriate for the Mediterranean cyclones in the CMIP5
models and the choice of this radius is justified in “Appen-
dix”. The chosen radius is smaller than the 12° used in
Hawcroft et al. (2012) to capture the precipitation generated
by the extratropical cyclones of the oceanic stormtracks.
This is consistent with the smaller size characteristic of
Mediterranean cyclones (Trigo et al. 1999) and also with
the use of a higher temporal frequency which allows to
better define the radius of influence. Moreover, sensitivity
tests using different radii have been also performed and the
conclusions of the paper are found insensitive to this choice
(see “Appendix”).

Using this framework, the accumulated seasonal precipi-
tation at a grid point P(x,y) can be decomposed as:

P=Pc.+r, (1)

where P.(x,y) is the accumulated precipitation forming
under the influence of cyclones, i.e. the precipitation falling
while a cyclone centre is within distance R from the grid
point (x, y). r(x,y) is a residual term which can include con-
tributions from isolated orographic or convective precipita-
tion, or also precipitation generated by long trailing fronts
that extend further than R from the cyclone centre.

The accumulated precipitation under the influence of
cyclones can be further expressed as:

Pe=N - p, )

where N(x,y) is the total number of time steps the grid
point (x,y) is under the influence of cyclones and w(x,y) is
the mean precipitation which falls during these time steps.
Therefore, 1 (x,y) gives a local measure of the average pre-
cipitation intensity of cyclones at that location.

Finally, by taking the difference (§) between a future
scenario simulation and a historical simulation, the precipi-
tation response to climate change (8P = PRCP85 _ p20C) g
given by the change in the cyclone associated precipitation
response plus the change in the residual (§P = §P, + 6r).
Moreover, the cyclone associated precipitation response
can be decomposed as

8P, =8N - u*°€ 4+ 8 - N*°C £ 8- 8N, 3)

where SN - u?0C is the precipitation response due to
changes in the number of cyclones, 8 - N2°C is the con-
tribution due to changes in the precipitation intensity of
cyclones, 8 - 6N is a nonlinear cross-term. In the regions
where the cross term (§u - 8N) and the response in the
residual term (8r) are small, then

8P ~ 8N - u?0¢ 4 s - N?0C 4)

so that the future precipitation response to climate change
is partitioned between the impact from changes in the num-
ber and in the precipitation intensity of cyclones.
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By definition, all the cyclone tracks passing within 10°
from the Mediterranean area (30°N-45°N, 10°W—40°E)
can influence Mediterranean precipitation. This primarily
includes Mediterranean cyclones but also some nearby Euro-
pean and Eastern Atlantic extratropical cyclones. To deal with
the range of different model resolutions, the 6 hourly precipi-
tation field of each CMIP5 model has been first interpolated
to a 1° x 1° grid using a conservative remapping method
(Jones 1999). For an easier interpretation of the results, all
the precipitation related quantities will be presented as fluxes
(mmday™ 1 rather than as accumulated values.

3 How well do CMIPS models represent
the Mediterranean storm track?

Having a realistic representation of Mediterranean cyclones
is important to have confidence in the models projections.
Therefore, the ability of CMIP5 models to capture the spa-
tial distribution of Mediterranean cyclones is here explored.
For doing this, the Mediterranean cyclone track density in
winter in the CMIPS historical simulations (1976-2005)
is compared to that in the European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim reanalysis
(ERA-Interim) for the period 1980-2009 (Dee et al. 2011).

Figurela shows that the Mediterranean storm track in
the ERA-Interim reanalysis is characterised by a narrow
band of high track density that extends between the Gulf
of Genova (South-West of the Alps) and the East Medi-
terranean Sea. The multi-model mean track density in the
CMIP5 models also shows a maximum south of the Alps
with high values extending eastward (see Fig. 1b). This
suggests that the CMIP5 models are successful at generat-
ing a Mediterranean storm track, although there are some
biases compared to ERA-Interim. On average, the simu-
lated Mediterranean storm track tends to have too low track
density values and to be displaced northward over the East
Mediterranean region compared to the ERA-Interim reanal-
ysis. Zappa et al. (2014) found that the Mediterranean track
density underestimation is associated to the tendency of
climate models to underestimated the frequency of atmos-
pheric blocking over Europe.

The inspection of the individual CMIP5 models reveals
substantial spread in their ability to represent the Mediter-
ranean storm track. For example, the root mean square
(RMS) track density bias of the individual models in the
Mediterranean region is presented in Table 1. The RMS
bias varies between 0.7 (EC-EARTH) and 5.8 (FGOALS-
g2) number of cyclones per month per unit area.' The mean
track density of the four models with the smallest rms bias
(EC-EARTH, CMCC-CM, GFDL-CM3 and MIROCS) is

! Unit area is equivalent to 5° spherical cap, or about 10° km?.
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ERA-Interim

CMIP5 mean

4 CMIP5 models smallest bias mean

0 2 4 6 8 10 12 14 16 18

Fig. 1 a DJF track density in the ERA-Interim reanalysis (1979-
2008). b CMIP5 DIJF multi-model mean track density in the historical
simulations (1976-2005). ¢ As in b but considering only the 4 CMIP5
models with the smallest root mean square track density bias in the
Mediterranean region (see Table 1). Units are in cyclones per month
per unit area, where unit area is equivalent to 5° spherical cap

presented in Fig. Ic. The comparison of Fig. 1a with Fig. 1c
suggests that some of the CMIP5 models reproduce the
position and eastward extension of the Mediterranean
storm track found in the ERA-Interim reanalysis. In addi-
tion, the spread in the ability of CMIP5 models to represent
the Mediterranean stormtrack track density will allow the
sensitivity of the results to the model biases to be discussed
(see Sect. 5).

4 The cyclone associated precipitation

In this section, the CMIP5 multi-model mean precipitation
and the cyclone-associated precipitation will be analysed

in both the historical simulations and in the climate change
RCPS8.5 scenario simulations. Figure 2a shows the multi-
model mean precipitation in the CMIP5 historical simu-
lations in DJF. The highest precipitation rates, which are
above 4 mm day_l, are found in North West Iberia. Pre-
cipitation rates of the order of 2mmday~! are found in
the North Mediterranean area and values up to 3 mm day ™!
are found close to orographic areas such as the Alps, the
Balkans and the Anatolian Peninsula. Precipitation rates
of 1mmday~!, and rapidly decreasing inland, are found
along the Southern and Eastern Mediterranean coast. Con-
sistently with Kelley et al. (2012), we find that the spatial
distribution of precipitation of the CMIP5 models resem-
bles that found in the Global Precipitation Climatology
Centre (GPCP) dataset, while the total precipitation in the
Mediterranean area is on average underestimated of about
0.5mm day_l (not shown).

Under the RCPS8.5 scenario, the multi-model mean
winter precipitation response shows a reduction over the
whole Mediterranean area, and particularly in a zonal band
between 35°N and 40°N (Fig. 2b). Within this band, the
largest precipitation reduction (up to —0.75 mm day™') is
found in the East Mediterranean, i.e. in the areas of Cyprus,
Southern Turkey and the East Mediterranean coast. In
these regions, the projected change is equivalent to about
a 30 % reduction relative to the historical (1976-2005) val-
ues. In contrast, there are only small changes (up to about
0.1 mm day!) in the multi-model mean precipitation
response in the North Mediterranean area, such as over the
North of Italy, southern France and the Black Sea regions.

Using the framework described in Sect. 2.3, the pre-
cipitation associated with cyclones has been identified
for each CMIP5 model in both the historical and RCP8.5
simulations. Figure 2c shows that in the historical simu-
lations the multi-model mean cyclone-associated pre-
cipitation resembles the fotal precipitation field (Fig. 2a)
and it reproduces the local maxima associated with the
orographic enhancement. Moreover, Fig. 2e shows that
the fraction of precipitation associated with extratropical
cyclones is greater than 70 % over most of the Mediter-
ranean Sea, and a peak above 75 % is found in the cen-
tral Mediterranean area. This maximum might be related
to the strong influence exerted by Genoa low cyclones in
this region. In contrast, the fraction of cyclone associated
precipitation over Gibraltar and western Iberia is of the
order of 50 %, which is likely related to the higher influ-
ence of long trailing fronts associated with North Atlantic
cyclones. This suggests that our approach has more limited
value for analysing climate change in the Gibraltar and
western Iberia areas, which will therefore be marginally
discussed in this paper. More insight into this region might
be obtained using front-identification based approaches,
such as that adopted in Catto and Pfahl (2013).

@ Springer



G. Zappa et al.

Fraction of storm associated precip

(e/\J_

Fig. 2 The left column (a, c, e) refers to the CMIP5 multi-model
mean winter (DJF) precipitation in the historical simulations (1976—
2005). a Total precipitation, ¢ precipitation which is identified to be
associated with extratropical cyclones and e fraction of cyclone asso-
ciated precipitation to the total precipitation. The right column (b, d,
f) refer to the CMIP5 multi-model mean DJF precipitation response
to climate change computed as the difference between the RCP8.5

The multi-model mean cyclone-associated precipita-
tion response under the RCP8.5 scenario is presented in
Fig. 2d. The comparison of Fig. 2d with Fig. 2b shows that
the cyclone-associated precipitation response resembles the
total precipitation response. In particular, the cyclone-asso-
ciated precipitation response identifies that the largest pre-
cipitation reduction is projected to occur in the East Medi-
terranean area and that small changes are projected to occur
in the North Mediterranean area. The amplitude of the toral
precipitation response is also reasonably captured, although
it tends to be underestimated in Southern Turkey and, par-
ticularly, in the Gibraltar area. This underestimation can be
quantified by looking at the residual precipitation response
presented in Fig. 2f. As the residual response is everywhere
smaller than the cyclone associated precipitation response,
Eq. 3 can provide valuable information for interpreting a
substantial part of the Mediterranean precipitation projec-
tions in terms of changes in the number and precipitation
intensity of cyclones.

5 Decomposing the precipitation projections

Using Eq. 3, the cyclone associated precipitation response
(RCP8.5-HIST) of each CMIPS5 model is decomposed
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scenario (2082-2099) and the historical simulations. b Total precipi-
tation response, d response of the precipitation associated with extra-
tropical cyclones and f response of the precipitation not associated
with extratropical cyclones (residual term). Units are in mm day ™'
apart from e which is expressed as %. The cyclone-associated pre-
cipitation is determined as described in Sect. 2.3

between the contribution due to changes in the number of
cyclones (6N - ;LZOC), the contribution due to changes in the
precipitation intensity of cyclones (8 - N2°C) and the con-
tribution due to the cross term (§u - §N). The multi-model
mean of the first two terms is presented in Fig. 3a, b, while
the cross-term is neglected as it has values everywhere
smaller than 0.1 mm day~! in both the multi-model mean
and in the majority of the individual model responses (not
shown).

Figure 3a shows that the impact from future changes in
the number of extratropical cyclones in winter is a reduc-
tion in the Mediterranean precipitation, particularly in a
Northern Mediterranean area extending between Italy and
Western Turkey. This is related to the tendency of climate
models to show a reduction in the number of Mediterra-
nean cyclones under future climate scenarios (e.g. Ulbrich
et al. 2009; Zappa et al. 2013b). This interpretation is
confirmed by Fig. 4a which shows the multi-model mean
cyclone track density response (RCP8.5-HIST) in the 17
analysed CMIPS5 models. The track density is projected
to decrease in the whole Mediterranean area and particu-
larly in the Mediterranean storm track region. In the multi-
model mean, the total number of Mediterranean cyclones is
reduced by about 25 %, with all models showing a future
reduction in the range —10 to —40 % (not shown).
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Number of cyclones term

Precipitation intensity term

Fig. 3 Decomposition of the DJF precipitation response associated
with extratropical cyclones (see Fig. 2d) between the contribution due
to changes in the number of cyclones (a) and the contribution due to
changes in the average precipitation generated by cyclones (b). These
contributions correspond to the first two terms on the right hand

A decline in the East Mediterranean precipitation asso-
ciated with a reduction in the number of Mediterranean
cyclones was suggested by Lionello and Giorgi (2007).
Although this is consistent with our results, we find that
the contribution due to changes in the number of cyclones
does not peak in the East Mediterranean in the CMIP5
models. Moreover, we also find that the spatial pattern of
the precipitation response due to changes in the number of
cyclones differs from the fotal precipitation response (com-
pare Fig. 3a with Fig 3b). For example, the reduction in
the number of cyclones suggests a future reduction in pre-
cipitation over North of Italy, while the fofal precipitation
response shows only a small signal there. This suggests that
other processes are also important in shaping the Mediter-
ranean precipitation response to climate change.

Figure 3b shows that the impact from future changes in
the precipitation intensity of cyclones is an increase in the
winter precipitation over the North Mediterranean area and
a reduction over the East Mediterranean area. This suggests
that the small multi-model mean precipitation response
over North of Italy results from a compensation between a
reduction in the number of Mediterranean cyclones affect-
ing the North of Italy and an increase in the average precip-
itation generated by each cyclone. On the other hand, the
large precipitation reduction which characterises the East
Mediterranean results from both a reduction in the num-
ber of cyclones and in the precipitation generated by those
cyclones.

Possible limitations of these results may arise from
the moderate to coarse resolution of the CMIP5 climate
models, and from the biases of the models in reproducing
the observed position of the Mediterranean storm track.
To explore this, we have examined the mean response
of the 5 CMIP5 models (EC-EARTH, MRI-CGCM3,
CMCC-CM, CCSM4, BCC-CSMI1-1m) with finest grid

mm/day

side of Eq. 3. The last term of Eq. 3, i.e. the cross-term, has been
neglected as it is small compared to the first two terms. The boxes in
b delineate the North Mediterranean and East Mediterranean regions
where the regional averages for the scatterplots presented in Figs. 5
and 6 are computed. Units are in mm day ™'
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Fig. 4 CMIP5 DJF multi-model mean response under the RCP8.5
scenario in the a cyclone track density, b specific humidity at 850 hPa
and ¢ cyclone T42 vorticity dynamical intensity at 850 hPa. Units are
a number of cyclones per month per unit area where unit area refers
to a 5° spherical cap, bkgkg~' and ¢ 107 5!

spacing (100-150 km) and that from the four models with
the smallest track density bias in the Mediterranean region
(see Sect. 3). The results (not shown) suggest that the oppo-
site contribution from changes in the precipitation intensity
of cyclones between the North and the East Mediterranean
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areas are robust to both model resolution and to the biases
in track density within the CMIPS5 range.

In summary, the future reduction in the number of
Mediterranean cyclones appears to be a key factor control-
ling the reduction in the overall Mediterranean precipita-
tion. Consistently, we find that the correlation between the
area-averaged (0°W—40°E and 30°N-45°N) precipitation
response and the track density response across the indi-
vidual CMIP5 models is +0.85, so that the models with a
larger reduction in the number of Mediterranean cyclones
tend to have a larger area-averaged precipitation reduction
in the Mediterranean area. However, these results also sug-
gest that understanding the precipitation projections in the
Mediterranean sub-regions requires further consideration
of the future changes in the amount of precipitation gen-
erated by each cyclone. Interestingly, the average amount
of precipitation generated by each cyclone decreases in the
East Mediterranean, which implies that future changes in
the precipitation intensity of cyclones do not simply result
from an increase in the atmospheric moisture content. A
possible reason for this behaviour will be discussed in the
next section, where the responses in the North and East
Mediterranean sub-regions will be analysed and compared.

6 Interpreting the precipitation intensity response

The precipitation generated by cyclones is influenced
by both dynamical factors, e.g. the winds and vorticity
of cyclones, and by the amount of moisture available in
the atmosphere. Precipitation also feedbacks on cyclone
dynamical intensity through diabatic heat release (Willi-
son et al. 2013). Under climate change, the atmospheric
moisture content is expected to increase (Finnis et al.

2007; Trenberth 2011), so that more precipitation might
be generated by each extratropical cyclone. However,
the cyclone dynamical intensity might not necessarily
increase as this is also influenced by changes in the large
scale atmospheric circulation and baroclinicity of the
atmosphere.

The CMIP5 multi-model mean response in the 850 hPa
specific humidity and in the T42 vorticity intensity of
cyclones at the same level are presented in Fig. 4b, c. In
the multi-model mean, the specific humidity at 850 hPa is
projected to increase over the whole Mediterranean area,
and in particular over the North Mediterranean (about
420 % compared to the historical values). On the other
hand, the T42 850 hPa vorticity intensity of cyclones is
projected to decrease over most of the Mediterranean area
(Fig. 4c). In particular, a moderate reduction is found in
the East Mediterranean, where the vorticity intensity of
cyclones decreases by about 6 % relative to the historical
values. This reduction in cyclone dynamical intensity might
oppose the increase in the atmospheric specific humidity in
the precipitation intensity of cyclones.

This hypothesis has been tested by exploring the spread
of the CMIPS5 projections. Figure 5a, b present scatterplots
of the area-averaged precipitation response due to changes
in the precipitation intensity of cyclones 8u - N?°C in
the North Mediterranean region against the responses
in the 850 hPa specific humidity and in the T42 vorticity
intensity of cyclones area-averaged in the same region.
The North Mediterranean region is defined by the box in
Fig. 3b. Figure 5a shows that models with a larger increase
in the atmospheric specific humidity tend to have a larger
increase in the cyclone precipitation intensity (r = 40.55).
Moreover, Fig. 5b shows that a positive correlation
(r = 40.46) is also found with the future response in the

(a) Single regression
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Fig. 5 Individual CMIP5 models precipitation response (RCPS.
5-HIST) in the North Mediterranean area due to changes in the aver-
age precipitation generated by cyclones versus a the response in the
specific humidity at 850 hPa and b the response in the dynamical
intensity of cyclones (T42 vorticity). The regional values are obtained
by area averaging over the North Mediterranean box presented in
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Figs. 3b and 4b, c. ¢ is as a, but the spread in the precipitation inten-
sity response associated with the spread in the T42 vorticity intensity
response has been linearly removed using a multiple linear regres-
sion. The multiple linear regression uses both the 850 hPa specific
humidity response and T42 cyclone vorticity intensity response as
predictors
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T42 vorticity intensity of cyclones. The two correlations
are significant at the 10 % level according to bootstrap
resampling over the different models. Both factors seem
to be important and we find that 68 % of the inter-model
spread in 8. - N2°¢ can be explained by a multiple linear
regression which uses both the specific humidity and vor-
ticity intensity responses as predictors (note the improved
fit on specific humidity using the multiple linear regression
in Fig. 5c¢).

The same analyses have been repeated for an East Medi-
terranean region (see box in Fig. 3b) and the related scatter-
plots are presented in Fig. 6a, b. In the inter-model spread,
we find that the precipitation response due to changes in
the precipitation intensity of cyclones is highly correlated
(r = 4+0.75) with the response in the cyclone dynamical
intensity (Fig. 6b). On the other hand, no significant corre-
lation with the 850 hPa specific humidity response is found
in this region (Fig. 6a). This suggests that the projected
reduction in the precipitation intensity of cyclones in the
East Mediterranean is largely related to a dynamical weak-
ening of the cyclones. A possible explanation is that East
Mediterranean cyclone intensity is influenced by a local
reduction in the atmospheric baroclinicity which is related
to the weakening of the subtropical jet and the increase
in atmospheric static stability [see, for example, Fig. 9 in
Raible et al. (2010) and Fig. 9c in Zappa et al. (2013b)]. A
more detailed analysis of this process is beyond the scope
of this paper.

Overall, these results suggest that the changes in atmos-
pheric moisture content and in the dynamical intensity of
cyclones are both important to explain the future changes in
the precipitation intensity of cyclones presented in Fig. 3b.
The two factors are associated with opposite tendencies in
the Mediterranean area, with the moisture content increase
being dominant in the North Mediterranean region and the
dynamical weakening of cyclones being more important in
the East Mediterranean region.

7 Conclusions

This study has aimed at understanding the winter sea-
son (DJF) precipitation response to climate change in the
Mediterranean area in terms of the changes in extratropi-
cal cyclones. This has been achieved by investigating an
ensemble of CMIP5 coupled climate models simulations
for present day (1976-2005) and future climate simulations
(2082-2100) under the RCP8.5 scenario. The future pre-
cipitation response has been then decomposed between the
contribution due to changes in the number of cyclones and
that due to changes in the amount of precipitation gener-
ated by each cyclone.
The main findings of the study are the following:

e Up to 75 % of the Mediterranean winter precipitation
can be associated to Mediterranean cyclones in the
CMIP5 climate models.

e The future reduction in the number of Mediterranean
cyclones is the main driver of the overall reduction in pre-
cipitation in the Mediterranean basin under the RCP8.5
emission scenario. However, the future changes in the
average precipitation generated by the individual cyclones
are also locally important in the precipitation projections.

e In the North Mediterranean area, i.e. between 40°N and
45°N, the reduction in the number of Mediterranean
cyclones is compensated by an increase in the amount of
precipitation generated by each cyclone. As a result, the
winter mean precipitation response to climate change is
projected to be small in the North Mediterranean in the
multi-model mean.

e In the East Mediterranean area, i.e. Cyprus, Southern
Turkey and the East Mediterranean coast, the aver-
age precipitation generated by the individual cyclones
is projected to decrease, and this tends to amplify the
decline in precipitation due to the reduction in the num-
ber of Mediterranean cyclones.
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e By investigating the inter-model spread in the CMIP5
projections, we find that the increase in cyclone pre-
cipitation intensity in the North Mediterranean area is
primarily associated with an increase in the atmospheric
moisture content. On the other hand, the reduction in
precipitation intensity in the East Mediterranean area is
largely associated with a dynamical weakening of the
East Mediterranean cyclones.

These results confirm the importance of Mediterranean
cyclones on Mediterranean precipitation which was pre-
viously suggested by Trigo et al. (2000) for the observed
climate variability and by Lionello and Giorgi (2007) for a
future climate projection. However, this study also provides
new insights by considering how changes in the amount of
precipitation generated by individual cyclones can affect
the precipitation projections. This aspect was not consid-
ered in Lionello and Giorgi (2007) who attributed the small
change in winter precipitation on the Northern part of the
Mediterranean basin to a balance between reduced stormi-
ness in the Mediterranean and increased storminess in the
East Atlantic and Central European regions. On the other
hand, this study is consistent with both Lionello and Giorgi
(2007) and Evans (2009) in identifying a weakening of
the Mediterranean storm track as the main reason for the
projected precipitation decline in the East Mediterranean
region. Furthermore, the projected reduction in the average
precipitation generated by the East Mediterranean cyclones
is consistent with the reduction in the mean rain per rainy
day found by Black (2009) in the Middle East in a regional
climate model simulation.

It should be noted that the tendency for the average
precipitation generated by East Mediterranean cyclones
to decrease, does not imply that the frequency of extreme
precipitation events will decrease too. Instead, a tendency
to more intense precipitation events in the Mediterranean
basin has been found by Goubanova and Li (2007) in cli-
mate model projections. Exploring the future changes in
cyclone-associated extreme precipitation events (Pfahl and
Wernli 2012) could help to provide physical insight in the
response of extreme precipitation to climate change.

Future research should also focus at better understand-
ing the physical drivers of future changes in the number
and intensity of Mediterranean cyclones (Brayshaw et al.
2010). Furthermore, the Mediterrancan Sea is a main
source of moisture for the Mediterranean region, but it is
still typically poorly represented in global climate models
due the too coarse resolution of their ocean components
(Gualdi et al. 2013). It would be therefore of interest to
verify whether the conclusions of this study hold for high
resolution coupled model simulations with a realistic rep-
resentation of the Mediterranean Sea, such as those being
produced for the Hydrological Cycle in Mediterranean
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Experiment (HyMEX) project and for the Mediterranean
region of the Coordinated Downscaling Experiment (MED-
Cordex) (Drobinski et al. 2014).
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Appendix
Radius of influence of Mediterranean cyclones

The radius of influence of Mediterranean cyclones is esti-
mated by inspecting the radial distribution of precipitation
around the cyclones. For computing this accurately, for
each cyclone, the precipitation field is first spline interpo-
lated to a grid in polar coordinates with the pole centered
on the T42 vorticity maximum and resolution of 1° in the
angular coordinate and 0.5° (~50 km) in the radial coor-
dinate. The cyclone-associated precipitation field is then
averaged along the angular coordinate and composited over
all the Mediterranean cyclones, which are defined as those
having maximum T42 vorticity intensity at 850 hPa within
the study area (10°W—40°E, 30°N—-45°N). For each CMIP5
model, the resulting precipitation intensity as a function of
the radius is presented in Fig. 7a and its radial derivative
presented in Fig. 7b.

For each CMIP5 model, the average precipitation inten-
sity peaks within 4° from the cyclone centre and it progres-
sively decreases for increasing radial distance. This area of
intense precipitation is the fingerprint of the cyclone activ-
ity. For high radial distances (e.g. 15°), the precipitation
intensity levels off to a value of about 1.5 mm day~!. This
background precipitation can be interpreted as randomly
sampled precipitation which is not necessarily associated
with the cyclone activity itself.

The radius of influence can be evaluated as the radial dis-
tance from the cyclone centre where the average precipita-
tion intensity approaches the background level. An inspec-
tion of the multi-model mean precipitation distribution
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(a) Average precipitation intensity
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Distance from cyclone centre (deg)

Fig. 7 a Precipitation intensity of the Mediterranean cyclones in the
CMP5 models as a function of the radial distance from the cyclone
T42 vorticity centre, and b radial derivative of the precipitation distri-
bution shown in a. The grey lines refer to the individual CMIP5 mod-

(see Fig. 7a, b) suggests that a radius of influence of 10°
might be appropriate. Although the different CMIP5 models
show very diverse behaviour in terms of both the precipita-
tion intensity and shape close to the cyclone centre, smaller
differences are found relative to the radius of influence.
For example, if the radius is defined as the distance where
the radial derivative of the precipitation intensity equals
—0.03 mm day~' deg™!, the radius of influence of the differ-
ent CMIP5 models lie, with two exceptions, between 9° and
11° (see Fig. 7b). For simplicity, a common radius of influ-
ence of 10° is therefore adopted for all the CMIP5 models,
but sensitivity tests using smaller radii of influence (6° and
9°) have been also performed. In these tests, the amount of
precipitation associated with cyclones decreases, but the
relative importance of the contribution from changes in the
number and in the precipitation intensity of cyclones (i.e.
Fig. 3) remains largely unaltered (not shown). This gives us
confidence that the choice of a relatively large radius (10°)
does not affect the conclusions of the paper.
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