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ABSTRACT

Higher precipitation is expected over most of the world’s continents under climate change, except for a few
specific regions where models project robust declines. Among these, the Mediterranean stands out as a result
of the magnitude and significance of its winter precipitation decline. Locally, up to 40% of winter precipitation
could be lost, setting strong limits on water resources that will constrain the ability of the region to develop
and grow food, affecting millions of already water-stressed people and threatening the stability of this tense
and complex area. To this day, however, a theory explaining the special nature of this region as a climate
change hot spot is still lacking. Regional circulation changes, dominated by the development of a strong
anomalous ridge, are thought to drive the winter precipitation decline, but their origins and potential con-
tributions to regional hydroclimate change remain elusive. Here, we show how wintertime Mediterranean
circulation trends can be seen as the combined response to two independent forcings: robust changes in large-
scale, upper-tropospheric flow and the reduction in the regional land-sea temperature gradient that is
characteristic of this region. In addition, we discuss how the circulation change can account for the magnitude
and spatial structure of the drying. Our findings pave the way for better understanding and improved mod-
eling of the future Mediterranean hydroclimate.

1. Introduction land-sea circulations, also play a significant part in
shaping Mediterranean climate variability and climate
change (Bolle 2003).

The Mediterranean has long stood out in successive
generations of global climate models (GCMs) as being
particularly sensitive to rising concentrations of green-
house gases. Models overwhelmingly project, across all
scenarios, a large reduction in precipitation, more than
in other land regions in relative terms (Fig. 1b) (Giorgi
and Lionello 2008; Planton et al. 2012). A large part
of that decline occurs during winter, south of 40°N
(Fig. 1d), with enhanced drying over northwestern
Africa [from —30% to —40% in December-February
(DJF) precipitation] and the eastern Mediterranean
(from —20% to —25%). In summer, significant warm-
ing and drying is also projected for the northern
Mediterranean (Brogli et al. 2019). While the large
interannual variability in wintertime Mediterranean
climate makes the significance of past trends hard to
establish (Kelley et al. 2012), observations and re-

Located at the border between the arid subtropics and
the temperate midlatitudes, the Mediterranean Basin is
characterized by low annual precipitation totals and
high interannual variability, which impose a state of
semipermanent water stress across much of North
Africa and the Middle East. Summers are warm and dry,
dominated to the east by the influence of subtropical
remote forcing triggered by the Indian monsoon, which
causes intense subsidence across the region (Rodwell
and Hoskins 1996), and to the west by the subtropical
high. In winter, however, the Mediterranean Sea region
is largely outside the influence of such tropical tele-
connections, and storms and rain are brought by mid-
latitude westerlies. Consequently, winter precipitation
is key to the region’s agriculture and economy, with
its future of paramount importance for the basin’s
countries. Regional- and local-scale processes, such as
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analysis products are in general consistent with his-
torical simulations and projections for the upcoming
century (Fig. 2b). The Mediterranean has experienced
substantial drying over the last century, part of which
cannot be explained by simple internal variability
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FIG. 1. CMIP5 winter (DJF) multimodel mean projected change in (a) worldwide SLP, (c) Mediterranean SLP
and 850-hPa winds, and (d) Mediterranean precipitation under RCP8.5 (2071-2100 minus 1976-2005). Historical
DJF SLP contours are also shown in (c) (from 1010 to 1024 hPa every 2 hPa; the closed contour over North Africa is
1024 hPa). Dots in (a) and (d) indicate that more than 80% of models agree on the sign of the change. Also shown is
(b) median (black dots) and 90% intermodel spread (gray whiskers) of relative change in annual precipitation in
CMIP5 models under RCP8.5 (2071-2100 minus 1976-2005), against annual mean historical (1976-2005) precip-
itation, for 25 land regions covering the whole globe (Giorgi and Bi 2005). The Mediterranean is highlighted with a
red dot. In (a)-(d), projections have been renormalized by each model’s global projected temperature change.

(Hoerling et al. 2012; Kelley et al. 2012). An unprece-
dented drought in the eastern Mediterranean exacer-
bated the already tense situation in Syria that led to the
outbreak of a civil war (Kelley et al. 2015). Further
drying will inevitably exacerbate social and geopolitical
tensions in this severely water-stressed region.

Changes in the regional low-level circulation have
long been suspected to play a dominant role in the
winter Mediterranean drying (e.g., Seager et al. 2014;
Zappa and Shepherd 2017; Tuel and Eltahir 2018; Brogli
et al. 2019), in particular through the development of an
anomalous surface anticyclone over the Mediterranean
Basin (Seager et al. 2019), a striking feature of global climate
projections (Figs. 1a,c). This anomalous Mediterranean
ridge extends from roughly November to April and has
been consistently present in successive generations of
models (Giorgi and Lionello 2008). Its magnitude, and

that of the associated wind field, is strongly correlated to
the regional precipitation decline across models (Fig. S2
in the online supplemental material) (Zappa et al.
2015b). Observed trends have up to now been consistent
with model projections (Fig. 2a). Giorgi and Lionello
(2008) suggested that the anomalous high may drive the
projected drying by increasing atmospheric stability in
the region and suppressing Mediterranean cyclones,
as discussed in later studies (e.g., Rojas et al. 2013;
Zappa et al. 2015a). Subsequently, based on a three-
dimensional analysis of the moisture budget, Seager
et al. (2014) concluded that the Mediterranean pre-
cipitation decline was due to increased moisture
divergence by the time-mean flow, due to anomalous
anticyclonic circulation in the region. Zappa et al.
(2015b) additionally showed that the intermodel spread
in precipitation change could be well captured by a
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FIG. 2. Five-year smoothed median (black line) and range (gray
shading) of CMIP5 model simulations of DJF Mediterranean
(a) SLP (0°-30°E, 32°-48°N) and (b) precipitation (20°W—-40°E,
30°-45°N) anomalies (map on Fig. S1 of the online supplemental
material), alongside observations/reanalysis data from HadSLP2,
NOAA 20CR, and ERA-20C [in (a)] and GPCP and CRU TS4 v2

[in (b)].

simple wind index reflective of the regional circulation,
supporting the idea that future Mediterranean hydro-
climate trends are primarily driven by changes in the
regional atmospheric circulation (Fig. S2).

Why the anomalous high pressure develops in the first
place, however, and how it connects to the robust pat-
tern of the precipitation response remains unclear.
Changes in the large-scale circulation, notably the ex-
pansion of the Hadley circulation (Lu et al. 2007) and
the corresponding poleward shift of the North Atlantic
storm track (Yin 2005; Scheff and Frierson 2012; Woollings
et al. 2012), the weakening of the Mediterranean storm
track, and changes in regional flow regimes (Zappa et al.
2015a; Rojas et al. 2013), have previously been suggested
as driving mechanisms behind Mediterranean circulation
trends. More recently, the role of shifts in Northern
Hemisphere stationary waves was shown to modulate
precipitation projections over California (Simpson et al.
2016) and suspected to impact the Mediterranean as well
(Seager et al. 2019). Tuel and Eltahir (2018) also first
suggested that the regional warming contrast between land
and sea could play a role. Still, the specific contributions of
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those mechanisms to projected Mediterranean climate
trends and their spread has not been clearly quantified.
Additionally, the role of Hadley cell and storm-track shifts
has been challenged as they were found to occur, in abrupt-
CO, experiments, on a much faster time scale than the
Mediterranean drying (He and Soden 2017). The zonal
symmetry in Hadley cell shifts is also at odds with the
amplified Mediterranean sea level pressure (SLP) signal
(Fig. 1a), so that it is not obvious why the Mediterranean
would be particularly sensitive in climate projections.

Therefore, while much attention has been given to this
region, a comprehensive theory for the wintertime
Mediterranean precipitation decline is still lacking. In
this study, we seek to understand what drives projected
wintertime low-level circulation and precipitation trends
in the region, with winter defined as the DJF period.
Based on results of simulations from phase 5 of the
Coupled Model Intercomparison Project (CMIP5) and
idealized simulations with the Massachusetts Institute of
Technology (MIT) Regional Climate Model, we show
that global-scale circulation changes originating near the
tropopause and the independent response to changes
in the sea-land surface temperature gradient over the
Mediterranean Basin greatly contribute to future trends
in the Mediterranean hydroclimate. In addition, we dis-
cuss the physical connections between circulation and
precipitation projections in the western and eastern
Mediterranean. Our primary focus is the CMIP5 mul-
timodel mean, but intermodel spread is also discussed
in the light of the two proposed mechanisms.

2. Data

We analyze recent surface temperature, pressure, and
precipitation trends in the Mediterranean region using
various datasets. Observed surface temperatures are
taken from the NOAA Merged Land-Ocean Surface
Temperature Analysis (MLOST; Vose et al. 2012) (land
and ocean; 1850-2018), and the CRU TS4.02 dataset
(Harris et al. 2014) (land only; 1901-2018). Monthly
precipitation over land from CRU TS4.02 is also used,
and, for ocean coverage, we consider data from the
Global Precipitation Climatology Project, version 2.3
(Adler et al. 2003), as well (1979-2018). Sea surface
temperature (SST) data are taken from HadISST
(Rayner et al. 2003) and ERSST v5 (Huang et al. 2017).
SLP from the HadSLP2 dataset (1850-2018) is used
(Allan and Ansell 2006); for purposes of comparison,
we also look at SLP in the NCEP-NCAR (Kalnay et al.
1996), NOAA 20CR (Compo et al. 2011), and ERA
twentieth-century (20c; Poli et al. 2016) reanalyses.

Future climate trends are analyzed using 30 GCM
simulations from CMIP5 (Taylor et al. 2012), under the
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FIG. 3. CMIPS5 winter (DJF) multimodel mean projected change in Northern Hemisphere
200-hPa (a) zonal and (b) meridional winds. Dots indicate that more than 80% of models agree
on the sign of the change. For each model, projections have been renormalized by that model’s

global projected temperature change.

historical and representative concentration pathway
8.5 (RCP8.5) scenarios. We used all models that pro-
vided SLP, precipitation, surface temperature, and
specific humidity, temperature, winds, and pressure
velocity on pressure levels at monthly resolution for
our reference (1976-2005) and future (2071-2100) pe-
riods. A detailed list of the 30 selected models can be
found in Table S1 in the online supplemental material
(expansions of model acronyms are available at https://
www.ametsoc.org/PubsAcronymList). For each model,
only the rlilpl ensemble member is used. All model
output is regridded to a common 1° X 1° grid. Unless
specified, all changes under RCP8.5 are defined as the
2071-2100 minus 1976-2005 average, and all anomalies
(of SLP, precipitation, etc.) are defined with respect to
the 1976-2005 reference period.

3. Quantifying the SLP response to upper-level
circulation change

CMIP5 GCMs robustly agree on the pattern of
Northern Hemisphere upper-tropospheric circulation
change under continued anthropogenic forcing: a
strengthening of the midlatitude jet (Barnes and
Polvani 2013) and associated shift in the pattern of
quasi-stationary waves (Brandefelt and Krnich 2008)

(Fig. 3). A direct consequence of these changes is the
development of an upper-tropospheric, anomalous
anticyclonic circulation over the Mediterranean. Because
of the generally equivalent barotropic character of
winter stationary waves (Held et al. 2002), it is ex-
pected that such a change in upper-level flow would
translate into anticyclonic circulation and higher pres-
sure at low levels.

a. Methods

To quantify the impact of trends in upper-tropospheric
flow on Mediterranean low-level circulation, we apply to
each selected GCM an analog-based ‘“‘dynamical ad-
justment’” model. We give here a brief overview of the
method presented in Deser et al. (2016) and refer to
their paper for further mathematical details. We con-
sider two physical fields, a predictor field X € R, and a
predictand field Y € RY, linked by some physical rela-
tionship (variability in X influences variability in Y); p
and q refer to the space dimension. We assume that a
“training’’ series of concurrent values of X and Y, of
length n, is available, which we note (X;)o=;=, and
(Y:)o=i=n- The goal of dynamical adjustment is to es-
timate the amplitude of the field Y, associated with the
predictor field X,, observed at a time ¢ > n. To that end,
we select the N = 50 closest analogs of field X, among
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the (X;)o=i=n, With Euclidean distance used as the
metric. Among these N fields, we randomly select a
subsample of M = 30 fields, which are assembled in a
p X M matrix X.. The corresponding Y values are
similarly put in matrix Y.. Then, optimal linear com-
bination weights B are estimated such that

X, ~BX.; 1)
BX. represents a “‘constructed analog” of X,. The same
weights B are also applied to Y. to estimate the com-
ponent of Y, induced by predictor X,: Y, =BY,. The
procedure is then repeated 1000 times, each time with a
new random subsample of 30 analogs. The purpose of
this subsampling is to increase robustness of the results
and better quantify the variability in the reconstructed
estimates (Deser et al. 2016). The results are not par-
ticularly sensitive to the specific choice of N and M over
the range 30 = N = 60 and M ~ 2N/3.

The method is applied to each GCM separately, using
for X the DJF meridional wind field anomalies at
200hPa in the 20°-80°N latitude range, and for Y the
Northern Hemisphere DJF SLP anomaly field. Seasonal
anomalies are computed by subtracting from each field
its 1976-2005 mean. The historical (1850-2005) simula-
tions are used as ‘‘training” series (thus n = 155 winters),
and we calculate constructed analogs for all winters
between 2070 and 2100. Our choice of predictor is mo-
tivated by the results of Simpson et al. (2016), which
implied that projected upper-level meridional wind
anomalies were reflective of the shifts in mean sta-
tionary wave structure. Results are not significantly
different when using the zonal wind component, or
even the streamfunction, since upper-tropospheric flow
is essentially nondivergent at seasonal time scales.

An important assumption of this approach is that, at
first order at least, the surface circulation response to
upper-level wind pattern change is linear. To test that
hypothesis, we also reconstruct annual SLP anomalies in
the historical runs: for each of the 155 winters in 1850
2005, the other 154 winters are used to look for analogs.
This helps determine whether interannual variability of
Mediterranean SLP is correctly reconstructed in both
historical and future simulations.

b. Results

Most of the year-to-year variability in DJF Mediterranean
SLP is well reconstructed based on upper-tropospheric
flow anomalies, in both historical and RCP8.5 runs
(Fig. 4c). The model-mean squared correlation coefficient
is about 0.75 for each scenario (model range is 0.55-0.85),
and the average root-mean-square error is 1.2 hPa (model
range 0.95-1.5hPa). SLP anomalies are correctly
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approximated over the whole range of interannual var-
iability; only very low SLP values seem to be slightly
overestimated. Despite the mean shift toward positive
SLP anomalies in future projections, the range of values
of RCP8.5 anomalies is not substantially different from
historical ones. This increases our confidence that the
method will correctly capture shifts in the distribution of
SLP anomalies connected to projected changes in
upper-level wind fields. Looking ahead, we find that
future upper-tropospheric wind patterns are consistent
with an amplified SLP response over the Mediterranean
and also east of Japan (Figs. 4a,b). They also account for
80% of intermodel spread in Mediterranean projections
(Fig. 4d). The decrease in SLP over the North Pacific
is also well reproduced, but not so much over North
America, the North Atlantic, and Siberia, where other
factors, notably linked to thermodynamic forcing [e.g.,
Arctic amplification and the North Atlantic warming
hole (NAWH)] likely play a role (Gervais et al. 2019).
However, only 40% of the mean GCM response is ac-
counted for (0.7hPa as compared with 1.7hPa in the
multimodel mean). In some models, this dynamically
induced SLP change is even of the opposite sign of the
total simulated response by that same model (Fig. 4d).
Similarly, during the “extended’ winter season, outside
DJF, future upper-tropospheric circulation anomalies are
still connected to an increase in SLP over the Mediterranean
but explain only ~30%-40% of the whole signal (Fig. S3 in
the online supplemental material).

4. Surface thermodynamical forcing

The geography of the Mediterranean Basin is unique,
characterized by the existence of a large sea enclosed
by continents on almost all sides. During winter, be-
cause of water’s larger thermal capacity, the Mediterra-
nean Sea is on average warmer than the surrounding
land. However, as a result of enhanced warming over
land under climate change (Sutton et al. 2007; Byrne
and O’Gorman 2018), future climate projections ex-
hibit a robust and gradual relative cooling of the
Mediterranean Sea with respect to surrounding land
(Fig. 5a). We define a simple sea-land temperature dif-
ference index as the difference between mean DJF tem-
peratures over sea and over land in the Mediterranean
region (5°W-38°E, 28°-48°N; Fig. 5a). In historical
CMIP5 simulations and ERA-Interim, that difference
reaches about 5°C; by 2100, RCP8.5 simulations project a
0.5°C decrease, with little spread across models (Fig. 5b).
The magnitude of the projected index change is similar
to its historical interannual standard deviation, suggesting
a potentially important role of sea-land temperature
change in shaping future regional circulation. Up to now,
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FIG. 4. Northern Hemisphere CMIP5 multimodel mean change in DJF SLP (a) estimated by dynamical ad-
justment and (b) projected by CMIP5 models. Stippling shows agreement on the sign of the change by 80% of
models. Numbers indicate average value within the dash-outlined box. (c) Model vs dynamically reconstructed DJF
Mediterranean (0°-30°E, 32°-48°N) SLP anomalies in historical (black dots) and RCP8.5 (red dots) simulations, for
all 30 CMIPS models. (d) Mediterranean (0°-30°E, 32°-48°N) CMIPS intermodel change in DJF SLP estimated by
the dynamical adjustment model along with 90% confidence intervals. The two models used in Brogli et al. (2019)

are highlighted with red dots.

the projected decrease has been consistent with a range of
observational datasets (Fig. 5¢). The impact of surface
SST anomalies on regional circulations has been inves-
tigated, both from a theoretical perspective (Hoskins
and Karoly 1981) and in model projections for the
coming century (e.g., Gervais et al. 2019). At leading
order, using geostrophic balance, a shallow relative

cooling over the Mediterranean should result in
anomalous surface anticyclonic circulation, since the
land-sea warming contrast disappears in the mid-
troposphere (Byrne and O’Gorman 2016). Linear
theory similarly suggests a baroclinic response to a
Mediterranean negative SST anomaly characterized
by a downstream SLP high (Hoskins and Karoly
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1981). A similar result has been obtained while inves-
tigating the atmospheric response to the relative cooling
of the NAWH in a realistic model (Gervais et al. 2019).

a. Model simulations

We investigate the impact of the land-sea warming
contrast on Mediterranean circulation using regional
climate simulations with the MIT Regional Climate
Model (MRCM). MRCM is based on the Abdus Salam
International Centre for Theoretical Physics Regional
Climate Model, version 3 (RegCM3) (Pal et al. 2007),
and includes several improvements (Winter et al. 2009;
Gianotti et al. 2012; Gianotti and Eltahir 2014a,b) achieved
through incorporation of new physical schemes or modi-
fication of original schemes. MRCM has been rigorously
tested against observations in its ability to simulate key

Year

FIG. 5. (a) CMIP5 multimodel DJF 2-m temperature change under RCP8.5 (2071-2100 minus 1976-2100). The
dash-outlined box encompasses the area used to calculate the sea—land temperature index. (b) Distribution of
historical (black) and RCP8.5 (red) DJF sea-land temperature index anomalies across CMIP5 models. (c) Five-
year smoothed median value (black line) and range (gray shading) of CMIP5 model annual values (1850-2095) of
DIJF sea-land temperature index anomalies, alongside observations from CRU, NOAA Global Surface
Temperature, ERSST, and HadISST. In (c) only, the temperature index is defined using SST over the sea and not
2-m temperature, since the latter has limited availability over sea areas in observations.

observed climate features across several regions [e.g.,
North America (Winter et al. 2009), West Africa (Im and
Eltahir 2018b), the ““Maritime Continent” (Im and Eltahir
2018a), and southwestern Asia (Pal and Eltahir 2016)].
We conduct two sets of simulations to assess the im-
pact of the Mediterranean relative cooling over a do-
main that encompasses the whole Mediterranean and
Black Seas (Fig. 6), at a horizontal resolution of 35km
and using 40 vertical levels. The first set is driven by the
1.5° X 1.5° 6-hourly ERA-Interim reanalysis (Dee et al.
2011) as lateral boundary conditions and 1° X 1° weekly
NOAA OISST v2 (Reynolds et al. 2007) for the ocean
surface, over the 1981-2011 period. In the second, we
use the MPI-ESM-MR model (Zanchettin et al. 2013)
under the RCP8.5 scenario as boundary conditions, over
the 2070-2100 period. The MPI experiments are intended
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FIG. 6. (a) Difference in DJF mean 2-m temperature between the 0°C and +1.5°C experiments (average of ERA
and MPI simulations). (b) Change in DJF 2-m temperature under RCP8.5 (2071-2100 minus 1976-2005), from
which the average Mediterranean land warming (3.9 K) was subtracted to highlight the relative cooling over the sea.

to assess the impact of a relative Mediterranean cooling
in a climate change context as surrounding continents
warm. Still, any GCM presents a number of biases in its
background climate, which may modulate the impact of
the relative cooling. The ERA experiments thus allow us
to assess the circulation impact of a relative cooling in
the current Mediterranean climate with no land
warming.

Each set consists of a reference simulation (called
“0°C”) and a perturbed simulation (called “+1.5°C”), in
which Mediterranean SSTs are artificially increased by
1.5°C. The essence of the +1.5°C simulations is to force
the Mediterranean to warm as much as if it were land.
We choose an SST difference of 1.5°C because it trans-
lates in the simulations into a 0.5°-0.6°C change in the
sea—land temperature index, consistent with the shift
projected by CMIPS models (Fig. 5; Fig. S4 in the online
supplemental material). The difference between the
reference and the perturbed simulations (0°C minus
+1.5°C) corresponds to the impact of the relative
Mediterranean cooling on regional circulation. The first
set of simulations is referred to as “ERA” (“ERAO0C”
and “ERA + 1.5°C”), and the second set is referred to as
“MPT” (“MPIOC” and “MPI + 1.5°C”). In all simula-
tions, the first year is discarded as spinup. Long-term
averages are computed over 1982-2011 for ERA ex-
periments and 2071-2100 for MPI experiments.

b. Results

In comparison with the +1.5°C experiments, the 0°C
experiments exhibit a roughly 0.6°C relative cooling of
the sea—land temperature index (0.62°C for ERA and
0.57°C for MPI; Fig. S4). The magnitude and spatial
pattern of this relative cooling is similar to that projected

by CMIP5 models (Fig. 6). Figure 7 shows the difference
between the two experiments (0°C minus +1.5°C) in
mean DJF SLP, 850-hPa wind, and precipitation fields
over our simulation domain. As compared with the
+1.5°C simulations, the 0°C simulations exhibit a sub-
stantial anticyclonic flow in the boundary layer with a
strong anomalous ridge generally located downstream
of the SST anomaly. Both anticyclonic anomalies are
accompanied by anomalous easterlies and northeast-
erlies over North Africa and the Middle East of about
0.5ms ™' magnitude and a much weaker circulation re-
sponse to the north. The pattern of the wind response
south of 40°N is similar to that of the CMIP5 multimodel
mean under RCP8.5, especially for the ERA experi-
ments, even if of smaller magnitude (see Fig. 1c, noting
that wind change is normalized by global temperature
change, that is, divided by a factor ~ 4). The relative
Mediterranean cooling is also associated with a pro-
nounced regional precipitation decline. In absolute
terms, this decline is strongest over the eastern half of
the basin, particularly along the Turkish and Levant
coastline. Precipitation is less affected west of 10°E,
except along the Algerian coastline.

The main difference between the ERA and MPI
simulations is the location of the anomalous high. It is
centered south of Greece and peaks at about 1.1 hPa in
ERA, whereas it is slightly weaker (~1 hPa) and shifted
southeast in the MPI experiment (Figs. 7a,c). Averaging
over the 0°-30°E, 32°-48°N domain, we find a 0.76-hPa
SLP difference between ERAOC and ERA + 1.5°C and
0.62-hPa difference between MPIOC and MPI + 1.5°C.
Additionally, the baroclinicity of the response is much
more pronounced in the MPI simulations. However,
the background climates in the two reference (0°C)
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experiments (0°C minus 1.5°C) in the (a),(b) ERA and (c),(d) MPI simulations.

simulations are different, notably the low-level zonal
wind and static stability (Fig. S5 in the online supple-
mental material). Those two fields are critical in deter-
mining the atmospheric circulation response to shallow
heating anomalies in the midlatitudes (Hoskins and
Karoly 1981; Hall et al. 2001). The MPI reference
state displays a slightly larger static stability over the
Mediterranean and a stronger zonal wind field, both of
which are consistent with a weaker circulation response
to the imposed surface temperature anomaly in the MPI
experiments. A larger static stability limits the expan-
sion of the heating anomaly in the lower troposphere,
while the enhanced zonal wind reduces the circulation
response required to compensate for the heating
anomaly (Hoskins and Karoly 1981). Furthermore, the
MPI simulations also include long-term circulation
trends induced by greenhouse gas forcing. Despite this,
the circulation and precipitation responses to the rela-
tive cooling are very similar between ERA and MPL.
This points toward a robust anticyclonic circulation re-
sponse triggered by the relative Mediterranean cooling.

5. Precipitation response

The consequence of the development of the anomalous
Mediterranean ridge is an increase in mass and moisture
divergence by the mean flow, which drives a regional
precipitation decline (Seager et al. 2014). However, the
impacts are felt differently across the basin: the decrease in
precipitation is most pronounced over southern Turkey to
the east and over Morocco and the Iberian Peninsula to the
west, away from the high pressure anomaly (Fig. 1).

The anomalous ridge is accompanied by a strong low-
level wind field, that disrupts the relatively weak average
circulation south of 40°N. Thermal balance implies that
subsidence will develop on the eastern margin of the
Mediterranean ridge to compensate for cold advection
from anomalous northerlies (Seager et al. 2014), which
will tend to suppress precipitation. This view is consistent
with the particularly large anomalous downward motion
centered over that region in future projections (Fig. 8a).
The time-mean regional energy balance can be written in
pressure coordinates as (Rodwell and Hoskins 1996)
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each model, projections were normalized by its mean annual global temperature change. Dots indicate that more
than 80% of models agree on the sign of the change. (b) Change in column-integrated energy budget terms across
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r_Q —<pﬂ) o _avT - <p£> Ky
t c, o ap p o) Op
N~~~ _\B,_—/ ¢
A
- Vp (T, 2)

where ¢ is time, p is pressure, T is temperature, Q is di-
abatic heating/cooling, ¢, is the specific heat of dry air at
constant pressure, py is a reference pressure (1000 hPa),
R is the specific gas constant for dry air, k = R/c,,  is
pressure velocity in pascals per second, 6 is potential
temperature, and u is the horizontal wind vector. Time

means are denoted with overbars, and their deviations
with . Time means are computed in CMIP5 models for
the 1976-2005 (reference) and 2071-2100 (future) pe-
riods. For long-term averages, the term on the left
(9T/at) is about zero. The last two terms on the right-
hand side (transient terms) are also small (Fig. S6 in the
online supplemental material), and the balance is be-
tween diabatic forcing (A), vertical advection (B), and
horizontal advection (C). Those three terms also domi-
nate changes in the long-term balance. Downward mo-
tion compensates for the cooling from anomalous
northerlies; yet, because it also suppresses precipitation,
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confidence intervals are shown by light-gray bars.

it indirectly leads to diabatic cooling of the air column (less
vertical latent heat flux) and therefore reinforces itself.
This likely explains why the cooling from horizontal ad-
vection is only about two-thirds of the change in adiabatic
warming (Fig. 8b). Models correctly reproduce the inter-
annual link between winter eastern Mediterranean\ pre-
cipitation and vertical velocity anomalies (Fig. 8c). Across
models, the change in seasonal precipitation is well cor-
related with that in pressure velocity (Fig. 8d).

To the west of the basin, this picture does not hold.
There, while precipitation still declines, the trend is
rather toward upward motion (Fig. 8a). Because anom-
alous winds associated with the low-level pressure
high are predominantly easterly, they do not change
the energy balance as much as they do over the eastern

Mediterranean. However, they have a substantial
impact on the moisture budget. Atlantic westerlies are
the direct source of precipitation for the western
Mediterranean (Hurrell 1995). Projected circulation
trends not only act to weaken this moisture influx,
they also tend to advect much drier air from the
Sahara Desert (Fig. 9¢). Future projections show a
consistent stagnation or weak increase in low-level
specific humidity in the area (Fig. 9a). Combined with
warming, this leads to a pronounced increase in dewpoint
depression, well correlated with the regional precipita-
tion decline across models (Fig. 9b).

In addition, as noted above, the relative cooling of
Mediterranean SSTs may act to decrease precipitation
not only through its effect on regional circulation but also
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by limiting the increase in evaporation and therefore
moisture fluxes toward land. This might be an important
factor for the eastern Mediterranean, which receives
much of its winter precipitation from Mediterranean cy-
clones (Zappa et al. 2015a) (Figs. 7b,d).

While these elements seem to explain precipitation
trends in GCMs, it is important to remember that both
the eastern and western Mediterranean exhibit in re-
ality complex orographic features, which play an im-
portant role in regional precipitation patterns. Their
interaction with large-scale circulation trends may
also impact future precipitation changes. Over south-
ern Turkey, anomalous northerlies forced down the
Anatolian plateau will cause subsidence and suppress
precipitation. A similar phenomenon can be expected
to occur north of the Atlas Range in Morocco and
Algeria. These features are not well resolved by GCMs;
already at our relatively coarse resolution (35km) the
orographic signal is much more detectable, and the
enhanced precipitation decline south of Turkey may
indicate further drying following subsidence induced
by topography (Figs. 7b,d).

From this perspective, it is straightforward to understand
the high correlation between the magnitude of anomalous
SLP and Mediterranean-wide precipitation change (online
supplemental Fig. S2). Even though the physical mecha-
nisms behind the drying are different in the eastern and
western Mediterranean, the change in SLP determines the
strength of the anomalous circulation that drives the de-
cline in precipitation at each end of the basin.

6. Discussion
a. Uncertainties in the thermodynamical response

The estimate of the SLP response to surface ther-
modynamical forcing is based on a roughly 0.5°C
change in the land-sea temperature gradient, with
limited variance across models. That change is in no small
part determined by Mediterranean SST trends under
continued greenhouse gas forcing, which in turn depend,
among others, on Mediterranean Sea circulation. The lat-
ter, however, is not well resolved in GCMs (Planton et al.
2012). Reasons are to be found among the region’s com-
plex geography, its small size relative to model resolution
and the very small extent (15km) of the Gibraltar Strait,
which plays a major role in the mass and energy balance of
the Mediterranean (Sannino et al. 2002). Energy exchange
with the Atlantic Ocean at Gibraltar must be parameter-
ized in GCMs, which of course leaves room for substantial
errors in long-term SST trends. In some models, the
Mediterranean is even represented as a closed sea, which
may tend to overestimate the SST response, with impli-
cations on the regional circulation change.
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Despite obvious differences, the impact of the
Mediterranean relative cooling on regional circulation
and precipitation is relatively similar between the ERA
and MPI experiments: a general increase in SLP of
about 0.6 hPa, peaking over the eastern Mediterranean
at around 1hPa. This suggests that the response to
relative cooling may also be similar when using other
CMIPS models as lateral boundary conditions.

b. Combining mechanisms and other explanations

Future Mediterranean circulation and hydroclimate
trends in the CMIPS multimodel mean appear to be
primarily determined by large-scale circulation changes
and regional thermodynamical forcing. Both mecha-
nisms lead to higher pressure over the Mediterranean
and can explain why the region is picked out as a
prominent climate change hot spot. While other factors,
like soil moisture feedback or stratospheric vortex
strength (Zappa and Shepherd 2017; Simpson et al.
2018) can never be totally excluded, they seem unlikely
to contribute much to the multimodel mean. In indi-
vidual models, they may certainly play a large role, thus
affecting intermodel spread.

The “dynamical” SLP response is higher over the
western Mediterranean, which can be seen as an east-
ward shift of the North Atlantic subtropical high, con-
sistent with the eastward shift of the stationary waves
themselves (Simpson et al. 2016). Contrarily, the SLP
anomaly due to relative Mediterranean cooling peaks
downstream of the anomaly, that is, over the eastern
Mediterranean. Although assessed within different
modeling frameworks, our approach suggests that the
two mechanisms may individually contribute somewhat
equally to the Mediterranean SLP increase (about
+0.6-0.7 hPa, or 35%—-40% of the mean projected re-
sponse), and therefore to the precipitation decline. The
dynamical SLP anomaly nevertheless clearly dominates
in a number of models, in addition to being responsible
for most of the intermodel spread. The strong geo-
potential ridge projected at upper levels above the
Mediterranean by CMIP5 models (Seager et al. 2014) is
also clearly associated with the planetary wave shift, not
with the surface relative cooling, whose effect is limited
to the lower troposphere (Fig. S7 in the online supple-
mental material).

A mutual reinforcement of the low-level anticyclonic
circulation triggered by each forcing is, however, not to
be excluded. Indeed, adding the SLP trends induced by
our two mechanisms accounts for roughly 80% of the
model-mean projected change, leaving a sizeable part
unexplained. This unexplained fraction is even larger in
several models. The discrepancy might result from
nonlinear superposition (through self-reinforcement of

Unauthenticated | Downloaded 10/21/21 07:00 PM UTC



15 JuLy 2020

the anomalies at low levels) or via the effects of surface
friction, which also impacts the SLP response. In that
regard, variability in regional orography and parame-
terization of friction may play an important role in
explaining intermodel spread.

One other prominent feature of the midlatitude cir-
culation change is an increase of SLP in the North
Atlantic, between 45°W and 0° (Fig. 1a). We find that
part of this increase, along the 40°N parallel, where
CMIPS SLP trends are robust, may also be a response to
upper-level circulation changes (Fig. 4a). North of there,
the SLP change, though less robust, may be the down-
stream response to the NAWH, an area of relative SST
cooling (Gervais et al. 2019), though this remains far
from certain. Despite weaker intermodel agreement in
this region during winter, a downstream increase in SLP
extending to the Mediterranean is possible. Though it
would not explain the robustness of the Mediterranean
hot spot, it may combine with the robust anomalous
positive SLP from our two proposed mechanisms.
Model agreement in this region is stronger in spring
and autumn, and this phenomenon could therefore also
enhance the Mediterranean SLP response in those
seasons, especially given the weaker projected upper-
level flow changes in early spring and late autumn
(online supplemental Fig. S3). Simulation results of
Gervais et al. (2019) suggest that the impact is small but
not zero (their Figs. 3 and 5). They also used only one
model. Analyzing, within a coherent modeling frame-
work, the contributions of upper-level flow changes,
the Mediterranean relative cooling, and the NAWH
to future Mediterranean circulation trends may shed
more light on this.

c. Consistency of mechanisms with other studies

We end by discussing the consistency of our results
with those of previous studies. Among the various
mechanisms proposed to explain the anomalous ridge,
discussed in the introduction, we show in this paper that
changes in stationary wave structure discussed by
Simpson et al. (2016) play a crucial role, both for the
model mean and intermodel spread (Fig. 4). Consequently,
poleward shifts of the Hadley circulation and storm
tracks, already shown to be limited in the Northern
Hemisphere during winter, probably have limited di-
rect influence. Recently, Brogli et al. (2019) concluded
that large-scale circulation changes were the main
driver the Mediterranean precipitation decline, and
that regional effects were minimal. Their simulations
that focus on the relative cooling of the Mediterranean
also find a decrease in precipitation in the eastern
Mediterranean compared to a scenario where SSTs
warmed as much as the land (their Fig. 4). Yet, their
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conclusions were based on two models (MPI-ESM-LR
and HadGEM2-ES) in which the contribution of upper-
tropospheric forcing happens to dominate (Fig. 4d). As
we show here, however, large-scale dynamics have a
wide range of effects across models; although they ac-
count for much of the spread in the precipitation re-
sponse, large-scale circulation trends are not sufficient
to fully explain regional projections.

In terms of precipitation response, our results agree
with the perspective offered by Seager et al. (2014). In
CMIP5 models, the Mediterranean drying is connected
to changes in moisture convergence by the mean flow,
but the drivers behind those changes vary from east to
west. To the west, moisture convergence declines due
to a weakening of the Atlantic moisture supply through
increased advection of dry air from the Sahara. To the
east, large-scale subsidence is the main cause of the
precipitation decrease. In reality, however, precipitation
is strongly linked to prominent topographic features that
are, to a large extent, not resolved by GCMs. Orographic
lifting and the interaction of mountains with large-scale
circulation changes predicted by CMIP5 models will im-
pact precipitation projections.

Our results also shed some light on the conclusions of
Zappa et al. (2015a), who found the eastern Mediterranean
precipitation decline to be associated with large reduc-
tions in cyclone frequency and intensity. We find that
regional circulation and its changes control precipitation
variability and change in the basin (online supplemental
Fig. S2; Figs. 8 and 9) and therefore should control cy-
clonic activity, which is responsible for most of winter
precipitation (Zappa et al. 2015a). The decrease in mean
storm precipitation and dynamical weakening of cy-
clones they identified is consistent with the substantial
anomalous regional downward motion over the region
(Fig. 8a). In addition, anomalous northerlies advecting
drier higher-latitude air and the relative Mediterranean
cooling both act to constrain humidity trends, which
likely cause the projected local minimum in specific
humidity change near Cyprus (Fig. 9a). The weaken-
ing of the storm track is consistent with a weakening of
the meridional temperature gradient between the
Mediterranean Sea and the continent to its north, and
the reduction in baroclinicity it may lead to. Future
research should focus on understanding how the large-
scale drivers we identified control storm genesis in the
Mediterranean.

7. Conclusions

In conclusion, our results offer a coherent and mech-
anistic picture of Mediterranean winter climate projec-
tions that is consistent with their robustness. It involves
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sound physical mechanisms and characteristics of the
mean circulation: the shift in wavelengths of stationary
waves, enhanced warming over land compared to
oceans, and the baroclinic response to surface temper-
ature anomalies. While much work remains to be done
to understand the variability in SLP and precipitation
change patterns across models, we find that the unique
combination of the large-scale ““dynamic’ response and
the independent, regional-scale ‘‘thermodynamic’ re-
sponse explain the robust regional maximization of
wintertime climate change over the Mediterranean,
making this region a major climate change hot spot for
the coming decades. The contributions from each re-
sponse appear comparable, though a nonlinear super-
position may contribute to enhancing the response even
more in certain models. Robust physical mechanisms
involving local circulation account for the coherence of
regional precipitation change and a maximized response
at each end of the basin. Complex topography in those
two regions indicates, however, that detailed regional
simulations are required for improved future climate
projections.
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