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ABSTRACT: Future climate simulations indicate that the Mediterranean Basin will experience large low-level circulation

changes during winter, characterized by a strong anomalous ridge that drives a regional precipitation decline. Previous research

highlighted how shifts in stationary wave structure and the atmospheric response to reduced warming of theMediterranean Sea

relative to land could explain the development of this anomalous pressure high. Here, we expand on these results and provide

new arguments for why and how theMediterranean is projected to experience large circulation changes during winter. First, we

find that zonal asymmetries in the vertical structure of stationary waves are important to explain the enhanced circulation

response in the region and that these asymmetries are related through the external mode to the vertical structure of the mean

zonalwind. Second, inwinter, theMediterranean is located just to the northof theHadley cell edge and consequently is relatively

free of large-scale descent; together with low near-surface static stability above the sea, this condition allows theweaker warming

trend above the sea to propagate to the low troposphere and trigger a major circulation response. During summer, however,

remotely forced descent and strong static stability prevent the cooling anomaly from expanding upward.Most of the intermodel

scatter in the projected low-level circulation response in winter is related to the spread in upper-tropospheric dynamical trends.

Importantly, because climate models exhibit too much vertical coherence over the Mediterranean, they likely overestimate the

sensitivity of Mediterranean near-surface circulation to large-scale dynamical changes.

KEYWORDS: Mediterranean Sea; Atmospheric circulation; Rossby waves; Stationary waves; Atmosphere-ocean inter-

action; Climate change

1. Introduction

The Mediterranean Basin (308–458N, 108W–408E) has stood out

in successive generations of climatemodels as one of the few regions

where circulation projections are particularly robust. In particular, a

large majority of models in both CMIP3 and CMIP5 agree on the

development of an anomalous pressure high during winter (Giorgi

and Lionello 2008; Seager et al. 2014), whose magnitude largely

surpasses that of changes elsewhere in the Northern Hemisphere

(Fig. 1). Changes in regional winter circulation have long been sus-

pected to drive the projected decrease in the frequency of

Mediterranean cyclones and the concurrent regional precipitation

decline (Zappa and Shepherd 2017). North African wind anomalies

were shown to be strongly related to regional precipitation anoma-

lies and explained most of the latter’s scatter across CMIP5 models

(Zappa et al. 2015). Regional circulation trends were subsequently

linked to large-scale dynamics (Seager et al. 2019; Brogli et al. 2019;

Tuel and Eltahir 2020) and the land-sea warming contrast (Brogli

et al. 2019; Tuel and Eltahir 2020). Tuel and Eltahir (2020, herein-

after TE20) explained the development of the anomalous

Mediterranean high as the combined response to shifts in the large-

scale structure of the mean wintertime circulation and to surface

temperature trends. A robust eastward shift in winter stationary

waves (Simpson et al. 2016) pushes the Atlantic Ocean subtropical

high closer to the Mediterranean Sea while the relative cooling of

Mediterranean sea surface temperatures (SSTs) in comparison with

the surrounding land triggers higher pressureover the easternpart of

the basin. The link between circulation and precipitation trends was

discussed by TE20, who showed how the strong wind anomalies

associated with the increase in surface pressure suppressed precipi-

tation at each end of the basin.

Althoughwe now have a good understanding that both shifts in

stationary waves and relative cooling of SSTs contribute to the

lower-tropospheric anticyclonic anomaly, two important dynam-

ical aspects of the response remain unclear and are addressed in

this paper. First, the upper-level changes in circulation have been

explained in terms of changes in stationary wave propagation and

are of similarmagnitude across longitudes, but it is the lower-level

circulation response that is most important for changes in pre-

cipitation. Why is the low-level response to the stationary wave

changes particularly large in the Mediterranean as shown

usinga statistical approach in TE20? Furthermore, is the link be-

tween upper- and lower-level circulation changes consistent with

stationary-wave theory, and is it well represented in climatemodels?

Second, the relative cooling of theMediterranean SSTs occurs both

in summer and winter, but the anomalous high pressure only occurs

in winter. Why does the response to relative cooling of the

Mediterranean Sea lead to a large dynamical response inwinter and

not in summer? Section 2 of this paper presents the data used for

analysis. In section 3, we analyze the connection between circula-

tion changes in the upper and lower troposphere from the per-

spective of the external mode—the dominant mode in the vertical

Supplemental information related to this paper is available at

the Journals Online website: https://doi.org/10.1175/JCLI-D-20-

0429.s1.

c Current affiliation: Institute of Geography, Oeschger Centre for

Climate Change Research, University of Bern, Bern, Switzerland.

Corresponding author: A. Tuel, atuel@alum.mit.edu

1 FEBRUARY 2021 TUEL ET AL . 1135

DOI: 10.1175/JCLI-D-20-0429.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by UNIVERSITAT BERN | Unauthenticated | Downloaded 01/14/21 07:07 AM UTC

https://doi.org/10.1175/JCLI-D-20-0429.s1
https://doi.org/10.1175/JCLI-D-20-0429.s1
mailto:atuel@alum.mit.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


structure of midlatitude flow—estimated using the quasi-

geostrophic approximation. We show that the structure of the

external mode varies significantly with longitude and modu-

lates low-level circulation trends in a way that amplifies the

response over the Mediterranean. Then, in section 4, we turn

to the impact of relative SST cooling with respect to land and

contrast the winter and summer response using regional cli-

mate simulations. We end in section 5 with an additional

discussion and our conclusions.

2. Data

Asestimateof the current climate,we consider theERA-Interim

reanalysis (Dee et al. 2011) over the 1979–2018 period. ERA-

Interim is based on an atmospheric model and reanalysis system

with ahorizontal grid spacingof about 79km.Here,weperformour

calculations with data archived on a regular 18 grid with 17 pressure
levels at monthly resolution. We also analyze global climate model

(GCM) output from 28 models of phase 5 of the Coupled Model

Intercomparison Project (CMIP5; Taylor et al. 2012) under the

historical and RCP8.5 scenarios, and 11 models from the

Atmospheric Model Intercomparison Project (AMIP; Gates et al.

1999), under the ‘‘amip’’ and ‘‘amipFuture’’ scenarios. In amip, the

atmosphere is forced by observed time-varying SSTs and sea ice at

present-day atmospheric composition, while a patterned SST

anomaly is added in the amipFuture runs (sea ice and CO2 being

kept the same). The SST pattern is based on the CMIP3

multimodel-mean SST response to a quadrupling of CO2, where

individualCMIP3model responses arenormalized tohaveaglobal-

mean 4-K warming (see details at https://www.earthsystemcog.org/

projects/cfmip/cfmip2-cmip5). The list of models is given in Tables

S1 and S2 in the online supplemental material. For the CMIP

models, we use as reference the 1976–2005 period in the historical

runs, and the 2071–2100 period under RCP8.5 for long-term pro-

jections. For AMIP, the amip and amipFuture runs both cover the

same period, usually 1979–2008, but with some variability across

models (see Table S2). For runs longer than 30 years, we keep only

the last 30 years for analysis; otherwise, all available years are re-

tained. The amip runs are used as reference.Our analysis also relies

on output from the regional climate simulations developed in TE20

using the MIT Regional Climate Model. TE20 ran two sets of

simulations over a domain covering the Mediterranean Sea and

most of Europe: one forced with ERA-Interim data as boundary

conditions over the 1981–2011 period (‘‘ERA’’), and one forced

with output from theMPI-ESM-MRmodel (Zanchettin et al. 2013)

under the RCP8.5 scenario between 2070 and 2100 (‘‘MPI’’). Each

set comprises a reference (unperturbed) run (designated by ‘‘0C’’),

and a perturbed run in which Mediterranean SSTs are uniformly

warmed by 1.58C year-round (designated by ‘‘11.58C’’).
The11.58C perturbed experiment is designed to ‘‘cancel out’’ the

future wintertime relative cooling of the Mediterranean with re-

spect to the surrounding land projected by CMIP5 models (TE20).

Thus, this framework allows one to estimate the impact of the

relativeSSTcooling on the regional climateby taking thedifference

between the11.58C and 08C simulations.

3. Large-scale dynamics

a. Changes in stationary planetary waves

Wintertime midlatitude flow in the Northern Hemisphere is

strongly modulated by atmospheric stationary waves, which arise

fromorographic and atmospheric diabatic forcing, land–sea thermal

contrasts, as well as transient eddy heat and momentum fluxes

(Hoskins and Karoly 1981; Held et al. 2002). Stationary waves ex-

hibit wavelengths ranging roughly from a few thousand to twenty

thousand kilometers, and generate large-scale variations in the

FIG. 1. CMIP5 multimodel mean change (2071–2100 minus 1976–2005) in (a) DJF and (b) JJA 850-hPa geo-

potential height, normalized by each model’s global-mean projected temperature change. Gray hatching indicates

areas where the 850-hPa level is below the surface.
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atmospheric circulation, leading to large longitudinal asymmetries in

the distribution of temperature and precipitation. Global climate

models robustly agree on the pattern of change in upper-

tropospheric wintertime circulation in the Northern Hemisphere

(Simpson et al. 2016; Wills et al. 2019), consisting of a strengthened

jet stream and alternating cyclonic and anticyclonic circulation

anomalies between 208 and 608N. The acceleration of the jet stream
follows from the thermal wind balance response to the increase in

the equator-to-pole temperature gradient at upper levels, itself a

consequence of enhancedwarming in themiddle and upper tropical

troposphere and less warming in the upper troposphere at higher

latitudes (Rind 2008). Given that the structure and amplitude of

stationary waves is very dependent on the strength of the jet stream,

changes in zonal and meridional winds are strongly related. The

pattern of change in upper-tropospheric meridional winds can be

understood fromsimple theoretical arguments (Simpson et al. 2016).

Linear theory of barotropic Rossby waves on a zonal-mean zonal

flow u0 away from sources states that the total wavenumber for

stationary waves is given by

K5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 1 l2

p
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

›2u
0

›y2

u
0

vuuut
, (1)

where k and l are the zonal and meridional wavenumber, re-

spectively (e.g., Hoskins and Ambrizzi 1993). In the current

climate, stationary waves with nondimensional zonal wave-

numbers smaller than 7 are largely prevalent (Simpson et al.

2016). As u0 increases, Kmust decrease. Assuming unchanged

l, the zonal wavenumber must also decrease, which leads to an

increase in the wavelength of stationary waves. Because the

wave sources are mainly tied to Earth’s topography and are

therefore largely fixed in space, the change in wavenumber

translates into a phase change downstream from sources,

where stationary waves extend further eastward in future cli-

mate projections (Fig. 2a).

Upper-tropospheric meridional wind changes are somewhat

stronger and more robust over North America than the

Mediterranean, yet overall the magnitude of meridional wind

changes is rather uniform across longitudes (Fig. 2b). A direct

consequence of the eastward shift is the development of an

anomalous upper-level anticyclonic circulation over the

Mediterranean. This anomalous pattern is also expected at

lower levels due to the generally equivalent barotropic nature

of winter stationary waves (Held et al. 1985, 2002). The

wavelike pattern is indeed still present at the 850-hPa level but

does not follow a simple dampening of the 300-hPa pattern.

The largest circulation changes are now found over the

Mediterranean and off the western coast of North America,

whereas meridional wind anomalies are quite weak over the

tropical Atlantic, the Gulf of Mexico, and the Arabian

Peninsula. While there is clearly an overall equivalent

FIG. 2. (a) CMIP5 multimodel mean 300-hPa meridional winds in DJF in the historical and

RCP8.5 scenarios, averaged between 208 and 508N. Also shown are CMIP5 multimodel mean

projected change in DJF meridional winds at (b) 300 and (c) 850 hPa. Gray hatching in

(c) indicates areas where the 850-hPa level is below the surface. For each model, projections

were normalized by its mean annual global temperature change. Stippling indicates that more

than 80% of models agree on the sign of the change.

1 FEBRUARY 2021 TUEL ET AL . 1137

Brought to you by UNIVERSITAT BERN | Unauthenticated | Downloaded 01/14/21 07:07 AM UTC



barotropic structure over the North Atlantic, Pacific and the

Mediterranean, the pattern appears more baroclinic over

Asia and North America.

Significant longitudinal variations in the vertical struc-

ture of Northern Hemisphere winter circulation have been

documented by Blackmon et al. (1979). They found that

over the central and eastern parts of the Atlantic and

Pacific oceans, and Western Europe, the vertical mode is

highly barotropic with strong vertical coherence. On the

other hand, North America and Asia are characterized by a

more baroclinic structure with little coherence between

low- and upper-level fluctuations. It follows from this ob-

servation that lower-tropospheric flow over the large

continental masses should be much less sensitive to sta-

tionary circulation changes than over oceans, which is

consistent with the comparison between 300- and 850-hPa

meridional wind changes. To find the physical cause of this

empirical finding, we turn to linear theory of midlatitude

dynamics.

b. The external mode

For atmospheric conditions typically prevailing in the

midlatitudes, there exists a single trapped vertical mode for

Rossby waves propagating on amean westerly zonal flowwith

vertical shear, referred to as the external mode (Held et al.

1985). Since this mode therefore connects the upper- and

lower-tropospheric circulation, differences in the surface re-

sponse to similar high-level circulation anomalies should be

partly related to variability in the external mode itself. A lack

of vertical coherence of the stationary circulation could also

locally relate to vertically propagating Rossby waves over

regions of topography, but here we focus on the structure of

the external mode since it should be an important factor over

all land regions as well as over ocean.

The vertical structure of the external mode can be calculated

by solving the stationary quasigeostrophic potential vorticity

and thermodynamic equations on a beta-plane of infinite zonal

extent, linearized about a mean zonal flow u(p) between the

surface and the 50-hPa level:

›q

›t
1 u

›q

›x
1

›c

›x

�
b2

›

›p

�
f 2

s

du

dp

��
5 0, (2)

where
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�
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s

›c
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�

is the anomalous quasigeostrophic potential vorticity, c is the

anomalous streamfunction, f is the Coriolis parameter, b is its

meridional gradient, v 5 Dp/Dt, and

s52
RT

p

d log(u)

dp

is the static stability parameter. At the surface and at 50 hPa,

we obtain boundary conditions from the thermodynamic

equation

�
›
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by enforcing v 5 0. In looking for stationary solutions of the

form c(x, y, p)5Re[ĉ(p)ei(kx1ly)], Eq. (2) becomes

1

u
(uG1b2Gu)ĉ5K2ĉ , (4)

where

G5
›

›p

�
f 2

s

›

›p

�

and K2 5 k2 1 l2, and Eq. (3) becomes

u
dĉ

dp
5
du

dp
ĉ: (5)

Equations (4) and (5) form an eigenvalue problem with

eigenvalue K2, and the eigenvector associated with the most

positive eigenvalue corresponds to the external mode.

Solutions to Eqs. (4) and (5) are computed numerically using

centered finite differences in pressure. We checked that a

single positive mode (K . 0) was always found, although set-

ting the lid at a higher level (pressure below 50 hPa) sometimes

yields additional spurious modes as discussed in Held et al.

(1985). We normalize the external mode by its value at

300 hPa, which is usually close to the maximum.

The external mode is conventionally computed at a given

latitude from zonal- and time-mean wind and temperature

data (Held et al. 1985). Here, however, we are particularly

interested in the variability of the external mode with lon-

gitude, and as noted in the introduction to Held et al. (1985)

it is possible to define a zonally localized external mode if

the time-mean flow is sufficiently slowly varying in longi-

tude. Therefore, we calculate the December–February ex-

ternal mode along the 408N latitude circle, for ERA-Interim

data and each CMIP5/AMIP model in all scenarios, by av-

eraging atmospheric data between 358 and 458N and then

taking a running mean over 608 longitude intervals. We

choose a 608 width as a compromise between a width large

enough to correctly represent the mean state across the

stationary wavelength that dominates the climate change

response (waves with nondimensional zonal wavenumber 5

account for most of the projected 300-hPa meridional wind

change; Simpson et al. 2016) and a width small enough to

capture zonal variability in the mean state. Subsurface

values are discarded based on each model’s mean surface

pressure; for each 608 interval, the surface level used in

Eq. (4) is chosen as the highest pressure level with at least

50% of valid data. We refer to the zonally varying external

mode as ĉ(p, l), where l is longitude. For comparison, we

also calculate the external mode using zonally averaged

fields and refer to it as ĉ0(p).

The external mode allows us to estimate the near-surface

component of the stationary wave response using only as input

the flow response in the upper troposphere. We compute

estimates of the 850-hPa meridional wind change at 408N
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(358–458N average) in the RCP8.5 (for CMIP) and ‘‘amipFuture’’

(for AMIP) scenarios by multiplying, at each longitude, the mean

300-hPa meridional wind by the external-mode component at

850hPa (recalling that the external mode is normalized to be 1 at

300hPa) and taking the difference between the two scenarios. So,

for CMIP models, this corresponds to

Dy850est (l)5 ĉ850
RCP8:5(l)y

300
RCP8:5(l)2 ĉ850

hist(l)y
300
hist(l) , (6)

where historical values are averaged over the 1976–2005 period

and RCP8.5 values over the 2071–2100 period. Using only the

historical external mode leads to local differences of less than

5%, and therefore differences in external-mode amplitudes

between scenarios is of minor importance in our problem.

c. Results

Zonal variability of the external mode is shown on Fig. 3a.

Consistent with the findings of Blackmon et al. (1979), the

structure of the external mode exhibits a substantial zonal

variability. Eastern ocean basins and western continental

margins are characterized by much stronger vertical coher-

ence, with larger amplitudes in the lower troposphere, than

continents. In particular, the external-mode amplitude at

850 hPa is maximal over the western Mediterranean (’0.43

when averaged over 108W–08 in ERA-Interim). Over western

North America (1258–1158W), that amplitude is only 0.32. The

ERA-Interim reference external mode is calculated over a

time period (1979–2018) that is different from that of CMIP5

models (1976–2005), but results are the same when consid-

ering a shorter time period (e.g., 1979–2005) for ERA-

Interim data.

The variations with longitude in Fig. 3a essentially reflect the

variability in the vertical structure of the zonal wind profile.

Indeed, estimates of the vertical mode based on zonal-mean

static stability values show little difference with the Fig. 3a

values. The external mode tends to have similar vertical

structure as the mean zonal wind (Held et al. 2002) (Fig. 3c),

and thus the external mode is more barotropic the smaller the

vertical shear of the mean zonal wind. This vertical shear is

strongest on the western side of ocean basins and adjacent land

in the storm track entrance regions (corresponding to a weak

external mode at 850 hPa) and weakest on the eastern side of

ocean basins and adjacent land (corresponding to a strong

external mode at 850 hPa). Differences in friction between

land and ocean can also affect the vertical structure of the

mean zonal wind and thus the zonal variability of the external

mode. In particular, the Mediterranean has relatively weak

wind shear and a strong external mode at 850 hPa since in

winter it typically lies to the east of the North Atlantic jet and

to the north of the subtropical jet over Africa [see e.g., Fig. 1b

of Harnik et al. (2014)]. In the Pacific storm track, between

1358E and 1358W, large 300-hPa winds and weak near-surface

winds generate strong shear, resulting in a smaller 850-hPa

external-mode magnitude relative to the North Atlantic.

It is interesting to notice from Fig. 3a, however, that although

the external-mode amplitude is generally well-reproduced in

FIG. 3. (a) Value of the DJF external mode at 850 hPa and 408N as a function of longitude: CMIP5 median in the

historical (1976–2005) scenario (black), 95% range (light-blue shading), and ERA-Interim (blue; calculated with

1979–2018 data). The external mode is normalized so that it is equal to 1 at 300 hPa. (b) CMIP5 multimodel mean

DJF meridional wind change (358–458N average) at 300 (black) and 850 (red) hPa, the estimate based on the

external-mode structure (solid blue), and the estimate based on the zonal-mean external mode (dashed blue). In

(a) and (b), the Mediterranean region (158W–408E) is highlighted in light gray. (c) Examples of external-mode

calculations in ERA-Interim at 108W (blue), at 1008W (red), and with zonal-mean data (dashed black).

1 FEBRUARY 2021 TUEL ET AL . 1139

Brought to you by UNIVERSITAT BERN | Unauthenticated | Downloaded 01/14/21 07:07 AM UTC



models, across the 408N latitude circle, the single area of sig-

nificant discrepancy is the central and eastern Mediterranean,

up to the beginning of the Central Asian mountain chains (108–
558E). There, models almost systematically overestimate the

low-level external-mode amplitude, on average by 40%. This

suggests that, even if the upper-level circulation change pro-

jected by models is realized, the regional surface circulation

response will be weaker than in model projections. In addition,

intermodel scatter in external-mode magnitude in this region is

much larger than elsewhere, which may point to differences in

the resolution of orography and in the effect of orography on

the large-scale flow. The overestimation of the external-mode

component over the eastern Mediterranean seems related to a

large underestimation of zonal wind shear by GCMs over

northern Africa and the Middle East, along the northern bor-

der of the NorthAfrican jet (Fig. 4).Weaker shear is consistent

with an overestimation of external-mode magnitude at low

levels, although biases in mean 300-hPa zonal wind may also

matter [see Eq. (4)]. In addition, Fig. 4 also shows that CMIP5

models tend to overestimate vertical shear in the North

Atlantic midlatitude jet over northwestern Europe, consistent

with their average bias toward a too zonal storm track during

winter (Simpson et al. 2020). The bias of too little shear further

southmay be related to a bias of of the jet being too rarely in its

southward position (Simpson et al. 2020), though a compre-

hensive analysis of circulation biases over Europe would be

required.

This zonal variability has important implications for the low-

level circulation response. Figure 3b shows the two estimates of

the 850-hPa meridional wind change, using either the zonally

varying or the constant external mode, averaged across all

models. In general, the two estimates are very consistent with

the 300-hPa model response. The magnitude of the 850-hPa

change is correctly captured, even with the zonal-mean exter-

nal mode, except where the external-mode amplitude reaches a

local maximum, i.e., over the western Mediterranean (’108W)

FIG. 4. (a) DJF Mediterranean mean vertical wind shear, from ERA-Interim. (b) CMIP5 multimodel-mean bias

in DJF Mediterranean vertical wind shear. (c) Bias in vertical wind shear over the southeastern Mediterranean

region [308–408N, 208–508E; see dash-outlined rectangle in (b)] against bias in the eastern Mediterranean (168–
468E) external-mode magnitude at 408N across CMIP5 models. The region for wind shear calculation is selected

empirically on the basis of its high correlation with the eastern Mediterranean external-mode bias. (d) Bias in 850-

hPa external-mode amplitude over the southeastern Mediterranean region [as in (c)] against Mediterranean (308–
458N, 108W–408E) precipitation change under RCP8.5. In (a)–(c), vertical wind shear is defined as 300-hPa zonal

wind minus 850-hPa zonal wind. In (c) and (d), best-fit linear regression lines are shown in dashed black.
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and off the coast of Western North America (’1358W). Over

each of these regions, the peak in 850-hPa external-mode

amplitude coincides with a peak in 300-hPa meridional wind

change, so that important discrepancies are found between the

zonal- and local-based meridional wind estimates. In the western

Mediterranean in particular, it is necessary to use the local

external-mode value to account for the full magnitude of the

850-hPa wind change.

It is important to point out that the estimate based on Eq. (6)

does not explicitly take the potential vertical tilt of the sta-

tionary circulation into account. A small phase shift can indeed

be detected on Fig. 3b between the 850-hPa response and its

external-mode-based estimate, for instance between 908 and
308W, that could be related to vertical tilt in the time-mean

circulation. However, themagnitude of the 850-hPa response is

still correctly estimated. Our argument is therefore still valid,

even if for an accurate estimate of the low-level response at a

given longitude, one should also take into account any tilts in

the circulation.

Itmust also be stressed that the local externalmode only gives

information about the local vertical structure of the time-mean

circulation. Therefore, in the climate change context, this ap-

proach can only give information about zonal variability in the

vertical structure of the circulation response, not zonal vari-

ability in the circulation response itself. In particular, the circu-

lation estimate from Eq. (6) relies on taking the 300-hPa

response in CMIP5 models as given. Future work should focus

on providing a theoretical understanding, for instance with a

stationary wave model in an idealized setting, on the extent to

which zonal variations in the local external mode can lead

to variations in the amplitude of the stationary wave in the up-

per troposphere (e.g., at 300 hPa) in addition to variations near

the surface.

In addition to the multimodel mean, intermodel spread is

also well explained by this approach. Figure 5 shows the values

of the local external-mode-based estimate of 850-hPa wind

change against those given by models. We consider both the

average and the maximum change. There is excellent agree-

ment in both cases, although for models falling at the extremes

the external-mode-based estimate tends to underestimate the

wind response, particularly in the eastern Mediterranean. The

larger changes found in the AMIP simulations are also well

accounted for by this method, i.e., they mainly result from

larger circulation changes in the upper troposphere in AMIP

simulations. Differences in external-mode magnitude across

models are found to play a smaller role in the spread of 850-hPa

meridional wind projections when compared with the scatter in

upper-tropospheric trends.

Since precipitation projections for the Mediterranean are

strongly related to the strength of low-level circulation changes

(Zappa and Shepherd 2017, TE20), the external-mode ap-

proach can also account for intermodel spread in precipitation

trends. Additionally, for a given 300-hPa response, a larger

external-mode amplitude over the Mediterranean will trans-

late into larger low-level circulation changes. It is therefore

interesting to test whether CMIP5 GCM biases in external-

mode amplitude and vertical wind shear are linked to the

magnitude of precipitation projections in the Mediterranean.

Figure 4d shows that it is indeed the case: larger external-mode

biases over the eastern Mediterranean tend to be associated

with more severe declines in winter precipitation. There

is naturally a substantial spread, given that the strength of the

300-hPa response is not fixed for a given shear bias. Still, the

relationship is significant (p value, 0.05) and relies on a clear

physical mechanism. Therefore, biases in shear across climate

models can be seen as an emergent constraint (Hall et al. 2019)

FIG. 5. The 850-hPa meridional wind change (358–458N average) in the western (158W–158E; blue) and eastern

(168–468E; orange) Mediterranean in CMIP5 (circles) and AMIP (crosses) models. The changes estimated through

the external mode [Eq. (6)] are plotted vs the changes in the models. Shown are (a) changes averaged over each

region and (b) the maximum changes in each region.
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to reduce the spread in future Mediterranean precipitation

trends during winter.

Although the GCMs tend to overestimate the barotropicity

of the circulation over the eastern Mediterranean, it is also

clear from Fig. 3b that in that region, both external-mode-

based meridional wind estimates account for only half or so of

the observed wind change in models (the difference is, on av-

erage, 0.3m s21). To test whether this conclusion is sensitive to

our choice of central latitude, we repeat the external-mode analysis

over 58 latitude bands centered at 37.58 and 42.58N. Results in

Figs. 6a and 6b show that while the external-mode approach ac-

counts for much of the 850-hPameridional wind response over 408–
458N, it largely underestimates it between 358 and 408N, explaining
the original bias identified in Fig. 3b over the full 358–458N interval.

For further understanding, we consider the vertical structure in the

zonally averaged meridional wind change over the eastern

Mediterranean (Fig. 6c). Meridional wind trends are largest in

magnitude in the upper troposphere, near 200hPa, where they

showapronounceddecline around458NconsistentwithFig. 2b.The

amplitude of the trends decreases with pressure, but not all the way

to the surface. Rather, a robust secondary local maximum in me-

ridional wind change can be found at the surface, near 358N. This
points to the existence of an additional forcing at the surface, dis-

cussed in the next section, that enhances the circulation response

linked to upper-tropospheric trends and that can explain the dis-

crepancy between the model and estimated wind responses in

Figs. 3 and 6a.

4. Regional circulation response to surface forcing

In addition to upper-tropospheric circulation trends and their

impact over the Mediterranean, the regional circulation also

responds to the weaker rate of warming of Mediterranean SSTs

compared to land, a robust feature over oceans under global

warming (Sutton et al. 2007; Byrne and O’Gorman 2018). TE20

argued, based on regional simulations, that in the Mediterranean

in winter, the relative cold SST anomaly due to enhanced land

warming triggers a regional circulation responsewithhigherpressure

downstream of the anomaly and anomalous northeasterlies in the

eastern Mediterranean. However, GCM projections for summer

clearly show a robust decrease rather than an increase in

Mediterranean sea level pressure (Giorgi and Lionello 2008), even

though the relative SST cooling is still present in this season. This

raises the question of why the winter circulation might be more

sensitive to surface thermodynamic forcing than the summer one.

We now revisit the simulations of TE20 to look for an explanation

and to discuss how the relative SST cooling relates to the inability of

the external-mode argument to explain the full response in the

eastern Mediterranean.

Figure 7 shows the mean 850-hPa geopotential height and

wind difference between the perturbed (‘‘11.58C’’) and the

reference (‘‘08C’’) simulations (which represents the impact of

the relative sea cooling) for winter [December–February

(DJF)] and summer [June–August (JJA)], averaged for the

two sets of simulations (ERA and MPI). First, the winter cir-

culation response to relative SST cooling is evidently much

larger than the summer one: though geopotential height tends

to increase in both seasons, the increase during winter is about

3.5 times that during summer (Figs. 7a and 7c). Additionally,

the winter response consists of a well-defined anticyclonic

anomaly centered south of Greece, while in summer, the ge-

opotential height change exhibits a more uniform increase

over the Mediterranean. The associated summer circulation

response is small everywhere (#0.1m s21).

FIG. 6. CMIP5 multimodel mean DJF meridional wind change averaged over (a) 358–408N and (b) 408–458N, at

300 (black) and 850 (red) hPa, the estimate based on the external-mode structure (solid blue), and the estimate

based on the zonal-mean external mode (dashed blue). In (a) and (b), the Mediterranean region (158W–408E) is
highlighted in light gray. (c) CMIP5 multimodel mean change in meridional wind averaged over 168–468E under

RCP8.5 (2071–2100 minus 1976–2005), normalized by each model’s global-mean temperature change. Stippling

indicates that 80% or more of models agree on the sign of the change.
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For further analysis, we look at the temperature and circu-

lation response on pressure levels (Figs. 7b,d). The striking

difference is that during winter, the relative cooling extends

much higher into the lower troposphere (up to 850 hPa, and

even weakly above that) than in summer, when it is confined to

the very lowest model level. As expected, there is little to no

circulation response below 800 hPa in summer, whereas at

these levels in winter there is noticeable divergence and weak

descent.

To determine why the winter circulation is more sensitive to

relative SST cooling, we now turn to near-surface static sta-

bility s. Its annual cycle at 925 hPa averaged over the

Mediterranean Sea is shown on Figs. 8a. There is a strong

winter/summer contrast, with static stability that is 2 times as

large in summer as in winter. This seasonal contrast is consis-

tent with the smaller amplitude of the annual cycle of SSTs

compared to low-level air temperature. In winter, SSTs and

near-surface air are warmer than overlying air layers, which is

conducive to low static stability, while in summer the situation

is reversed: relatively warmer low-level air temperatures are

associated with enhanced static stability. The large summer

static stability prevents communication of the relative cooling

to levels higher than the near surface.

It is important to put this analysis in the context of the re-

gional circulation. The regional circulation is dominated dur-

ing summer by the large-scale descent forced by the Indian

monsoon to the east (Rodwell and Hoskins 1996), which con-

tributes to enhanced static stability of the air column. There is

no such forced signal during winter: the area of strong descent

near the regional Hadley cell edge is over the Sahara Desert,

well to the south of the Mediterranean (Fig. 9). Therefore, the

Mediterranean Sea is located enough to the north of the

Hadley cell such that the warm SSTs can trigger large-scale

ascent over the sea, a striking feature of the vertical

circulation (Fig. 9a). This large-scale ascent in turns helps

propagate the cooling anomaly upward into the troposphere in

FIG. 7. Difference in (a),(c) 850-hPa geopotential height and wind and (b,(d) zonally averaged (08–408E) air
temperature, meridional wind, and pressure velocity, between the ‘‘0C’’ and ‘‘11.5C’’ simulations (‘‘0C’’ minus

‘‘11.5C’’; average of ERA and MPI runs) for (top) winter (DJF) and (bottom) summer (JJA). In (b) and (d),

circulation vectors are scaled such that 1 horizontal unit 5 1m s21 and 1 vertical unit 5 0.2 hPa h21.
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our simulations, whereas it remains confined near the surface

during summer (Figs. 7b,d). The combination of the descent and

large static stability in summer explains why there is no associated

anomalous circulation above the surface since there is no heating

anomaly to compensate (Hoskins and Karoly 1981).

In our simulations, the winter relative SST cooling leads to an

anomalous high pressure that is centered to the south and east of the

anomalous high in the mulimodel CMIP5 simulations (cf. Fig. 1a

with Fig. 7a). There are strong anomalous northerlies to the east of

the basin, around 308–358N (Fig. 7a). To the west, the meridional

wind response is weaker, consistent with the fact that the stationary

wave response explains almost all of the magnitude in meridional

wind trends west of 158E (Fig. 3b). Thus, the surface forcing

helps to explain the inability of the external-mode estimate

to account for the full 850-hPa meridional wind response

in GCMs around 358N. The difference in the eastern

Mediterranean between projected and estimated meridional

wind responses in the 358–408N band is concentrated between

258 and 458E (Fig. 6b), where it averages 20.5m s21. Within

that same area (358–408N, 258–458E; see rectangle in Fig. 7a), the

MRCMexperiments indicate a20.23ms21 averagewind change in

response to the surface forcing. This suggests that simply adding the

two mechanisms may not be sufficient to explain the total circula-

tion response at 408N. A nonlinear superposition of the dynamical

responses to each forcing may explain part of that discrepancy

(TE20).That superposition ismademore complexby thedifference

in the latitudes ofmaximumupper-tropospheric (458N) and surface
forcing (308N), which leads to a noticeable vertical tilt in the me-

ridional wind change (Fig. 6c). Additionally, the use of a different

modeling framework, the finer representation of topography, the

influence of friction and high topography on the mean circulation

(Simpson et al. 2015) all possibly contribute to shaping the low-level

circulation response. Further investigation iswarranted, particularly

since GCMs probably overestimate the dynamical response to

upper-level forcing in the first place, because of their bias in

FIG. 8. Annual cycle of 925-hPa Mediterranean-average (308–
458N, 108W–458E) static stability, from ERA-Interim (1979–2018).

Boxes represent the 50% range over the 40 years of data, and

whiskers show the full range.

FIG. 9. Mediterranean (108W–458E) zonal-mean (a) DJF and (b) JJA vertical andmeridional circulation: vertical

velocity (color shades) and wind in the meridional-pressure plane (arrows), in ERA-Interim (1979–2018).

Circulation vectors are scaled such that 1 horizontal unit 5 3m s21 and 1 vertical unit 5 1 hPa h21.
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external-modemagnitude over the easternMediterranean (Figs. 3a

and 4c,d).

5. Conclusions

We set out to explain the dynamics of two important aspects

of Mediterranean circulation trends in a warming climate: why

the region experiences in winter a larger surface stationary

wave response compared to other regions at a similar latitude,

and why the response to relative SST cooling is much larger in

winter than summer. First, the Mediterranean during winter is

characterized by relatively weak vertical shear in the mean

zonal wind, being situated to the east of the North Atlantic jet

and to the north of the subtropical jet over Africa. This weak

vertical shear imprints on a local external mode (defined over

608 in longitude) and makes the stationary wave response in

this region relatively barotropic. As a result, the low-level

circulation is particularly sensitive to changes in the stationary

wave pattern, leading to a pronounced anticyclonic anomaly.

Second, although the relative SST cooling is a year-round

feature, its dynamical impact is stronglymodulated by the large

seasonal variations in low-level static stability and the back-

ground circulation. Low static stability during winter allows the

heating anomaly to propagate from the surface into the lower

troposphere and trigger a circulation response, while in sum-

mer, high static stability and intense descent forced by the

Indian monsoon keep the heating anomaly confined to the

surface.

The physical mechanisms behind wintertimeMediterranean

climate projections are robust, but there remains high inter-

model uncertainty in the low-level circulation response, and

our results show this is mostly linked to differences in the

upper-level circulation response. The upper-level circulation

response has in turn been related to changes in stationary wave

propagation (Simpson et al. 2016), and a deeper understanding

of these changes will be required to reduce the uncertainty in

Mediterranean projections. In particular, determining what

controls the amplitude of the stationary circulation response

across GCMs and whether it may be affected by biases in the

historical circulation remain open questions. Importantly, we

find that the low-level regional circulation response connected

to stationary wave shifts may be overestimated in GCMs

because their external-mode magnitude over the eastern

Mediterranean is larger than in ERA-Interim. This bias is re-

lated to models underestimating vertical wind shear over the

eastern Mediterranean, and it is related through an emergent

constraint to the future precipitation response for the whole

Mediterranean (Fig. 4d), suggesting that Mediterranean win-

tertime circulation change, and consequently precipitation

decline, may be overestimated by GCMs.
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