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ABSTRACT: Even though winter land–sea thermal contrast (LSC) is expected to undergo a strong weakening in the
future warmer climate, its effects have been poorly investigated. Here we run a set of idealized winter simulations featuring
reduced LSC in the Northern Hemisphere (NH) extratropics, or in individual extratropical sectors of the NH (Atlantic and
Pacific), using an intermediate-complexity atmospheric general circulation model. Reduced LSC is obtained by imposing
a warming of surface land temperatures in East Asia and North America. For similar warming intensities over the two
regions, the response of the model to East Asia forcing is significantly stronger and dominates the response to the sum of
the two forcing patterns. We find that the LSC reduction causes a weakening and poleward shift of the midlatitude jet
streams, and a strong interference with zonal wavenumbers 1 and 2. In particular, East Asian warming reduces the ampli-
tude of waves 1 and 2, producing a strengthening of the stratospheric vortex, while a weaker vortex due to a moderate
amplification of wave 1 is detected when warming North America. Eventually, stratospheric signals propagate downward
in the troposphere affecting the midlatitude winter NH even remotely from the forcing. In this work we pinpoint some
mechanisms by which weakened winter LSC influences the NH extratropical circulation: the results may become useful to
interpret the response to long-term projections displaying reduced LSC along with other climate change forcing patterns.
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1. Introduction

In the NH the winter thermal contrast between the cold
continents and the relatively warmer oceans determines a
consistent part of the diabatic heating pattern in the atmo-
sphere (Smagorinsky 1953; Held 1983). This is of fundamental
importance for the dynamics of the midlatitude atmosphere
and, along with orography and tropical forcing, sets the shape
of planetary waves throughout the troposphere (Held 1983;
Held and Ting 1990; Held et al. 2002; Garfinkel et al. 2020). At
synoptic frequencies, the strong thermal gradients between land
and sea located at the eastern coasts of Asia and North
America are a prominent source of baroclinicity and trigger the
eastward-extending storm tracks feeding the jet streams across
the Pacific and Atlantic basins (Hoskins and Valdes 1990;
Brayshaw et al. 2009). At longer time scales the thermal-
equilibration theory introduced by Charney and DeVore

(1979) posits that the global-scale wavelike thermal structure
generated by the asymmetric surface-temperature pattern
induces a succession of equilibrated and forced regimes,
where the midlatitude circulation resonates with the tem-
perature structure or else is predominantly zonal (Marshall
and So 1990; Mitchell and Derome 1983).

Among the features of long-term climate change projec-
tions, the most relevant in the middle and high latitudes are
the Arctic amplification (AA) (Serreze and Barry 2011;
Previdi et al. 2021) and a variation in the thermal land–sea
contrast (LSC), which is expected to decrease in winter and
increase in summer due to the faster warming of land sur-
face compared to ocean surface (Sutton et al. 2007; Wallace
and Joshi 2018; He et al. 2018). A number of studies ad-
dress the impact of LSC changes on regional atmospheric
dynamics, such as on tropical monsoons (Shaw and Voigt
2015; Zhuang et al. 2022), temperature variability (de Vries
et al. 2012; Gregory and Mitchell 1995), and tropospheric cir-
culation (Kamae et al. 2014; Day and Hodges 2018). Despite
the rich literature assessing the importance of extratropical LSC
for the midlatitude dynamics (e.g., Smagorinsky 1953; Held
1983; Valdes and Hoskins 1989; Held and Ting 1990; Held et al.
2002), limited attention is given to the influence of LSC on the
future large-scale atmospheric circulation. The predicted vari-
ation in extratropical LSC is similar, in order of magnitude,
to the AA (IPCC 2021), which, conversely, has been exten-
sively studied for its links with the midlatitude circulation
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[e.g., Cohen et al. (2020), Blackport and Screen (2020), and
Labe et al. (2020), just to cite some of the most recent
articles].

Midlatitude LSC is also known to play a role in the interan-
nual-to-interdecadal atmospheric variability. He et al. (2014,
2018) find an impact of winter LSC on atmospheric circulation
and atmospheric blocking using reanalysis and models. Molteni
et al. (2011) use a different approach to investigate the role of
the thermal contrast in forcing interdecadal variations in the
northern annular mode (NAM) during the second half of the
twentieth century. By running idealized experiments with an in-
termediate-complexity atmospheric model, they evidence the
effects of a cold-ocean/warm-land pattern on the winter planetary-
scale variability.

Here we use a similar procedure and the same model as
Molteni et al. (2011) to study the large-scale tropospheric and
stratospheric response to reduced winter midlatitude LSC,
with a large-scale analysis covering frequencies from the sta-
tionary to the synoptic. In long-term climate projections a dif-
ferent warming of the Pacific and Atlantic Oceans is foreseen
for the NH midlatitudes due to the so-called North Atlantic
warming hole (i.e., a deficit in the North Atlantic warming
rate) (Drijfhout et al. 2012). Such an asymmetry in the ocean
surface warming implies a substantially weaker LSC at the
eastern coast of North America compared with the East
Asian one in the future climate. For this reason, and because
the interannual evolution of Atlantic and Pacific LSC appears
to be independent [the correlation coefficient between LSCAtl(t)
and LSCPac(t) is 0.07 using the yearly January–February time
series from 1979 to 2020; see section 2 for the definition of
LSCPac,Atl], we investigate the circulation response to reduced
LSC over each basin independently. The individual basin ap-
proach is reminiscent of analyses of the atmospheric response to
individual topographic structures, such as the Rockies or the
Tibetan Plateau (Held et al. 2002, and references therein). The
results of this work may be valuable for the interpretation of
long-term climate change scenarios and for determining the role
of LSC in the extratropical interannual variability.

The paper is organized as in the following. Section 2 pro-
vides a description of the model and of the set of sensitivity
experiments, as well as a definition for Atlantic and Pacific
LSC and of the main diagnostics; in section 3 we present the
responses to different patterns of reduced LSC; in section 4
we summarize and discuss the main findings.

2. Methods

a. Model

We use an eight-level atmospheric general circulation
model (AGCM) developed at the International Centre for
Theoretical Physics (ICTP), known as SPEEDY (for Simplified
Parameterization, Primitive Equation Dynamics). The model is
spectral on the sphere, with triangular truncation at total
wavenumber 30 (T30) and with an associated Gaussian grid
of 96 3 48 points. Despite the low horizontal and vertical
resolution, SPEEDY displays an adequate performance for
the analysis of large-scale features of the climate system

(Kucharski et al. 2013). While Molteni (2003) and Kucharski
et al. (2006) provide a comprehensive description of the model
and its climatology, in appendix A we supply a focus on the
model stratosphere and in appendix B we report the details of
the land surface temperature (LST) and sea ice temperature
(SIT) schemes, including how the latter interacts with the sea
surface temperature (SST). The schemes are switched on or off
depending on the target of each simulation.

b. Experiments

We first perform an ensemble of ten 30-yr simulations with
realistic SST and sea ice cover (SIC) conditions and with an
active land surface temperature scheme and inactive sea ice
temperature scheme.1 The ensemble-mean monthly-averaged
LST from this set of simulations, hereafter referred to as
LSTmod(m), with m indicating the month, is used to compute
the forcing for a set of perpetual-winter simulations. The per-
petual-winter integrations have LST fixed to the prescribed
values, and SST set to the 1979–2008 HadISST climatology,
with only its SIT component free to evolve.2 The procedure
for the construction of the perpetual-winter runs is similar to
that in Molteni et al. (2011) and is described in the following.

(i) Control: two perpetual-winter control simulations (hereaf-
ter CONTROL), one for January and one for February,
are run separately for 400 months with fixed SST, SIC
and LST}the first two being the monthly HadISST cli-
matologies, the latter being LSTmod. The CONTROL
surface temperature is shown in Fig. 1a.

(ii) Reduced land–sea contrast: two perpetual-winter ex-
periments, one for January and one for February, for
each different forcing (hereafter TOTAL, ASIA, and
NAMERICA) are run for 400 months with fixed LST,
SST, and SIC. Whereas SST and SIC are as in the
CONTROL, the LST for TOTAL forcing is con-
strained to a weighted mean between the January/
February and the April LSTmod (see appendix C for
details on the computation). The forcing patterns are
constructed in order to obtain similar intensities of the
zonally integrated temperature anomaly and of LSC
reduction over the two continents (see Fig. 1b for the
TOTAL forcing, and Fig. 1c for the zonal-mean forcing
considering solely East Asia or North America). Individ-
ual continent patterns are selected from the TOTAL
forcing to run the experiments ASIA and NAMERICA.

When compared to Molteni et al. (2011), our experiments
differ for two main reasons. First, a regional difference is ap-
plied in the forcing (details in appendix C) in order to obtain
anomalies of similar intensity over the Pacific and Atlantic

1 Each of the 10 ensemble members is forced by observed SST
and by climatological SIC from the 1979–2008 monthly fields of
HadISST reanalysis (see Rayner et al. 2003), with different initial
conditions taken from the 1 January fields of a simulation con-
strained by climatological SST and SIC.

2 The difference in average SIT between the forcing and control
experiments is found to be negligible with respect to the amplitude
of the LST forcing, and hence is not examined in section 3.
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sectors; second, SST (apart from the SIT component) is kept
as in the CONTROL so as not to influence the meridional tem-
perature gradients over the midlatitude oceans. This means that
the reduced-LSC experiments are subject to a net heating with
respect to the CONTROL.

c. Thermal land–sea contrast

We define LSC over the extratropical Atlantic and Pacific
sectors as the skin temperature difference between two boxes
placed west and east of the western coastline (Fig. 2). Note
that the forcing is applied in terms of LST, while the LSC is
computed on the basis of skin temperature averages; the dif-
ference between the two variables is illustrated in appendix B.
The values of LSCAtl and LSCPac for the perpetual winter
simulations are shown in Table 1, where they are compared to
recent LSC (1979–2008 climatology from ECMWF ERA5;
Hersbach et al. 2020) and to LSC in 2200–2300 climate
change projections [mean over models CCSM4, CNRM-CM5,
GISS-E2-R, and MPI-ESM-LR participating in the CMIP5 ex-
tended concentration pathways (RCP8.5); Taylor et al. 2012].
While in the CONTROL and TOTAL simulations and in the
reanalysis (first three columns of Table 1) the values of LSCAtl

and LSCPac are of comparable amplitude, the long-term projec-
tions show a thermal contrast that is much larger over the

western Pacific than over the western Atlantic (fourth column
of Table 1). This is an effect of the slower warming predicted
for the subpolar North Atlantic (North Atlantic warming hole)
in response to the prospected change in the North Atlantic cir-
culation (Keil et al. 2020; Rahmstorf et al. 2015), which, com-
bined with the high warming rate of the North American
continent, is expected to cause a strong reduction of the contrast
between the cold winter continent and the relatively warmer
ocean. A reduction in both Pacific and Atlantic LSC is already
seen in observations; for example, a linear regression on ERA5
data shows a weakening of both LSCPac and LSCAtl by 1.2 K
(61.0 K) between 1979 and 2020 (not shown).

FIG. 1. (a) Surface temperature in CONTROL and (b) TOTAL forcing anomaly, averaged
over January and February; (c) zonal-mean anomaly for individual-continent forcing}ASIA
and NAMERICA}weighted by the cosine of latitude.

FIG. 2. Longitude–latitude boxes used to compute LSCPac(B2 A)
and LSCAtl(D 2 C). The boxes are between latitudes 408 and 608N
and are 408 longitude wide (box A: 958–1358E, box B: 1508–1908E,
box C: 658–1058W, box D: 158–558W).
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d. Diagnostics

Daily model output is averaged over the January and
February runs, excluding a spinup period of 165 days for each
run. Here we introduce some daily diagnostics, useful for the
analyses presented in section 3. First, the vertical component
of the Eliassen–Palm flux is used to estimate the vertical prop-
agation of planetary waves

EPfz ≡ a cos(f) f
ucl

/
p

y*T* , (1)

where a is the radius of Earth, f is the Coriolis parameter depen-
dent on latitude, ucl is the climatological zonal-mean potential
temperature, and y*T* is the meridional eddy heat flux, with an
overbar ( · ) denoting the zonal mean and an asterisk (*) the de-
viation from the zonal mean (eddy component). Similarly, the
200-hPa y*T* evidences the longitudinal features of the vertical
wave propagation in the lower stratosphere.

A measure for baroclinicity is provided by the maximum
Eady growth rate, as in the expression by Hoskins and Valdes
(1990) comprising the module of the vertical derivative of the
horizontal wind velocity u (not only the zonal component)

sBI ≡ 0:31f
u

z

∣∣∣∣

∣∣∣∣ N
21, (2)

with N ≡ ����������������(g/u)(du/dz)√
being the Brunt–Väisälä frequency

(u is the potential temperature, and g Earth’s gravitational
acceleration).

The high-frequency (HF) components of the geopotential
height, wind, and potential temperature fields are selected us-
ing a 2–6-day Fourier bandpass filter in order to represent the
high-frequency geopotential height variance (i.e., the storm
track) and the eddy total energy flux (TEF; Drouard et al.
2015). The latter is used to estimate the downstream propaga-
tion of eddy total energy and is defined as

TEF ≡ u · (EKE 1 EAPE) 1 uHF
a ZHF, ua ≡ u 2

gk
f

3 =Z,

(3)

with contributions from the advective flux of eddy kinetic en-
ergy (EKE) ≡ (uHF)2/2, from eddy available potential energy
(EAPE) ≡ (h2/s2)(uHF)2/2, and from the ageostrophic

geopotential flux, described in terms of Z (geopotential
height) and ua (ageostrophic horizontal wind). The EAPE
parameters s2 = 2hucl/p and h � (R/p)(p/ps)R/Cp depend on
pressure (R is the gas constant, ps is 1000 hPa, and Cp is the
specific heat of the air at constant pressure).

3. Results and discussion

a. Stationary waves

The stationary response of the model to the three configu-
rations of surface forcing described in section 2 (TOTAL,
ASIA, NAMERICA) is depicted in Fig. 3. The simulations
with the TOTAL forcing are characterized by negative mean
sea level pressure (MSLP) anomalies extending up to 608N
over North America and Asia and by a weakening of the
Aleutian and Icelandic low pressure systems (Fig. 3a). The at-
tenuation of the low pressure systems is linked to the decrease
of the diabatic heating from the oceanic western boundary
currents (surface heat flux in Fig. S1) and to the weakening of
the midlatitude jets in Fig. 3j (Wang and Ting 1999; Held et al.
2002; Chang 2009; Kaspi and Schneider 2011). In the midtro-
posphere we find a general increase of the geopotential height
in the middle and high latitudes, peaking downstream of the
forcing, over the adjacent midlatitude basins (Fig. 3d). The
surface pressure low to the east of the warming and the down-
stream high in geopotential height are found also in individual
ASIA and NAMERICA experiments (Figs. 3b,e and 3c,f);
both features are expected in correspondence of low-level
heating anomalies in the midlatitudes (Kushnir et al. 2002).
Moreover, the stationary eddy component (deviation from
the zonal mean) of the geopotential height is strongly reduced
(Fig. 3g), with a weakening of the cyclonic structure over
Asia/Pacific and of the anticyclonic eddy over western North
America. The pattern is reminiscent of the “thermal” station-
ary wave in Fig. 6.22 of Held (1983).

The resemblance of experiments TOTAL and ASIA
(cf. Figs. 3a,d,g,j and 3b,e,h,k) proves that the global signal
in TOTAL is dominated by the changes in Pacific LSC, and
in particular that the Siberian surface pressure high is of
great relevance in setting the shape of stationary planetary
waves (Cohen et al. 2001). In fact, the widespread anoma-
lies in experiment ASIA tend to reduce the stationary
planetary waves in the midtroposphere, including the oro-
graphic wave over North America [cf. the eddy geopoten-
tial height in Fig. 3h to the response to Rocky Mountain
topography in Fig. 6.9 of Held (1983)]. This last effect is
linked to the weakening of the low-level Pacific jet impinging
on the Rockies (Held and Ting 1990; discussed in more detail
in section 3b). Despite the similar intensity of the zonal-mean
surface forcing in the NAMERICA and ASIA experiments
(see Fig. 1c), the global response to the Atlantic LSC, consist-
ing of a deepening of the geopotential height field over the
North Atlantic sector and at high latitudes (Fig. 3f), is at least
50% weaker. On top of this, we see that, apart from a few re-
gional exceptions, the response to TOTAL is approximately
linear with respect to the responses to NAMERICA and
ASIA forcings (cf. Fig. S2 and Fig. 3).

TABLE 1. Atlantic and Pacific LSC in the CONTROL
simulations and in the TOTAL experiments, in the 1979–2008
ERA5 climatology and in the RCP8.5 CMIP5 long-term
projections for 2200–2300 (with the differences “TOT 2 CTRL”
and “CMIP5 2 ERA5” in square brackets and the standard
deviation for ERA5 in parentheses). For experiments ASIA and
NAMERICA the LSC is reduced only over one basin, the
Pacific or Atlantic, respectively.

CTRL TOTAL

ERA5 CMIP5–RCP8.5

1979–2008 2200–2300

LSCAtl 22.4 K 13.9 [28.5] K 23.3 (61.8) K 11.1 [212.2] K
LSCPac 21.6 K 12.8 [28.8] K 21.7 (61.9) K 16.6 [25.1] K
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Large stationary waves (wave 1 and 2 in particular) are
mainly attributable to extratropical thermal contrasts and oro-
graphic forcing (Held 1983; Held and Ting 1990), with the posi-
tion of wave 1 related to the large-scale and high-amplitude

signal generated by the Eurasian continent (cf. Figs. 4a and 4b,
showing the first two zonal wavenumbers of the surface and
midtroposphere CONTROL climatology, with the contours in
Figs. 3a and 3g, comprehensive of all wavenumbers). While

FIG. 3. The response of TOTAL, ASIA, and NAMERICA (shading) with respect to the CONTROL climatology
(contours) for (a)–(c) mean sea level pressure, (d)–(f) geopotential height at 500 hPa and (g)–(i) its eddy component,
and (j)–(l) zonal wind at 500 hPa. Shading indicates significant anomalies at a 95% confidence level according to a
permutation test repeated 1000 times (Wilks 2011).
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ASIA forcing induces a weakening of stationary wave 1 (by
∼30% at the surface and ∼5% in the midtroposphere3) and
wave 2 (by ∼20% at the surface and in the midtroposphere),
the NAMERICA response consists in a wave-2 attenuation
(by ∼15% at the surface and ∼5% in the midtroposphere) and
wave-1 amplification near the surface (by ∼30% stronger; cf.
the positive anomaly over Siberia and the North Pacific in
Fig. 3c and the positive lobe of wave 1 in Fig. 4a). A general
feature, particularly noticeable in experiment NAMERICA,
is that the influence of the surface forcing on waves 1 and 2
is less evident in the midtroposphere (cf. Figs. 3 and 4).

A focus on the meridional cross sections of the atmo-
sphere shows a different warming pattern when comparing
experiment ASIA, where the positive temperature anomaly
is confined to the midtroposphere and hardly reaches lati-
tudes above 708N, to experiment NAMERICA, showing a
positive anomaly that extends to most of the high-latitude
atmospheric column up to the stratosphere (see air temper-
ature in the Atlantic and Pacific sectors; shading in Fig. 5).
The northward extension of the lower-troposphere temper-
ature anomalies in NAMERICA (Figs. 5d,h) is coherent
with the amplification of MSLP wave 1 favoring the poleward
heat transport through the North Atlantic sector (Graversen
and Burtu 2016). The polar-cap heating decays in the midtro-
posphere, together with the amplification of wave 1, to become
again relevant in the top levels. In the stratosphere the tem-
perature profiles are linked to the dynamic response, as the
westerly mean flow weakens with positive polar-latitude tem-
perature anomalies and vice versa, following the thermal-wind
relation.

To study the nearly opposite response of the midlatitude
and polar stratosphere to the two individual-continent forc-
ings (i.e., stratospheric cooling and vortex strengthening in
ASIA; also applicable to TOTAL) and the opposite

conditions in NAMERICA, we compute the vertical compo-
nent of the Eliassen–Palm flux (E-P flux). The vertical E-P
flux is proportional to the meridional eddy heat flux [Eq. (1)]
and represents the vertical wave propagation (arrows in
Fig. 6a). Since the convergence of the E-P flux in the strato-
spheric levels corresponds to a deposition of easterly momen-
tum into the westerly mean flow (negative shading above
200 hPa at 408–708N in Fig. 6a), we expect an enhanced upper-
level convergence to be associated to a weak stratospheric vor-
tex and a warm polar stratosphere, the opposite for reduced
stratospheric convergence. As a caveat, the small number of
stratospheric levels in SPEEDY (see appendix A) limits the
sensitivity of the EP-flux convergence diagnosis.

For ASIA and TOTAL experiments we find a net reduc-
tion of the meridional eddy heat flux into the stratosphere
(Figs. 6b,c) at ∼408–608N, the latitudes corresponding to the
strongest climatological upward propagation (Fig. 6a). Note
that this type of signal resembles that of strong stratospheric-
vortex events (Fig. 4f in Dı́az-Durán et al. 2017) and, indeed,
in the topmost model level we find a weakening of the E-P
flux convergence associated with an acceleration of the zonal-
mean zonal wind. In the NAMERICA simulations a weak
convergence anomaly in the stratospheric E-P flux and a vor-
tex deceleration are detected (Fig. 6d). To better understand
the mechanism leading to vortex weakening in NAMERICA
we plot zonal wavenumbers 1 and 2 of the vertical E-P flux
(Fig. S3), as these are known to dominate the wave propaga-
tion from the troposphere to the stratosphere (Charney and
Drazin 1961; Andrews et al. 1987; Haklander et al. 2007). It is
thus evident from Figs. S3d, S3h, and S3l that the slowing
down of the stratospheric vortex in NAMERICA is caused by
a moderate amplification of wave-1 E-P flux into the strato-
sphere; the reduction of the wave-2 component in the lower
troposphere hardly reaches stratospheric levels. Differently,
for ASIA the wave-1 and wave-2 components of the E-P flux
are reduced (Figs. S3g,k), but again it is mainly the former
that influences the strength of the stratospheric vortex.

In both the ASIA and NAMERICA experiments the low-
wavenumber anomalies in the upward E-P flux originate in

FIG. 4. Decomposition of the CONTROL climatology in zonal wavenumber 1 (black) and
2 (red) for (a) mean sea level pressure with contours at 64 hPa and (b) 500-hPa geopotential
height with contours at640 m.

3 The estimate is computed by considering the ratio between the
wave amplitude inASIAorNAMERICAand that in the CONTROL,
averaged over latitudes 408–708N.We use the fields of MSLP (surface)
and of 500-hPa geopotential height (midtroposphere).
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the lower troposphere and decay in the midtroposphere, but
nonetheless reach the topmost atmospheric layers. This is in
agreement with the previous analysis on waves 1 and 2 at the
surface (MSLP field) and in the midtroposphere (500-hPa
geopotential height field).

The change in the wave activity propagating into the strato-
sphere is also detected in the y*T* anomaly at 200 hPa. In
TOTAL and ASIA (Figs. 7a,b) the three centers of strongest
positive y*T* (central Siberia, North Pacific, and western North
Atlantic) are weaker by ∼50% due to the reduction in the eddy
components of the temperature field and to the weakening of
the meridional circulation (discussed in section 3b). Differently,
in NAMERICA the y*T* centers over the North Pacific (posi-
tive) and over North America (negative) are moderately ampli-
fied, while the positive y*T* over the North Atlantic–European
region weakens over the ocean and strengthens over the continent.
Since the meridional circulation is nearly unchanged, such signal is
dominated by the changes in the eddy temperature pattern.

b. Midlatitude jets

The general response to the reduction of extratropical LSC
consists in a weakening and poleward shift of the midlatitude

jets. Specifically, the zonal winds weaken south of 508N (Fig. 3j)
following the reduction of the meridional gradients in the mid-
troposphere at ∼308–508N (Fig. 3d), while they strengthen along
the northern flanks of the jets (∼508–708N) associated with rein-
forced meridional gradients (cf. Figs. 3d and 3j). The signal is
coherent in the vertical up to ∼200 hPa (Fig. 5); once more it is
evident that the ASIA response, extending to the Atlantic sec-
tor, has a large influence on the midlatitude zonal flow (Fig. 5c).

The question might arise whether the modifications in the
zonal flow are an effect of the LSC reduction or if they consti-
tute a response to the generalized extratropical warming in-
troduced by the forcing. To investigate this, we devise a new
experiment, called ZMEAN-TOTAL, where the zonal-mean
forcing from TOTAL is retained and spread uniformly over
sea and land surface4 (Fig. 8a). Such configuration produces a
zonal-mean forcing equal to that in experiment TOTAL in
spite of a zonal LSC similar to that in the CONTROL. The re-
sults indicate that the Pacific LSC is relevant for the

FIG. 5. Meridional cross sections of temperature (shading) and zonal wind (contours) in the (top) Atlantic sector
and (bottom) Pacific sector; the response of (b),(f) TOTAL, (c),(g) ASIA, and (d),(h) NAMERICA is shown with
respect to the (a),(e) CONTROL climatology. Contours are drawn every 10 m s21 in (a) and (e), and every 1.2 m s21

in (b)–(d) and (f)–(h).

4 We impose 2 times the zonal-mean ASIA forcing in the sector
608–2408E, and 2 times the zonal-mean NAMERICA forcing in
the sector 1208W–608E.
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atmospheric circulation, independently of the generalized
warming generated by the forcing. In fact, while in TOTAL
the reduction of the Atlantic jet is to a certain extent similar
to that in ZMEAN-TOTAL, suggesting a significant role
of the generalized meridional temperature gradient, the
TOTAL and ZMEAN-TOTAL Pacific-jet responses are dif-
ferent in position and intensity (cf. Figs. 3j and 8b).

The response to ASIA forcing is strong also in the Atlantic
sector, where the damping of the Rockies’ wave train crossing
North America reduces the western ridge and eastern trough.
This orographic wave is decisive for the localization of the
Atlantic storm track along the southeastern coast of North
America (i.e., where the baroclinicity is strongest; Brayshaw
et al. 2009; Chang 2009). The attenuation of the Rockies’
wave train (see the stationary eddy component of the geopo-
tential height field in Fig. 3h and meridional wind field in
Fig. 9a) is caused by the weakening of the lower-troposphere
Pacific jet impinging on the Rocky Mountains (Held and Ting

1990; Held et al. 2002), with a pattern such as the one in
Fig. 3k. The response to the altered orographic wave consists
in a more zonal circulation in the North American region, with
a weakened meridional wind over the eastern North Pacific
and over the continent (Fig. 9a) and a positive zonal-wind
anomaly at latitudes higher than 508N (Fig. 3h). West of the
Rockies the limited northward advection of warm air results in
colder temperatures, while, in the area comprising the Hudson
Bay, the diminished advection from the Arctic implies a warm-
ing over the eastern coast of North America (Fig. 9b) and a re-
duction in the baroclinicity at the entrance of the Atlantic
storm track, as shown in section 3b.

The modification of the meridional circulation also affects
the propagation of synoptic-eddy total energy flux (TEF)
downstream of the Pacific (cf. Figs. 10b and 9a), which is
known to play a role in setting the strength and position of
the Atlantic jet (Chang 1993; James and Burkhardt 2006;
Rivière and Orlanski 2007; Li and Lau 2012). Specifically, the

FIG. 6. Meridional cross sections of the vertical Eliassen–Palm flux (arrows) and its divergence (shading) for
(a) CONTROL climatology, (b) TOTAL, (c) ASIA, and (d) NAMERICA anomalies. E-P fluxes above the 300-hPa
horizontal line are multiplied by a factor of 5. Green contours in (a) show the zonal-mean zonal wind at 10 and 30 m s21

levels; gray contours in (b)–(d) indicate the anomaly of each experiment for levels6 1 m s21.

FIG. 7. The y*T* at 200 hPa, in shading the response of (a) TOTAL, (b) ASIA, and (c) NAMERICA with respect to
the CONTROL climatology (contours every 10 m s21 K).
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upper-troposphere TEF is enhanced over the northern part of
the Pacific basin and is advected zonally across the American
continent, feeding the northward flank of the Atlantic storm
track (Fig. 10b). The excess eddy energy does not reach
southeastern North America, a key region for low-level cyclo-
genesis, characterized by a negative TEF anomaly induced by
the weakening of the southward advection downstream of the
Rockies (Fig. 9a) and by the reduction of the Pacific TEF
south of 408N and of its eastward propagation (Fig. 10b). The
decline in synoptic upper-tropospheric disturbances over
southeastern North America is thus expected to trigger less
low-level cyclogenesis at the entrance of the Atlantic storm
track [type-B cyclogenesis in Petterssen and Smebye (1971)].

In summary, in experiment ASIA the attenuation of the
North American stationary wave weakens the baroclinicity
over the eastern coast of the continent. This, together with
less energetic upper-level disturbances entering the Atlantic
domain south of 508N, leads to a reduction in cyclogenesis
and storm-track activity and, finally, to a reduction of the
Atlantic jet (Fig. 3k).

c. Storm tracks

The tropospheric temperature anomalies induced by the
surface forcings peak between 408 and 608N and are accompa-
nied by a weakening and poleward shift of the jets (Figs. 3j,l
and 5b,f). These changes are associated with modifications in
the synoptic variability, and in particular with poleward dis-
placed midlatitude storm tracks (see shading, i.e., variance of
high-frequency geopotential height, in Figs. 11b,f). ASIA
forcing produces a strong, poleward shifted storm track over
the Pacific, and a weakened and poleward shifted Atlantic
storm track, which are in agreement with the low-level changes
in baroclinicity expressed by the maximum Eady growth rate
sBI (Figs. 11c,g). Moreover, a weakening of the Pacific storm
track on its southeastern flank is balanced by a positive signal
along the North Asian coast (not shown), giving no net storm-
track decrease in the Pacific-sector zonal mean (Fig. 11g). For
NAMERICA forcing we find weaker anomalies indicating a
poleward shift of the storm track in the Atlantic sector
(Fig. 11d) and a reduction of the storm track and of the jet
over the Pacific basin, north of their maximum climatological

intensity (Figs. 5h and 11h). Such negative signal in the Pacific
storm track is difficult to justify exclusively by the correspond-
ing moderate decrease in tropospheric baroclinicity (sBI con-
tours in Fig. 11h).

Further reasoning for the storm-track and jet weakening
could come from the effect of the lower stratosphere on the
tropospheric mean state and variability. To give a simplistic
picture, the weakening of the stratospheric vortex is known to
cause a southward shift of the midlatitude tropospheric jets,
while the opposite happens with a strong stratospheric vortex
(Kidston et al. 2015); although regional differences might
emerge between the Atlantic and Pacific basins, this behavior
has been detected in models and in reanalysis (e.g., Polvani and
Kushner 2002; Baldwin and Dunkerton 1999). The mechanisms
for the downward propagation of stratospheric anomalies to
the midlatitude troposphere are still debated. Despite a few
exceptions (e.g., Smy and Scott 2009), models characterized by
different levels of complexity show that an increase in lower-
stratospheric shear tends to amplify the size and strength of
baroclinic waves and to favor a northward displacement of
the associated jet (see Wittman et al. 2007; Rivière 2011;
Haualand and Spengler 2021; Rupp and Birner 2021; Butler
et al. 2010).

Returning to the simulations, we note that in the CONTROL
at latitudes up to 408N the vertical wind shear near the tropo-
pause (∼200 hPa) is negative, with (du/dz)str , 0 , (du/dz)tr,
while at higher latitudes it turns positive and it exceeds (du/dz)tr
(Figs. S4a,e), reproducing approximately the patterns of wind
shear from reanalysis data (not shown). Following the argu-
ments above, we hypothesize that in experiment NAMERICA
the negative anomaly of the Pacific-sector lower-stratosphere
wind shear (Fig. S4h), combined with the reduction in the tro-
pospheric baroclinicity (contours in Fig. 11h), explains the
weakening of the Pacific storm track (shading in Fig. 11h). In
addition, the responses of the Atlantic and Pacific sectors to
ASIA forcing may be supported by an analogous opposite influ-
ence of the upper-level wind shear on the tropospheric storm
tracks. The increase in stratospheric zonal wind (Fig. 5c) and in
its vertical shear (Fig. S4c) are indeed expected to favor
the poleward shift detected in the NH jets and storm tracks
(Figs. 5c and 11c).

FIG. 8. (a) ZMEAN-TOTAL forcing anomaly averaged over January and February and
(b) response of the zonal wind at 500 hPa (shading) with respect to the CONTROL climatology
(contours).
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4. Discussion and conclusions

The reduction of midlatitude thermal land–sea contrast
(LSC) is a robust characteristic of long-term climate projec-
tions (Table 1), with a negative trend already detectable in re-
analysis data: ERA5 shows a weakening of LSCPac and
LSCAtl by 1.2 K (61.0 K) between 1979 and 2020. Here, by
running idealized numerical experiments where we impose
surface warming over NH continents and climatological SSTs,
we find that the response to a reduced boreal LSC consists in
a reduction of the tropospheric stationary eddies propagating
up to the stratosphere (Figs. 3g and 6b), and in a weakening
and poleward shift of the midlatitude jets and of the associ-
ated storm tracks (Figs. 3j and 11b,f). This is in line with previ-
ous literature on the topic (Brayshaw et al. 2009; Held et al.
2002; Garfinkel et al. 2020) and shows the tendency of the
mean NH regime to shift toward a more zonal circulation for
a weaker zonal asymmetry in the surface thermal structure
(thermal equilibration theory; see, e.g., Charney and DeVore
1979). In our study for the first time a distinction between the
Pacific and Atlantic LSC is applied to disentangle their impact
on the midlatitude atmosphere; note that the responses to in-
dividual East Asian and North American surface forcings add
almost linearly to give the response to the sum of the forcings
(Fig. 3 and Fig. S2).

If over North America the stationary waves are mainly at-
tributable to the presence of the Rockies interacting with the
low-level mean flow, the Siberian surface-pressure high forms
in winter due to both the Tibetan Plateau orographic wave
(Held 1983; Held et al. 2002) and the vast extent of Eurasia
impeding warm-air advection from the oceanic regions (Seager
et al. 2002). The large-scale patterns associated with the
Siberian high/Aleutian low in the Pacific sector and eastern
American high/Icelandic low in the Atlantic sector are rein-
forced by the atmospheric response to the strong ocean-
to-atmosphere heat flux in the western portion of the NH
oceans (i.e., a surface upstream high and a downstream
low; Kaspi and Schneider 2011). These circulation systems
imply a northerly advection of cold continental air over the
western oceans which increases the air–sea temperature dif-
ference and enhances the heat flux from the ocean, hence
inducing a positive feedback on the circulation. Our results
suggest that a reduction of the LSC, Atlantic or Pacific, is
consistent with a weakening of the eastern continents’ highs
and oceanic lows (Figs. 3a–c) induced by a decline in the
heating effect by the warm western boundary oceanic cur-
rents (see Fig. S1 in the online supplemental material; Held
et al. 2002; Kaspi and Schneider 2011) and by the weaken-
ing of the midlatitude jets (Fig. 3j).

FIG. 10. Eddy total energy flux at 300 hPa (arrows) and its intensity (shading) for (a) the
CONTROL climatology and (b) ASIA anomalies; in (b) the size of the arrows is amplified by a
factor of 5.

FIG. 9. (a) Meridional wind and (b) temperature at 700 hPa, showing the response of
ASIA (shading) with respect to the CONTROL climatology (contours). In (a) contours are
drawn every 1 m s21.
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Our idealized experiments show a dominant impact of East
Asian surface temperatures on stationary planetary waves.
Indeed the response to Asian warming interferes destructively
with waves 1 and 2 (cf. Figs. 3 and 4) and reduces the propaga-
tion of large waves to the stratosphere, making the stratospheric
vortex stronger (Fig. 6c). Hence, we confirm the sensitivity of
the NH atmospheric circulation to the Pacific-sector surface
conditions, as in Ayarzagüena et al. (2021), who attest to an im-
portant impact of the Pacific-sector SST on atmospheric plane-
tary waves up to the stratosphere, or as in Cohen et al. (2014),
linking anomalous Siberian snow cover to a weakened strato-
spheric vortex (this is consistent with the strong vortex in the
warm-Asia experiment). The role of Eurasia for the vertical
propagation of waves into the stratosphere is important also in
model predictions (e.g., Domeisen et al. 2020; Portal et al.
2022). The relevance of the Pacific LSC, as opposed to a gener-
alized midlatitude warming, is proved by the fact that a wide-
spread reduction of the meridional surface-temperature
gradients in the Pacific sector (Fig. 8) does not reproduce the
position and intensity of the Pacific jet weakening obtained by
warming East Asia (Fig. 3k). Downstream effects of the weak-
ening of the Pacific jet consist of an attenuation of the Rock-
ies’ orographic wave and of the baroclinicity and cyclogenesis

in the Atlantic jet-entry region (Figs. 9–11), and hence a
slower and poleward displaced Atlantic jet (Fig. 5c).

The impact of reduced Atlantic LSC is less evident in the
midtroposphere and seems to reach remote tropospheric re-
gions mainly through a stratospheric pathway. We note an
enhancement in wave-1 vertical propagation that leads to a
warming of the stratosphere, a weakening of the vortex
(Fig. 6d), and a reduction of the lower-stratospheric wind
shear over the Pacific sector. We hypothesize that the latter
is responsible for the negative anomaly in the Pacific storm
track and jet (Figs. 11h and 5h). Despite the fact that our
results highlight the importance of thermal changes over
the midlatitude Pacific sector, long-term climate projections
predict an enhanced reduction of the Atlantic LSC with re-
spect to the Pacific LSC (Table 1). Understanding whether
the effects of a reduced Atlantic LSC}including the weak-
ening of the stratospheric vortex}would dominate in the
projected configuration of LSC is beyond the scope of this
paper.

We indicate some possible shortcomings in this work. First,
the surface temperature over the sea is fixed and that over land
is relaxed toward the LST forcing patterns. This restricts the
two-way interaction between the surface and the atmosphere

FIG. 11. Meridional cross sections of high-frequency geopotential height variance (shading) and maximum Eady
growth rate (contours) in the (top) Atlantic sector and (bottom) Pacific sector. The responses of (b),(f) TOTAL,
(c),(g) ASIA, and (d),(h) NAMERICA are shown with respect to the CONTROL climatology in (a) and (e).
Contours are drawn every 0.15 day21 in (a) and (e), and every 0.02 day21 in (b)–(d) and (f)–(h).
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(see appendix B) and removes the interdependence between
the SSTs and the land temperature. While the arrangement is
satisfactory for the analysis of a long-term LSC change of ampli-
tude larger than its interannual variations, additional work is
necessary to assess whether our results are also relevant for the
impact of LSC on year-to-year variability.

A further limitation derives from the coarse resolution of
the model. Kucharski et al. (2013) and the articles there cited
show that the model SPEEDY reliably represents the large-
scale features of the climate mean and variability in the mid-
latitudes. According to more recent papers (Ruggieri et al.
2017; Hamouda et al. 2021) the limited representation of the
stratospheric system does not inhibit the coupling between
the troposphere and the stratosphere (see appendix A for an
exhaustive discussion). Furthermore, the bias in the represen-
tation of the model orography, dependent on the horizontal
resolution, may influence the model response.

Our results describe the role played by decreasing LSC in
the midlatitude mean climate and variability. In CMIP6 sce-
narios the larger land temperature increase in the NH middle
and high latitudes than elsewhere reduces the extratropical
LSC by various degrees, with an amplitude comparable to
that of Arctic amplification (AA) (IPCC 2021). However, dif-
ferently from AA, LSC is rarely cited when analyzing the
sources of the projected changes in the large-scale midlatitude
circulation, such as those concerning stationary planetary
waves (Wills et al. 2019, and references therein) and tropo-
spheric jets and storm tracks (e.g., Harvey et al. 2020; Oudar
et al. 2020; Shaw et al. 2016). Our results suggest that in the
“tug of war” between the AA and the Hadley cell expansion
for the positioning of the jet stream (Butler et al. 2010; Barnes
and Polvani 2013), a reduced LSC supports the effects of the
latter}a poleward jet shift. We therefore encourage research
on climate change scenarios to take into account LSC as a
possible source of change for the midlatitude circulation and
to investigate its interplay with AA.
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APPENDIX A

Stratospheric Levels in SPEEDY

The stratosphere in SPEEDY consists of two atmospheric
levels at 100 and 30 hPa. In the top level (30 hPa) a drag
on the zonal-mean winds with relaxation time of 1 month is
implemented to obtain a climatology close to the observed

one; this level also acts as a “sponge layer” thanks to addi-
tional diffusion with a relaxation time of 12 h. The model is
not equipped with an atmospheric chemistry scheme; hence
the absorption of radiation in the stratosphere is prescribed
by a zonally symmetric function with a suitable seasonal cycle.
Thus, the top two levels of the model provide a “bulk” repre-
sentation of the stratosphere, which serve as boundary condi-
tions for reproducing the effects of the stratosphere on the
troposphere (King et al. 2010). As reported in King et al.
(2010), Herceg-Bulić et al. (2017), and Ruggieri et al. (2017),
the stratospheric variability and troposphere–stratosphere
coupling are remarkably well represented in SPEEDY con-
sidering the scarcity of stratospheric levels, and are compara-
ble with results from higher-complexity and finer-resolution
atmospheric models [see Fig. 11 in King et al. (2010)]; how-
ever, the vertical coupling develops faster in SPEEDY than
in finer-resolved models and in reanalysis (Herceg-Bulić et al.
2017).

APPENDIX B

Land-Temperature and Ice-Temperature Schemes

The skin temperature over land (Tskin), computed sepa-
rately from the land surface temperature (LST, i.e., the
temperature in the upper layer of soil), follows the equation
of energy balance at the surface:

kl(Tskin 2 LST) � FSR 1 FLR 1 SHFl 1 LHFl � GHSl,

(B1)

where the ground heat flux on land (GHSl) is the sum over
shortwave and longwave radiation fluxes (FSR, FLR), sensi-
ble heat flux over land (SHFl), and latent heat of evapora-
tion over land (LHFl), all computed assuming Tskin = LST;
kl is the coefficient for land heat flux. Further details on the
solution of Eq. (B1) and on the form of the different heat-
flux components can be found in Molteni and Kucharski
(2016). The LST adjusts to the incoming heat flux and, at
the same time, relaxes toward a prescribed monthly sea-
sonal cycle LSTcl, as in

ds cs
LST
t

� GHSl 2 ds cs t
21
s (LST 2 LSTcl), (B2)

where ds is the depth of the interactive soil layer (1 m),
cs is the heat capacity of the soil, and ts is the damping
time scale for soil temperature anomalies (40 days). When
the land-temperature scheme in Eq. (B2) is deactivated
then LST is fixed to its climatological value.

The model includes a scheme for sea ice temperature
(SIT) analog to that of land surface temperature

di ci
SIT
t

� GHSs 2 di ci t
21
i (SIT 2 SITcl), (B3)

characterized by GHSs (the ground heat flux on the sea,
computed using the SST), ci (the heat capacity of sea ice), a
depth varying according to di = dM 1 (dm 2 dM)cos(f)

2
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(dM = 2.5 m, dm = 1.5 m, f being the latitude), and a damp-
ing time scale ti of 30 days. The anomaly of SIT from its
climatology adjusts to the incoming heat flux, while the SIC
is always fixed to its prescribed climatology. As in the case
of the land surface temperature, SIT corresponds to its cli-
matological value (SITcl) when the sea ice scheme is
suppressed.

Despite the sea surface temperature being prescribed in
all experiments, when the sea ice scheme is activated the
SST may deviate from its prescribed climatology (SSTcl) by
the quantity (SIT 2 SITcl) 3 SICcl, where SIT and SITcl

are the sea ice temperature and its climatology, and SICcl is
the climatological sea ice concentration. Moreover, SSTcl

corresponds to the grid box average over the climatological
values of liquid water temperature (STcl) and SITcl,
weighted by their respective concentrations (1 2 SICcl

and SICcl). Whereas SSTcl and SICcl are provided as an input,
STcl and SITcl are computed directly by the model by fixing
SITcl (STcl) to 271.4 K, seawater freezing temperature,
when SSTcl is above (below) freezing. Moreover, the mini-
mum SICcl is 0.1 when SSTcl is below freezing.

APPENDIX C

Forcing Patterns

The pattern of LST forcing shown in Fig. 1b is computed
from a mean between the January/February and the April
LSTmod

LSTTOT(m, C) � LSTmod(m, C) 1 A(C)sin(f)LSTmod(Apr,C)
1 1 A(C)sin(f) ,

(C1)

where m indicates the month (January or February), A(C)
is a coefficient depending on the continent C (A is set to
8 for C = North America and to 4 for C = Asia), and the
weight of the April LST grows with the sine of the latitude
f. This is done to obtain a large midlatitude LST forcing that
becomes unimportant in the tropics. In addition, the anomaly
DLSTTOT = LSTTOT 2 LSTmod is multiplied by a factor of
1.5 over North America. Both the amplification factor and
the coefficient A are modulated to obtain zonal-mean forcing
and LSC reduction of similar intensity over the two conti-
nents so as to compare experiments ASIA and NAMERICA
(run with the individual continental anomalies from Fig. 1b).
We note that the April LST is chosen against summer LST
because its temperature pattern is reflective of a dynamics
that is reminiscent of the winter one (e.g., in terms of station-
ary planetary waves; Wang and Ting 1999); moreover, the
latitudinal profile of the forcing pattern (weighted by the
sine of latitude) recalls that of NH land surface warming
in scenarios of the future climate (IPCC 2021).
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