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ABSTRACT: Under increasing greenhouse gases, the Arctic warms about twice as fast as elsewhere, known as Arctic am-
plification (AA).AAweakensmeridional temperature gradients and is hypothesized toweaken zonal wind and cause wavier
circulation with stronger meridional wind (y) over northern mid-to-high latitudes. Here model simulations are analyzed to
examine the y response to increasedCO2 andAAalone. Total y changes are found to be dominated by the effect of increased
CO2 without AA, with a zonal wavenumber-4 (wavenumber-3) change pattern over the northern (southern) extratropics
that generally enhances current y and results partly from changes in zonal temperature gradients. The extratropical y change
patterns are quasi-barotropic and are more pronounced during boreal winter. The CO2 forcing also causes baroclinic
y changes over the tropics tied to convection changes. The impact of AA on y is mainly over the northern extratropics and is
opposite to the effect of increased CO2 but with smaller magnitude. An eastward shift (∼58 longitude) and an amplitude in-
crease (∼1 m s21) in the climatology of the northerlies over Europe causedmainly by CO2 forcing contribute to the drying in
southernEurope, while bothAAandCO2 forcing enhance the climatology of the northerlies over EastAsia. Over the north-
ern mid-to-high latitudes, Arctic sea ice loss and AA enhance the land–ocean thermal contrast in winter, while increased
CO2 alone weakens it, resulting in opposite changes in zonal temperature gradients and thus y. Different warming rates over
land and ocean also contribute to the intermodel spread in y response patterns among climatemodels.

SIGNIFICANCE STATEMENT: Meridional wind (y) greatly contributes to thermal and moisture advection due to
large meridional gradients in these fields. It is hypothesized that the enhanced Arctic warming under anthropogenic
global warming could weaken meridional temperature gradients, decelerate westerly jets, and cause wavier circulation
with stronger y over northern extratropics. Using novel climate model simulations, we found that the effect of increased
CO2 without AA determines the total y changes. AA generally weakens the climatological y, contrary to the direct effect
of increased CO2. The y changes are small relative to its climatology but may have large impacts on regional climate over
central Europe, East Asia, and interior North America. More research is needed to examine the mechanisms causing
regional y changes.

KEYWORDS: Arctic; Atmospheric circulation; Climate change; Climate models

1. Introduction

Due to large equator-to-pole gradients in air temperature and
water vapor content, meridional wind (y) plays an important role
in atmospheric thermal advection and moisture transport,
thereby affecting temperature and precipitation variations and
extremes over themidlatitudes (e.g., Shoji et al. 2014; Chen et al.
2021). Since the 1970s, the Arctic has been warming up more
than twice as fast as the rest of the world (mainly in the boreal
cold season) associated with a rapid decline in Arctic sea ice ex-
tent (Dai et al. 2019), a phenomenon known as Arctic amplifica-
tion (AA) (Serreze and Francis 2006). Large AA (Arctic-to-
global warming ratio . 1.4) is often associated with and likely
caused by Arctic sea ice loss (Dai et al. 2019; Jenkins and Dai
2021). Coupled with oceanic processes, the atmospheric re-
sponse to sea ice loss can extend to the tropics and even spread
across the globe (Deser et al. 2015; England et al. 2020). Dai and
Song (2020) showed that AA can weaken the meridional

temperature gradient (­T/­y) over the northernmid-to-high lati-
tudes, weakening the middle-upper tropospheric zonal wind (u).
The weakened u is hypothesized to favor wavier midlatitude jets
and amplified stationary waves, leading to stronger y wind and
thus frequent cold surges and cold winters over the northern
mid-to-high latitudes (Francis and Vavrus 2012, 2015; Liu et al.
2012).

This hypothesis has been supported by some observational
studies that indicated larger and more persistent atmospheric
Rossby waves in the northern mid-to-high latitudes as Arctic
sea ice decreases in recent decades (e.g., Francis and Vavrus
2012, 2015; Luo et al. 2018; Xue et al. 2017), which favors cold
surges and snowy winters in the northern midlatitudes (Liu
et al. 2012), although the results are sensitive to seasons, met-
rics, and reanalysis datasets (Barnes 2013). The enhanced in-
traseasonal high-frequency waviness may accumulate over
time to generate a seasonal-mean anomaly if it is spatially
locked; for example, more frequent atmospheric blockings
over the Ural Mountains can promote northerly winds from
the Arctic into Eurasian midlatitudes, leading to overall
colder winters there (e.g., Mori et al. 2014; Luo et al. 2016;
Yao et al. 2017; Luo et al. 2019). Data for the last two
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decades, however, show a reversed waviness tendency despite
the ongoing AA and Arctic sea ice loss (Blackport and Screen
2020), which suggests that the observed waviness changes are
unlikely to be caused by long-term sea ice loss and AA, but
may be due to other factors, such as internal multidecadal vari-
ability. Many modeling studies found that Arctic sea ice loss or
reduced ­T/­y has little influence on midlatitude wave ampli-
tudes (Hassanzadeh et al. 2014; Blackport and Screen 2020;
Tierney et al. 2021). However, a wave power analysis showed en-
hanced power for eastward propagating large-scale ($104 km)
waves from 1950–2005 to 2006–99 in models from phase 5 of the
Coupled Model Intercomparison Project (CMIP5), while
smaller-scale waves will weaken (Sussman et al. 2020). Also,
Arctic sea ice loss and the associated AA have been suggested to
weaken the stratospheric polar vortex via upward-propagating
waves, whose downward influence can in turn lead to weaker tro-
pospheric westerly jets, stronger y, and more cold air outbreaks
in the northern midlatitudes (Kim et al. 2014; Nakamura et al.
2016; Zhang et al. 2018; Chen et al. 2021; Cohen et al. 2021).
However, the zonally asymmetric tropospheric response to the
zonally symmetrical stratospheric anomalies has not been fully
understood (e.g., Hitchcock and Simpson 2014). Nevertheless, an
AA-induced strengthening in midlatitude y has been widely con-
sidered as a likely explanation for recent climate and weather ex-
tremes over the northern midlatitudes.

Considerable efforts have been made to understand the u
response to increasing greenhouse gases (GHGs) and AA.
Multiple reanalysis datasets show an increase in midlatitude u
through the troposphere and a poleward shift of the tropo-
spheric jet over both hemispheres in boreal winter since 1979
(Davis and Birner 2017; Manney and Hegglin 2018). One ex-
ception is that the midlatitude u over the North Atlantic de-
creased since 1979 from the surface to the 500-hPa level but
increased from 500 hPa to the tropopause (Lee et al. 2019).
Under increasing GHGs, the projected u change is character-
ized by a strengthening and a poleward shift of subtropical jets
in both hemispheres, despite the low confidence over the
Northern Hemisphere, especially over the North Atlantic due
to the large internal variability and structural uncertainty in
models (Lee et al. 2021). The poleward shift and acceleration
of the midlatitude jets may result from increased ­T/­y in the
middle to upper troposphere over the subtropics, the sloped
tropopause, and increased transient eddies on the poleward
flank of the jets (Lu et al. 2008). Large lower-tropospheric
warming over the Arctic in response to Arctic sea ice loss is
found in atmospheric models (Alexander et al. 2004; Deser
et al. 2010), which weakens ­T/­y and baroclinicity over the
northern mid-to-high latitudes that in turn reduces the midlati-
tude u and drives the midlatitude jets equatorward (Sun et al.
2015; Zhang et al. 2018; Peings et al. 2021). The u response to
Arctic sea ice loss is amplified in coupled model simulations
(Deser et al. 2015, 2016). Dai and Song (2020) compared the ef-
fect of AA alone to the effect of increased CO2 without AA in
climate model simulations and found that AA weakens u
slightly only by ∼10% in the middle to upper troposphere over
458–758N in response to a quadrupling of the preindustrial CO2

(4 3 CO2), while the effect of CO2 increasing without AA is to
strengthen tropospheric u by 10%–20% over 458–858N, leading

to an overall strengthening in tropospheric u over these latitudes.
However, given the relatively small GHG increase since the
1970s (compared to the 43 CO2 change), any recent u changes
are likely due to natural climate fluctuations (including those in
Arctic sea ice) rather thanGHG-induced changes (Dai and Song
2020).

Compared with many studies on the u changes, there are
relatively few studies on the y response to AA and increased
GHGs, despite the fact that y plays an important role for re-
gional temperature and precipitation variations. Haarsma and
Selten (2012), Simpson et al. (2016), and Wills et al. (2019)
showed that the multimodel mean y response to future warm-
ing near the end of the twenty-first century in CMIP3 and
CMIP5 models is characterized as a zonal wavenumber-5 pat-
tern around 308N associated with a circumglobal waveguide in
the subtropical upper troposphere during boreal winter, but
there is a large intermodel spread (Simpson et al. 2016). Dai
and Deng (2021) found a zonal wavenumber-4 pattern for tro-
pospheric y changes over the Northern Hemispheric mid-to-
high latitudes in response to 4 3 CO2. Other studies found
significant regional y changes. For instance, the East Asian
winter monsoon (EAWM), a strong northeasterly along the
coasts of East Asia in boreal winter, undergoes a significant
strengthening in reanalysis and observational datasets from
1990 to 2014 (Wang and Chen 2014) and in climate model
projections under 2.08C global warming (Miao et al. 2020).
The northerly wind over central Europe in winter is projected
to strengthen near the end of the twenty-first century in
CMIP5 models (Tuel et al. 2021).

Potential mechanisms for the y changes have been examined.
Based on the barotropic vorticity equation, Haarsma and Selten
(2012) showed that the middle and upper tropospheric y change
pattern over the Northern Hemisphere, which is strongest in the
subtropics, can be largely explained by the Rossby wave re-
sponse to tropical divergence changes associated with the weak-
ening of theWalker circulation. They also showed that the effect
of the strengthened zonal-mean u on the extratropical y change
pattern is negligible compared to the zonally asymmetrical forc-
ing (e.g., adiabatic heating and transients). However, using an
idealized stationary wave model, Simpson et al. (2016) found
that the upper-tropospheric y changes along the subtropical jets
are caused mainly by the zonal-mean u acceleration in the sub-
tropical upper troposphere via lengthening the dominant scale of
the stationary waves with zonal wavenumbers $ 4. This mecha-
nismmay not work for the lower-tropospheric y changes because
the circumglobal wave train–like changes around the subtropical
jets is not evident in lower levels (Wills et al. 2019; Tuel et al.
2021). Besides stationary wave changes, differential warming
rates over land and ocean may also contribute to the y change
patterns (Dai and Deng 2021; Tuel and Eltahir 2020). Dai and
Deng (2021) found a zonal wavenumber-4 y change pattern at
850 hPa over 408–808N in response to 43 CO2 that matches the
change pattern in zonal temperature gradient (­T/­x), which is
related to the land–ocean configuration. Tuel and Eltahir (2020)
revealed comparable contributions from the regional land–ocean
thermal contrast and upper-level stationary waves shift to the y

changes around the Mediterranean Sea projected by CMIP5
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models. Overall, the y response to increasing GHGs and the
mechanisms involved are not well understood.

Most of the above analyses focused on the overall projected
y changes in response to increased GHGs. Very few studies
examined the y change in response to the Arctic sea ice loss
and the associated AA. Dai and Song (2020) isolated the
zonal-mean y change in response to AA from the total y re-
sponse to global warming using coupled model simulations
with 1% per year CO2 increases with and without AA. They
found that the effect of AA is largely masked by the opposite
effect from increased CO2 even in the boreal cold season
when AA is strongest, suggesting that the effect of AA on
zonal-mean y change is negligible. Dai and Deng (2021) ex-
amined the 850-hPa y change pattern north of 408N in re-
sponse to AA under 4 3 CO2 and found that AA generally
exhibits an opposite effect compared with the effect from in-
creased CO2 without AA. While the previous studies have
provided important information on how y might change under
GHG-induced global warming, a comprehensive analysis of
the y response to AA and the background warming without
AA in the global troposphere is lacking, and whether Arctic
sea ice loss and associated AA can strengthen midlatitude y is
still unclear.

This study attempts to examine the long-term y response to
the Arctic sea ice loss and associated AA, compare it to the
effect from GHG forcing alone (without large AA; i.e., an
Arctic-to-global warming ratio # 1.4), analyze the effects on
the current y climatology, and investigate the underlying
mechanisms. Different from previous studies that focused on
the overall y response near the end of the twenty-first century
under a high emissions scenario (Haarsma and Selten 2012;
Simpson et al. 2016; Wills et al. 2019), our study separates the
y change pattern in response to increasing CO2 into two com-
ponents: with and without the effect of AA. Specifically, we
want to address the following key questions: 1) How does y

respond to GHG forcing (without large AA) and the Arctic
sea ice loss (and associated AA) separately over the globe
through the troposphere? 2) How do these y changes impact
the climatological y pattern? Does AA enhance the current y
pattern as hypothesized in previous studies? 3) Are these y re-
sponses related to the changes in atmospheric convection,
zonal-mean zonal flow ([u]), and zonally asymmetric warming
(e.g., ­DT/­x)?

Our main results are based on a set of coupled model simu-
lations using the Community Earth System Model version
1.2.1 (CESM1) (Hurrell et al. 2013) with and without large
AA and sea ice loss used previously by Dai et al. (2019), Dai
and Song (2020), and Dai and Deng (2021). Historical and
SSP5–8.5 simulations from 36 models in phase 6 of the Cou-
pled Model Intercomparison Project (CMIP6) were used to
access the overall forced y changes across different models.
To validate the CESM1-simulated y response to AA, we fur-
ther examined a pair of experiments based on three coupled
models participating in the Polar Amplification Model Inter-
comparison Project (PAMIP; Smith et al. 2019).

Below we first describe the data, experiments, and methods
in section 2. The y change patterns in response to AA and in-
creased CO2 alone and their impacts on y climatology are

presented in section 3. Section 4 examines the potential causes
of the extratropical y change patterns. Conclusions and discus-
sion are given in section 5.

2. Model simulations and analysis method

a. Model simulations

We analyzed three CESM1 coupled simulations used in our
previous studies (Dai et al. 2019; Dai and Song 2020; Dai and
Deng 2021): a 150-yr preindustrial control run (CTL), a single
235-yr standard 1% CO2 run (1%CO2) with fully coupled sea
ice dynamics and 1% per year CO2 increase, and another sin-
gle run (FixedIce) that is the same as the 1%CO2 run but with
fixed sea ice concentration (SIC) north of 308N. Compared
with the 1%CO2 run, the only change in the FixedIce run is
the use of daily SIC interpolated from the monthly climatol-
ogy from the CTL run, instead of using the model internally
calculated SIC as in the 1%CO2 run, to estimate the sea ice
and ocean-water fractions of the grid boxes north of 308N that
were used in the coupler module to calculate the gridbox
mean values for all the ice–air, ice–ocean, and ocean–air ex-
change fluxes of mass, energy, and momentum. Sea ice was al-
lowed to evolve dynamically inside the sea ice model in
FixedIce, although the use of fixed SIC inside the coupler al-
ters the surface fluxes, which leads to small sea ice loss and
AA in the FixedIce run (Dai et al. 2019). Unlike many previ-
ous studies, this novel approach avoids adding ghost forcing
(Deser et al. 2015, 2016; McCusker et al. 2017; Sun et al. 2018)
or using unrealistic ice albedo (Blackport and Kushner 2017)
to alter sea ice concentrations inside the sea ice model (Smith
et al. 2017). More details on the FixedIce run can be found in
Dai et al. (2019) and Dai and Song (2020).

These simulations were run with 2.58 longitude 3 ∼28 lati-
tude grids and 26 vertical levels from the surface to 3.5 hPa
for the atmosphere and with ∼18 grids for the ocean and sea
ice models. The CESM1 is a fully coupled, comprehensive
model of the Earth climate system that simulates the current
climate fairly realistically (Hurrell et al. 2013). It has been
widely used to study the Arctic, midlatitude, and global cli-
mate (Deser et al. 2015, 2016; Dai et al. 2019; Dai and Song
2020). The CESM1 CTL run simulates the time-mean y pat-
tern and its variance seen in ERA5 reanalysis (Hersbach et al.
2020) reasonably well (figure not shown), with a global pat-
tern correlation of 0.77 and 0.82 (p , 0.01 for both cases) for
the mean y pattern at 850 and 300 hPa, respectively.

Following Dai and Song (2020), we used the changes in the
1%CO2 and FixedIce runs relative to CTL climatology to rep-
resent, respectively, the overall response to CO2-induced
global warming (including the effect of AA) and the response
to CO2-induced background warming (without large AA and
sea ice loss). Given that the Arctic sea ice loss and AA are
greatly reduced in the FixedIce run (Dai et al. 2019; Dai and
Song 2020), the difference between the 1%CO2 and FixedIce
runs largely represents the effect of AA and the occurring
Arctic sea ice loss alone without the effect of the background
warming.
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In this study, we mainly analyzed the response averaged over
the 20 years around 43 CO2. The change patterns averaged over
a longer 50-yr period around 4 3 CO2 or the 20 years around
2 3 CO2 and 8 3 CO2 are qualitatively similar and thus not
shown. This implies only small impacts of internal variability on
the 20-yr averaged y changes shown below. We focused on the
boreal cold season from October to March, when Arctic sea
ice loss has the greatest impact on Arctic temperatures (Dai
et al. 2019), although the changes in the other months are also
examined.

We also analyzed monthly data from historical (1970–99)
and SSP5–8.5 (2070–99) simulations from 36 CMIP6 models
(Table 1) to confirm the overall response to GHG-induced
global warming seen in the CESM1 simulations. A multimodel
mean was obtained by averaging evenly across all 36 CMIP6
models (we used one realization per model) after interpolating
the original model fields onto a common 2.58 latitude3 2.58 lon-
gitude grid.

To validate the CESM1-simulated effect ofAA and concurring
Arctic sea ice loss, we also analyzed four experiments from
PAMIP (Smith et al. 2019), which aim to quantify the effect
of Arctic sea ice loss (and the associated AA). First, we ana-
lyzed two experiments with coupled ocean–atmosphere mod-
els (OAGCMs), including an experiment (pa-futArcSIC)
constrained by future Arctic SIC and an experiment (pa-pdSIC)
constrained by present-day (1979–2008) Arctic SIC climatology
from the Hadley Centre Sea Ice and Sea Surface Tempera-
ture dataset (HadISST; Rayner et al. 2003). The future SIC is
the averaged SIC over 30 years when its global-mean surface
air temperature is 28C warmer than the preindustrial period
under a high emissions scenario. The internal SIC is nudged
to the current or future SIC with a strong relaxation time
scale of one day. In both experiments, radiative forcing is set
to the condition at year 2000. We also examined a parallel

pair of experiments using atmospheric models (AGCMs)
that are similar to the OAGCM experiments but with pre-
scribed sea surface temperatures (SSTs): one experiment
(pdSST-futArcSIC) forced with future Arctic SIC, present-
day Antarctic SIC, and present-day global SST, and the other
experiment (pdSST-pdSIC) forced with present-day global
SIC and SST. The pdSST-futArcSIC experiment uses future
SST in the areas with more than 10% SIC loss. The use of the
present-day SSTs in these AGCM experiments will signifi-
cantly dampen atmospheric responses to the specified Arctic
sea ice losses. Present-day SIC/SST, future SIC, and radiative
forcing prescribed in the AGCM experiments are the same
as those in the OAGCM experiments, which allows us to ap-
proximately isolate the effect of atmosphere–ocean coupling,
giving the caveat of the dampened response in the AGCM
experiments. Monthly data were available from three models
for the above PAMIP experiments (Table 1). For each exper-
iment by each model, there are 100 ensemble runs of
14 months (from 1 April to 31 May of next year) started from
different initial conditions. Ensemble means are used to
represent the response to Arctic sea ice loss (and
associated AA). More information on the PAMIP experi-
ments can be found in Smith et al. (2019).

The statistical significance of the change or difference was
assessed using a two-tailed Student’s t test at each grid point.
The changes in CESM1 1%CO2 and FixedIce runs were
tested with the null hypothesis that the mean of the change
relative to the CTL climatology is not different from zero. As
for the difference between the 1%CO2 and FixedIce runs, the
null hypothesis was that the means of their changes are equal.
The null hypothesis for CMIP6 simulations was that the
change from the 1970–99 mean to the 2070–99 mean is zero.
For PAMIP experiments, the null hypothesis was that the
means of the ensembles are equal.

TABLE 1. Summary of the CESM1, CMIP6, and PAMIP simulations analyzed in this study.

Simulations Model name/names Key references Aim

CTL, 1% CO2, FixedIce CESM1 Dai et al. 2019; Dai
and Song 2020

For separating the effect of
AA and the effect of
increased CO2 without AA

CMIP6 historical
(1970–99) and
SSP5–8.5 (2070–99)
simulations

36 models: ACCESS-CM2, ACCESS-ESM1-5,
AWI-CM-1-1-MR, BCC-CSM2-MR,
CAMS-CSM1-0, CanESM5, CAS-ESM2-0,
CESM2, CESM2-WACCM, CIESM,
CMCC-CM2-SR5, CMCC-ESM2, E3SM-1-1,
EC-Earth3, EC-Earth3-CC, EC-Earth3-Veg,
EC-Earth3-Veg-LR, FGOALS-f3-L,
FGOALS-g3, FIO-ESM-2-0, GFDL-CM4,
GFDL-ESM4, IITM-ESM, INM-CM4-8,
INM-CM5-0, IPSL-CM6A-LR, KACE-1-0-G,
KIOST-ESM, MIROC6, MPI-ESM1-2-HR,
MPI-ESM1-2-LR, MRI-ESM2-0, NESM3,
NorESM2-LM, NorESM2-MM, TaiESM1

Eyring et al. 2016;
O’Neill et al. 2016

For validating the CESM1-
simulated total changes

PAMIP CESM1-WACCM-SC, HadGEM3-GC31-MM,
NorESM2-LM

Smith et al. 2019 For validating the CESM1-
simulated changes in
response to Arctic sea ice
loss and associated AA
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b. Zonal wave analyses

A spherical harmonic analysis was applied to decompose
the y changes into zonal wavenumbers at each latitude on
300- and 850-hPa levels, as done previously for the upper-
tropospheric y changes over the Northern Hemisphere (Simpson
et al. 2016; Wills et al. 2019). For a given latitude and a pressure
level, zonal variations in y can be decomposed into a number of
harmonic waves with different zonal wavelengths using a fast
Fourier transform. More details can be found in Wills et al.
(2019).

c. Layer-mean temperature and geostrophic balance

Airmasses with higher temperature are less dense and
occupy more volume, resulting in a thicker layer between the
pressure level and the surface and thus a higher altitude at the
pressure level. In the free troposphere, the horizontal height
gradient force is roughly balanced by the Coriolis term. This
allows us to estimate the y wind change using the following
geostrophic equation (Holton 2004):

yg 5
1
f
­F

­x
5

g
f
­Z
­x

5
R
f
ln

Ps

P1

( )
­T
­x

, (1)

where yg is the geostrophic meridional wind, f is the Coriolis pa-
rameter, F and Z are the geopotential and geopotential height
at pressure levels p (F5 Zg, g5 9.8 m s22), ps51000 hPa, p1 is
300 or 850 hPa in this study, R is the gas constant of air, and
T 5

�ps
p1
Tdlnp/ln(ps/p1) is pressure-weighted layer-mean tem-

perature. According to Eq. (1), the yg difference (Dyg) between
two simulations arises from the zonal gradient of their warming
difference (­DT /­x).

3. Global y change patterns and their effect on
y climatology

a. Total y change patterns in response to increased GHGs

Figure 1 shows the October–March mean y change patterns
at the 850-hPa (V850) and 300-hPa levels (V300) and vertical
pressure velocity change pattern at 500 hPa (v500) in the
CESM1 1%CO2 run averaged over the 20 years around the
time of 4 3 CO2, together with the CTL V850 climatology.
As shown in Fig. 1, the tropical y changes imply a low-level
meridional convergence and an upper-level meridional diver-
gence over the tropical eastern Pacific, accompanied by en-
hanced ascending motions. Similar, though weaker, changes
are seen over the tropical eastern North Atlantic (Fig. 1).
Over the tropical Indian Ocean and eastern Africa, the y

changes imply an upper-level meridional convergence and a
lower-level meridional divergence coupled with enhanced de-
scending motions (Fig. 1). Thus, the tropical y changes vary
with height and tend to be opposite at the lower and upper
troposphere, coupled with the changes in vertical motions.
The vertical motion changes are associated with an increase
in precipitation near the equator over the eastern Pacific and
eastern Atlantic and a reduction in precipitation near the
equator over the Indian Ocean (not shown). The vertical ve-
locity changes, however, are weak over the extratropics and

noticeable mainly over the low latitudes (within 308S–308N)
(Fig. 1b), where the upper-tropospheric y change is domi-
nated by an upward shift of the rising branch of the Hadley
circulation (Dai and Song 2020). Thus, the mid-to-high lati-
tude y changes in both hemispheres are unlikely to be caused
or associated with the local changes in vertical motion.

The y changes at both the lower and upper tropospheric
levels exhibit a similar wavenumber-4 structure north of 308N
(spatial pattern correlation r 5 0.76, p , 0.01), with southerly
or positive anomalies centered around central Eurasia
(608–1208E), the Bering Strait and Alaska, central-eastern
North America, and eastern North Atlantic to Atlantic
coastal Europe that are separated by northerly or negative
anomalies between them (shading in Fig. 1). Alternating,
wavelike y change patterns are also seen in the Southern
Hemisphere midlatitudes, with a zonal wavenumber-3 struc-
ture that differs from those in the Northern Hemisphere but
is still broadly comparable at 850- and 300-hPa levels south of
308S (with a spatial pattern correlation r 5 0.41, p , 0.01).
Thus, the y changes are quasi-barotropic (i.e., independent of
height) in the extratropics.

The multimodel mean y change patterns in 36 CMIP6 models
from 1970–99 to 2070–99 (Figs. 2a,b) are broadly consistent with
the CESM1-simulated overall y changes shown in Fig. 1. They
have a pattern correlation of 0.48 for V850 and 0.57 for V300
over the globe (both with p, 0.01). Over 308–908N, the pattern
correlation degrades slightly (0.38 for V850 and 0.34 for V300)
but remains statistically significant. Some regional differences
exist, for instance, over central Russia and northern Mexico,
where the CESM1 shows larger biases in the y climatology than
the CMIP6multimodel mean, and the CMIP6 intermodel results
revealed some relationship between the simulated y change and
its climatology (figure not shown). The CMIP6 multimodel
mean change patterns shown in Fig. 2 are comparable to those
from CMIP5 projections shown by Simpson et al. (2016), Wills
et al. (2019) and Tuel et al. (2021), who did not examine South-
ern Hemispheric y changes. Substantial differences in y change
patterns exist among individual CMIP6 models (circles in
Figs. 2c,d). The correlations of y change patterns between
CESM1 andCMIP6multimodelmean, which averages out some
extreme model results, generally sit in the upper range of the
CMIP6 ensemble spread (Figs. 2c,d). These results suggest that
the multimodel ensemble mean y changes in CMIP6 models are
stable and broadly similar to theCESM1-simulated y change pat-
terns, while large intermodel differences exist, especially over
the northern extratropics.

The ascent and descent changes in CMIP6 models (contours in
Fig. 2b) also broadly match those in the CESM1 simulation
(r5 0.52, p, 0.01). They are consistent with the tropical precipi-
tation changes with increased precipitation along the equator over
the Pacific andAtlantic and in the northern tropical IndianOcean
under global warming (Geng et al. 2020), which is related to the
zonal contrasting tropical SST changes and interhemispheric heat-
ing transport (Mamalakis et al. 2021). Thus, the tropical y change
pattern in the CMIP6 models (Figs. 2a,b) likely originates from
the changes in tropical convection, while the vertical motion
changes in the extratropics are rather small and unlikely to fully
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explain the strong y changes there, consistent with the CESM1
simulations.

b. The y change patterns in response to CO2 forcing and
AA alone

Next, we separate the CESM1-simulated overall y changes into
contributions from AA and the effect of increased CO2 without
AA. In the FixedIce run, as the Arctic sea ice loss is largely sup-
pressed (Dai et al. 2019), theArctic-to-global warming ratio is re-
duced from ∼3 to ∼1.4 after the time of 23 CO2 (year 70). The
Arctic-minus-global warming difference is greatly reduced from
8.198 to 1.298C (by ∼84%) averaged over years 131–150 around
the time of 4 3 CO2. Therefore, AA in the FixedIce run caused
by other processes (including those over land) besides the effect
of sea ice melting is small, as shown previously (Dai et al. 2019;
Dai and Song 2020). The y change in the FixedIce runmainly rep-
resents the response to the CO2 forcing alone without the effect
from large AA (i.e., Arctic-to-global warming ratio. 1.4), while

the 1%CO2 minus FixedIce difference reflects the effect of AA
(and associated sea ice loss) seen in the 1%CO2. The y change
patterns in FixedIce (Figs. 3a,c) are similar to those in the
1%CO2 run (with a global pattern correlation of 0.86 and 0.91 for
the 850- and 300-hPa levels between Fig. 1 and Figs. 3a,c, both
with a p, 0.01), except for slightly stronger amplitudes over the
northern mid-to-high latitudes that result in a change pattern
roughly opposite to the response to the CO2 forcing alone in the
1%CO2 minus FixedIce difference maps (Figs. 3b,d). In
other words, the AA’s effect on y partially cancels the y re-
sponse to the CO2 forcing alone in the northern mid-to-high
latitudes. Moreover, the vertical motion at 500 hPa and thus
atmospheric convection is barely affected by AA, and the y

changes caused by AA and Arctic sea ice loss are located
mainly within 308–908N (Figs. 3b,d). Thus, the total y change
pattern in the tropics and Southern Hemisphere in the 1%CO2

run is dominated by the effect of increased CO2 without AA.
North of 308N, in line with Dai and Deng (2021), we find that

FIG. 1. CESM1-simulated October–March mean changes in y (shading; m s21) at (a) 850 hPa
(V850) and (b) 300 hPa (V300), together with the CTL climatological V850 [contours in (a);
interval 5 0.5 m s21, with red lines for positive and blue lines for negative values] and changes
in vertical pressure velocity at 500 hPa [v500; contours in (b), interval 5 0.005 Ps s21, with
green lines for ascending and purple lines for descending motion], averaged over the 20 years
(years 131–150) around the time of 43 CO2 from the 1%CO2 run. The zero contours are omit-
ted. The changes are relative to CTL climatology. The stippling indicates the y change is signifi-
cant at the 5% level based on a Student’s t test. The cyan lines in (a) and (b) highlight the cross
sections close to the centers of the positive and negative V850 changes, which are used in Fig. 8.
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AA and CO2 forcing alone produce y change patterns with op-
posite phases, with AA’s effect weakening the other effect of
increasedCO2 on the ywind.

The y changes in the 1%CO2 and FixedIce runs and the
1%CO2 minus FixedIce y differences are decomposed accord-
ing to the zonal wavenumber (WN) (Fig. 4). For the 1%CO2

and FixedIce runs (Figs. 4a–d), WN3–5 changes (red, blue,
and green contours) dominate the y changes over the north-
ern midlatitudes, while WN1–2 changes (black contours) are
mainly over the Arctic and Antarctic and WN . 5 changes
(yellow contours) are mainly over the tropics. Over 308–608N,
the strongest changes are seen at WN4 (blue contours in
Figs. 4a–d). The WN4 changes share similar positive and neg-
ative centers with the total y change patterns shown in Figs. 1
and 2a,b. In the northern midlatitudes, the WN4 changes in
the 1%CO2 run exhibit weaker magnitudes than that in the
FixedIce run (Figs. 4a–d), resulting in a WN4 pattern of the
1%CO2 minus FixedIce y difference (Figs. 4e–f) that has
opposite phases compared with the WN4 change pattern due
to increased CO2 alone.

As a result, in the upper troposphere, the intermediate-scale
waves (WN4–6) prevailing in the Northern Hemispheric

subtropics (contours in Fig. 5d) show some weakening of WN6
but strengthening of WN4–5 in the 1%CO2 run (shading in
Fig. 5d), in line with Simpson et al. (2016) andWills et al. (2019).
In the lower troposphere, where the intermediate-scale waves
and their zonal scale lengthening are not evident, y changes are
greater at northern high latitudes than at lower latitudes in the
1%CO2 and FixedIce runs and their differences (Figs. 5a–c). For
the 1%CO2 run, there is a pronounced strengthening of WN3–4
waves over 408–808N for V850 (Fig. 5a). Further analysis reveals
that all the above changes are mainly dominated by the effect of
increased CO2 without AA (Figs. 5b,e), while AA generally
leads to an opposite effect, weakening the change magnitudes
(Figs. 5c,f). A notable exception is at WN3–4 in the northern
midlatitudes and atWN1–2 at the northern high latitudes, where
AA is strong enough to reduce or overwhelm the direct effect of
increased CO2 without AA (Figs. 5b,c,e,f). The strengthening of
WN3 waves in the southern midlatitudes is seen in both the
lower and upper troposphere (Figs. 5a,d), with identical magni-
tudes in the 1%CO2 and FixedIce runs (Figs. 5b,e), indicating a
minimal effect ofAAon the SouthernHemispheric y changes.

The y change averaged over the three PAMIP models
shows a WN4 pattern over the northern mid-to-high latitudes

FIG. 2. (left) CMIP6 multimodel mean changes from 1970–99 to 2070–99 in October–March mean (a) V850 and
(b) V300 (shading; m s21) from the all-forcing historical (for 1970–2014) and SSP5–8.5 (for 2015–99) simulations aver-
aged over 36 CMIP6 models, together with the corresponding 1970–99 climatology of October–March mean V850
[contours in (a); interval 5 0.5 m s21, with red lines for positive and blue lines for negative values] and changes in
pressure velocity at 500 hPa [v500; contours in (b), interval 5 0.005 Ps s21, with green lines for ascending and purple
lines for descending motion]. The zero contours are omitted. The stippling indicates the change is significantly differ-
ent from zero at the 5% level based on a Student’s t test. (right) Spatial pattern correlations between the CESM1-
simulated y changes shown in Fig. 1 and the y changes from CMIP6 multimodel mean (purple diamonds) or individual
models (circles) over 908S–908N, 308–908N, 308S–308N, and 308–908S at (c) 850 and (d) 300 hPa. The circles in gray
(green) are for significant (insignificant) correlations at the 5% level based on a Student’s t test. The pink line
indicates the61 standard deviation range of the circles.
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in the OAGCM experiments (Figs. 6a,b), broadly consistent
with the CESM1-simulated AA-induced y change pattern
(Figs. 3b,d). Their global pattern correlations are 0.43 for
V850 and 0.45 for V300 (both with p , 0.01). Pattern correla-
tions are higher over 308–608N, where the magnitudes of
WN4 changes are large (r 5 0.62 for V850 and r 5 0.69 for
V300). The individual PAMIP models also show similar
changes over the northern mid-to-high latitudes, although
there are some regional discrepancies among them, espe-
cially south of 308N where the response to Arctic sea ice loss
is weak (Figs. 6c–h). The y change pattern becomes weaker
in the PAMIP AGCM experiments (not shown) due to the
strong dampening effect from the use of fixed SSTs in such
experiments. The coupled OAGCM experiments avoid the
use of fixed SSTs that dampen atmospheric responses to any
forcing, and the atmosphere–ocean interactions may enlarge
the atmospheric response, both leading to a stronger atmo-
spheric response to Arctic sea ice loss compared with
AGCM simulations (Deser et al. 2016; Smith et al. 2017).
As the PAMIP experiments analyzed here are single-year
ensemble simulations, oceanic processes that take several
years or longer are excluded In contrast, the CESM1 simula-
tions ran continuously over hundreds of years with full dy-
namical ocean processes. Even so, the y change patterns
induced by the Arctic sea ice loss (and the associated AA)
are comparable over the northern mid-to-high latitudes be-
tween the CESM1 runs and PAMIP OAGCM experiments,

suggesting that such a y change pattern does not involve
long-term oceanic processes.

Having confirmed theCESM1-simulated overall y change pat-
terns in response to CO2 forcing using the CMIP6 simulations
and the y change patterns in response to Arctic sea ice loss and
the associated AA using the PAMIP experiments, we examine
CESM1-simulated y response in more detail. We focus on the y

change pattern over the extratropics as the tropical y changes are
tightly related to the GHG-induced convection and pressure ve-
locity changes, as described above. Figure 7 shows the seasonal
variation of the y changes at 850 and 300 hPa averaged over
308–608N and 308–608S around the time of 4 3 CO2 in the
1%CO2 and FixedIce runs, together with their difference. The
WN4 pattern over 308–608N is most pronounced in the boreal
cold season and stronger in the FixedIce than 1%CO2 run, with
the largest changes in December in both runs and small changes
from September–October (Figs. 7a–c, g–i). In both the 1%CO2
and FixedIce runs, the y changes around the western coast of
North America persist throughout the year, whereas in other re-
gions the warm-season y change pattern over 308–608N differs
from those in the cold season, with broader anomalies (thus
fewer wavenumbers) that are often out of phase with those in
the cold season.

Based on the y change pattern in the boreal cold season, we
select seven cross sections over 308–608N and five cross sec-
tions over 308–608S (marked by the cyan lines in Figs. 1 and 3)
to examine its vertical variations (Fig. 8). Generally, the y

FIG. 3. CESM1-simulated October–March mean (left) y changes (shading; m s21) from the FixedIce run relative to CTL climatology and
(right) 1%CO2 minus FixedIce y difference (shading; m s21) at the (a),(b) 850-and (c),(d) 300-hPa levels averaged over the 20 years (years
131–150) around 4 3 CO2. Contours in (a) show the CTL climatological V850 (interval 5 0.5 m s21, with red lines for positive and blue
lines for negative values), and contours in (b) show the changes in pressure velocity at 500 hPa (v500; interval 5 0.005 Ps s21, with green
lines for ascending and purple lines for descending motion). The zero contours are omitted. The cyan lines are as in Fig. 1. The stippling in-
dicates the change or difference is significant at the 5% level based on a Student’s t test.

J OURNAL OF CL IMATE VOLUME 357282

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 05/04/23 03:33 PM UTC



change is small near the surface and has the same sign above
850 hPa for both the 1%CO2 and FixedIce runs and their dif-
ference at all of the cross sections (Fig. 8). The y change
strengthens from the surface to a peak around 300–250 hPa
and then weakens from 250 to 100 hPa for most cross sections.
In the Northern Hemisphere, the y change in FixedIce (due to
CO2 forcing alone without large AA) is generally greater
than that in the 1%CO2 run (which includes the effects from
both the CO2 forcing and AA), resulting in an opposite sign
for the 1%CO2 minus FixedIce difference (which represents
the effect of AA) at most of the locations (Fig. 8a–g). One ex-
ception is over the central North Pacific, where the y change
in the 1%CO2 run is larger than the FixedIce run in the upper
troposphere, leading to a difference with the same sign
(Fig. 8c). For the other Northern Hemispheric cross sections,
the effect of AA weakens the y change directly induced by
the CO2 forcing alone by 5%–60%, but it is small at the
Southern Hemisphere locations as expected since the Arctic

is far away from the Southern Hemisphere (Figs. 8h–l). Thus,
while the y responses tend to peak around 300–200 hPa, they
are quasi-barotropic (i.e., with the same sign) through the tro-
posphere; the effect of AA is to weaken the y response to the
CO2 forcing alone, leading to reduced y changes in the over-
all response seen in the 1%CO2 run (consistent with Figs. 1
and 3).

c. Impact on y climatology

Here we examine how the y changes mentioned above affect
the current y climatology, since it is the sum of the current y and
its change that directly affects future meridional advections.
The contours in Fig. 1a show the CTL y climatology at 850 hPa
over the globe. The y climatological pattern is quasi-barotropic
in the extratropics especially north of 308N but has opposite
signs in the upper and lower troposphere in the tropics
(not shown). Forced by topography and diabatic heating, the
y climatological pattern over the northern mid-to-high latitudes

FIG. 4. Zonal wavenumber (WN) decomposition of the CESM1-simulated October–March mean y changes from
the (a),(b) 1%CO2 and (c),(d) FixedIce runs relative to CTL climatology and (e),(f) 1%CO2 minus FixedIce y differ-
ence at the (left) 850- and (right) 300-hPa levels averaged over the 20 years (years 131–150) around 4 3 CO2. The
contour intervals are 0.25 and 0.5 m s21 in the left and right panels, respectively, with solid lines for positive and
dashed lines for negative values (the zero contours are omitted). Black contours denote the sum of WN 1 and WN2
changes (WN1 1 WN2), red contours denote WN3 changes, blue contours denote WN4 changes, green contours de-
note WN5 changes, and yellow contours denote the changes with WN greater than 5 (WN. 5).
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exhibits a zonal wavenumber-3 (WN-3) pattern, with northerly
(negative) centers over Europe, East Asia, and interior North
America and southerly (positive) centers between them
(Fig. 1a). In the southern mid-to-high latitudes, the y climatol-
ogy is rather weak but also has three southerly (positive) cen-
ters over the eastern South Atlantic, eastern south Indian
Ocean, and eastern South Pacific and northerly (negative)
anomalies between them (Fig. 1a).

The global pattern correlations between the current V850
climatology (contours in Fig. 1a) and the V850 changes in the
1%CO2 (shading in Fig. 1a; r 5 0.27) and FixedIce (shading
in Fig. 3a; r 5 0.22) runs are significantly positive (both with a
p , 0.01) but not high. This is because the current mean
southerly (northerly) y wind at 850 hPa is enhanced by the y

change over central Eurasia, Alaska, the central North Pacific,
and the central-eastern North Atlantic (East Asia, northern
Africa and the Mediterranean region, southern Africa, and

most of South America), but the future y change weakens the
current y wind over northern Europe, eastern Siberia, and
around North America. Apart from the regions with weak cli-
matological V850 (i.e., weaker than 1 m s21), the strengthen-
ing in V850 is particularly prominent over the Mediterranean
region and Alaska (both by ∼30%), southern Africa (by
∼20%), and South America (by ∼15%) in the 1%CO2 run,
and it is even stronger in the FixedIce run. The current south-
erly over central Russia is also projected to strengthen, but
the CESM1 tends to overestimate the y change there com-
pared with CMIP6 models (Figs. 1a and 2a).

Correspondingly, the change patterns of the meridional ad-
vection of temperature [2y (­T/­y)] and specific humidity
[2y (­q/­y)] are similar to the y change pattern in the 1%CO2

and FixedIce runs and their difference, with WN4 (WN3)
structure in the northern (southern) mid-to-high latitudes
(Fig. 9). As the changes of meridional temperature gradient

FIG. 5. Root-mean-square amplitudes (shading; m s21) of the CESM1-simulated October–March (a)–(c) V850 and (d)–(f) V300 changes
averaged over 108 latitude as a function of latitude and zonal wavenumber of the y change pattern for the (left) 1%CO2 and (center)
FixedIce runs and (right) 1%CO2 minus FixedIce y difference averaged over the 20 years (year 131–150) around 43 CO2. The changes are
relative to the CTL climatology [shown by contours starting from 1m s21 with an interval of 0.4 m s21 for (a)–(c) and starting from 0.6m s21

with an interval of 0.24 m s21 for (d)–(f)]. In (a) and (d), the gray cross denotes the region where the CMIP6multimodel mean change from
1970–99 to 2070–99 agrees on the sign of the CESM1-simulated change.
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andmeridional specific humidity gradient are overall small and
zonally symmetrical, y changes contribute significantly to the
change patterns in meridional heat andmoisture transport. The
change pattern in 850 hPa 2y (­q/­y) has a positive correlation
with its current climatology in both the 1%CO2 (r 5 0.47) and
FixedIce runs (r 5 0.48, both with a p , 0.01) over the globe,
suggesting a strengthening in meridional moisture transport.
As shown in Figs. 9a and 9b, strengthened2y (­q/­y) is evident
over Europe, western-central North America, and most southern
latitudes in the 1%CO2 and FixedIce runs. On the other hand, the

change in 2y (­T/­y) has a weak and negative global pattern
correlation with its climatology in the 1%CO2 (r 5 20.21,
p, 0.01) and FixedIce runs (r520.06). Over northern mid-
to-high latitudes, the 2y (­T/­y) change generally shows an
opposite sign with its climatology (Figs. 9d,e), indicating a
weakening of meridional heat transport in most northern
mid-to-high-latitude regions. This is consistent with Dai and
Deng (2021), who found that a pattern correlation of 20.54
over 408–908N between2y (­T/­y) climatology and its change
in the CESM1 1%CO2 run.

FIG. 6. Ensemble-mean October–March mean (left) V850 and (right) V300 changes (m s21) in response to Arctic
sea ice loss from the PAMIP OAGCM experiments for (a),(b) three-model mean, (c),(d) CESM1, (e),(f) HadGEM3-
GC31-MM, and (g),(h) NorESM2-LM. The stippling indicates the change is significant at the 5% level based on a
Student’s t test. Their pattern correlation over the globe (308–608N) with the CESM1-simulated 1%CO2 minus
FixedIce y difference shown in Figs. 3b,d is given at the top right.
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When averaged over the 308–608N/S zones, the CTL y clima-
tology over both zones is modified only slightly by the y changes
(Fig. 10). The zonal variance of the CTL y climatology increases
only by ∼10% in the 1%CO2 and FixedIce runs (slightly larger
in the latter), and the AA-induced variance change is even
smaller (∼3%). However, large local impacts should be noted.
Both the 1%CO2 and FixedIce runs reveal an eastward shift
(by ∼58 longitude) and a significant strengthening (by ∼1 m s21)
of the northerly CTL y climatology over central Europe
(Figs. 1a, 3a, and 10a,b,g,h). In addition, the northerly CTL y cli-
matology around North America (over East Asia) is weakened

(strengthened) by the future y change but only by ∼0.4 m s21

(∼0.3 m s21) (Figs. 10a,b,g,h). Over 308–608S, the y climatology
is strengthened slightly (by∼0.15 m s21) in both the 1%CO2 and
FixedIce runs, with little influence fromAA and Arctic sea ice
loss (Figs. 10d–f and 10j–l). Overall, the 308–608S averaged y

change is about a factor of 4 weaker than the current y clima-
tology, leading to similar mean y winds over most longitudes
for the current and future climates in both the 1% CO2 and
FixedIce simulations (Figs. 10d,e,j,k).

The effect from AA and Arctic sea ice loss (shading in the
right column of Fig. 10) is even smaller than the y change in the

FIG. 7. CESM1-simulated 3-month moving-averaged (a)–(f) V850 and (g)–(l) V300 changes (m s21; relative to the CTL climatology) averaged
over 308–608N in (a)–(c) and (g)–(i) and 308–608S in (d)–(f) and (j)–(l) as a function of month and longitude during the 20 years (years 131–150)
around the time of 43 CO2 in the (left) 1%CO2 and (center) FixedIce runs and (right) the 1%CO2minus FixedIce difference.
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1%CO2 or FixedIce run, and it generally weakens the current y
climatology slightly (#0.2 m s21 averaged over 308–608N) with
a global pattern correlation of 20.11 for V850 and 20.25 for
V300. The AA-induced y change, however, does not weaken
the climatological y everywhere in the northern mid-to-high
latitudes. As shown in Fig. 3b, it enhances the current northerly
V850 climatology over interiorNorthAmerica and strengthens
the current southerly V850 over the eastern North Pacific and
westernNorth Atlantic, partially cancelling the response to the
increased CO2 alone (by ∼50%). Moreover, AA does not

always go against the effect of increased CO2; for instance,
they both lead to negative V850 change over East Asia
(1108–1258E, 208–358N; Figs. 3a,b), enhancing the current north-
erly V850 climatology by ∼0.3 m s21 (18%) and ∼0.2 m s21

(12%), respectively.
As mentioned above, the projected strengthening in clima-

tological northerly y over central Europe shown in Figs. 2a
and 11a and previous studies (e.g., Tuel et al. 2021) is mainly
due to the effect of CO2 forcing without AA (Figs. 3 and
10a–c). As can be seen in Fig. 11a, the CMIP6 multimodel

FIG. 8. CESM1-simulated October–March mean y changes (m s21; relative to CTL climatology) as a function of pressure levels aver-
aged over the 20 years (years 131–150) around 4 3 CO2 from the 1%CO2 (black lines) and FixedIce runs (orange lines) and the 1%CO2

minus FixedIce difference (purple lines) averaged over 308–608N in (a)–(g) or 308–608S in (h)–(l) at selected longitude locations as marked
in Fig. 1: (a) 308E, (b) 1458E, (c) 1658W, (d) 1358W, (e) 958W, (f) 658W, (g) 208W, (h) 1208E, (i) 1808, (j) 1258W, (k) 708W, and (l) 108W.
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mean V850 changes over Europe exceed the intermodel stan-
dard deviation, whereas the intermodel standard deviation is
larger around North America and thus covers the multimodel
mean y changes there, indicating a higher signal-to-noise ratio
over Europe than around North America, which is consistent
with a greater uncertainty in V300 and hydroclimate response
in western North America than in the Mediterranean, as dem-
onstrated by Simpson et al. (2016). This is likely due to that the
effects from AA and increased CO2 alone on y are more com-
parable around North America (Figs. 3 and 10b,c,h,i). In the
models with stronger northerly V850 changes over Europe, we
see a drier Europe near the end of the twenty-first century,
which exacerbates the drying over the Mediterranean region
(Figs. 11b,c). However, the strengthened northerly y over
Europe will not lead to more cold air outbreaks in the future
due to the reduced ­T/­y resulted from Arctic sea ice loss

(Dai and Deng 2021) and the local warming caused by shrink-
ing snow cover (Peings et al. 2013). Daily temperature variabil-
ity and temperature extremes are projected to decrease over
the northern midlatitudes (Chen et al. 2019) due to a reduction
in ­T/­y and its variance rather than changes in y (Dai and
Deng 2021).

4. Impacts of nonuniform warming

This section attempts to explore the causes of the y change
patterns over the extratropical regions in response to increased
CO2 and AA alone. Simpson et al. (2016) suggested that the
WN5 y change pattern in the northern subtropical upper tro-
posphere, where the zonal-mean westerly winds are strong
and act as a waveguide, is due to a shift in the dominant scale
of intermediatewaves (WN$ 4) causedbywesterly accelerations.

FIG. 9. CESM1-simulated October–March mean changes in meridional advection of (a)–(c) specific humidity
[2y (­q/­y) ; shading; kg kg21 s21] and (d)–(f) temperature [2y (­T/­y) ; shading; K s21)] at the 850-hPa level averaged
over the 20 years (years 131–150) around 43 CO2 from the (top) 1%CO2 and (middle) FixedIce runs, and (bottom) their
difference, together with the CTL climatology [contour intervals are 23 1029 kg kg21 s21 and 83 10216 K s21 in (a)–(c)
and (d)–(f), respectively, with pink lines for positive and blue lines for negative values; zero contours are omitted]. The pat-
tern correlation coefficient between the contours and shading are shown at the bottom left of each panel.
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However, the intermediate waves are not evident in the lower tro-
posphere and the Southern Hemisphere in our CESM1 runs
(Figs. 5a,d). Moreover, the y response to increased CO2 and
AA alone on the poleward flank of the subtropical jet is

dominated by the WN4 (WN3) pattern (Figs. 4c–f) rather than
WN5 pattern. This suggests that the previously proposed mecha-
nism involving jet acceleration and prevalence changes in interme-
diate waves may not play a major role in the CESM1-simulated

FIG. 10. CESM1-simulated October–March mean (a)–(f) V850 and (g)–(l) V300 averaged over 308–608N in (a)–(c) and (g)–(i) and
308–608S in (d)–(f) and (j)–(l) during the 20 years (years 131–150) around the time of 43 CO2 from the CTL (black), 1%CO2 (red), or Fix-
edIce (blue) runs, and the difference between the two curves (gray shading; multiplied by a factor of 4).

FIG. 11. (a) CMIP6 multimodel mean October–March V850 climatology (m s21) near the end of the twentieth (black line; 1970–99) and
twenty-first centuries (red line; 2070–99) averaged over 308–608N, and its change from 1970–99 to 2070–99 (gray bars; multiplied by a fac-
tor of 4). Blue vertical lines highlight the 61 standard deviation range of the changes among the 36 CMIP6 models (also multiplied by a
factor of 4). (b) CMIP6 multimodel mean precipitation–evaporation (P 2 E) changes (mm day21) averaged over October–March from
1970–99 to 2070–99 over Europe and surrounding regions. (c) The differences of the P 2 E changes (mm day21) between the 10 CMIP6
models with largest and smallest northerly V850 change averaged over the cross section 308E, 308–608N (shown in Fig. 1). The stippling in-
dicates that the change or difference is significant at the 5% level based on a Student’s t test.
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y responses in the lower troposphere, in the northern mid-
to-high latitudes, and the Southern Hemisphere.

Themean ywind pattern also depends on the orography and
zonal thermal contrast (Wills et al. 2019). While the orography
is fixed, the lower-tropospheric temperature warms unevenly
under increasing GHGs due to different surface properties of
ocean and land (e.g., more evaporative cooling over oceans
and positive surface albedo feedback over land; Joshi et al.
2013), deep-ocean heat uptake and storage (Manabe et al.
1991; Marshall et al. 2015), upper-ocean horizontal heat trans-
port (Dai et al. 2005), and amplified warming associated with
Arctic sea ice loss (Dai et al. 2019). With reduced zonal tem-
perature contrast, AGCM simulated a zonal wavenumber-4
geopotential height response in the midtroposphere over the
northern midlatitudes during winter (Molteni et al. 2011). The
zonal thermal contrast from East Asia to the western North
Pacific in themiddle and upper troposphere determines the re-
cent changes in the strength of the East Asian summer mon-
soon, with a large-scale southerly flow over East Asia (Dai

et al. 2013). Dai and Deng (2021) found that the y and ­T/­x
change patterns at 850 hPa under increased CO2 are signifi-
cantly correlated over the Northern Hemisphere mid-to-high
latitudes. These findings all suggest that the y change patterns
may be partly caused by zonally nonuniformwarming.

Figure 12 shows the changes in surface air temperature
(SAT) and 500-hPa air temperature in the CESM1 runs and
their zonal anomalies (i.e., deviations from the zonal mean
change). It is clear that the surface and tropospheric warming
is zonally nonuniform, with larger warming over East and
South Asia, North America, Africa, and South America but
less warming over the oceans at similar latitudes in both the
1%CO2 and FixedIce runs (Figs. 12a,c).Warming over Europe
is below the zonal mean but still larger than that over theNorth
Atlantic Ocean. The temperature zonal anomalies at 500 hPa
(Figs. 12b,d) are similar to those for SAT, with a global pattern
correlation of 0.51 and 0.65 for the 1%CO2 and FixedIce runs
(p , 0.01 for both cases). The SAT changes due to increased
CO2 are similar to the rapid response to CO2 increases without

FIG. 12. CESM1-simulated October–March mean change (relative to CTL climatology) in (left) surface air
temperature (SAT; contours; K) and its zonal anomalies (shading; deviations from the zonal mean change) and
(right) 500-hPa air temperature (T500; contours; K) and its zonal anomalies (shading; deviations from the zonal
mean change) averaged over the 20 years (years 131–150) around the time of 4 3 CO2 from the (a),(b) 1%CO2

and (c),(d) FixedIce runs and (e),(f) the 1%CO2 minus FixedIce difference.
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the ocean feedback response (Zappa et al. 2020). Such a warm-
ing pattern should weaken the current winter cold land–warm
ocean pattern, leading to weaker zonal thermal contrasts over
many regions in the Northern Hemisphere (Figs. 13a–d), al-
though the y change patterns are only weakly correlated with
those of the ­T/­x change patterns on the same pressure level.
This is due to the fact that the zonal geopotential height gradi-
ent and the geostrophic y wind should be proportional to the
vertically integrated ­T/­x, not the ­T/­x at the same pressure
level. The zonal-mean surface and lower tropospheric warming
over northern mid-to-high latitudes is much larger in the
1%CO2 run than in FixedIce due to oceanic heating associated
with sea ice loss (Dai et al. 2019; Dai and Song 2020); however,
the zonal warming anomalies are stronger only over areas with
large sea ice loss (e.g., the Barents–Kara Seas, Okhotsk Sea,
Bering Sea, Baffin Bay, and Labrador Sea) but are weaker
over most Eurasia and eastern Canada (Fig. 12e). The en-
hanced warming over ice-melting regions in response to Arctic

sea ice loss has also been found in previous coupledmodel sim-
ulations (e.g., Deser et al. 2016; Smith et al. 2017). Thus, Arctic
sea ice loss generally leads to a larger land–ocean temperature
gradient in the northern mid-to-high latitudes (Figs. 12e,f), a
pattern that is roughly opposite to the warm land–cold ocean
pattern caused by the effect of CO2 forcing without AA
(Figs. 12c,d). Therefore, the effect of increased CO2 without
AA weakens the winter cold land–warm ocean pattern but the
AA andArctic sea ice loss enhances this pattern.

Besides the above-mentioned surface property differences
between land and ocean, stronger westerlies under increased
CO2 can cause nonuniform warming by pushing warm ocean
air into the cold land in winter and more cold land air into the
ocean, leading to higher (lower) temperatures over the western
side of the continents (oceans) (Molteni et al. 2011), which is
not shown in Figs. 12a and 12c. Thus, the enhanced warming
over land areas is unlikely to be a result of the accelerations in
zonal westerlies.

FIG. 13. CESM1-simulated October–March mean changes (relative to CTL climatology) in zonal gradients of air
temperature (­T/­x) at (left) 850 hPa and (right) 300 hPa (shading; K per 100 km) averaged over the 20 years around
the time of 43 CO2 (years 131–150) from the (a),(b) 1%CO2 and (c),(d) FixedIce runs, and (e),(f) the 1%CO2 minus
FixedIce difference. Also shown is the CTL climatology of the zonal temperature gradients (contours, interval is 0.08
and 0.04 K per 100 km for 850 and 300 hPa, respectively, with red lines for positive and blue lines for negative values,
zero contours are omitted). The pattern correlations between changes in ­T/­x and y over 308–608N and 308–608S are
shown at the top-right corner.
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As mentioned above, the larger warming over land than
over ocean (Figs. 12a–d) results mainly from different land
and ocean surface properties; for example, more evaporative
cooling, vertical mixing, and larger heat capacity over the

oceans can reduce CO2-induced warming. Although in theory
the y changes can cause different temperature changes over
different longitudes (e.g., a southerly y can lead to warm tem-
peratures), the fact that the y change patterns (Fig. 1) do not

FIG. 14. October–March mean changes in geostrophic wind yg (shading; m s21) estimated using Eq. (1) compared
with the CESM1-simulated y change [contours; interval5 0.2 m s21 for (a)–(f) and 0.4 m s21 for (g)–(l), red for posi-
tive and blue for negative values; zero contour omitted] over (a)–(c),(g)–(i) 308–908N and (d)–(f),(j)–(l) 308–908S at
850- and 300-hPa levels averaged the 20 years (years 131–150) around of 4 3 CO2 from the (left) 1%CO2 and
(middle) FixedIce runs, and (right) the 1%CO2 minus FixedIce difference. The pattern correlation between the shad-
ing and contours is given at the top right of each plot.
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match the temperature change patterns (Figs. 12a–d) suggests
that the impact of the y changes on the warming patterns is
likely small.

Locally enhanced warming leads to positive (negative)
­T/­x changes on the west (east) side of the enhanced warm-
ing centers (Fig. 13). Figure 14 depicts the changes in geo-
strophic meridional wind vg estimated using Eq. (1), which is
governed by the changes in zonal gradient of layer-mean tem-
perature (­T /­x). It is found that the yg changes closely match
the CESM1-simulated y change (contours in Fig. 14) in terms
of spatial pattern and magnitude, with strong and positive pat-
tern correlations over 908–308S and 308–908N (shown at the
top right of the panels in Fig. 14). There are regional differ-
ences near plateaus and mountains in the lower troposphere,
possibly due to the friction and the errors in estimating T
changes from the monthly data. The results suggest that zon-
ally uneven warming contributes to zonally nonuniform
changes in vertical thickness and geopotential height at aloft
pressure levels, which can affect extratropical y via the geo-
strophic balance.

As shown in Fig. 15a, the CMIP6 multimodel mean SAT
changes from 1970–99 to 2070–99 and the zonal anomalies are
similar to the SAT changes in CESM1 1%CO2 run shown in
Fig. 12a. To examine whether the different responses in land–
ocean thermal contrast among the CMIP6 models contribute
to their different y responses, we chose 10 CMIP6 models with
the V850 change patterns most similar to those in the 1%CO2

runs (measured by the global pattern correlation of the V850
changes). These 10 models show a more robust WN4 (WN3)
structure of the y change in the northern (southern) midlati-
tudes (not shown), and they tend to exhibit more enhanced
warming over land than the other models (Fig. 15b). The SAT
zonal anomalies averaged over the land areas highlighted by
the cyan boxes in Fig. 15b are used to construct a warm-land in-
dex. Figure 15c shows that the warm-land index is strongly re-
lated to the pattern correlations of the V850 changes between
the CESM1 1%CO2 run and individual CMIP6 models. Mod-
els with a larger warm-land index exhibit a V850 change pat-
tern more similar to that in the CESM1 1%CO2 run with a
WN4 (WN3) structure in the northern (southern) extratropics.

FIG. 15. (a) CMIP6 multimodel-mean SAT changes (contours; K) and their zonal anomalies (shading; deviations from the zonal mean
change) averaged over October–March from 1970–99 to 2070–99 from the all-forcing historical (for 1970–2014) and SSP5–8.5 (for 2015–99)
simulations averaged over the 36 CMIP6 models. (b) The differences of the SAT changes (contours; K) and their zonal anomalies (shading;
deviations from the zonal mean) between the 10 CMIP6 models with V850 change pattern most similar to the CESM1-simulated V850
change pattern in the 1%CO2 run (shown in Fig. 1a) and the other 26 CMIP6 models. Regressions of the pattern correlations between the
V850 patterns in CESM1 1%CO2 run and individual CMIP6models against the (c) warm-land index and (d) subtropical upper-tropospheric
u index calculated from individual CMIP6 models (each circle is for one model), with correlation coefficients (r) given at the top-left corner.
The blue shading denotes the 61 standard deviation range of the pattern correlations. The warm-land index is defined as the SAT zonal
anomalies averaged over the regions highlighted by the cyan boxes in (b) that include northern Asia, northern North America, southern
Africa, southern Australia, and southern South America. The subtropical upper-tropospheric u index is defined as the u changes at 100 hPa
averaged over 208–408N following Simpson et al. (2016).
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Thewarm-land index can explain almost half (∼48%) of the in-
termodel variance in this correlation, indicating that the land
warming amount has a large impact on the y response pattern
in the CMIP6 models. In contrast, the intermodel spread of the
pattern correlation is unrelated to subtropical upper-tropospheric
u changes (Fig. 15d), which play a crucial role in the subtropi-
cal upper-tropospheric y changes (Simpson et al. 2016). The
results are not very sensitive to the choice of midlatitude land
areas in calculating the warm-land index; most of the sensi-
tivity results from western Europe, where the warming re-
sponse is much milder than in other continental areas at
the same latitudes, likely due to the influence of the North
Atlantic (Fig. 15a). Also, rescaling the changes in y, u, and
warm-land index by the simulated amount of global warming
in individual models did not affect the results. These results
suggest that the projected y change patterns in the extra-
tropics are linked to the model-dependent response in land–
ocean thermal contrast.

The SAT change patterns in the PAMIP OAGCM models
(not shown) resemble the CESM1-simulated 1%CO2 minus Fix-
edIce SAT difference shown in Fig. 12e, resulting in negative val-
ues of the warm-land index. The warm-land index calculated
from CESM1 and HadGEM3-GC31-MM, whose y change pat-
terns are more similar to the 1%CO2 minus FixedIce y difference
map (Figs. 6c–f), is especially negative. The PAMIP AGCM
models exhibit weaker warming over the northern midlatitude
oceans than the PAMIP OAGCM experiments (Peings et al.
2021). The results suggest that the y response pattern to Arctic
sea ice loss is likely related to the enhanced land–ocean thermal
contrast in winter; however, models may respond differently to
the same amount of sea ice loss, resulting in uncertainties in the y
response pattern.

5. Conclusions and discussion

In this study, we examined tropospheric y changes over the
globe in response to a 43CO2 increasewith andwithout the ef-
fect of AA in CESM1, the CMIP6 model-projected y changes
by the end of the twenty-first century, and the PAMIP model-
simulated y response to Arctic sea ice loss. The extratropical y
change pattern is approximately barotropic (i.e., with the same
sign) and stronger in the boreal cold season. We found that the
total y change pattern is dominated by the effect of increased
CO2 without AA. In the Northern Hemisphere, extratropical y
response to increased CO2 alone is characterized by a zonal
wavenumber-4 (WN4) pattern. Arctic sea ice loss and the asso-
ciated AA have an effect opposite to that of increased CO2,
generally weakening the climatological y pattern slightly. One
exception is around North America where the y climatology is
strengthened slightly by the effect of AA but weakened by the
CO2 forcing. The effect of AA is reduced in atmospheric
model-only simulations with specified SSTs due to the strong
dampening effect from fixed SSTs. Overall, the impact on cur-
rent y climatology is quite small, and the zonal variance of the y
climatologywould increase only by∼10% over 308–608Ndue to
the 43CO2 forcing. However, the y changes are closely related
to the meridional moisture advection and thus have significant
impacts on local hydroclimates over regions like Europe. A

shift to the east (by ∼58 longitude) and an amplitude increase
(by ∼1 m s21) in the y climatology caused by the effect of in-
creased CO2withoutAAdominates the total y change overEu-
rope, resulting in stronger northerlies in this region and drier
conditions in southern Europe, which may have contributed to
the increasing droughts around the Mediterranean region (Dai
2013; Seager et al. 2019). As the changes in extratropical y sig-
nificantly affect heat and moisture transport, it will be interest-
ing to examine their contributions to the regional climate
changes in the future, such as droughts in Europe (e.g., Lehner
et al. 2017; Tuel and Eltahir 2020), increased precipitation in
western North America (Hagos et al. 2016), and frequent
droughts andwildfires in theAmazon (Duffy et al. 2015).

In the tropics, where the y climatology is weak, the y changes
due to increased CO2 alone have opposite signs in the lower
and upper troposphere, closely connected to the changes in
tropical convection and vertical motion. In the extratropical
Southern Hemisphere, increased CO2 generates a zonal wave-
number-3 y change pattern, which generally enhances the cli-
matological y pattern. The effect of AA on tropospheric ywind
is negligible in the tropics and SouthernHemisphere.

The CESM1-simulated y changes can be partially explained
by the different warming rates over land and ocean under in-
creasing CO2. The effect of CO2 forcing generally weakens
the land–sea thermal contrast, while the Arctic sea ice loss
tends to enhance it in the latitudes north of ∼308N. The extra-
tropical y changes show large intermodel differences among
CMIP6 models that are also linked to their different warming
rates over land areas.

Change in the daily y variance is not examined here but is
in Dai and Deng (2021). They showed that the increased CO2

reduces daily y variance over most of the northern mid-to-
high latitudes except central-eastern Asia, while AA has little
effect on it. This result is consistent with previous findings
that AA does not significantly alter waviness on synoptic or
intraseasonal time scales (Hassanzadeh et al. 2014; Blackport
and Screen 2020; Tierney et al. 2021). The change patterns of
daily y variance in response to increased CO2 and AA differ
from those of time-mean y shown in this study (Dai and Deng
2021), suggesting that the high-frequency wave responses may
reinforce or cancel themselves when averaged over time, de-
pending on geographical locations. To understand the impact
of GHG forcing and AA on extreme weather, we plan to ex-
amine the prevalence of phase and persistence of regional
daily y changes in the CESM1 simulations.

Our results show that increased CO2 and AA can change the
extratropical y pattern by altering the land–ocean thermal con-
trasts, while the tropical y changes are related to changes in tropi-
cal convection and vertical motion. In fact, tropical convection
changes can also affect the extratropical y pattern by meridio-
nally propagating wave trains (Haarsma and Selten 2012). In ad-
dition, while the orography is fixed, adiabatic heating on
orographic slopesmay change in response to changes in humidity
and background flow under global warming, potentially affecting
the y pattern (Wills and Schneider 2018). Considering that local
impacts of the y change can be significant, such as the strengthen-
ing of climatological northerlies over Europe that may exacer-
bate the drying in the Mediterranean region, more research is
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required on the mechanisms causing regional y changes. In addi-
tion to increased CO2 and AA, many other factors can affect
land–ocean thermal contrasts. For example, increasing anthro-
pogenic aerosols generally weaken the winter land–ocean ther-
mal contrast outside the Arctic and have a nonlinear effect with
increasing CO2 over the northern midlatitudes (Deng et al.
2020). The impacts of external forcing besides CO2 (e.g., anthro-
pogenic aerosols) on the global ocean–land contrast and thus y
pattern also need to be examined in future studies, although the
similarity between our CESM1 and CMIP6 results suggests that
the non-CO2 forcing may play only a small role for the y change
in the twenty-first century.
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