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ABSTRACT: The Northern Hemisphere warms faster under global warming and suffers from more frequent heatwaves,
causing considerable social and economic damage. The Northern Hemisphere surface warming exhibits strong regionality,
with multiple “hotspots” (areas of enhanced warming), but the relations among them remain unclear. This study finds a
dominating zonal wavenumber-3 (ZW3) trend pattern in the upper-level geopotential heights during the boreal summer.
The summer geopotential heights show significant increasing trends along the latitudinal circle around 60°N, with three
centers located over northeastern America, western Eurasia, and eastern Siberia. The regionally enhanced surface warm-
ing trends are closely linked to the increased geopotential through the reduced cloud cover, exhibiting a consistent ZW3
pattern. The model simulations forced by sea surface temperature (SST) and Arctic sea ice cover (SIC) indicate that the
SST forcing plays an important role in generating the ZW3 pattern, while the contribution of the SIC is minimal. A theo-
retical barotropic model can fairly well reproduce the observed ZW3 structure forced by a heating source located over the
subtropical North Atlantic, where the SSTs show prominent warming trends and a close relationship with the ZW3 pattern.
Our results indicate that the hotspots may be interconnected and are related to a Rossby wave train with a ZW3 structure.
It highlights a vital role of tropical/subtropical SSTs on the atmospheric circulation and the associated surface enhanced
warming over the mid- to high latitudes, which may have great implications for the coordinated heatwave events and tropi-
cal–extratropical teleconnections.

KEYWORDS: Atmosphere-ocean interaction; Atmospheric circulation; Planetary waves; Teleconnections;
Extreme events; Sea ice

1. Introduction

The global mean surface temperature has increased sub-
stantially by about 1°C since 1900, with a more rapid warming
rate of 10.18°C decade21 since 1981 (Hartmann et al. 2013).
In addition to the mean global warming, it also exhibits strong
regionalities. A faster warming rate is shown in the Northern
Hemisphere than over the Southern Hemisphere, and land is
usually heated more intensely than the ocean (Sutton et al.
2007). A minor change that took place in the mean state is
deemed to cause a significant shift in extremes (Field et al.
2012; Perkins 2015). Over the past decades, record-breaking
warming events have been witnessed around the globe.
Observational evidence also indicates that the summer cli-
mate in Europe has been warming at a very high rate in recent
decades, associated with pronounced trends in temperature
extremes (Boé et al. 2020; Klein Tank and Können 2003).

East Asia and North America are also exposed to the threat
of extremely high temperatures over the years (Qian et al.
2020; Wu et al. 2012b). Those regions are highly populated
and active in economic activities and thus are more vulnerable
to such temperature extremes. Moreover, in the context of
future global warming, such events will be more frequent and
more intense (Hartmann et al. 2013; Meehl and Tebaldi
2004), causing considerable damage to human society and nat-
ural environment. Therefore, it is of importance to evaluate
both global and regional enhanced warming trends and inves-
tigate their causes and potential linkages under the circum-
stances of mean temperature rise.

Rising atmospheric greenhouse gas concentrations are the
main reason for the recently enhanced heat extremes (Christi-
dis et al. 2005; Stott et al. 2000; Tett et al. 2002). For example,
the increase in greenhouse gas concentrations could exacer-
bate the variability of summer temperatures in Europe (Stott
et al. 2004), leading to higher frequency, longer duration, and
more intense warming events (Fischer and Schar 2009, 2010).
Several studies have also analyzed the characteristics of
extreme events in the context of future global warming of 1.5°
and 2°C using climate model simulations (Dosio et al. 2018).
The 2°C level of global warming would significantly increase
global extreme heatwave events compared to 1.5°C.

In addition to the greenhouse effect, atmospheric circula-
tion and land–atmosphere interactions are fundamental fac-
tors causing above-average surface warming trends in the
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Northern Hemisphere (Kysely 2007; Kysely and Domonkos
2006). A persistent high pressure system favors the develop-
ment and maintenance of high temperature via prevalent
descending motions, and the heat released during the sinking
motion is conducive to surface heating. Meanwhile, divergent
flow associated with high pressure reduces cloud and increases
the downward shortwave radiation on the ground, heating the
surface directly, which is also conducive to extreme high-
temperature events. For instance, it is suggested that the high
pressure system contributed to the 2003 European heatwave
(Tomczyk et al. 2017). In addition to large-scale circulation
systems, anomalies in land surface conditions also have an
important influence on the recent enhanced warming trend
(Fischer et al. 2007a). Abnormal reduction of soil moisture
can weaken the cooling effect caused by latent heat release,
which in turn leads to surface warming (Fischer et al. 2007b).
Also, snow cover is suggested to enhance heatwave activity via
inducing changes in atmospheric circulation and reduced
albedo (Wu et al. 2012a).

Another important factor in Northern Hemisphere high
temperature extremes is sea surface temperature (SST) asso-
ciated with internal atmospheric variability (Perkins-Kirkpat-
rick et al. 2017). Previous studies have demonstrated that
global land warming is partly caused by ocean heating
through moisture–radiation feedbacks rather than a direct
response to increasing greenhouse gases alone (e.g., Compo
and Sardeshmukh 2009). Pan-tropical SST variability strongly
modulates the heatwave activity across the Northern Hemi-
sphere through anomalous atmospheric circulation. The
occurrence of heatwave events in the European region is
closely linked to the anomalous warming of the equatorial
Atlantic Ocean (Cassou et al. 2005; Della-Marta et al. 2007;
Sutton and Hodson 2005). For the East Asian region, a previ-
ous study has shown that summer temperature in China is
connected with SST anomalies over the Indian Ocean by the
anomalous large-scale atmospheric circulation (Hu et al.
2011). Meanwhile, the surface air temperature and related
extremes are also influenced by some predominant climate
modes (e.g., MJO, mega-ENSO, and AMO) (Hsu et al. 2020;
Zhou and Wu 2016). In addition, a strong correlation is
observed between the interdecadal pattern of North Ameri-
can heatwave frequency and the spring SST anomaly in the
tropical Atlantic and western Pacific (Wu et al. 2012b). Above
all, other studies also demonstrate the importance of Arctic
sea ice cover (SIC) on the Northern Hemisphere temperature
as the combined effects of SST/SIC could explain about
62.2% of the Eurasian air temperature warming trend (Dong
et al. 2017). The summer Arctic sea ice has been witnessing a
rapid shrinking trend during the recent decades (Cai et al.
2021). A good relationship has been found between the Arctic
sea ice loss and summer north-central United States air tem-
perature (Budikova et al. 2017). The Arctic sea ice loss
changes surface albedo and allows more absorption of short-
wave radiation, causing faster heating than other latitudes,
which is called Arctic amplification (Serreze et al. 2009;
Stroeve et al. 2012). The Arctic amplification is linked to the
midlatitude extreme weather events, as revealed by previous
studies (Cohen et al. 2014; Coumou et al. 2018). Due to the

reduction in SIC, the temperature gradient between the Arc-
tic and lower latitudes declines, which amplifies the midlati-
tude wave activity and associated circulation anomalies
(Overland and Wang 2010), resulting in an increase in surface
air temperature and heat extremes. On the other hand, there
are some disagreements regarding whether the Arctic sea
ice loss suppresses midlatitude warming (Wu et al. 2016), and
the relative role of SIC in comparison with SST in the recent
enhanced warming trend remains elusive.

A previous study indicated that the Northern Hemisphere
“hotspots” located in western Europe, northern East Asia,
and North America exhibit coherent patterns, which may be
further regulated by the Atlantic multidecadal oscillation
(AMO) (Gao et al. 2019). It raises the question of whether
these enhanced warming events are independent. If not, how
are they connected? Previous studies have found a potential
linkage between the mid- to high-latitude Rossby wave and
Northern Hemisphere heatwave activity. It is suggested that
an anomalous Rossby wave with wavenumber 5 is responsible
for U.S. heatwaves (Teng et al. 2013), which implies an impor-
tant role of internal atmospheric dynamics on heatwave
events rather than thermal processes alone. Indeed, a circum-
global teleconnection (CGT), with a wavenumber-5 structure,
is thought to influence the Northern Hemisphere summertime
surface air temperature (Ding and Wang 2005). The CGT
exhibits a phase-locked pattern, and the geographic centers
generally correspond with the aforementioned hotspots, indi-
cating that the recent enhanced warming trends are likely
interconnected via atmospheric planetary waves. In the light
of CGT, previous studies have investigated the relationship
between the amplified Rossby waves and regional tempera-
ture extremes (Screen and Simmonds 2014). The zonal wave-
number-5–8 patterns generated through the quasi-resonant
amplification (QRA) mechanism (Kornhuber et al. 2017a;
Kornhuber et al. 2017b) have been investigated and proved to
influence extreme high temperature events (Coumou et al.
2014; Kornhuber et al. 2019) on the synoptic time scale. How-
ever, it is still not fully understood how the planetary wave
interacts with surface warming on the interannual and inter-
decadal time scale. A previous study has illustrated the zonal
wavenumber-3 pattern in the Northern Hemisphere winter
(Teng and Branstator 2012). Does wavenumber-3 pattern also
exist during boreal summer? If so, how are hotspots intercon-
nected via the planetary wave mechanism on interannual and
longer time scales?

This study investigates the zonal wavenumber-3 trend pat-
tern in the Northern Hemisphere summer and links it with
the recent warming trends over the aforementioned hotspots.
Considering that the mid- to high-latitude SAT may be modu-
lated by SST and SIC, we further evaluate the relative role of
SST and SIC in causing the zonal wavenumber-3 trend pat-
tern during boreal summer.

2. Data and methods

This study uses the Modern-Era Retrospective Analysis for
Research and Applications (MERRA) from NASA’s Global
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Modeling and Assimilation Office (Rienecker et al. 2011) and
the Japanese 55-year Reanalysis (JRA-55) from the Japan
Meteorological Agency (Kobayashi et al. 2015). The ERA5
data (Hersbach et al. 2020) are also employed for comparison.
The land surface temperature data are from HadCRUT4
(Morice et al. 2012), derived from the Met Office Hadley
Centre. The heatwave quantities are calculated based on the
HadGHCND maximum daily temperature data extending
from 1950 to 2014. The methods for defining a heatwave and
the metrics are consistent with the previous studies (Perkins-
Kirkpatrick and Lewis 2020; Perkins and Alexander 2013).
We define a heatwave when at least three consecutive days
are above the 90th percentile of maximum temperature for
each calendar day. The percentile is calculated on a 15-day
running window of daily maximum temperatures over
1961–90. Heatwave frequency is defined as the sum of all
heatwave days and heatwave amplitude (the peak daily maxi-
mum temperature in the hottest heatwave). In addition, the
SST data from the ERSST version 5 dataset are also used
(Huang et al. 2017). All data are employed for the period
1982–2013 for comparing the multidecadal trends among dif-
ferent datasets, and the assessment of the model simulations
ends in 2013. The results are largely similar if we extend the
trend analysis over a longer time period (1960–2018; see Fig. 1
in the online supplemental material). The trend analysis is cal-
culated over the JJA (June–August) mean to isolate the fea-
tures of trends during the boreal summer.

We conducted two experiments to distinguish the relative
influences of SST and SIC on atmospheric zonal wave pat-
terns, referred to as SST-SIC-EXP and SIC-EXP. In the SST-
SIC-EXP simulation, the model is prescribed with the
observed daily-varying Arctic sea ice and global SSTs derived
from the National Oceanic and Atmospheric Administration
(NOAA) high-resolution blended analysis of daily SST and
ice (OISST version 2) (Reynolds et al. 2007). In the SIC-EXP,
the model is forced by the observed daily-varying Arctic sea
ice and climatological SST. The sea ice data obtained from
Cavalieri et al. (1996) and Grumbine (1996) are used for the
period before and after 2005, respectively. The configuration
of Arctic sea ice and SST in the SIC-EXP simulation is consis-
tent with the previous studies (Sun et al. 2020). This experi-
ment aims to inspect the direct influence of the Arctic sea ice
on the atmospheric circulation and associated zonal wave pat-
terns, while the changes in SST indirectly related to the Arctic
sea ice are not taken into account.

The two experiments are performed under the NordForsk
funded GREENICE project (https://greenice.w.uib.no/about/)
(Ogawa et al. 2018), using the Community Atmosphere Model
(CAM4) (Neale et al. 2013), which contains 26 vertical levels
(up to 3 hPa), with a horizontal resolution of 0.9° 3 1.25°. The
model is prescribed with the transient external forcing, consis-
tent with the historical radiative forcing following the Atmo-
spheric Model Intercomparison Project (AMIP) protocol.
We employ an ensemble of 20 members to better highlight
the forced component of the atmospheric circulation (in
response to the SST or SIC) in the simulations, and the ensem-
ble mean is derived for analysis. The simulation data (SST-
SIC-EXP and SIC-EXP) are publicly available and derived

from https://wiki.uib.no/greenice/index.php/Main_Page for the
period 1982–2013.

We also construct a barotropic model to investigate the
responses of the mid- to high-latitude atmosphere to subtropi-
cal perturbations (Ting 1996). The model is based on the vor-
ticity equation and can be linearized about the basic mean
state when the model is applied at a single level with a hori-
zontal resolution of T42:

J c̄,∇2c′( )
1 J c′,∇2c̄ 1 f

( )
1n∇6c′ 1a∇2c′ � S′,

where J represents a Jacobian operator, c̄ and c′ are basic
state and perturbation streamfunctions, respectively, f is the
Coriolis parameter, and S′ is the anomalous vorticity source
induced by the divergence associated with the direct diabetic
heating and the ascending motion (Ting 1996); also, y is the
biharmonic diffusion coefficient (set to 2 3 1016 m4 s21) in
order to dampen small-scale eddies and a is Rayleigh friction
(set to 1021 days). According to the previous study, the baro-
tropic model is linearized about the basic mean flow at 500
hPa, which is the equivalent barotropic level for the summer
season as suggested in (Ting 1996).

In this study, the linear trends are calculated using the
robust Theil–Sen trend estimation method (Sen 1968), which
is more accurate than simple linear regression and insensitive
to outliers compared with the least squares method. The
trends are tested by applying the nonparametric Mann–Ken-
dall method. This method has been widely used in previous
studies and proved to be effective and accurate (Sun et al.
2019). In addition, we apply the Fourier decomposition
method on the trend fields to inspect the zonal harmonic pat-
terns over the mid- to high latitudes. The predominant zonal
wavenumber is determined by the amplitude squared of zonal
harmonics from 1–5 during the boreal summer (JJA).

3. Results

a. Patterns of trend in summer zonal waves and the
associated warming

We calculate the trends in 500- and 200-hPa geopotential
heights (shading in Fig. 1) based on the MERRA dataset. The
500-hPa trend field displays multiple increase centers with
slight decline trends located in between (Fig. 1a). The most
prominent uplifts in geopotential height are found over the
northeastern North America and Greenland region, Europe,
the Mongolian Plateau, and the eastern Siberia and North
Pacific region. Along the 60°N latitude circle, these active cen-
ters tend to modify the climatological troughs and ridges. For
instance, the troughs over the east coast of North America
and northern East Asia are weakened by the long-term
increasing trend, while the trough over western Siberia tends
to intensify due to the decline in geopotential heights. The
trend in 200-hPa geopotential height exhibits a similar pattern
(Fig. 1b), as the four increase centers correspond well, indicat-
ing a barotropic structure of the long-term trend. The geopo-
tential height at the 200-hPa level shows a more intense
increasing trend, and the active centers are stronger than at
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the lower level, together with extended spatial coverage. We
also inspect the trend in 500- and 200-hPa geopotential
heights using JRA-55 (see supplemental Fig. 2) and the spa-
tial patterns are consistent. Moreover, the trend patterns also
agree with previous study (Horton et al. 2015). The above
results indicate that the trend of geopotential height over the
mid- to high-latitude atmosphere exhibits significant zonal
fluctuations, which are independent of data selection.

To investigate the characteristic of the fluctuations in
upper-level geopotential height, we then apply the Fourier
decomposition method on the trend and climatology fields of
the 200- and 500-hPa geopotential heights. The amplitudes of
each zonal harmonic over latitudes are displayed in Fig. 2.
The climatological geopotential height (Fig. 2a) mainly exhib-
its zonal wavenumber-1 patterns at both the 200-hPa (shad-
ing) and 500-hPa (contours) levels. The zonal wavenumber-1
pattern is most significant at the higher latitudes (north of
60°N) as well as the subtropical region due to the land–sea
distribution and complex terrain. A zonal wavenumber 3 can
be found near 60°N, but it is rather weak at the upper tropo-
sphere. This suggests that the climatology of the Northern
Hemisphere geopotential height is likely dominated by the
zonal wavenumber-1 pattern, which is consistent with that in
the JRA-55 data (supplemental Fig. 3a). By decomposing the
trend pattern, we may find that the upper-level troposphere,
especially for the level of 200 hPa (shading), is dominated by a
zonal wavenumber-3 (ZW3) pattern (Fig. 2b). It is basically con-
fined to the latitudes of 60°N 6 8°. The ZW3 pattern corre-
sponds with the increasing trends of geopotential heights over
northeastern North America, Europe, and eastern Siberia, which
are statistically significant at the 95% confidence level. It suggests

that strong fluctuations indeed exist in the geopotential height
trends and exhibit a prominent ZW3 characteristic. Similar
results can be found using the JRA-55 data (see supplemental
Fig. 3b). Corresponding to the geopotential height, we also
examine wavenumber 3 in 200-hPa meridional winds. The spatial
trend pattern (not shown here) is consistent with that shown in
Fig. 1, and the amplitude of the decomposed harmonic 3 prevails
(supplemental Fig. 4). It suggests that the ZW3 pattern can be
identified in both geopotential and meridional winds. The above
results are consistently found in the ERA5 (supplemental Fig. 5).

We also find that the ZW3 pattern not only exists in the
long-term trend but also is a prominent pattern of interannual
variability. The leading empirical orthogonal function (EOF1)
pattern of the 200-hPa geopotential height (supplemental
Fig. 6a) exhibits a significant wave train pattern across the
mid- to high-latitude Northern Hemisphere, consistent with
the observed trend patterns in Fig. 1. Using the Fourier
decomposition method, the amplitude of the harmonic 3 is
most prominent in the EOF1 pattern (supplemental Fig. 6d),
indicating that the ZW3 pattern is still robust over variability.
The correlation map between the 200-geopotential height and
the time series corresponding with EOF1 is further examined
(supplemental Fig. 6c). There are three significant centers of
action located over northeastern North America, Europe, and
eastern Siberia, indicating that the ZW3 is a phase-locked pat-
tern and its active centers are prominent over interannual var-
iability. It must be noted that the correlation is insignificant
over Mongolia, indicating that the coherence of the increased
geopotential height in Mongolia with the ZW3 pattern is
rather weak at interannual variability. For the EOF1 of
detrended data (supplemental Figs. 6b and 6e), the spatial

FIG. 1. The climatology (contours; unit: m) and long-term trend (shading; unit: m yr21) of geopotential heights at
the (a) 500- and (b) 200-hPa levels during the boreal summer, using the MERRA data. The long-term trend is calcu-
lated for the period 1982–2013. The stippling indicates the trends that are significant at the 95% confidence level.
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pattern is somewhat similar to that observed, and the decom-
posed wavenumber 3 still prevails over other harmonics. The
above analysis provides statistical evidence that the ZW3 is a
prominent pattern of both trend and interannual variability in
atmospheric circulation during the boreal summer.

In addition, wave flux analysis (see appendix A) based on
JRA-55 data is carried out to examine the underlying physics
of Rossby wave energy propagation associated with the ZW3.
As shown in supplemental Fig. 7a, a significant zonal wave
train at 200 hPa is found over the mid- to high latitudes, pref-
erentially at a wavenumber of 3, propagating eastward. The
wave train consists of three active centers (the North America
and Greenland region, Europe, and eastern Siberia) con-
nected by strong wave fluxes. The wave flux pathway is con-
fined near 60°N, and the branches toward lower latitudes are
rather weak and insignificant compared to the zonal propaga-
tion. The wave train is also significant at 500 hPa, exhibiting a
ZW3 pattern (supplemental Fig. 7b). The wave flux indicates
strong connectivity among these centers, further verifying an
eastward dispersion of Rossby wave energy. The above results
conclude that the existence of zonally propagating ZW3 is
supported by basic Rossby wave propagation theories. It is
statistically significant and physically robust.

The increased geopotential height corresponds with more
descending motions, inducing air temperature warming due to
adiabatic heating and increases in the cloud-related down-
ward shortwave radiation. Thus, we inspect the trend in 850-
hPa air temperature and its zonal fluctuations. The air tem-
perature using the MERRA dataset (Fig. 3a) exhibits strong
and significant warming over the northeastern North America
and Greenland region, Europe, and eastern Siberia, corre-
sponding well with the increasing trend in geopotential

heights. Similarly, the air temperature also has zonal fluctua-
tions over the mid- to high latitudes. More importantly, the
zonally decomposed air temperature shows a prominent
wavenumber-3 pattern near 60°N latitude (Fig. 3b), consistent
with that in geopotential heights. We may notice that the
warming trends are not limited to the high-latitude regions but
also extend south to the areas like western North America, the
Black Sea, and the Mongolian Plateau. Thus, the zonal har-
monics with a wavenumber larger than 3 may relate to the
lower-latitude fluctuations. In the JRA-55 dataset, the trend
pattern is overall consistent, exhibiting an even more promi-
nent ZW3 pattern (supplemental Fig. 8). Based on the above
analysis, we may infer that the significant warming centers
over the mid- to high latitudes (approximately confined to the
range of 60°N 6 8°) are likely interconnected via the zonal
wave activity (supplemental Fig. 7), forming a ZW3 pattern in
both geopotential height and air temperature.

To further confirm the existence of the ZW3 pattern, we
calculate the long-term trend in surface air temperature
(SAT) using the HadCRUT data (Fig. 4a). There are three
warming centers, located in the northeastern North America
and Greenland region, Europe, and Mongolia, that resemble
the air temperature pattern at 850 hPa. In addition, the warm-
ing trend over eastern Siberia is relatively weak but still statis-
tically significant. At higher latitudes (north of 50°N), the
zonal fluctuation in SAT is prominent, which can be well
interpreted by the trends in geopotential height. As shown in
Fig. 1, the geopotential heights increase significantly over
northeastern North America and Greenland. For the north-
ern Eurasian continent (along 60°N latitude), the geopotential
heights also exhibit increasing trends over Europe and eastern
Siberia, with a decreasing trend in between. Thus, the SAT

FIG. 2. The amplitude squared of zonal harmonics 1–5 of the boreal summer geopotential heights (a) climatology
(unit: m2) and (b) long-term trend at the 500-hPa level (contours) and 200-hPa level (shading) (unit: m2 yr22) using
the MERRA data.
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warming trend centers well correspond with the trends in
atmospheric circulation, which exhibits a significant ZW3 pat-
tern. We also examine the trend in cloud cover (Fig. 4b). It is
likely that the intensified descending motions associated with
geopotential heights lead to anomalously low cloudiness,
which tends to amplify the net downward shortwave radia-
tion, resulting in long-term warming trends over the high-

latitude regions. Moreover, the SAT trend would also exhibit
zonal fluctuations to some extent, corresponding to the ZW3
pattern in the atmospheric circulation. Note that the reduc-
tion in cloudiness over eastern Siberia is not as significant as
in Europe and Mongolia. This is due primarily to the rela-
tively weak increase in geopotential height over the inland
regions. Accordingly, the warming over northeastern Siberia

FIG. 4. (a) The trend of summer surface air temperature (unit: K yr21) derived from the HadCRUT data for the
period 1982–2013. (b) The trend of cloudiness (unit: yr21) in the MERRA data. The stippling indicates trends that
are significant at the 95% confidence level.

FIG. 3. (a) The trends in summer 850-hPa air temperature (unit: K yr21) and (b) the corresponding amplitude
squared of zonal harmonics 1–5 (unit: K2 yr22), using the MERRA data. The long-term trend is calculated for the
period 1982–2013. The stippling indicates trends that are significant at the 95% confidence level.
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is also not that intense. Nevertheless, it is noticeable that the
zonal fluctuation in SAT is still prominent, and the eastern Sibe-
ria warming trend is an essential part, exhibiting a consistent
ZW3 pattern near 60°N latitude. We may conclude that the
zonal wave activity found in geopotential height (supplemental
Fig. 7) is able to explain the recent surface warming trends via
cloud-radiation feedback. It is likely a different approach for
understanding the interconnectivity of the surface warming
trends and the associated temperature extremes.

As suggested in previous studies, the shifts in mean surface
temperature would inevitably induce changes in extremes, such
as heatwave activity (Field et al. 2012; Perkins 2015). In recent
years, the Northern Hemisphere has been repeatedly subject to
severe heatwaves. Here, the relationship between the ZW3 and
heatwave activity is inspected. As shown in Fig. 5, the heatwave
amplitude and frequency exhibit overall increasing trends,
together with a few enhanced centers. Interestingly, the heat-
wave amplitude (Fig. 5a) centers in the northeastern North
America and Greenland region and in Europe, corresponding
to the enhanced warming in SAT and the increased geopoten-
tial heights. For the heatwave frequency (Fig. 5b), the increas-
ing trends over Greenland, Europe, and eastern Siberia are
prominent and statistically significant. These two heatwave
quantities both indicate a close connection with the SAT, which
exhibits a wavenumber-3 pattern. The spatial patterns of heat-
wave quantities are in good agreement with the upper-level
tropospheric zonal fluctuations, given implications of the inter-
connections among these heatwave active centers located over
the Northern Hemisphere mid- to high latitudes. The ZW3 pat-
tern found in the upper-level geopotential height has profound
influences on the surface enhanced warming trends as well as
the temperature extremes. Although the heatwave activity and
the increased geopotential height correspond well, the causes of
enhanced heatwave intensity and frequency are not conclusive.
It must be noted that the feedback of local land–atmosphere
interaction may also play a role in land surface warming and

the associated heatwave activity (Chen et al. 2020; Hong et al.
2017; Zhou et al. 2015, 2016). In addition, the ZW3-related
descending motions could initiate a series of reactions of the
land ecosystem that further intensify surface warming.

b. Role of SST/SIC in causing the zonal wavenumber-3
trend pattern

The long-term trends in geopotential heights exhibit signifi-
cant zonal fluctuations. The zonal wave activity is dominated
by a wavenumber-3 pattern along 60°N latitude, linking the
SAT warming trends and heatwave activities through the
alternating trends in geopotential height anomalies. It is evi-
dent based on the two reanalysis datasets. To further inspect
the driving force of the ZW3 pattern, we conduct two experi-
ments using the CAM4 model, referring to as SST-SIC-EXP
and SIC-EXP (see section 2). In addition, we also employ out-
puts from the CMIP6 historical run to discuss the possible
influence of the external forcing on the ZW3 pattern.

In the SST-SIC-EXP simulation, we first inspect the long-
term trend in geopotential height at the 500-hPa level
(Fig. 6a). The spatial pattern shows three prominent increasing
trend centers, located over northeastern North America, north-
ern Europe, and northeastern Siberia and the North Pacific.
The locations of the above centers generally agree with those in
the reanalysis, indicating that the model forced with both SST
and SIC is capable of reproducing the observed trends in geopo-
tential heights. To better characterize the fluctuations, we zon-
ally decompose the geopotential height field (Fig. 7a) and find
that a ZW3 pattern prevails over the other harmonics near
60°N latitude, consistent with the observations. For the 200-hPa
level (Fig. 6b), the increasing trends in geopotential height are
somewhat agreed with the observations and the decomposed
zonal harmonic 3 is still prominent (Fig. 7b). Based on the
above analysis, we may conclude that the model simulation that
takes both the SST and SIC forcings into account can reproduce

FIG. 5. The long-term trends in (a) heatwave amplitude (K yr21) and (b) heatwave frequency (days yr21) during the boreal summer. The
long-term trend is calculated for the period 1982–2013. The stippling indicates trends that are significant at the 95% confidence level.
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the increased trends in geopotential height over the mid- to
high latitudes to some extent, forming the observed ZW3 pat-
tern. In comparison with the observation, the long-term trend in
850-hPa air temperature is also inspected in Fig. 6c. The most
intense warming centers are located in northeastern North
America and northeastern Siberia, consistent with the observed
pattern in air temperature (Fig. 3). The decomposed air temper-
ature (Fig. 7c) also suggests that the ZW3 pattern prevails over
the other harmonics near 60°N latitude, in accordance with the
zonal fluctuations found in upper-level geopotential heights.

We must note that there are inevitable biases that exist
between model simulation and observation. The modeled
response to the SST forcing is weaker than that observed. The
underestimation could be related to the fact that the internal
variability is canceled out via a large-ensemble mean and the

model deficiency (Scaife and Smith 2018; Suarez-Gutierrez
et al. 2021). To quantitatively evaluate the consistency
between the modeled and observed patterns, we employ the
spatial pattern correlation method, which has been used in
previous studies to compare the modeled and observed results
(AchutaRao and Sperber 2006; Santer et al. 1996). The corre-
lation coefficient between the 200-hPa trend in SST-SIC-EXP
and observation (MERRA data) reaches 0.88. For the trend
pattern in 500-hPa geopotential height, the correlation coeffi-
cient still reaches 0.64. Other than the geopotential patterns,
we also examine the consistency of modeled and observed
850-hPa air temperature (r = 0.78). The above analysis indi-
cates that the SST-SIC-EXP can successfully reproduce the
observed patterns to some extent. The key features in the
ZW3 pattern are generally consistent.

FIG. 7. The amplitude squared of zonal harmonics 1–5 of (a) 500- and (b) 200-hPa geopotential heights (unit: m2 yr22), and (c) 850-hPa air
temperature (unit: K2 yr22) during the boreal summer in the SST-SIC-EXP.

FIG. 6. The long-term trends in (a) 500- and (b) 200-hPa geopotential heights (unit: m yr21) and (c) 850-hPa air temperature (unit: K
yr21) during the boreal summer in the SST-SIC-EXP. The long-term trend is calculated for the period 1982–2013. The stippling indicates
trends that are significant at the 95% confidence level.
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In the SIC-EXP simulation, the trends in geopotential
height and air temperature are also examined. Unlike the
SST-SIC forced patterns, the experiment without considering
the SST forcing gives quite different results. The trends in
500-hPa geopotential height (Fig. 8a) are generally within
60.4 m yr21, with slightly increasing centers located over the
North Pacific and the Far East. The trends in northeastern
North America, Greenland, Europe, and eastern Siberia are
significantly underestimated. Thus, the Arctic sea ice forcing
seems very limited in causing the zonal fluctuations in mid-
to high-latitude atmospheric circulations. Accordingly, the
decomposed zonal harmonics are minor in their amplitudes (Fig.
9a), suggesting that neither the ZW3 trend pattern nor the zonal
wave activity can be reproduced with the sea ice-only forcing
run. The simulated 200-hPa trend field (Figs. 8b and 9b) is rather
weak. The increasing trend in geopotential heights over north-
eastern North America and Greenland is approximately 3 times
smaller than those observed and simulated in the SST-SIC-EXP.

Although the trends are significant over the Caspian Sea and
Mongolia, the overall trends are weak and insignificant over the
mid- to high latitudes. The simulated 850-hPa air temperature
(Fig. 8c) shows consistent but rather weak warming trends over
the pan-Arctic regions (north of 50°N). Moreover, the warming
centers over northeastern North America and Greenland and
over eastern Siberia are not as prominent as those in the
observations and SST-SIC-EXP. This indicates that the zonal
fluctuations of air temperature in the SIC-EXP are very weak so
the corresponding zonal harmonics are not significant either
(Fig. 9c).

Above all, the decomposed zonal fluctuations in geopoten-
tial heights and air temperature in the SST-SIC-EXP and
SIC-EXP exhibit consistent zonal wavenumber-1 patterns.
Previous studies suggested that the asymmetric responses of
land and ocean to the increased radiative forcing intensify the
land–sea contrasts (Shaw and Voigt 2015; Sutton et al. 2007)
and, therefore, may be responsible for the zonal wavenumber 1.

FIG. 8. As in Fig. 6, but for the results obtained from SIC-EXP.

FIG. 9. As in Fig. 7, but for the results obtained from SIC-EXP.
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We then employ model outputs from the historical experi-
ments in phase 6 of the Coupled Model Intercomparison
Project (CMIP6) (see appendix B) in order to examine the
responses of atmospheric circulation to the external radiative
forcing. The long-term trend in 200-hPa geopotential height
in the CMIP6 multimodel ensemble mean (MMEM) (see
supplemental Fig. 9a) shows no significant zonal wave train
pattern. The simulated zonal gradients of geopotential are
weak since the external radiative forcing uniformly affects
Earth’s surface. However, the responses between ocean and
land show slight differences. The geopotential height increased
more intense on land over the ocean due to different thermal
capacity. We then decompose the externally forced trend pat-
tern (supplemental Fig. 9b). A prominent zonal wavenumber-1
pattern is located near 60°N, while the observed ZW3 pattern
barely exists. As discussed above, the effect of external forcing
is generally uniform, and the responses of geopotential height
mainly differ between land and sea due to contrasting thermal
properties. Accordingly, more intense surface warming and

increase in geopotential height are found in the Eastern Hemi-
sphere while the response is milder over the Western Hemi-
sphere, resulting in a prominent ZW1 pattern in response to the
external radiative forcing. Therefore, we may conclude that the
ZW3 is likely dominated by the SST forcing, while the sea ice
and external forcing mainly contribute to the formation of ZW1
pattern. Even though the direct influence of the external forcing
on ZW3 is limited, it is possible that the external forcing ampli-
fies the forcing role of SST and contributes to the ZW3 to some
extent (see section 4).

It has been suggested that the zonal fluctuations in geopo-
tential height can induce synchronized surface warming and
cooling trends over mid- to high latitudes, exhibiting a ZW3
pattern. Thus, the simulated SAT trends under the SST-SIC
and SIC-only forcing are inspected and compared. The
pattern of trends simulated in the SST-SIC-EXP (Fig. 10a) is
somewhat consistent with the observation, as the enhanced
warming trends are found over the northeastern North
America and Greenland region, Europe, Mongolia, and eastern

FIG. 10. The long-term trends in summer (a) surface air temperature (unit: K yr21) and (b)
cloudiness (unit: yr21) in SST-SIC-EXP. (c),(d) As in (a) and (b), but for SIC-EXP. The long-
term trend is calculated for the period 1982–2013. The stippling indicates trends that are signifi-
cant at the 95% confidence level.
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Siberia. At high-latitude regions, the warming trends corre-
spond with the increased geopotential heights and display a
zonal fluctuation to some extent. In general, the warming trends
in the Northern Hemisphere are overestimated due to the
global warming signal, but the intensity of warming also exhibits
regional biases. For example, the warming trends over central
North America and northeastern Siberia are larger than obser-
vation, while the SATs over northern Europe and Mongolia are
underestimated. Nevertheless, the SST-SIC-EXP still captures
most of the observed features. It further proves that the upper-
level atmospheric fluctuations (the zonal wavenumber-3 pat-
tern) significantly impact the surface warming trends. However,
the SAT trends in the SIC-EXP simulation (Fig. 10c) barely
agree with the observations. The warming trends over the entire
Northern Hemisphere are underestimated. The warming rate is
about 2–4 times weaker than that observed in general. Over the
mid- to high latitudes, the trends in SAT are small and exhibit
no significant zonal difference. In addition, the SAT pattern
simulated by CMIP6 MMEM shows strong and zonally uniform
warming trends on land, with two significant warming centers
located over North America and the Eurasian continent
(supplemental Fig. 10). Consistent with the SIC-EXP, the zonal
fluctuation is not significant in CMIP6 MMEM either.

As suggested from observational analysis, the SAT is
closely related to the upper-level atmospheric circulation.
The increase in geopotential heights modifies the regional
cloudiness and further changes net surface shortwave radia-
tion, resulting in surface warming and more frequent
heatwave activity. In the SST-SIC-EXP (Fig. 10b), the
reductions in cloudiness overall correspond with the
enhanced warming trends and the increases in geopotential
heights. Its spatial pattern exhibits significant zonal fluctua-
tions, with multiple decreasing centers in North America,
Europe, and northeastern Siberia. This pattern is somewhat
consistent with the observation, except for the large biases
are found on the west coast of North America and Green-
land, suggesting that the cloud-radiation feedback can
explain the SAT warming to some extent, but uncertainty
remains in the model simulation. However, the decreasing
trend in cloudiness is not prominent over the mid- to high
latitudes in the SIC-EXP (Fig. 10d) due to the weak geopo-
tential heights increase under the sea ice forcing alone. In
Europe, it shows a significant decline, but the zonal differ-
ence is minor across the Eurasian continent. Thus, the
trends in SAT show no zonal fluctuation accordingly. The
difference of simulated cloudiness between the SST-SIC-
EXP and SIC-EXP highlights the vital role of clouds in
causing the surface warming trends and linking them with
the zonal fluctuations in atmospheric circulation.

Comparing results in the SST-SIC-EXP with the SIC-
EXP indicates that the Arctic sea ice and the associated
external forcing have minimal influence on the ZW3 pattern
in geopotential heights. Thus, it can hardly explain the
observed warming trends and their interconnections via the
cloud-shortwave radiation process. By contrast, the simula-
tion with the SST forcing involved can reproduce the overall
warming trends in the Northern Hemisphere continents. It
provides model evidence that the Northern Hemisphere

hotspots are closely connected with the SST forcing other
than the Arctic sea ice. More importantly, these hotspots
may be interconnected through SST-excited wave trains,
exhibiting a ZW3 pattern in geopotential height and SAT
along 60°N latitude.

c. Zonal wave patterns perturbed by subtropical SSTs

Based on the above analysis, the ZW3 pattern linking the
Northern Hemisphere hotspots is likely excited by the SST
since the zonal fluctuations are significant only when the SST
forcing has been prescribed the model. Here, we define the
zonal wavenumber-3 index by summarizing the geopotential
heights of each active center (Fig. 1). The normalized index is
displayed for the period 1982–2014 using MERRA and JRA-
55 data. The two datasets exhibit a consistently increasing
trend, and the interannual variabilities are very consistent
(Fig. 11). We then calculate the correlation between the
Northern Hemisphere SSTs and the index to determine which
part of the oceans is related to the ZW3 pattern in geopoten-
tial heights. In Fig. 12, the results obtained from the two data-
sets are very close. Both of them indicate strong correlations
of the ZW3 pattern with the subtropical SSTs. For instance,
the western North Pacific and subtropical North Atlantic
exhibit quite prominent warming, as the correlation coeffi-
cients are larger than 0.5. Also, there is relatively weak SST
warming in the eastern North Pacific. These significant warm-
ing zones are likely the heat sources that excite the zonal
wave train over the mid- to high latitudes. Note that the
northern North Pacific SST is also positively correlated with
the zonal wave train. However, the North Pacific SST is likely
to be a consequence of the wave train rather than a cause
(Amaya et al. 2020; Johnstone and Mantua 2014). This is
because the atmospheric circulation normally forces the mid-
to high-latitude SSTs, and the North Pacific region is gov-
erned by a strong high pressure anomaly, corresponding to
the positive phase of the wave train.

It is known that the tropical (subtropical) heat sources are
able to excite the Rossby wave train, propagating along the
great circle path and influencing the mid- to high-latitude
atmospheric circulations (Hoskins and Karoly 1981). It is sug-
gested that the atmospheric response near the tropical heat
source is baroclinic, but the remote atmospheric response to
the heat source is equivalent barotropic since the baroclinic
Rossby wave is often confined to the tropics (Kosaka
and Nakamura 2006). The summer ZW3 patterns in the

FIG. 11. The time series of the normalized zonal wavenumber-3
index using MERRA (red line) and JRA-55 (blue line) for the
period 1982–2014.
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observations and SST-SIC-EXP ACGM experiments are of
large scale and equivalent-barotropic. It is expected that a
nondivergent barotropic vorticity equation model can capture
the main dynamical features of the ZW3 pattern. Previous
studies have suggested that the linear barotropic model is use-
ful in interpreting observational and AGCM responses to
SST anomalies (Branstator 1985a,b; Ting 1996). Branstator
applied such a simple linear model to reproduce the midlati-
tude atmospheric responses to Pacific SST anomalies and
compared them to the AGCM results. It is suggested that the
barotropic model can reproduce the structure of the pattern
to some extent if it is forced by a vorticity source/sink in
approximately the same geographical location as the SST
anomaly (Branstator 1985a,b). Moreover, when a barotropic
model is applied at the barotropic equivalent level, it can
reproduce the extratropical atmospheric response as effec-
tively as the baroclinic model does (Ting 1996). Therefore, we
employ a theoretical barotropic model to investigate the
extratropical response to specific lower-latitude SST heating,
which acts as a vorticity source/sink in the barotropic vorticity
equation. According to the correlation maps between the
ZW3 index and SST (Fig. 12), we select three centers located
in subtropical North Atlantic (28°N, 57°W), eastern North
Pacific (18°N, 140°W), and western North Pacific (15°N,
160°E) as vorticity sources/sinks in the linear barotropic
model, in order to determine the possible origin of the ZW3.
The results are given as follows.

Subtropical North Atlantic: In Fig. 13a, a Rossby wave train
is excited from the subtropical North Atlantic near the Gulf
region, propagating across the North Atlantic and extending
toward the Far East region with alternating high and low
geopotential anomalies. The upper-level troposphere near
the heat source shows a pressure decline due to the diabetic

heating of the underlying ocean. When the Rossby wave train
propagates into the mid- to high latitudes, the spatial pattern
resembles the observed trends in geopotential heights
(Fig. 1). For instance, northeastern North America, Europe,
and northeastern Siberia are governed by high geopotential
anomalies, while the northeastern North Atlantic and central
Siberia exhibit a significant decline in geopotential heights,
generally consistent with the observed ZW3 pattern. Thus,
the barotropic model with a heat source over the subtropical
North Atlantic can reproduce some of the key features in the
observed wave trains, indicating that the North Atlantic SST
plays an important role in forming the ZW3 pattern in the
North Hemisphere mid- to high latitudes.

Eastern North Pacific: The extratropical atmospheric response
to the eastern North Pacific heat source also shows a wave
train pattern (Fig. 13b). Consistently, an increase in geopoten-
tial heights is found in the northeastern North America and
Greenland region, Europe, and eastern Siberia, agreeing with
the observation. However, the overall intensity of this wave
train is rather weak, and no significant activity center can be
recognized. As suggested in previous studies (Wallace and
Lau 1985), the barotropic energy is easily converted over
the jet regions to feed the development of the wave train.
Since the heat source is far from the jet regions, the excited
wave train is unlikely to obtain barotropic energy from the
basic flow. Therefore, the eastern North Pacific SST contribu-
tion to the zonal wave train pattern is minimal.

Western North Pacific: The western North Pacific region
has the world’s largest warm pool, preserving a considerable
amount of energy in the ocean. Since the SST in this region
exhibits a significant correlation with the zonal wavenum-
ber-3 index, it is essential to examine the atmospheric

FIG. 12. The correlation pattern between the zonal wavenumber-3 index and the Northern Hemisphere SSTs. The
index is derived based on the (a) MERRA and (b) JRA-55 datasets.
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response to the western North Pacific heat source. As
shown in Fig. 13c, the heat source excites a Rossby wave
train over the extratropical regions, and the spatial pattern
notably resembles the Pacific–Japan (PJ) pattern (Nitta
1987, 1989). There is a low pressure anomaly over the west-
ern North Pacific region in response to the diabatic heating,
accompanied by the following high and low pressure anom-
alies alternatively distributed over the North Pacific Ocean,
showing a meridionally propagating structure. This meridio-
nal wave train pattern disagrees with the observed ZW3
pattern, as responses over the North Atlantic and Eurasian
continent are too weak, and there is noticeable disagree-
ment over eastern Siberia.

Based on the above analysis, we find that the tropical heat
sources over the western and eastern North Pacific can only
excite weak extratropical atmospheric responses in the baro-
tropic model, and the wave train patterns barely match the
observed ones. By contrast, the atmospheric circulation
forced by the subtropical North Atlantic heating exhibits a
strong zonal wave train pattern, which resembles the observed
one. We further conduct an experiment using a state-of-the-
art AGCM forced by the observed monthly varying SST over
the Atlantic basin, and the climatological monthly SSTs are
prescribed in the Indo-Pacific region, referred to as SST-
ATL-EXP (see appendix C). In the SST-ATL-EXP, the trend
pattern of 200-hPa geopotential height shows a Rossby wave
train along 60°N latitude, exhibiting a ZW3 pattern (supple-
mental Fig. 11a). The simulated pattern is consistent with the
observation, which consists of three centers of action located
over the North Atlantic, eastern Europe, and eastern Siberia.
The simulated trend patterns in SST-ATL-EXP and SST-SIC-
EXP are compared via spatial correlation. The correlation
coefficient reaches 0.83, indicating that the coherence
between the observation and SST-SIC-EXP may be mainly
explained by the North Atlantic signal. We further inspect the

responses of surface air temperature (SAT) in SST-ATL-
EXP (supplemental Fig. 11b), and the simulated pattern is
overall consistent with the observation. The AGCM forced by
the North Atlantic SST can successfully reproduce the
observed ZW3 pattern in upper-level geopotential height and
the associated surface warming. In addition to the theoretical
model, SST-ATL-EXP highlights the importance of the North
Atlantic SST, further suggesting that the North Atlantic SST
is mainly responsible for the ZW3 pattern.

4. Discussion

We calculate the theoretical stationary wavenumber (see
appendix D) to discuss why the ZW3 is preferred over other
harmonics (supplemental Fig. 12). The wavenumber-3 bands
are found near 60° latitude in both the Southern and North-
ern Hemispheres, consistent with the prominent amplitude of
zonal harmonic 3 and the existence of zonally propagating
zonal wavenumber 3 within these latitudes (55°–70°N) in both
observations and model simulations. It indicates that the
ZW3 is likely an intrinsic mode of atmospheric circulation,
supported by basic Rossby wave propagation theories.
According to the calculation of stationary wavenumber (see
the supplemental material), the intensity of zonal wind deter-
mines the theoretical limits of zonal wavenumber for zonal
waves. Therefore, the westerly basic flow may be critical to
the formation of the ZW3 pattern. In addition, a previous
study also suggested that the interaction with synoptic eddies
may contribute to the ZW3 pattern (Teng and Branstator
2012). Other than the aforementioned two possible mecha-
nisms, more thorough analyzes should be carried out in future
work to better understand the characteristics of the ZW3 pat-
tern using more sophisticated numerical models.

In this study, the subtropical North Atlantic SST thought to
excite the ZW3 pattern has strong variabilities, such as the

FIG. 13. The 500-hPa atmospheric horizontal streamfunction (units: m2 s21) simulated by the theoretical barotropic model in response
to the vorticity source/sink centered over the (a) subtropical North Atlantic (28°N, 57°W), (b) eastern North Pacific (18°N, 140°W), and
(c) western North Pacific (15°N, 160°E), which have been marked with a black cross in each panel.
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Atlantic multidecadal oscillation (AMO). The driving force of
the North Atlantic SST variability is still under debate. Some
previous studies pointed out that the AMO is mainly driven
by internal forcings (Zhang et al. 2019), whereas others sug-
gested that the external forcing contributes significantly to the
AMO (Qin et al. 2020). However, in this study, the ZW3 pat-
tern cannot be reproduced by the CMIP6 MMEM (supple-
mental Fig. 9), indicating that the direct influence of external
forcing on the ZW3 is limited. The responses of geopotential
height to the external forcing mainly differ between land and
sea due to contrasting thermal properties, exhibiting a promi-
nent zonal wavenumber-1 pattern. Nevertheless, the contribu-
tion of external forcing cannot be completely ruled out. The
externally forced component of the North Atlantic SST may
contribute to the ZW3 to some extent. Thus, future work
needs to inspect the relative roles of the internal and external
components of the North Atlantic SST in modulating the
ZW3 pattern.

5. Conclusions

In this study, we identify a ZW3 pattern in the trends of tro-
pospheric atmospheric circulation during the recent decades.
The ZW3 is mainly confined within the mid- to high latitudes,
especially near 60°N. The ZW3 patterns are found prominent
at both 500 and 200 hPa, indicating a barotropic structure.
The wave train pattern consists of multiple increasing trend
centers, which are located in northeastern North America and
Greenland, Europe, and eastern Siberia. Through wave flux
analysis, we find strong interconnectivity among these centers,
indicating an eastward wave energy dispersion. In addition,
these regions with strong increasing trends in geopotential
heights also exhibit enhanced surface warming trends. Further
analysis suggests that the increased geopotential heights
reduce cloudiness and increase net surface shortwave radia-
tion, resulting in strong SAT warming and an associated
increase in heatwave amplitude and frequency. Therefore, the
summertime zonal wavenumber-3 pattern gives a new insight
into the interconnections among these warming trends and
regards them as a part of the intrinsic zonal fluctuations in the
atmospheric circulation.

To determine the driving force of the ZW3 pattern, we con-
duct a series of model simulations, including SST-SIC-EXP,
SIC-EXP, and CMIP6 MMEM. The experiment with the
global SST prescribed in the model can successfully reproduce
the observed zonal wave train pattern, while the model forced
by the sea ice cannot reproduce the ZW3 pattern. Moreover,
the external radiative forcing is mainly responsible for a zonal
wavenumber-1 pattern, while the ZW3 is not significant in
CMIP6 MMEM. Thus, we can conclude that the SST forcing
is likely a key factor in the formation of the observed ZW3
pattern. Furthermore, we find that the subtropical North
Atlantic SST can excite a zonal wave train that resembles the
observed ZW3 pattern in both theoretical barotropic model
and state-of-the-art AGCM (SST-ATL-EXP). This study
demonstrates a ZW3 pattern in the mid- to high-latitude
atmospheric circulation and highlights its role in modulating

the mean surface air temperature as well as heatwaves. It pro-
vides evidence that the observed Northern Hemisphere hot-
spots may be interconnected via the upper-level atmospheric
zonal wave train.
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APPENDIX A

Wave Activity Flux

Wave flux analysis is carried out to examine the underly-
ing physics of Rossby wave energy propagation. Since the
wave activity flux (F) is parallel to the group velocity of sta-
tionary Rossby waves, it indicates the source and propaga-
tion direction of stationary Rossby waves. The wave activity
flux is computed following the method proposed by Plumb
(1985):

Fl � p3
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where p is pressure/1000 hPa, a is Earth’s radius, and c is
the streamfunction; f and l indicate latitude and longitude,
respectively. The wave activity flux is calculated based on
200- and 500-hPa geopotential heights derived from the
JRA-55 dataset.

APPENDIX B

CMIP6 Historical Experiment

To identify the response of upper-level atmospheric circula-
tion to the external radiative forcing, we employ model out-
puts from phase 6 of the Coupled Model Intercomparison
Project (CMIP6) (Eyring et al. 2016). We use fully coupled
models from the CMIP6 historical experiment, with a total of
50 ensemble members from 32 CMIP6 models (supplemental
Table 1). The external forcing and forced signal in each
ensemble member are consistent. Via the multimodel ensem-
ble mean (MMEM), the internal variability in different runs is
uncorrelated and canceled out, considering the large ensemble
size. Therefore, the externally forced component of climate
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variability in response to the time-varying radiative forcing
can be reasonably represented by the CMIP6 MMEM.

APPENDIX C

SST-ATL-EXP

The SST-ATL-EXP is conducted using a state-of-the-art
AGCM developed by the International Centre of Theoretical
Physics (ICTP AGCM, version 41) (Kucharski et al. 2016).
The AGCM is forced by the observed monthly varying SST
over the Atlantic basin and the climatological monthly SSTs
are prescribed in the Indo-Pacific region. This experiment
aims to directly assess the impact of SST forcing on the atmo-
spheric circulation and to highlight the contributions from the
North Atlantic Ocean. Details about the experimental config-
urations of the SST-ATL-EXP simulation are given in
Kucharski et al. (2016). The SST-ATL-EXP simulation has
five ensemble members, which are all transient runs. The
results of the ensemble members are averaged and analyzed
for the period 1982–2013.

APPENDIX D

Theoretical Zonal Wavenumber

The theoretical stationary wavenumber in a fixed basic
flow U is calculated based on the method in Hoskins and
Ambrizzi (1993):

K �
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is the total wavenumber, where k and l indicate the zonal
and meridional wavenumbers, respectively.
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where f is the latitude, V is Earth’s rotation rate, and
ȳ � Ū=acosf is the relative rotation rate of the atmosphere.
The stationary wavenumber is calculated based on the long-
term climatology of the zonal-mean zonal wind at 200 and
500 hPa during the boreal summer. From the definition, the
stationary wavenumber (K) corresponds to the theoretical
upper limit for stationary zonal wavenumber k and equals k
when the meridional wave propagation is negligible.
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