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The Warm Arctic—Cold Eurasian pattern (WACE) is a pair of opposing surface air temperature
anomalies over the polar region and the midlatitude Eurasian continent, which is usually associated
with Arctic Sea ice melt and midlatitude extreme weather. The Southern Annular Mode (SAM) is the
leading mode of atmospheric variability in the Southern Hemisphere. Here we show evidence of an
inter-hemispheric connection between SAM and WACE during boreal winter. A positive SAM leads to
anegative WACE (and vice versa) 30-40 days later. This lagged remote influence of SAM is transmitted
via a Rossby wave that crosses the equator in the eastern Pacific and tropical Atlantic. The ensuing
WACE temperature pattern is then amplified by the greenhouse effect associated with the local
humidity response. SAM also leads to a convection anomaly in the equatorial Atlantic which generates

a Northern Hemisphere Rossby wave that reinforces WACE. The link between SAM and WACE
revealed here indicates a dynamical origin for WACE. This long-distance teleconnection, and the
lagged association between SAM and WACE may be relevant for subseasonal-to-seasonal

predictions.

The “warm Arctic—cold continent” (WACC) pattern is a low frequency
temperature variation observed in the Northern Hemisphere winter, with
Arctic warming and continental cooling' ™. It can manifest in the form of a
warm Arctic-cold Eurasian pattern*** (WACE) or a warm Arctic—cold North
American pattern’” (WACNA). The WACC has been associated with Arctic
Sea ice loss and extreme winter weather'. Possible mechanisms for the gen-
eration of WACC include the atmospheric response to changes in Arctic Sea
ice and snow cover”*”"*"”, and internal atmospheric dynamics*"****.

The Southern Annular Mode (SAM), also known as the Antarctic
Oscillation, is the dominant mode of atmospheric variability in the Southern
Hemisphere. It has a mainly zonally symmetric or annular structure, with
geopotential height anomalies of opposite signs in Antarctica and the
middle latitudes* . The SAM is associated with a latitudinal shift of air
mass and westerly wind and impacts on Southern Hemisphere weather and
climate’* . Influences of the SAM on Northern Hemisphere climate have
also been reported. For example, the SAM was found to affect Indian
summer monsoon precipitation’*, and climate variability in East Asia™™.
Most of these studies suggest that such an inter-hemispheric influence is on
seasonal or multi-seasonal time scales and is related to changes in sea surface
temperature over the Southern Ocean. In this paper we will explore a more
direct link between atmospheric dynamics in the Southern and Northern
Hemispheres, specifically SAM and WACE, through wave propagation.

The meridional propagation of Rossby waves depends on the structure
of the basic state zonal wind. Wave propagation occurs in midlatitude
westerly flow, and the equatorial zone of easterly wind acts as a barrier to
Rossby waves™. However, the zonal wind near the equator is not uniformly
easterly, and cross-equator wave (CEW) propagation is possible in westerly
regions during the boreal winter season***’. Li et al.* analyzed cross-
equatorial Rossby wave propagation and its “barriers” and “windows” and
found that wave propagation from Southern Hemisphere to Northern
Hemisphere mostly happens in boreal winter via the eastern Pacific and
equatorial Atlantic. Stationary wave modeling by Braga et al."* shows that
Rossby waves excited by the Southern Atlantic convergence zone can pro-
pagate across the equator over the Atlantic Ocean to influence North Africa
and Asia.

In this study, we examine the inter-hemispheric link between SAM and
WACE on an intraseasonal time scale in boreal winter. We aim to provide a
novel explanation for the generation of WACE, a major surface air tem-
perature variability pattern in the Northern Hemisphere which interacts
with Arctic sea ice and midlatitude extreme weather. We present the
observed lagged connection between WACE and SAM and investigate its
underlying mechanism. Additionally, we discuss the role of water vapor in
reinforcing this connection. The contributions of CEWs and tropical con-
vection are analyzed and further explored through numerical experiments.
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Results
Lagged connection between SAM and WACE
Based on the ERA5 reanalysis data for extended boreal winter (NDJFM)
over the 44-year period from 1979/1980 to 2022/2023, the WACE is iden-
tified as the second EOF (EOF2) of pentad T2m anomalies over the region of
20°W-150°E, 20°-90°N, which accounts for 14.6% of the total variance
(Fig. 1a). We use the corresponding PC2 as the WACE index. The WACE
pattern is characterized by a meridional dipole with temperature anomalies
of opposite signs over the Arctic and midlatitude Eurasia. The first EOF
(EOF1) has a similar pattern to EOF2 but with action centers at higher
latitudes (not shown), related to the North Atlantic Oscillation (NAO), and
these two EOFs together tend to represent a propagating oscillation®*.
EOF3 accounts for 8.8% of the total variance, which is well separated from
EOF2 according to the criterion of North et al.. It was found in previous
studies that the WACE varies on multiple time scales including
intraseasonal’, interannual to decadal”"” and long-term climate change, and
is related to sea ice variations in the Barents-Kara Sea region™"".

The SAM pattern is represented by EOF1 of the monthly Z200
anomalies in NDJFM over the Southern Hemisphere (Fig. 1b), which

features geopotential height anomalies of opposite signs over the
Antarctic region and midlatitudes. It is mainly zonally symmetric,
although a zonal wave-3 feature is evident with action centers near
90°E, 180° and 45°W. This pattern is consistent across different rea-
nalysis datasets, pressure levels, and time scales, including daily,
monthly or seasonal mean sea-level pressure or geopotential
heights”****’. The pentad SAM index is obtained by projecting the
pentad Z200 anomaly onto the SAM pattern.

Lead-lag correlations between the SAM and WACE indices are cal-
culated to investigate the association between the two large-scale patterns in
the Southern and Northern Hemispheres on the intraseasonal time scale
(Fig. 1c). When SAM leads WACE by 5-9 pentads there is a negative
correlation which peaks at about 7 pentads, indicating that a positive phase
of SAM leads to a negative phase of WACE (and vice versa) by about 30-40
days. Although the correlation is weak (—0.12), it is statistically significant,
based on a large sample size (44 years x 30 pentads = 1320), according to
both the bootstrapping test (shown in Fig. 1c) and a Student’s ¢ test (at the
0.01 level) after the number of degrees of freedom is reduced due to
autocorrelation®.
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Fig. 1 | Spatial patterns of WACE and SAM and their temporal association. a The
WACE pattern represented as EOF2 of T2m, shown as regressions of pentad T2m
onto PC2, where the EOF is performed for the pentad T2m anomalies in NDJFM in
the Northern Hemisphere middle-high-latitude region outlined by the green rec-
tangle. b The SAM pattern represented as EOF1 of Z200, shown as regressions of
monthly Z200 onto PC1, where the EOF is performed for the monthly Z200
anomalies in NDJFM in the Southern Hemisphere from 20-90°S. The magnitude
corresponds to one standard deviation of the corresponding PC. The contour
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interval is 1 °C for (a) and 10 m for (b). Contours with negative values are dashed.
The zero contour is not plotted. The percentage of variance explained by the EOF
mode is indicated above each panel. ¢ Lead-lag correlation between the WACE and
the SAM indices. The horizontal axis is lag in pentads, where a negative (positive)
value means that SAM leads (lags) WACE. The shading indicates the confidence
interval of 2.5%-97.5% based on a bootstrapping method with 5000 resamples of
each time series.
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To illustrate the time evolution of the T2m anomaly in the Northern
Hemisphere associated with SAM, regressions of T2m with respect to the
SAM index at time lags of 1, 3, 5 and 7 pentads are shown in Fig. 2a. At
lag = 1, positive surface temperature anomalies are seen over much of North
America. Together with the cold anomalies near the high-latitude
Chukchi-Bering Sea region, this temperature pattern resembles a negative
phase of WACNA. Note that although one pentad is a short time scale for a
direct inter-hemispheric effect, the WACNA pattern also presents asa mode
of internal variability”, so the regression analysis will naturally pick up a
preceding component of this internal variability for signals that respond
directly to the SAM at later lags. Starting at about lag = 3 pentads, negative
T2m anomalies develop in the Arctic east of Greenland and positive T2m
anomalies emerge and develop in midlatitude Eurasia, leading to a pattern
similar to a negative phase of the WACE, which intensifies and reaches its
maximum magnitude at lags of 5 to 7 pentads.

Corresponding to the negative T2m anomalies in the Arctic region 7
pentads after a positive SAM, there is statistically significant increase of sea
ice concentration over the Barents Sea and Greenland Sea region (Fig. 2b).
Previous studies have explored the complex relationship between the
atmospheric circulation and the Arctic sea ice, and there is an ongoing
debate on whether the WACE pattern is forced by changes in sea ice**”***.

Our result indicates that sea ice changes can be a response to the atmo-
spheric anomaly associated with SAM variability.

Lagged regressions of Z200 with respect to the SAM index (Sup-
plementary Fig. S1) show a wave train that starts to develop at about
lag = 3, with alternating positive and negative height anomalies across
the North Atlantic and Eurasian region. Negative Z200 anomalies over
the Arctic coast of Europe and positive anomalies over midlatitude
Eurasia intensify and reach their maximum amplitudes at lags 6 and 7,
associated with the development of the WACE (Fig. 2a). Lagged
regressions of geopotential height at other levels, e.g., Z500 and Z850,
have a similar development in the Northern Hemisphere extratropics
(not shown), indicating that this wave train is equivalent-barotropic in
nature.

Analysis of temperature advection at 850 hPa shows that the WACE
temperature pattern associated with the SAM largely owes its existence to
the horizontal advection of mean temperature by circulation anomalies
(Supplementary Fig. S2). About three pentads after a positive SAM, cold
advection is observed over the Barents—Kara Sea region and there is warm
advection on the midlatitude Eurasian continent. Similar results were
obtained in previous studies that describe the role of temperature advection
in large-scale temperature anomaly patterns™***’. The dominant term in
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Fig. 2 | Lagged association of Northern Hemisphere T2m and sea ice with SAM.
a Lagged regressions of T2m in the Northern Hemisphere with respect to the SAM
index when SAM leads by 1, 3, 5 and 7 pentads. b Lagged regressions of sea ice
concentration in the North Atlantic-Arctic sector with respect to the SAM index.
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The magnitude corresponds to one standard deviation of the SAM index. The unit is
°C for (a) and % for (b). Stippling indicates that the regression is significant at the
95% confidence level based on a bootstrapping resampling method.
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the lower troposphere is the meridional wind perturbation advecting cold
air from the north and warm air from the south.

Contribution of water vapor to WACE

According to the Clausius—Clapeyron relationship, warmer air has greater
capacity to host water vapor™. Lagged regressions of total column water
vapor with respect to the SAM index show that from lag = 3 pentads, sta-
tistically significant dry and wet anomalies develop in the Arctic and mid-
latitude Eurasia, respectively (Supplementary Fig. S3). They peak at around
lags 6 and 7. Dry and wet anomalies are associated with the Arctic cold and
mid-latitude Eurasia warm temperatures. As for temperature, horizontal
advection contributes to these water vapor anomalies. This can be seen from
advection of specific humidity at 850 hPa (Supplementary Fig. S4). About
three pentads after a positive SAM, negative humidity advection is seen over
the Barents-Kara Sea region and there is positive advection on the mid-
latitude Eurasian continent.

Water vapor acts as a greenhouse gas, and humidity anomalies tend to
have positive feedback to the surface temperature, especially in the high-
latitude regions®’. Shown in Fig. 3 is the lagged regression of surface
downward longwave radiation from the atmosphere and clouds with respect
to the SAM index. An anomalous dry air over the Arctic and humid air over
midlatitude Eurasia occurring 5-7 pentads after a positive SAM can be seen
to result in local anomalies of longwave radiation. So, surface heating is
reduced over the Arctic and increased over Eurasia, further amplifying the
negative phase of the WACE pattern.

Mechanisms

CEW propagation can be represented by the stationary wavenumber, Ks, as
defined in Eq. (3) at 200 hPa based on the ERA-5 reanalysis in the extended
boreal winter, shown in Supplementary Fig. S5. In the gray regions, Ks is
undefined because the basic state zonal wind becomes zero or easterly
(U <0), wave propagation does not occur. Areas shown in white denote a
negative meridional gradient of absolute vorticity (Z¢)’ so continuous wave
propagation is not permitted. Stationary Rossby waves propagating towards
these regions are reflected towards higher values of Ks. The general features
are consistent with previous studies*~”**. CEW propagation from the
Southern Hemisphere to the Northern Hemisphere is possible in two
regions: the eastern Pacific and the equatorial Atlantic. These regions are
purple in Supplementary Fig. S5 and correspond to relatively small-scale
stationary waves. After a wave traverses across the equator, it can take two
possible paths to propagate in the Northern Hemisphere: (1) the southern
path, which is eastward from the tropical North Atlantic, across North

Africa to East Asia, or (2) the northern path, which is northeastwards across
the North Atlantic to high-latitude Eurasia. Similar equatorial windows and
paths for stationary Rossby wave propagation from the Southern Hemi-
sphere to the Northern Hemisphere in the boreal winter have been iden-
tified in Li et al.* using a wave ray ensemble method.

Figure 4 shows lagged regressions of 200-hPa streamfunction with
respect to the SAM index. From about lag =3 pentads, wave trains are
established from the Southern Hemisphere across the equator near the
eastern Pacific and Atlantic, as indicated schematically by the black arrows
in the panel of lag = 3 pentads. To trace the Rossby wave propagation, wave
activity flux™ at 200 hPa is diagnosed (Supplementary Fig. S6a). Consistent
with Ks, wave propagation is observed along two paths. Some anomaly
centers are lined up through the tropical Atlantic Ocean, the North African
continent, India and towards East Asia. A similar wave propagation has
already been documented by Braga et al.** originating from the South
Atlantic Convergence Zone. Additionally, there is a higher latitude branch
that develops along a great circle path across the North Atlantic towards
Eurasia. It has a positive 200-hPa eddy streamfunction anomaly center
around Greenland, a negative center near northern Europe and a down-
stream positive center over midlatitude Eurasia. These anomaly centers
intensify and reach peak amplitude at lags 5-7. The circulation anomaly
associated with this wave train is responsible for the temperature and
moisture advection that leads to a negative phase of the WACE pattern.

The 200-hPa streamfunction at lag=1 has a positive anomaly over
eastern Canada (Fig. 4), consistent with the positive surface air temperature
anomalies which resembles a negative WACNA (Fig. 2). This positive
streamfunction anomaly weakens quickly with time. Over the North
Atlantic, a Rossby wave train starts to develop from lag = 3 with the influ-
ence from the Southern Hemisphere, which leads to a negative WACE. As
observed in previous studies'**’, a negative WACE tends to follow a negative
WACNA. The SAM impact as discussed here provides a possible expla-
nation for such an intercontinental link.

Simulations have been performed with a simple dynamical model
known as the Simplified General Circulation Model (SGCM), described in
Methods. The model is used to diagnose the linear wave response on a fixed
NDJFM basic state to an imposed vorticity perturbation. The perturbation is
related to SAM variability, and it is introduced as a forcing term in the
vorticity equation, collocated with one of the midlatitude SAM action
centers at 45°S, 90°E (Fig. 1b). The evolution of the 200-hPa eddy stream-
function response from days 3 to 15 at a 4-day interval is shown in Fig. 5.
CEW propagation from the Southern Hemisphere can be discerned in the
eastern Pacific and Atlantic sectors, as indicated by the black arrows in the
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Fig. 3 | Lagged regressions of surface thermal radiation downwards in the
Northern Hemisphere with respect to the SAM index when SAM leads by 1, 3, 5
and 7 pentads. The magnitude corresponds to one standard deviation of the SAM
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index. The unit is W m . Stippling indicates that the regression is significant at the
95% confidence level based on a bootstrapping resampling method. Positive and
negative values represent downward and upward thermal radiation, respectively.
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Lagged regression of 200-hPa streamfunction to SAM
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Fig. 4 | Lagged regressions of 200-hPa streamfunction with respect to the SAM  indicates that the regression is significant at the 95% confidence level based on a
index when SAM leads by 1, 3, 5 and 7 pentads. The magnitude correspondstoone  bootstrapping resampling method. The black arrows in the panel of lag = 3 pentads
standard deviation of the SAM index. The interval is 0.3 x 10°m’s™'). Positive values  indicate schematically Rossby wave propagation.
are in solid red while negative in dashed blue. The zero contour is omitted. Shading
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Fig. 5 | Response of 200-hPa eddy streamfunction to the vorticity source located at 45°S, 90°E. The contour interval is 0.5 x 10° m* s . Positive values are in solid red while
negative in dashed blue. The zero contour is omitted.
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panel of day 15 (the wave activity flux is shown in Supplementary Fig. S6b).
The southern wave train across the tropical Atlantic, North Africaand India
is established in about 7 days. The northern branch of the wave propagation
across the North Atlantic to northern Europe is established in about 2 weeks.
The simulated CEW propagation and wave train paths are consistent with
what we expect from the stationary Rossby wave number, Ks, shown in
Supplementary Fig. S5. By comparing the day 15 response in Fig. 5 with
lag = 3 regression in Fig. 4, the simulated wave train paths in general agree
with the observations, and the positive-negative-positive centers over the
North Atlantic, northwestern Europe and midlatitude eastern Europe
roughly match the observed 200-hPa streamfunction anomalies that follow
the positive phase of SAM. There are, however, some discrepancies in the
locations of anomaly centers along the wave paths. The anomaly centers of
the simulated wave trains are shifted upstream relative to the observations.
For example, the simulated positive center in the North Atlantic and
negative center over northwestern Europe are seen about 15° south and 15°
west of those in the observations. Interestingly, atmospheric responses in the
Northern Hemisphere to vorticity forcing located at other longitudes along
45°S have a very similar pattern, with the same two wave trains described
above. Two examples of this are shown in Supplementary Figs. S7 and S8,
which depict the response to vorticity forcing at 180° and 45°W, corre-
sponding to the other two SAM action centers. To explore the sensitivity of
the model response to the longitude of vorticity forcing, a set of linear
experiments are performed with the forcing located at different longitudes
along 45°S with a 10° interval. For each of these experiments, the Northern
Hemisphere 200-hPa eddy streamfunction at day 15 between 5° and 85°N is
projected onto the result with the forcing at 90°E (i.e., day 15 response in
Fig. 5). The projection is calculated as a spatial covariance, normalized by the
spatial variance of day 15 in Fig. 5. It thus represents a response amplitude
for different vorticity forcing sources, relative to the amplitude of the
response with the forcing at 90°E. This calculation is presented in Supple-
mentary Fig. S9 as a function of the longitude of the forcing center. The
projection is greater than 0.73 for all longitudes, indicating that the Northern

Hemisphere response has a common pattern and is relatively insensitive to
the longitudinal location of the 45°S vorticity forcing. This implies that
vorticity forcing located anywhere in the Southern Hemisphere midlatitude
zone of the SAM would induce a similar CEW propagation, with a similar
influence on the Northern Hemisphere. The Southern Hemisphere vorticity
forcing that corresponds to positive SAM will generate negative geopotential
height anomalies in northwestern Europe, and positive anomalies in mid-
latitude Europe. This in turn leads to a negative phase of the WACE.

Extratropical atmospheric variability has been observed to propagate
into the tropics and influence convective activity®"*. It would be interesting
to see if the CEW propagation associated with SAM can influence tropical
Atlantic convective activity. If this is the case, the ensuing tropical convec-
tion anomaly may provide an additional thermal forcing that could also
influence the extratropical circulation.

Lagged regression of OLR to the SAM index is shown in Supple-
mentary Fig. S10. OLR in the tropical region is closely related to deep
convection. The SAM-related Southern Hemisphere extratropical waves
that propagate to the tropical Atlantic result in positive OLR anomalies that
correspond to reduced convection in the equatorial Atlantic. The signal is
statistically significant, especially at lags of 3 to 7 pentads. This reduced
tropical convection represents anomalous diabatic cooling, and thus a
thermal forcing.

We have used the SGCM to perform a further linear integration with
the same simulated NDJFM basic state, but this time the perturbation for-
cing is a deep tropospheric cooling in the equatorial Atlantic. The Rossby
wave source (RWS) as defined by Eq. (5) at 200-hPa on day 1 is shown in
Supplementary Fig. S11. The first term on the right-hand side of Eq. (5),
which is the generation of vorticity by the anomalous divergence, is the
dominant term. The subtropical RWS that extends from the eastern North
Atlantic to north Africa generates waves that propagate along the southern
wave train path. In addition, two RWS centers can be seen over the western
and midlatitude North Atlantic, which likely induce waves that propagate
northeastwards along the northern pathway. The model 200-hPa
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Fig. 7 | Schematic diagram of the connection between SAM and WACE. A positive
phase of SAM, with negative (red dashed contours) and positive (blue solid contour)
geopotential height anomalies in the Southern Hemisphere polar and midlatitude
regions, triggers across-equator wave (CEW) propagation in the eastern Pacific and
Atlantic (black arrows). The northern branch of the wave train propagates north-
eastwards over the North Atlantic and high-latitude Europe, forming positive (solid
circles) and negative (dashed circle) geopotential height anomalies in the upper

troposphere. Such circulation anomalies lead to cold (blue colored) and warm (red
colored) temperatures near the surface, corresponding to a negative WACE. The
CEW suppresses deep convection in the equatorial Atlantic, which acts as an
anomalous thermal forcing and induces Rossby wave sources in the extratropical
North Atlantic (stippling areas). This generates a secondary wave train (red arrow)
that is in phase with the original northern branch of CEW and reinforce WACE.

streamfunction response is shown in Fig. 6. A wave train develops quite
quickly in the Northern Hemisphere subtropics and propagates eastward
along the southern path where Ks is large. From about day 7, we see a
positive 200-hPa streamfunction anomaly center developing over the
middle North Atlantic. It intensifies at day 11, and a negative center at day 15
near the northwestern coast of Europe. These anomalies are parts of a wave
train propagating northeastwards from the subtropical western Atlantic.
The action centers of this wave train are collocated and in phase with those
of the CEW propagation associated with SAM (Fig. 5). The wave activity
flux at day 15 is shown in Supplementary Fig. Séc. So, it appears that a
contribution from an equatorial Atlantic cooling anomaly, initially induced
by SAM, may reinforce the CEW circulation pattern that contributes to
the WACE.

Discussions

An inter-hemispheric connection has been identified between the SAM in
the Southern Hemisphere and the WACE in the Northern Hemisphere.
This occurs on an intraseasonal time scale during extended boreal winter, as
revealed by 44 years of the ERA-5 reanalysis data. A positive phase of the
SAM precedes a negative phase of the WACE by 30-40 days. This SAM
teleconnection leads to Northern Hemisphere flow anomalies and the
attendant temperature advection that contribute to WACE variability.
Moisture advection associated with these flow anomalies also leads to a total
column water vapor distribution that reenforces the WACE through the
greenhouse effect.

CEW propagation is the main mechanism for the lagged connection
between WACE and SAM. Rossby waves in the Southern Hemisphere
associated with the SAM variability propagate across the equator in the
eastern Pacific and equatorial Atlantic, where the upper tropospheric zonal
wind is westerly. In agreement with the stationary Rossby wavenumber
distribution, the CEW takes two paths to influence the Northern Hemi-
sphere. The southern path tracks eastwards through North Africa to East

Asia, and the northern path tracks northeastwards across the North Atlantic
to Europe. The northern path manifests as a wave train with action centers
of opposite signs near the Barents—Kara Sea region and midlatitude Eurasia,
coherent with the WACE pattern. A schematic diagram summarizing the
connection between SAM and WACE through CEW propagation and the
relay effect of tropical convection is given in Fig. 7.

A set of linear experiments was conducted to study the atmospheric
response to idealized Southern Hemisphere vorticity perturbation using a
global dynamical atmospheric model with the NDJFM climatological flow.
When the vorticity perturbation is located at 45°S, corresponding to the
SAM midlatitude action center, a Rossby wave response propagates to the
tropics, and crosses the equator over the eastern Pacific and equatorial
Atlantic. The simulated CEW propagation appears similar to observed
lagged regressions, reproducing both the southern and northern paths for
wave trains in the Northern Hemisphere. The southern wave train is
established in about 7 days, while the northern one develops after about
2 weeks. The northern pattern has action centers over the North Atlantic,
the Arctic and Europe with a similar distribution to observed regressions.

The SAM-related CEW also generates tropical convection anomalies
in the equatorial Atlantic. These tropical convection anomalies act as
thermal forcing which induces extratropical Rossby waves that propagate
along similar southern and northern paths as the CEW. The action centers
along the northern path in the North Atlantic and Eurasia coincide with
those of the SAM-related CEW propagation. Waves emanating from
anomalous tropical Atlantic convection thus enhance the circulation
anomalies that contribute to the WACE pattern. Tropical convention thus
acts as a relay between SAM and WACE. CEW activity can directly lead to
WACE variability, but the influence of SAM on WACE is reinforced by the
tropical convective relay.

In the dynamical simulation, the Northern Hemisphere high-latitude
response to the Southern Hemisphere vorticity forcing (i.e., the northern
path of the CEW) develops in about 2 weeks. This time scale is shorter than
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the observed delay, where the maximum WACE signal lags the SAM by
about 30-40 days. There are several possible factors that can account for this
difference in response time. Firstly, the SGCM is a dry model, and the
numerical experiments are linear integrations, thus only linear processes are
simulated. However, the atmospheric response to remote forcing can also
alter synoptic-scale transient activity, and nonlinear interactions between
transient eddies and the response could reinforce the response on a longer
time scale™*. Secondly, as discussed above, water vapor changes associated
with SAM-related flow anomalies will feed back positively onto WACE
variability. In addition, SAM variability leads to tropical Atlantic convection
anomaly, with the associated thermal forcing acting as a tropical relay to
enhance WACE related circulation anomalies. The observed 30-40-day lag
time between WACE and SAM is likely determined by the combined
contribution of the CEW propagation and these additional processes.

The model response in the Northern Hemisphere to vorticity forcing
along the Southern Hemisphere middle latitude is robust and remarkably
insensitive to the longitude of the forcing. The simulated CEW and wave
train paths are consistent with the observations. However, along the
northern wave train pathway across the North Atlantic to northern Europe,
the simulated 200-hPa streamfunction anomaly centers are shifted south-
westwards by about 15° latitude and longitude relative to the observations.
This may be because there are processes missing from the SGCM as detailed
above. Previous studies®** found that a Pacific-North American (PNA)-like
pattern could be excited by a tropical thermal forcing at different locations in
the Indian Ocean and western Pacific. Such a preferred response, which is
insensitive to the forcing location, is determined by the horizontal structure
of the mean flow. It appears that a similar mechanism exists for the atmo-
spheric response to the SAM-related forcing. Given that the tropical
“windows” for CEW are in fixed longitudinal ranges near the equatorial
eastern Pacific and Atlantic, the wave train crossing the equator tends to be
at a preferred phase no matter what longitude the forcing is located along
45°S. This is likely determined by the 2-dimensional structure of the
mean flow.

This study reveals a statistically significant 30-40-day lagged associa-
tion between SAM and one of the major temperature variability patterns in
the Northern Hemisphere, the WACE. Our findings indicate that the SAM
variability may contribute to subseasonal prediction of the WACE varia-
bility. Further work is planned to evaluate whether this inter-hemispheric
teleconnection is captured in existing forecast systems.

Methods
The fifth generation of the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis®® (ERA-5) is used in this study. Variables
analyzed include 2-meter air temperature (T2m), 200-hPa and 850-hPa
zonal and meridional winds (u200, v200, u850 and v850), geopotential
heights at 850-hPa, 500-hPa and 200-hPa (Z850, Z500 and Z200), and sea
ice concentration. Streamfunction at 200-hPa is derived from u200 and
v200. To analyse the contribution of water vapor to T2m variability, total
column water vapor, specific humidity at 850-hPa (HU850), and surface
downward long-wave radiation are utilized. To represent the tropical con-
vection, the NOAA Interpolated Outgoing Longwave Radiation (OLR)
data”, are also used. The analysis is performed with the daily averaged data
for 44 extended winters from 1979/1980 to 2022/2023, where the extended
winter refers to November to March (NDJFM), except for OLR for which
data are available from 43 extended winters (1979/1980-2021/2022). The
same procedure as described in Lin et al.” is applied to isolate the intra-
seasonal variability. In short, the data are averaged over consecutive pentads
(5-day periods), and each extended winter has 30 pentads starting from
November 2-6 and ending at March 27-31. For leap years, the pentad of
February 25 to March 1 has 6 days. A seasonal cycle is removed defined as
the time mean and first two harmonics of the pentad climatology. The mean
of each extended winter is then subtracted so that the resulting pentad
anomaly does not include the interannual variability.

An empirical orthogonal function (EOF) analysis is performed on the
pentad T2m anomaly over the WACE region (340°W-150°E, 20°-90°N).

The data at each grid point is weighed by the square root of the cosine of the
latitude before the EOF analysis to account for unequal areas in the grid. The
second EOF mode (EOF2) corresponds to the WACE pattern. The nor-
malized principal component of this mode (PC2) is used as an index to
represent the WACE variability.

To identify the SAM spatial pattern, we perform an EOF analysis on
monthly mean Z200 anomalies in the Southern Hemisphere (20°-90°S) for
the extended boreal winter (NDJFM) after removing the monthly clima-
tology. The SAM has a barotropic vertical structure and its identification is
insensitive to the vertical level used. Here we use geopotential height at 200-
hPa because Rossby waves tend to propagate near this level. The first EOF
(EOF1) of Z200 represents the SAM. Then we project the pentad Z200
anomaly onto this SAM spatial pattern to obtain a time series, which is
referred to as the SAM index after normalization. The SAM pattern is
similar when the EOF analysis is performed on pentad mean Z200. Here we
use monthly mean data to be consistent with previous studies™*’.

To analyze the link between the SAM and global circulation anomalies
on the intraseasonal time scale, lead-lag regressions or correlations of the
SAM index with different variables are calculated. Uncertainty is assessed
using a bootstrapping resampling approach where the calculation is repe-
ated at least 1000 times and the 2.5%-97.5% range is used to measure the
confidence. To assess the sensitivity of our results to the definition of the
SAM index, calculations have been repeated using the U.S. NOAA Climate
Prediction Center daily Antarctic Oscillation index (https://ftp.cpc.ncep.
noaa.gov/cwlinks/), and the results are consistent with those presented in
this paper.

Following previous studies™’, to understand how the circulation
anomalies lead to the WACE temperature anomaly, horizontal temperature
(T) advection in the lower troposphere at 850-hPa is calculated as:

23,51

T T
= -y ——

T _
adv ox v ay

)

where ' and v denote the anomalous zonal and meridional wind com-
ponents derived from the lagged regression with respect to the SAM index,
and T the extended winter climatological mean temperature. T4, is the
advection of mean temperature by circulation anomalies. The advection of
anomalous temperature by the mean flow is relatively weak and thus
omitted. Similarly, horizontal moisture (specific humidity q) advection at
850-hPa is estimated as:
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— /__ /_
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where ¢ is the extended winter climatological mean specific humidity.
To analyze Rossby wave propagation, the stationary wavenumber, Ks,
is calculated over the global domain at 200 hPa, following Hoskins and

Ambrizzi®, as:
¢ 1/2
Ks = (%) acose (3)

where Zq) is the meridional gradient of the time mean absolute vorticity, a the
earth’s radius, and U the extended winter climatological mean zonal wind.

To describe the propagation characteristics of a Rossby wave train, we
estimate the horizontal component of wave activity flux at 200 hPa as
defined by Takaya and Nakamura®, which is written as:

LT U =) + Vs — vy "
=—_ _ 4
2/ul U(wiwj - w*wﬁ;y) + V@ vy

where the subscripts denote partial derivatives. U = (U, V) is the basic-
state wind vector, and y* the intraseasonal perturbation streamfunction.
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The W vector is typically parallel to the local group velocity of stationary
Rossby waves.

To elucidate the wave propagation mechanism of the SAM-WACE
connection, we use a dynamical model of the atmosphere known as the
SGCM, described in several previous studies®***”". Briefly, this model is
based on the primitive equation global spectral model of Hoskins and
Simmons’’, which consists of equations of vorticity, divergence, surface
pressure and temperature. It has a scale-selective dissipation, and a level-
dependent linear damping has been added for temperature and momen-
tum. The model has a horizontal resolution of T31 and 10 vertical levels. In
this study, the SGCM is used as a linear perturbation model about a time-
independent basic state as described, for example, in Hall and Derome® and
Lin et al.”>. We choose to use a basic state derived from a long integration of
the SGCM itself, run in “simple GCM” mode. Essentially an empirically
derived forcing can be used to replace processes that are not represented by
the model’s dynamics and when forced in this way the model produces an
acceptable time-dependent nonlinear solution much like a full GCM (for
details see Hall” and for other examples****” of this use of the SGCM). For
the linear wave propagation study presented here, the basic state is derived
from a long perpetual extended winter (NDJFM) integration (7200 days) of
the simple GCM, which is in fact very similar to the observed NDJFM mean.

To explore the atmospheric response to SAM variability, 36 linear
experiments are conducted with isolated vorticity perturbation sources
placed along 45°S at a 10° longitudinal interval, corresponding to the
positive phase of the SAM. The perturbation forcing is added to the vorticity
equation at the beginning of integration and is kept in place for 10 days. It
has an elliptical structure in the horizontal, with a semi-major axis of 28
degrees of longitude and a semi-minor axis of 8 degrees of latitude. The
forcing is defined with a magnitude proportional to the squared cosine of the
distance from the center, and a vertical profile of 7(1 — o) sin(n(1 — 0)),
which peaks at o = 0.35 with a vertically averaged vorticity forcing rate of
2.5%107°s™" day . To investigate the atmospheric response to a thermal
forcing corresponding to a reduced convection in the tropical Atlantic, an
additional linear experiment is performed. This time, a negative thermal
forcing (cooling) is added to the temperature equation and persists
throughout the integration. This thermal forcing has the same spatial
structure as the vorticity forcing described above, centered at the equator
and 30°W, with a vertically averaged heating rate of —1.25°C day . The
linear model is integrated for 30 days starting from an initial condition that
has no atmospheric perturbation.

To help understand the development of atmospheric extratropical
response to a tropical thermal forcing perturbation, Rossby wave source
(RWS) is calculated which is defined by Sardeshmukh and Hoskins™ as:

S =V V=V V{-{V.v,—v,V{ (5)

where { is the absolute vorticity, and v, divergent velocity, respectively. The
overbar denotes the basic flow and the prime the perturbation. When
plotting RWS, a spectral filter is applied to smooth the Rossby wave source
fields, as described in Sardeshmukh and Hoskins™, which takes the form of
e KT with K chosen so that the highest wavenumber spectral coef-

ficients are multiplied by 0.1.

Data availability

All observational and reanalysis data applied in this study have been
obtained from sources that are publicly available. The ERA5 reanalysis data
are downloaded from the Climate Data Store of the Copernicus Climate
Change Service (C3S) at https://cds.climate.copernicus.eu. The OLR data
are downloaded from the NOAA PSL, Boulder, Colorado, USA, from their
website at https://psl.noaa.gov. The U.S. NOAA Climate Prediction Center
daily Antarctic Oscillation index is downloaded from https://ftp.cpc.ncep.
noaa.gov/cwlinks/. The model output data in this study is available from the
corresponding author upon request.
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