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Atmospheric trends explained by changes in
frequency of short-term circulation patterns

Irina Rudeva® '® Ghyslaine Boschat"?, Chris Lucas', Linden Ashcroft?3, Acacia Pepler 4 & Pandora Hope1'2

The circulation of the atmosphere is subject to natural and anthropogenic forcings that alter
the energy balance of the climate system. In each hemisphere the zonally averaged atmo-
spheric circulation can be represented by a single overturning cell if viewed in isentropic
coordinates, highlighting the connections between tropics and extratropics. Here we present
clusters of the meridional atmospheric circulation based on reanalysis data. Our results reveal
preferred global circulation regimes with two clusters in each solstice season. These clusters
show strong trends in their occurrence in the last two decades of the 20th century coincident
with the depletion of the low-stratospheric ozone over Antarctica. We hypothesize that a
change in the occurrence of short-term circulation regimes may lead to some long-term
atmospheric trends. Finally, we show a strong coupling between the atmospheric circulation
in boreal and austral winters and propose a mechanism linking anomalies in both seasons to
the stratospheric ozone that requires confirmation with modelling experiments.
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subject to robust trends!. Some of these trends, such as tro-

pical expansion and poleward shifts of the tropospheric
extratropical jets, have been observed in both the Northern and
Southern Hemispheres (NH and SH)>7. Apart from these
coherent trends, there are changes that are unique for specific
regions, e.g., an increase in the mean sea-level pressure (MSLP)
over subtropical regions and reduction in precipitation in
Mediterranean-type climates, except in North America-10, an
amplification of the temperature trend over the Arctic and a
reduction in the annual mean Arctic sea ice!l~13, a weakening of
the stratospheric polar vortex in the NH with an increased fre-
quency of sudden stratospheric warming events!4-16, and a
decrease in the lower stratospheric geopotential heights over
Antarctica in spring and summer!’-1°. Some of the factors
responsible for these trends include greenhouse gases, aerosols,
stratospheric ozone and natural variabilities in the coupled
atmosphere-ocean system!7-20-2%; however, the interaction
between these is complex and may be non-linear. The global
atmospheric circulation, initially forced by equator-to-pole tem-
perature gradients, acts to bring together all changes in large-scale
drivers, atmospheric composition and local forcings to create a
seamless transfer of energy and momentum from the equator to
higher latitudes?®. In this study, we explore patterns of the mean
meridional circulation (MMC) to identify the key global signals
that emerge since 1979 and discuss plausible reasons for the
observed changes.

I n recent decades the global atmospheric circulation has been

Visualization of the global, zonally averaged circulation. The
atmospheric circulation is a large-scale movement of air by which
the heat is transported on the surface of the Earth?®?7. In the
absence of rotation, there would be one cell spanning from the
equator to the pole in each hemisphere. However, as the Earth
spins, the Coriolis force deflects the flow, causing westerlies in the
upper troposphere. The air moving poleward should conserve its
angular momentum, meaning that the eastward flow becomes
stronger until it reaches the jet stream latitude. This is where the
fast-moving air breaks down into large eddies accompanied by a
sinking motion towards the surface just equatorward of the jet
stream, forming a subtropical ridge near 30° in each hemisphere?8.
When it reaches the surface, the air spreads equatorward and
poleward. The air rising at the equator and descending in the
subtropics forms the Hadley cells.

The presence of two subsidence regions—in the subtropics and
over the pole—has an important consequence for the Earth’s
atmospheric circulation. In the Eulerian view, the mean
meridional circulation has a three-cell structure: two thermally
direct cells in each hemisphere—the Hadley cell, the strongest
cell, and the Polar cell—and one thermally indirect cell in the
mid-latitudes, called the Ferrel cell. The latter is weak, as the
poleward transport of heat and moisture is predominantly due to
mid-latitude eddies rather than the mean meridional
circulation?®.

Complementary to this Eulerian view, there is another,
Lagrangian, framework to look at the general circulation where
the zonal-mean mass-weighted meridional wind is vertically
integrated between dry isentropic levels, ie., levels of equal
potential temperature, 6203031 In this mass-weighted isentropic
framework, adiabatic motions within large-scale mid-latitude
weather systems are predominantly along isentropic surfaces and
the thermally indirect Ferrel cell is largely eradicated leading to a
single-cell thermally direct atmospheric circulation in each
hemisphere (Fig. 1). Subsidence in the subtropics is still taking
place, but the upward mass transport by the mid-latitude
isentropic circulation is in mutual agreement with the subsidence
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Fig. 1 Annual mean isentropic mass stream function for the period
1979-2017. The direction of the circulation is clockwise in the NH (orange)
and anticlockwise in the SH (blue), represented by positive and negative
dry isentropic stream function values, ¥ (102 kg s, respectively. The red
line shows the average median surface potential temperature.

in the downward Hadley cell branch in the subtropics®!. As
baroclinic eddies are a part of the mass-weighted isentropic
MMC(C30:32-34 it becomes a powerful approach in the analysis of
variability and changes in the global circulation.

Sources of climate variability and change. Climate drivers are
processes that act on the atmospheric and oceanic circulations by
changing the Earth’s energy balance either globally or locally.
More specifically, large-scale drivers can modify the circulation
including by changing temperature gradients and the atmo-
spheric static stability. Anomalies, caused by climate drivers, may
have a broad impact on the global atmospheric circulation via
teleconnections3>~43. In this section, we introduce the sources of
climate variability and change that are key to interpreting our
results.

The first climate driver that comes to mind is the greenhouse
gases, that have been linked to surface warming and increased
equator to pole temperature gradient in the upper tropical
troposphere and lower polar stratospherel#4, Another important
climate driver, particularly for the atmospheric circulation in the
SH, is the stratospheric ozone, which has been decreasing since
the 1960s until the end of the 20t century. The reduction in the
lower stratospheric ozone caused cooling of the air over the SH
polar regions during austral spring, altering the equator-to-pole
temperature gradient!®4>. A few studies have linked trends in the
SH troposphere, such as a positive trend in the Southern Annular
mode (SAM), poleward shift in the eddy-driven jet stream and
widening of the Hadley cell!746-4%, However, starting from
around the late-1990s, the spring stratospheric ozone decline has
paused leading to a pause in the SAM trend during austral
summer. In contrast to the SH polar region, the Arctic has
warmed faster than the global average — a process called Arctic
Amplification, leading to a rapid and asymmetric decline in
Arctic Sea ice, particularly, in the Barents and Kara Seal2-50-52,
The asymmetric Arctic warming may affect the circulation in the
NH mid-latitudes, leading to more frequent cold
air advection!31,53,54,

Another source of atmospheric variability comes from the
ocean. The main mode of oceanic interannual variability is
ENSO, which alternates between anomalously warm (El Nifio)
and cool (La Nifa) sea surface temperature (SST) conditions in
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Fig. 2 Distribution of MMC cluster occurrence. Clusters are well separated by the seasons. Red and pink colors represent the boreal winter (NW; and
NW,, respectively), light and dark blue—the austral winter (SW; and SW,), green and yellow—transition seasons (NSp for the boreal spring and SSp for the

austral spring).

the tropical eastern Pacific. Through the Walker circulation, the
ENSO is closely linked to the Indian Ocean Dipole, which
develops during boreal summer and autumn and decays by
December>>?%, and the Indian Ocean basin mode, which
represents a uniform ENSO-forced warming or cooling of the
Indian Ocean®’. The center of both El Nifio and La Nifia SST
anomalies has shifted from the Eastern Pacific (EP) to the Central
Pacific (CP) since 1997/98°8°9, This change in the ENSO
behavior has been linked to low-frequency tropical variability as
it concurs with a change in the Pacific Decadal Oscillation (PDO)
from a warm to a cold phase. Wang et al.?0 also showed that a
warmer Atlantic Ocean since the early 1990s—a result of the
positive phase of Atlantic multidecadal oscillation (AMO) and the
global warming trend—has induced a higher frequency of CP El
Nifio events.

Variability in tropical SSTs not only affects local climates but
also regions of the NH and SH extratropics by changing the
meridional temperature gradient and by exciting atmospheric
Rossby waves#3°1. The most well-known teleconnection patterns
associated with ENSO are the Pacific-North American mode
(PNA) in the NH%? and its counterpart in the SH the Pacific-
South American mode (PSA)%>%4. Both modes are forced by the
ENSO, but do not necessarily occur together due to hemispheric
seasonal differences®. Extension of the PNA mode to Eurasia has
been termed as a Tropical Northern Hemisphere mode (TNH).
Carleton® noticed that most teleconnections, even those that
appear to be dominantly extratropical by origin, interact with the
ENSO. Even the main modes of extratropical variability, the
Arctic Oscillation in the NH and the SAM in the SH, represented
by zonally symmetric anomalies, are modulated by the
ENSO®7-69,

Finally, we notice that teleconnections associated with modes
of climate variability can interact with each other on various
timescales. For example, the Madden-Julian oscillation (MJO)7°
an intraseasonal mode of variability in the Indo-Pacific sector,
can modulate the effect of ENSO and the Indian Ocean Dipole
causing seasonal anomalies in their affected areas’’72, Studies
have shown that since 1981 the MJO residence time has decreased
by 3-4 days over the Indian Ocean and increased over the
Maritime Continent by 5-6 days’3. This trend is important,
because convection anomalies in the MJO area, particularly
around the Maritime Continent, force Rossby waves in the
extratropics via anomalous divergent wind in the upper
troposphere”4-76,

While this is not a comprehensive review of modes of climate
variability, it illustrates the complexity of the climate system. On
top of the global warming trend observed in the last decades,
numerous studies showed a few important changes in the climate
system that happened in the late 1990s, seen in ENSO, PDO,
AMO, SAM, as well as in the trends in the stratospheric ozone
and anthropogenic aerosols. The results of this study show how
the global atmospheric circulation adjusted in response to these
changes.

Focus of this study. The purpose of this study is to explore if
there are patterns in which the global atmospheric circulation
changes during the observational period. Following Lucas et al.!,
we use the mass weighted isentropic MMC, which connects the
hemispheric troposphere and lower stratosphere into a single cell
in each hemisphere and accounts for the mean zonal circulation,
as well as stationary and transient eddies and, thus, is particularly
well suited for our analysis. The dominant circulation patterns are
derived using k-means cluster analysis (see Data and Methods
section for further details). We show that there is an increase in
the frequency of weaker MMC in the winter hemisphere prior to
the late-1990s and discuss implications and possible drivers of
this change.

Results

MMC clusters and trends. The long-term annual mean mass
weighted isentropic MMC is represented by a single thermally
direct cell in each hemisphere with the flow rising in the deep
tropics, then moving quasi-horizontally (in isentropic coordi-
nates) to the high latitudes, where it sinks and returns to the
equator at the lower levels (Fig. 1; for a more detailed description
of the isentropic flow see other studies2®31), The highest mag-
nitude of the isentropic stream function, v, is found in the tro-
pics. In the subtropics, a part of the flow descends, bounding the
Hadley cell. Subtropical descent is partially compensated by an
ascent by transient eddies between 15° - 40° S. On the seasonal
time scale, the intensity of the isentropic MMC is the strongest
during the local winter, weakening and shifting poleward in the
local summer3!.

Performing cluster analysis on standardized daily anomalies of
y, smoothed in time by a 5-day running mean, yields clusters that
are well separated by season (Fig. 2). Six clusters were chosen,
named according to the time of year during which they are most
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frequent (NW for NH winter; SW for SH winter; NSp for
northern spring; SSp for southern spring; see Data and Methods
section). As shown in Fig. 2, there are two clusters that dominate
in boreal winter, NW; and NW,, two in austral winter, SW; and
SW,, and one cluster that dominates during each transition
season, NSp (approx. March to May) and SSp (approx. September
to November) for the NH and SH spring, respectively.

The average length of the boreal (NW; and NW, combined)
and austral (SW; and SW, combined) winter MMC seasons is
120-140 days each, while transition MMC seasons are shorter
than their corresponding calendar seasons—60 days for the
boreal spring, NSp, and 47 days for the austral spring, SSp. The
distribution of the starting and ending dates for each MMC
season is shown in Supplementary Fig. 1. The MMC boreal
winter, NW; and NW,, starts in late-November or December and
lasts until late March or April. The MMC boreal spring, NSp, lasts
from late March or April until late June, being close to three
months in duration. The MMC austral winter, SW; and SW,,
begins from mid-May to the end of June and lasts until
September or early October. Finally, MMC austral spring, SSp,
usually starts in early October, lasts for about one and a half
months, and ends in November or early December. In contrast to
studies that suggested local changes in seasonality in response to
observed and projected global warming’7-78, our results show no
change in MMC seasons.

The standardized (non-standardized) ¥ anomalies from the
long-term annual mean for MMC clusters are shown in Fig. 3
(Supplementary Fig. 2). As would be expected, the MMC clusters
reveal the seasonal differences in the global atmospheric

a) NW1 composite

circulation, but also highlight other important features, particu-
larly in the solstice seasons.

In boreal winter (Fig. 3a-c, Supplementary Fig. 2a-c), both
MMC clusters, NW; and NW,, feature a strong circulation in the
NH; however, NW, is weaker than NW in the upper troposphere
and lower stratosphere and below the mean surface temperature,
which relates to the return flow during cold air advection’%:80,
The weaker winter circulation associated with NW, has become
more frequent in the last two decades of the 20th century with a
corresponding decrease in the occurrence of the stronger cluster,
NW; (Figs. 2, 4a). During austral winter (Fig. 3d-f), the
circulation anomalies in the winter hemisphere resemble those
that occur during boreal winter, except that the differences
between normalized MMC circulations are not observed in the
return flow. The non-standardized MMC anomalies (Supple-
mentary Fig. 2f) show that weakening in SW, occurs due to a
reduction of the uplift in the extratropical branch of the MMC.
Consistent with the boreal winter, the occurrence of SW; and
SW, has strongly changed in the last two decades of the 20th
century, with SW;(SW,) becoming less(more) frequent (Fig. 4b).
Considering this trend, the weaker extratropical uplift in SW, is
in line with earlier findings on trends in the SH MMC?!. The
transition seasons, represented by two clusters, NSp and SSp,
show stronger circulation in the extratropics during local autumn,
compared to spring (Fig. 3g-i and Supplementary Fig. 2g-i).
However, the anomalies from the annual mean are weak in both
seasons, which explains why NSp and SSp are sometimes mixed in
Fig. 2. Finally, we note that results of this analysis are supported
by an EOF analysis performed on the isentropic stream function,
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Fig. 3 Composites of the standardized isentropic stream function for each cluster. a, b, d-h Composite anomalies of the standardized stream function for
six clusters from the annual mean. Red lines represent the location of the median surface potential temperature in shown clusters ¢, f, i The difference
between clusters: (€) NW;-NW,, (f) SW;-SW,, (i) SSp-NSp. Colors as in Fig. 1. Red lines in (¢, f, i) are shown for clusters NW;, SW;, NSp, respectively.
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Fig. 4 Trends in cluster occurrence. (solid lines) Cluster occurrences for
(a, pink and red) NW; and NW, and (b, dark and light blue) SW; and SW5 in
each year (days). NW; and NW, occurrences in November and December
are counted in the next year. Dashed lines show linear trends for periods
prior to 1998 and post 1999.

with the first two leading modes showing similar spatial patterns
as Fig. 3¢, f (compare with Supplementary Fig. 3a, b).

To understand the importance of the observed trends in MMC
cluster frequencies, we show below that some long-term trends in
the extratropics, such as the positive SAM trend, are consistent
with changes implied by altered frequency of the preferred
circulation regimes. For each cluster we calculated composite
anomalies of selected atmospheric variables from the annual
mean (Supplementary Fig. 4-9). These composites, to the first
order, show seasonal anomalies, that would be expected from the
distribution of cluster occurrence, such as cooler (warmer)
continents in winter (summer) or a displaced ITCZ to the
summer hemisphere (compare NW; and NW, with SW; and
SW2 in Supplementary Fig. 8, 9). Furthermore, during local
winter the MSLP is higher over cold continents and in the
subtropics (Supplementary Fig. 4). The latter occurs due to winter
intensification of the Hadley cell that leads to an intensification of
the subsidence in its downward branch andstrengthening of the
subtropical jet. Despite similarities between clusters within one
season, our composite analysis reveals important regional
differences between them, which would be difficult to deduce
from the stream function anomalies shown in Fig. 3 and
Supplementary Fig. 2. As the focus of this study is on the trends
in the cluster occurrence in solstice seasons, we will limit our
further discussion to those two seasons. We note here that, by
construction, composites are not subject to long-term trends, as

they are based on anomalies from the corresponding single-year
annual mean (see Data and Methods for details).

Boreal winter. During boreal MMC winter (from
November-December until March-early April), the MSLP com-
posite shows a wave-like pattern in the NH with higher pressure
over the Aleutian Low, north-east North America and Greenland
and lower MSLP over the Far East and North America in
NW,-NW; composite (Fig. 5a). An increasing frequency of NW,
during the last 20 years of the 20th century is in line with a
pronounced weakening of the Siberian high®! and increasing
pressure over north-east North America. Conversely, the Aleutian
Low was strong at the end of the 20th century and showed
weakening signs only in the 21st century®?. However, Smith
et al.83 suggested that the transition to a negative PDO phase that
occurred in late 1990s could have been promoted by a weakening
of the Aleutian Low due to aerosol forcing from Asia. Con-
sidering the intimate relationship between the Aleutian Low and
the PDO84, with trends in the Aleutian Low leading those in the
PDO?®2, and a reduction in the cyclone activity over the North
Pacific prior to 19998, the trend in NW, supports a weakening of
the Aleutian Low in the 1990s.

Figure 5c shows a Z300 composite with wave-like anomalies in
the NH that resemble a Z500 regression on the correlation
coefficients between the ENSO and the TNH mode (Fig. 5 in
Soulard et al.%5). Over the Pacific Ocean and North America, the
TNH mode resembles an eastward shifted PNA mode, forced by
EP El Nifio. Unlike the PNA, the TNH also shows geopotential
height anomalies over Eurasia, however, these do not match the
pattern in Fig. 5c possibly due to a strong Z300 anomaly over the
Sea of Japan, which may modify the wave train upstream.

In line with differences in MSLP and Z300 composites, the jet
streams are shifted poleward in the North Pacific and southward
in the North Atlantic in NW, relative to NW; (Fig. 6a, c¢). A
negative NAO trend, that indicates an equatorward shift in the
jet, was observed starting from 1989-2013%6:87; at the same, in the
North Pacific no long-term trend in the jet position has been
found®8-8%, However, it was shown that between cool seasons of
1997/1998 and 1998/1999—strong El Nifo and La Nifia events,
respectively—the frequency of a poleward shifted Pacific jet
increased by a factor of seven®®. Furthermore, Soulard et al.®
suggested that the negative AMO favors a strengthened North
Pacific jet that is displaced equatorward. In the 1990s and early
2000s, the AMO showed a positive trend, displacing the North
Pacific jet to the north, as seen in the NW,-NW; composite
(Fig. 6¢).

NH anomalies in the near surface air temperature (SAT) and
precipitation (Fig. 7a, c¢) can be explained, to a large extent, by
anomalous atmospheric circulation at the surface. (We remind
the reader the composites are not affected by long-term trends.)
Composite SAT anomalies show warmer NH continents in NW,
in the areas of negative MSLP anomalies, and slightly reduced
precipitation associated with higher MSLP in the north-east
Pacific and increased rainfall in the central North Atlantic linked
to lower MSLP. As long-term trends have been removed from the
composites, this result suggests that dynamical changes in the
global circulation may have contributed to cooling of the Arctic in
NW,; however, Arctic amplification of global warming obscured
this signal in observations.

The circulation anomalies in the NH, particularly in the
Pacific-North American sector, are often related to forcing from
the tropical oceans. Indeed, SAT and precipitation anomalies over
the tropical Pacific suggest EP El Nifo conditions with a wetter
and warmer Eastern Pacific and a drier Maritime Continent in
the NW,-NW; composite (Fig. 7a, c). Drier conditions over the
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a) (NW2-NW1) MSLP composite

b) (SW2-SW1) MSLP composite
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Fig. 5 MSLP and Z300 composites. Composite (a, b) MSLP (Pa) and (¢, d) Z300 (m2 s—2) difference between clusters in (a, €) boreal winter, NW,-NW,,
and (b, d) austral winter, SW,-SW,. Stippling shows differences significant at 95% level.
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western Pacific may be responsible for a strong Z300 anomaly
over the Sea of Japan (Fig. 5¢) due to advection of the vorticity by
the divergent wind from the Maritime Continent0. However, in
contrast to the extratropical circulation, the tropical anomalies in
the NW,-NW; composite do not align with changes in low-
frequency modes of variability, such as PDO and AMO, and a
shift to the CP El Nifno events, that happened in 1990s-early
2000s. Hence, our hypothesis about trends as a change in
frequency of the preferred circulation states is not supported by
Fig. 7 within the tropics. Nevertheless, following the study by
Roxy et al.”3, we analyzed seasonal trends in the MJO and found
that there is a tendency for a longer duration of anomalous
convection in the Pacific associated with the MJO, especially

o
o
m/s

60E 120E 180

Fig. 6 U750 and U300 composites. As in Fig. 5 but for (a, b) U750 and (¢, d) U300 (m s~ 7).

during boreal winter in 1990s and early 2000s (Supplementary
Fig. 10).

In the SH, the MSLP composite shows a positive SAM phase
with higher MSLP over subtropical continents and low mid-
latitudes and lower MSLP over the Antarctic coastline in
NW,-NW; (Fig. 5a). The Z300 composite (Fig. 5c) also reveals
a SAM-like pattern with stronger anomalies in high latitudes and,
consistent with MSLP and Z300 anomalies, jets are shifted
poleward in NW, in the lower and upper troposphere (Fig. 6a, c).
This result is in agreement with a positive trend in SAM and a
poleward shift of the jet during austral summer in the late 20th
century?®. The SAM was found to be negatively correlated with
station-based temperature along the Antarctic coastline except for
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a) (NW2-NW1) SAT composite

b) (SW2-SW1) SAT composite
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Fig. 7 Surface air temperature and precipitation composites. As in Fig. 5 but for (a, b) SAT (°C) and (¢, d) precipitation (mm day—").

the Antarctic Peninsula®!; this may explain lower temperatures
over Antarctica in the NW,-NW,; SAT composite (Fig. 7a). From
the MMC cluster analysis, the positive SAM trend during austral
summer is the main change in the SH, which agrees with an
earlier study showing that natural variability in the extratropical
SH overwhelms the forced response in the observations except for
the positive trend in the SAM?2,

Austral winter. In contrast to the boreal winter that showed
coherent changes in the NH and SH hemispheres, during the
MMC austral winter, differences between the two clusters,
SW,-SW,, are limited to the winter hemisphere. Hence, the fol-
lowing discussion will focus on the SH.

The MSLP differences show a strong anomaly in the southern
Pacific and Atlantic oceans (Fig. 5b). In SW,, there is a strong
low-pressure anomaly centered over the Drake Passage that
extends to West Antarctica and a high-pressure anomaly in the
southern Atlantic. A belt of high-pressure anomaly stretches in
low mid-latitudes from the Indian Ocean into the Pacific. Hence,
the MSLP pattern in the Indo-Pacific sector resembles a positive
regional SAM; but the pattern reverses in the Atlantic sector in
accord with earlier studies showing strong asymmetries in the
zonal circulation during austral winter>?4. The atmospheric
circulation in the South Pacific and Atlantic is subject to a wave
train propagating from the tropical Pacific, often referred to as the
PSA mode*?9%; hence, the cyclonic and anticyclonic anomalies to
the south of South America may be linked to tropical-
extratropical interactions. The Z300 composite anomalies resem-
ble those at the surface level (Fig. 6b, d) and the zonal wind in
SW, is consistently enhanced around the Antarctic coastline
throughout the troposphere (Fig. 6b, d).

In line with these circulation anomalies, the main SAT
differences between clusters lie in the high latitudes of the SH
(Fig. 7b). SW, features lower temperatures along the coastline of
Antarctica except in the Weddell Sea due to the low MSLP
anomaly over the Drake Passage. This cyclonic anomaly advects
warm air over the Weddell Sea and brings it further inland
warming the South pole, that has warmed three times faster than
the global average’®. On the other hand, lower SAT around
Antarctica can be explained by the lower SST in the high latitude

Southern Ocean. Surface ocean cooling around Antarctica has
been linked to enhanced northward Ekman drift in response to
the amplified summer polar jet that induces negative summertime
SST anomalies around Antarctica, earlier sea ice freeze-up the
following winter and cooler SSTs throughout the year on a short-
time scale®’. Precipitation differences between clusters in austral
winter are also small and mostly not statistically significant,
except for the extratropical SH, where precipitation is reduced
equatorward and poleward of the polar jet but increased over the
Weddell Sea following the northern flow around the MSLP
anomaly (Fig. 7d).

Discussion

Understanding the mechanisms causing the weakening of the
winter MMC in both hemispheres during the late 20th century
warrants further analysis. It is well-established that the depletion
of low stratospheric ozone in the second half of the 20th century,
together with global warming, have caused a poleward shift of the
SH mid-latitude circulation during austral summer!7-48:49.98,
Banerjee et al.! noticed that the trend in the summer jet location
paused around the year 2000, in line with the ozone changes. As
shown in Fig. 4, the trends in the global MMC circulation are also
in agreement with the trend in the Antarctic ozone during austral
spring. Furthermore, we find that the frequencies of strong and
weak MMC clusters in consecutive solstice seasons are highly
correlated (see Fig. 8 that shows lagged correlations between the
detrended cluster frequency in the boreal winter, NW; (NW,),
and the following austral winter, SW; (SW,). The correlation
peaks from mid-1990s-2010).

Recently, Hartmann®® proposed a mechanism linking the
Antarctic stratospheric ozone to anomalies in the tropical Pacific,
whereby the onset of the ozone hole since 1979 can lead to an
intensification of the polar vortex and the tropospheric jet during
austral spring. The latter induces an anomalous surface wind
stress that causes a cooling of Southern Ocean SSTs, particularly
in the South-Eastern (SE) Pacific190. Using a slab ocean model,
Dong et al.1% showed that tropical Pacific SSTs can be modified
by cooling imposed on the SE Pacific surface heat flux. Once the
tropical Pacific SST is perturbed, it drives remote changes to
atmospheric circulation in the extratropics that further enhance
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Fig. 8 Lagged correlations between cluster frequency in boreal and austral winters. Time-varying correlations between detrended timeseries of cluster
occurrence during a boreal winter and the following austral winter for (@) NW; and SW;, and (b) NW, and SW>. The start of the time interval is indicated by
the X-axis and the end year by the Y-axis. Gray dots show values significant at 90 % level.
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Fig. 9 Propagation of anomalies in atmospheric and ocean circulation
from austral spring to austral winter. Relationships (a-f) are supported by
correlations shown in Supplementary Fig. S12. Averaged correlation
coefficients for selected months across different time periods are given in
the table. Stratospheric ozone is represented by the ozone mixing ratio at
100 hPa at 60-90°S, the SH polar jet by zonal mean zonal wind speed
between 55-65°S, South-Eastern and Tropical Pacific SSTs are averaged
across (47-62°S, 140-70°W) and (5°N-5°S, 170-120°W), respectively.
Frequency of NW, and SW, are used for boreal and austral winter MMCs.

cooling in both the Southern Ocean and the tropical Pacific.
Based on those findings, Hartmann®® proposed that high-latitude
surface wind anomalies associated with the Antarctic ozone hole
can cause cooler temperatures over the Southern Ocean that
extend into the tropics.

Based on the MMC trends (Fig. 4) and the close relationship
in the strength of winter MMCs between consecutive boreal and
austral winters (Fig. 8), we further hypothesize that (1) the
Antarctic ozone hole can affect not only the SH, but also the
NH circulation during boreal winter; (2) MMC trends in both
solstice seasons may be related to the Antarctic stratospheric
ozone. Validating these hypotheses requires specific modeling
experiments and will form the basis of future work. Here we
explore possible mechanisms based on correlation analysis

using the ERAS5 dataset summarized in Fig. 9. In agreement
with earlier studies!”7434998  we find strong correlations
between the stratospheric ozone, tropospheric jet and SST
variability in the SE and tropical Pacific during austral spring
(Fig. 9a-c). Additional analysis shows that SST anomalies in the
South-Eastern Pacific are closely linked to the anomalies of
the same sign in the Nifi03.4 region and SST anomalies around
the Maritime Continent of the reverse sign (Supplementary
Fig. 11). The latter anomalies, while smaller in amplitude, show
an increasing trend in the late 20t century and pause after the
year 2000. We also find a close relationship between the NW,
frequency and the tropical SST in the Niflo3.4 region (Fig. 9d)
and around the Maritime Continent, supporting our hypothesis
that the Antarctic ozone hole is driving global changes in the
atmospheric circulation during boreal winter. A strong coupling
between tropical and extratropical South Pacific persists
through the boreal winter into spring (Fig. 9c). We hypothesize
that tropical SST anomalies alter the intensity of the SH polar
jet in the late austral autumn (Fig. 8d), and anomalies in the jet,
in their turn, impact the SW, frequency (Fig. 9f), possibly
through the eddy feedback on the mean flow!%l. Though we
cannot eliminate the role of global warming and tropical
variability (independent of the stratospheric ozone), we spec-
ulate here that both solstice seasons respond to anomalous SSTs
in the tropical Pacific that have been modified by the Antarctic
ozone since the late 20th century!7:19:45-48,100_ ‘We emphasize
here that our hypothesis is based on statistical analysis over the
limited observational record and that further model experi-
ments are needed to prove causality in these relationships.
However, we should also note that a comparison of SST trends
in the observational and CMIP5/6 data reveals that models fail
to represent the observed SST trends in the South Pacificl92.
Considering that there is a less than 5% chance that the
observed trend is due to the internal variability, model biases in
the extratropical Pacific region raise a concern of whether
relationships shown in Fig. 9 can be skillfully represented in the
current generation of climate models.

Finally, there is an apparent disagreement between the weak-
ening of the SH MMC (Fig. 3¢ and Supplementary Fig. 2c) and an
intensification of the winter mid-latitude storm track (at 50°S)
since around 1980, revealed by the increasing eddy moist static
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energy flux!9. A similar inconsistency has been shown for
positive phases of the SAM that lead to an increased poleward
flux of the eddy moist static energy in combination with even
stronger increase in the equatorward flux of the dry static energy
by the steady flow!94. Therefore, the weakening of the dry isen-
tropic SH MMC found in this study should not be interpreted as
a weakening of the winter storm track but, instead, suggests its
strengthening (Fig. 6b, d).

Conclusions

This work explores variability in the global atmospheric circula-
tion by identifying preferred regimes in the 5-day smoothed
isentropic MMC. The motivation behind this work was to
investigate how transient regimes integrate into long-term
atmospheric trends. In contrast to the isobaric MMC, the circu-
lation in the isentropic framework accounts for (some) energy
transport by extratropical eddies, forming a single direct cell in
each hemisphere. Therefore, changes in the MMC represent a
cumulative effect of forcings in different parts of the globe. In
light of multiple changes in a range of climate drivers, from
tropical SST to stratospheric ozone, the isentropic framework is
particularly well suited for an analysis of atmospheric response to
those changes.

This study is based on six k-means clusters defined using
smoothed daily MMC data. These clusters reflect four main
seasons with two clusters allocated to each solstice season and one
cluster to each transition season. We found decreasing trends in
the frequency of clusters that show stronger MMC circulation
and an increasing frequency of weaker MMC circulation in the
winter hemisphere, with a change occurring around 1998. These
trends have happened alongside a number of changes in climate
drivers, e.g., a decreasing trend in the lower stratospheric tem-
perature in high SH latitudes that paused after the late 1990s, a
transition to a negative PDO that lagged an earlier transition of
the AMO to a warm phase. While our analysis does not prove
causality, it does show that the atmospheric circulation adapted to
those shifts in climate drivers, with the NH and SH experiencing
many coherent changes. Moreover, our results demonstrate that
long-term trends in the atmospheric circulation, e.g., a positive
SAM and negative NAO trend, weakening of the Siberian High,
strengthening of high pressure over Greenland, can be a cumu-
lative effect of changes in the frequency of preferred short-term
global circulation regimes.

We note here that the analysis of recent changes in the MMC
explains very broad tendencies in the atmospheric circulation that
can be still modified by other modes of variability (e.g., Supple-
mentary Fig. 3c). An important finding from this work is that the
large-scale atmospheric circulation has a number of preferred
states, and some long-term trends are made up by a change in
frequencies of those synoptic states.

Data and methods

Dry isentropic circulation and clusters. The dry isentropic
MMC was calculated by Lucas et al.3! using the European Centre
for Medium-Range Weather Forecasts (ECMWF) Interim Rea-
nalysis (ERA-Interim) for the period 1979-201719> on 60 model
levels from the surface to ~1 hPa with the horizontal resolution
1.5° x 1.5°. Calculations were based on meridional wind and
temperature at 12 UTC. The 29th of February was removed from
the analysis.

The ERA-Interim data were interpolated onto isentropic levels
between 210K and 450 K, covering the full range of potential
temperature 6 within the troposphere from tropics to high
latitudes and extending into the lower stratosphere in polar

regions. The dry isentropic stream function ¥ is defined by:
0
Y = —2ma cos¢/ vpedo, (1)
By

where overbar denotes zonal mean, a is the equatorial radius of
the Earth, ¢ is the latitude, v is the instantaneous meridional

wind, p, is the isentropic density (p, = —é%), and 6, is the
potential temperature at the surface. The resulting isentropic
stream function was smoothed with a 5-day average.

The circulation patterns in the MMC are categorized using
k-means cluster analysis, applied to smoothed MMC fields for
each day of the year. We emphasize here that no season was
selected a priori. Before clustering, the stream function values at
each grid point ¥; were standardized by subtracting the long-term
mean ¥, and dividing by the standard deviation o}

vy - N

Vg =——" The last step is important as clustering is based
on the Euclidean distance, which emphasizes changes in the low-
latitude troposphere, where ¥ is the largest (Fig. 1), should the
raw ¥ be used. Without standardization, the clusters are not well
defined; however, after standardisation high-level anomalies start
playing a more significant role in forming the circulation patterns
shown in Fig. 3. We preselected six MMC clusters as they
automatically separated by seasons (Fig. 2). Occasionally, clusters
may be seen in a different season, which happens more often
during transition periods. Consistent with this, if the number of
clusters is reduced from six to five, both transition seasons form
one cluster, while solstice seasons remain almost unchanged
being represented by two clusters each.

The correlation between the timeseries of cluster occurrences
in Fig. 8 is calculated using the Pearson correlation coefficient, the
statistical significance based on a t-test.

is

Atmospheric variables and their composites. Analysis of
atmospheric fields associated with the MMC clusters was made
using a more recent ECMWF Reanalysis v5 (ERA5)190, which
replaced the ERA-Interim. The new dataset benefited from
improved model physics, core dynamics and data assimilation. It
has also higher temporal and spatial resolution, which should
have improved the model dynamics. For Figs. 5-7 and S3-S8 we
use the mean sea-level pressure (MSLP), zonal wind speed at 300
and 750 hPa (U300 and U750), geopotential height of 300 hPa
(Z300), near surface air temperature at 2m (SAT), and total
precipitation rate at 0.25° horizontal resolution. All but one
variable are derived every 6h and then averaged daily. Pre-
cipitation is integrated daily using hourly total precipitation rates.
For Fig. 9 and Supplementary Fig. 12, we use monthly mean
ERA5 datasets.
For each cluster C, we calculated composite anomalies of an
atmospheric variable V from the annual mean as:
/ 1. 7
VC,yr = ;lé:l Vi,C,yr - Vyr7 (2)
where i is a single occurrence of cluster C in year yr (Fig. 2), n is
the number of days attributed to cluster C in yr, V indicates
anomaly from the climatological seasonal cycle and V|, is the

single-year annual mean of V. Some variables, e.g., SAT and
MSLP, are strongly affected by the seasonal cycle even within one
season. Hence, daily anomalies due to the mean seasonal cycle are
calculated as wave 1 in climatological daily means using the Fast
Fourier transform and removed from V. The single year annual

mean, V,,, is subtracted to reduce the effect of global warming

and other long-term trends on Vi .
The long-term mean cluster anomaly, (V.), is derived as V. ,
averaged across all years in 1979-2017. As some clusters are
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becoming more or less frequent over the years, we first calculate
the annual anomaly V(. , and then average across all years so that
each year contributes equally. The difference in composite values
(Figs. 5-7) is tested by the Kolmogorov-Smirnov test. To test the
robustness of our results we also performed composites using
ERA-Interim and found very similar patterns.

Data availability

The MMC data used for clustering can be found at https://figshare.com/articles/dataset/
daily_ISF/22116602. ERA5 data on single and pressure levels were downloaded from the
Copernicus Climate Data Store (https://doi.org/10.24381/cds.adbb2d47 and https://doi.
0rg/10.24381/cds.bd0915¢6, respectively).

Code availability

Code is available upon request to the corresponding author.
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