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ABSTRACT

As the leading mode of Pacific variability, the El Nifio-Southern Oscillation (ENSO)
causes vast and wide-spread climatic impacts, including in the stratosphere. Following
discovery of a stratospheric pathway of ENSO to the Northern Hemisphere surface, here we
aim to investigate if there is a substantial Southern Hemisphere (SH) stratospheric pathway in
relation to austral winter ENSO events. Large stratospheric anomalies connected to ENSO
occur on average at high SH latitudes as early as August, peaking at around 10 hPa. An
overall colder austral spring Antarctic stratosphere is generally associated with the warm
phase of the ENSO cycle, and vice versa. This behavior is robust among reanalysis and six
separate model ensembles encompassing two different model frameworks. A stratospheric
pathway is identified by separating ENSO events that exhibit a stratospheric anomaly from
those that don’t and comparing to stratospheric extremes that occur during neutral-ENSO
years. The tropospheric eddy-driven jet response to the stratospheric ENSO pathway is the
most robust in the spring following a La Nifia, but extends into summer, and is more zonally-
symmetric compared to the tropospheric ENSO teleconnection. The magnitude of the
stratospheric pathway is weaker compared to the tropospheric pathway and therefore when it
is present, has a secondary role. For context, the magnitude is approximately half that of the
eddy-driven jet modulation due to austral spring ozone depletion in the model simulations.
This work establishes that the stratospheric circulation acts as an intermediary in coupling

ENSO variability to variations in the austral spring and summer tropospheric circulation.
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1. Introduction

Southern Hemisphere (SH) tropospheric climate variability is connected to the El Nifio
Southern Oscillation (ENSO), particularly during the austral summer period. Additionally,
strong ENSO events are also known to impact the stratospheric circulation, predominantly in
the Northern Hemisphere (NH) winter, and subsequently providing a “stratospheric pathway”
onto NH surface climate (Butler et al. 2014; Domeisen et al. 2019). This leads to the
questions: To what extent does austral winter ENSO also modulate the SH austral spring

stratosphere? And if so, does the SH stratosphere provide a pathway through which ENSO

variability influences the SH tropospheric circulation?

Sea surface temperature (SST) variability in the tropical Pacific region is dominated by
ENSO (Bjerknes 1969; Wyrtki 1975; Rasmusson and Carpenter 1982). The classic ENSO
description is the leading mode of variability in tropical Pacific SSTs. The ENSO events
typically begin in June—August, peak in December—March, and diminish by April-May
(Trenberth 1997). They have far-reaching global weather impacts, commonly referred to as
teleconnections (Bjerknes 1969; Liu and Alexander 2007; Horel and Wallace 1981). For
example, El Nifio and La Nifia events are associated with a disruption in the Walker
circulation, a tropical Pacific zonal circulation pattern (Lindzen and Nigam 1987), causing
changes in rainfall in both Australia (e.g. McBride and Nicholls 1983; King et al. 2015) and

the Americas (e.g. Grimm & Tedeschi, 2009; Ropelewski & Halpert, 1986).

In the SH, ENSO is linked to the South Pacific Convergence Zone (SPCZ), a band of
convection in the South Pacific (Trenberth 1984), and the Pacific-South American (PSA)
pattern, a quasi-stationary Rossby wave train emanating from the equatorial Pacific towards
the South East Pacific and then equatorward in the Atlantic (Karoly 1988; Mo and Ghil 1987;

Mo and Paegle 2001). Interannual variability of the tropospheric circulation in the SH is
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linked to the PSA (Garreaud & Battisti, 1999). Further, SH regional variability within 180-
360°E is dominated by two quasi-stationary anti-cyclones with strengths that are negatively
correlated to the PSA (Hobbs and Raphael 2010). The occurrence of blocking over the South
Pacific, along the PSA track, is modulated strongly by ENSO (Renwick 1998; Renwick and
Revell 1999). Recent studies have also suggested that the PSA may represent part of the
zonal asymmetric structure of the Southern Annular Mode (SAM) (Irving and Simmonds
2016). Therefore, the connection of ENSO to SH circulation is notable, especially in the

South Pacific region.

While ENSO is the leading mode of variability in the tropics, the SAM is a leading mode
of variability within the SH extratropics, and is described as a change in sea level pressure
between the SH mid-latitudes and polar regions (Kidson 1988; Karoly, 1990; Kidson &
Sinclair, 1995; Hartmann & Lo, 1998; Thompson and Wallace 2000). A positive SAM is
associated with lower sea level pressure over Antarctica, and higher pressure in the mid-
latitudes, and is strongly coupled to the location of the eddy-driven jet stream and therefore
Rossby-wave induced weather fronts (Thompson & Wallace, 2000; Lorenz and Hartmann
2001), where a positive SAM denotes a poleward shift of the jet. The connection between
ENSO and SAM has widely been documented as negatively correlated, with ENSO
projecting strongly onto the SAM (Seager et al. 2003; L’Heureux and Thompson 2006; Fogt
etal. 2011; Lim et al. 2013; Wang et al. 2013). However, this relationship may be dependent
on the strength of ENSO (Kim et al., 2017). Additionally, Fogt et al. (2012) showed that
zonal asymmetries in the SAM during austral spring and summer are closely tied to ENSO,

especially in the South Pacific, and can have regional temperature impacts.

A number of studies using different models and approaches have examined the influence

of springtime Antarctic ozone depletion that has occurred in the last few decades on the
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austral summer SAM (Thompson and Solomon 2002; Arblaster and Meehl 2006; Son et al.
2009; Polvani et al. 2011; Thompson et al. 2011). Stratosphere-troposphere coupling in the
SH is also known to occur as early as austral spring after wintertime anomalies in the upper
stratosphere occur due to planetary wave breaking (Thompson et al. 2005; Lim et al. 2018).
This raises the question of linkages between wintertime ENSO and stratospheric ozone

impacts on the SAM.

Past studies of ENSO teleconnections into the stratosphere have shown large disturbances
in the polar stratosphere temperatures, particularly in the NH and during austral summer
(Domeisen et al., 2019 and references therein), the time period when ENSO peaks (Trenberth
1997), and heat transport is largest into the NH stratosphere (e. g. McIntyre & Palmer, 1983).
In the SH, Central Pacific (where the large SST anomalies are located further west) El Nifio
events have been shown to have a large impact on the SH stratosphere due to a more
enhanced Rossby wave train along the SPCZ (Hurwitz et al. 2011; Yang et al. 2015;
Domeisen et al. 2019). Hurwitz et al. (2011) showed that September—November Eastern
Pacific El Nifio had little impact on the SH stratosphere, while Simpson et al. (2011) reported
a strong response in the SH mid-latitudes during austral summer. A recent study suggested
that correlations between ENSO and the SH stratosphere are largest a year after an ENSO
event, and typically display a dipole structure between the upper and lower stratosphere (Lin
and Qian 2019). Whereas, other studies have showed a lag correlation between the SH spring
stratosphere and the previous June Central Tropical Pacific SST variability (Evtushevsky et
al. 2015; Lim et al. 2018). Evtushevsky et al. (2019) also showed using reanalysis that the SH
stratosphere connection to the central tropical Pacific has strengthened in recent decades in
the austral spring. In this study, using reanalysis and multiple model ensembles with different

greenhouse gas (GHG) and ozone depleting substance (ODS) scenarios, we focus on austral
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winter ENSO, which allows the characterization of spring and summer anomalies in the
stratosphere (an important time period for stratosphere-troposphere coupling). Using multiple
ensembles, we analyze ENSQO’s tropospheric teleconnections onto the SH eddy-driven jet

under different GHG and ODS scenarios.

Here we aim to separate both a tropospheric and stratospheric pathway of ENSO onto SH
austral spring and summer circulation, with a focus on spring. This complements the work
done by Butler et al. (2014) for the NH, where both a tropospheric and stratospheric pathway
of ENSO to the troposphere was identified during boreal autumn and winter. In that study,
ENSO events of either polarity were found to be more likely to coincide with a sudden
stratospheric warming (SSW). The stratospheric pathway was shown to affect climate over
the North Atlantic and Eurasian region. Separation of the stratospheric and tropospheric
pathways of ENSO is also discussed at length in (Jiménez-Esteve and Domeisen 2018, 2020).
However, as the SH stratosphere only rarely experiences SSWs, here we aim to investigate
how ENSO variability affects both warm and cold SH polar stratospheres, and identify any

differing effects from stratospheric and tropospheric pathways to SH tropospheric circulation.

2. Reanalysis and Climate Model Ensembles

In this study we use reanalysis data as well as six different model ensembles

encompassing two model frameworks, described below and in Table 1.

The model datasets are compared to a reanalysis assimilated by observations, specifically
the JRA-55 global reanalysis (Kobayashi et al. 2015). This reanalysis’s feature is its temporal
coverage, extending from 1958—present, with years 1958-2019 used in this study. Monthly
mean JRA-55 data is used at 1.25° latitude by 1.25° horizontal resolution on 37 pressure

levels up to 1 hPa. It is important to note here that the earlier years 1958—1979 (before the
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satellite era) in JRA-55 have substantially less assimilated observations, and therefore
requires more caution in its use. When, comparing the analysis presented here to identical
analysis over the satellite era of 1979-2019, very similar results are obtained. Therefore, we

opted to use the full JRA-55 time series to reduce sampling uncertainty.

Four model ensembles with differing ozone depleting substance (ODS) and greenhouse
gas (GHG) concentrations (see Table 1) (Stone et al. 2018), were run using the high-top
coupled chemistry-climate model Whole Atmosphere Community Climate Model
(WACCM4), which is based on the Community Earth System Model, version 1 (CESM1),
and is a fully coupled climate model that incorporates atmosphere, ocean, land, and sea ice
modules (Marsh et al., 2013; Garcia et al., 2017). The setup of the model used here has a
horizontal resolution of 1.9° latitude by 2.5° longitude and 66 vertical levels up to 5.1 x 10
hPa (~140 km). The chemical scheme used is the Model of OZone And Related Tracers
(MOZART) (Kinnison et al., 2007) and has been shown to accurately simulate polar ozone
depletion and levels of chlorine reservoir species (Solomon et al., 2015, 2016). The ocean
model is the Parallel Ocean Program (POP), version 2, and is fully coupled (therefore the
ENSO events for each ensemble member are different). The setup used has a repeated cyclic
28 month quasi-biennial oscillation (QBO), no solar cycle or solar proton events, and updated
sulfate area densities including 21 century volcanic eruptions (Mills et al., 2016; Neely and
Schmidt, 2016). The four different WACCM ensembles employ different GHG and ODS
forcings, with the naming scheme describing the relative forcings. They are all spun up from
Chemistry Climate Model Initialization simulations beginning in 1955. Two simulations have
evolving GHG and ODS concentrations, but over different time periods, i.e. WACCM-
GHGHODSH over 1995-2024, and WACCM-GHGLODSL over 1955-1979. The subscript L’s

and H’s denote low or high GHG and ODS forcings, respectively, and are designed to be able
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to obtain the important differences of the WACCM ensembles directly from the title. The
other two simulations are WACCM-GHGLODSH, and WACCM-GHGHODSL, both run over
1995-2024. WACCM-GHGLODSH has fixed GHGs at 1960 levels and evolving ODSs, while
WACCM-GHGHODSL has fixed ODSs at 1960 levels and evolving GHGs. In WACCM-
GHGHODSL, the ODSL term differs from that in the WACCM-GHGLODSL as it has evolving
ODSs over 1955-1979 compared to fixed ODSs at 1960 levels. The naming convention is the
same as it is designed to convey relative ODS levels (See Table 1 for more information). The
four ensembles each consist of 10 members, and are further classified in Table 1.
Initialization of the model ensemble members commences from slightly differing initial air

temperatures, as is standard in such simulations (Kay et al., 2015; Solomon et al., 2017).

We also employ the CESM-large ensemble (LENS), described in detail in Kay et al.
(2015). The main difference of this ensemble as compared to WACCM is that it employs a
lower model top of ~4 hPa with prescribed rather than coupled ozone fields (see Table 1 for
details). In this study, we use all 40 members of LENS over the time period of 1995-2024,
similar to the WACCM simulations described above. LENS also employs a prescribed QBO

nudged to observed fields.

We also examine results from the CanESM2 model’s “historical” dataset, which consists
of 50 members. The model and its ensembles are described in detail in Arora et al. (2011) and
Fyfe et al. (2017). This model is a spectral model with independent architectural structure to
that of CESM. Similarly to LENS, CanESM2 has a relatively low top of 1 hPa and prescribed

ozone fields (see Table 1). CanESM2 does not simulate or prescribe a QBO.

3. Methods
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180 The ENSO index was calculated using principal component analysis of sea surface

181  temperatures over the latitude-longitude range of -30—30°N and 140-260°E. The first

182  empirical orthogonal function (EOF) gives a representation of the Eastern Pacific-ENSO

183  (hereafter referred to as ENSO). A June—August seasonal index is calculated by first forming
184  monthly anomalies over the respective time periods. June—August seasonal averages are then
185  calculated and linearly detrended. We next compute the EOFs over the ENSO latitude-

186  longitude area described above by calculating the eigenvalues of the covariance matrix. The
187  time period of June—August was chosen for two reasons: (1) A lag correlation analysis of
188  monthly ENSO indices for the SH cold season from April-September shows that the

189  anomalies are largest in the Antarctic polar stratosphere from a June ENSO in all model

190  simulations, and August ENSO in JRASS (although the anomalies are still large in JRASS
191  from June ENSO events). (2) ENSO events typically begin in austral winter and peak in

192 austral summer before diminishing. Therefore, any austral winter ENSO events that disturb
193 the SH stratosphere will also likely continue to strengthen into the summer. This means the
194  SH troposphere will likely experience austral summer teleconnections from the same ENSO
195  event that disturbed the stratosphere. Therefore, a June—August seasonal ENSO index was

196  chosen.

197 Composite analysis of ENSO events were performed following Deser et al. (2017), by
198  normalizing the seasonal ENSO index by its seasonal standard deviation. Then, any values
199  above/below 1/-1 standard deviations are described as El Nifio/La Nina events. ENSO

200  composite differences were calculated by first detrending the respective fields, with a linear
201  breakpoint imposed in the year 2000 for both stratospheric and tropospheric fields to account
202  for ozone recovery (this was not done for the WACCM-GHGrODSL that did not have ozone

203  depletion), then subtracting El Nifio years from La Nifa years. Significance of the ENSO
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composite differences is obtained using a two-tailed two sample t-test at the 95™ or 90

percentile with sample sizes equal to the number of El Nifio and La Nifa events respectively.

Using this composite difference method described above, the surface temperature
differences associated with a June—August ENSO in our analysis are shown in Figure 1 for
JRA-55, WACCM-GHGHODSH, CanESM2, and LENS. There is good representation of the
ENSO structure in all ensembles compared to JRA-55. The most noticeable differences are
that the WACCM-GHGrODSH ensemble has a larger SST difference in the eastern Pacific
compared to the reanalysis and the other models, and the location of largest SST difference in
JRA-55 is concentrated farther eastward than the models, especially compared to LENS.
Figure 1e also shows how the ENSO index progresses before and after the June—August
ENSO index time period used in this study. Figure 1 shows that when a June—August ENSO
event occurs, on average the event begins to strengthen in the early part of the year, and
peaks late in the year and into the following year, i.e., peaks in austral summer before
diminishing. This is consistent with the three different models and JRA-55, which gives

confidence that the models are representing the seasonality of ENSO correctly.

Calculation of the eddy-driven jet stream location was performed by finding the latitude
of maximum zonal wind between 70—40°S at 500 hPa. At this pressure level, separation of
the eddy-driven and sub-tropical jets was easily performed by restricting the latitude range to
these values. Eddy-driven jet stream analysis was also done at 850 hPa to make sure
separation between the two jets was accurate. Otherwise, 850 hPa was not used here as much
of the Antarctic surface is above this level. The latitude of the eddy-driven jet was smoothed

using a moving mean of 20° in longitude.

To separate the influence of the tropospheric and stratospheric pathways of ENSO on
tropospheric circulation changes, we first isolate the region where the largest stratospheric

10
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temperature perturbations associated with ENSO are located, i.e. within 60—180°E and 75—
45°8S at 30 hPa. Then, we identify any El Nifo years that correspond to large temperature
anomalies within that region of greater or less than 1 or -1 standard deviations during the
September-October mean. The same approach is used for La Nifia events (See Table S1 for a
list of stratospheric response years in JRA-55). This time period, pressure level, and latitude-
longitude range was used as it gives the best signal to noise ratio in WACCM and JRA-55.
Better results for CanESM?2 are obtained when using higher pressure levels, but for
consistency, 30 hPa is used. ENSO years that correspond to large Antarctic stratospheric
changes are characterized as having a stratospheric response, hereafter referred to as: the
combined pathway, and ENSO years that do not correspond to large Antarctic stratospheric
changes are characterized as having a passive stratospheric response, hereafter referred to as:
tropospheric only pathway. El Nifio and La Nifla composite anomalies are computed as the
difference from the entire climatology. Separating the ENSO events in this way allows for the
evaluation of any ENSO stratospheric pathway (difference between combined and
tropospheric only pathways) that may affect SH tropospheric circulation. See Table 2 for
more information. Significance between subsets of data with and without a stratospheric

pathway is shown at the 90" percentile following a two-sided t-test.

4. Results

a. Stratospheric composite differences

The late austral winter and early austral spring ENSO composite differences (El Nifio
minus La Nifia) of stratospheric temperature are shown in Figure 2 for JRA-55, WACCM-
GHGuODSH, LENS, and CanESM?2. The high SH latitude composite differences at 10 hPa in
August are largely negative and contained mostly within 0—180°E, with smaller positive

differences within 180-300°E above the southeastern Pacific (Figure 2a, d, g, and j). For
11
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simplicity, here we are showing the composite differences between El Nifio and La Nifia
years, instead of the El Nifio and La Nifia composite anomalies separately. For the most part,
the SH stratospheric response to El Nifio and La Nifia are similar and opposite (See Figures
S1 and S2 for separation into El Nifio and La Nifia composite anomalies).

The largest differences occur in the WACCM-GHGHODSH ensemble, of less than -9
degrees, which compares to JRA-55 values of up to -7 degrees. The anomalies are weaker in
LENS and CanESM?2 but the spatial structure of the anomalies is captured very well by all
three ensembles. The anomalies are significant at the 95 percentile in the SH in JRA-55 and
the different ensembles. The nature of these anomalies arises from both a change in the
amplitude and the phase of the zonal wave-1, which is the dominant quasi-stationary wave in
the stratosphere during austral spring (e. g. Waugh et al. 1999; Lin et al. 2009). During an EI
Nifio, the zonal wave-1 has a smaller amplitude compared to a La Nifia, especially near the
wave maximum, and the phase is shifted eastward (See Figure 7).

The anomalies descend and move eastward throughout the late winter and spring. During
September (Figure 2, b, e, h, and k), there is again excellent agreement of the structure of the
anomalies between JRA-55 and the three ensembles, with high SH latitude negative
anomalies at 30 hPa now mostly contained within 60—180°E and much smaller positive
anomalies within 220-300°E. The differences are now largest in JRA-55, at nearly -9
degrees. During October at 100 hPa (Figure 2c, f, i, and 1), the anomalies are still present, and
significant, in JRA-55, WACCM-GHGHODSH, and CanESM2 (they are also present in
ERAS reanalysis, but not shown here). However, they are largely reduced in LENS. As an
austral winter ENSO event likely precedes an austral summer ENSO event (Figure 1e), and
considering that ozone and temperature are strongly coupled in the stratosphere (Randel and
Cobb 1994), these results are broadly consistent with the 6 month lag of total column ozone

anomalies with ENSO presented in previous literature (Lin and Qian 2019; Evtushevsky et al.
12
File generated with AMS Word template 1.0



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

2015). The vertical structure of these differences can be seen further in Figure 3, which
shows JRA-55 and WACCM-GHGHODSH longitude-pressure plots averaged over 45—75°S
for individual months from August to November. The negative differences that are associated
with El Nifo in the lower stratosphere are accompanied by positive differences above. As the
differences continue to descend through late spring and summer, these positive differences
are found in the middle stratosphere, in agreement with Domeisen et al., (2019), and
references therein.

The smaller magnitude of the LENS differences in October compared to JRA-55,
WACCM-GHGHODSH and CanESM?2 are most pronounced in the La Nifia anomalies (Figure
S2), and could be due to either the LENS low top model of ~4 hPa not properly representing
the anomalies throughout the upper stratosphere and the mesosphere, or, the prescribed ozone
fields damping the anomaly signal during austral spring by having mismatched amplitudes
and phases of the temperature and ozone zonal wave-1. This could occur because the
temperature field is also influenced by dynamical drivers, such as ENSO. The differences
could also be due to LENS having a much larger amplitude of the zonal wave-1 in the
Antarctic stratosphere during spring compared to JRA-55, WACCM and CanESM2 (see

Figure S3), however, further research is needed.

The composite differences seen in Figure 2 for different models are also seen in the three
other WACCM ensembles, shown in Figure 4. There are some differences between the
ensembles, for example, there is a larger difference (up to -6 K larger) in WACCM-
GHGHODSH during August at 10 hPa and September at 30 hPa (Figure 4a, and b) compared
to the other three ensembles, most noticeably WACCM-GHGLODSH (Figure 4g, and h) and
WACCM-GHGLODSL (Figure 4j, and k), suggesting that the ENSO teleconnection onto the

SH stratosphere may be stronger under enhanced GHG loading as these differences do lie
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outside the 95 percentile of 1000 sample bootstrapped variability (not shown). However,
caution must be taken here as how ENSO and tropospheric ENSO teleconnections respond to
different GHGs scenarios are model-dependent (Yeh et al. 2018; Santoso et al. 2019; Cai et

al. 2019).

The La Nifia composite anomalies are strongest in August at 10 hPa in WACCM-
GHGHODSH, but are strongest in September at 30 hPa in the other three ensembles,
indicating there may be large variability in the timing of the stratospheric teleconnection
captured here between ensembles (See Figures S4 and S5). There are also larger differences
in WACCM-GHGHODSH compared to WACCM-GHGHODSL during October at 100 hPa, a
time period and pressure level where ozone feedbacks onto temperature perturbations would

take place. However, they are less significant.

These differences indicate that forcing changes may alter ENSO teleconnections into the
SH stratosphere under different GHG and ODS scenarios. However, for the purposes of this
paper, the main take away from Figure 3 is that a SH stratospheric ENSO teleconnection is
present, and is broadly consistent within the four different WACCM ensembles. It will
therefore likely remain present into the near future as both GHG and ODS concentrations
continue to change. Since the teleconnections are similar, later we combine the 4 WACCM

ensembles to reduce sampling variability.

Table 2 breaks down, in more detail, the percentage of austral winter El Nifio and La Nifia
events that are associated with a warm or cold Antarctic stratosphere in September—October
at 30 hPa within the region of 60°-~180°E and 45°-75°S (above or below one standard
deviation). LENS is omitted here due to the weaker stratospheric response to ENSO
simulated in this ensemble (see Figure 2). JRA-55 El Nifos and La Nifias are associated with
a cold or warm Antarctic stratosphere with an incident rate of 42.9% and 41.7% respectively.
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In contrast, the opposite, i.e., EI Nifo associated with a warm stratosphere, does not occur.
These results are reflected in the model composites. Across all ensembles and JRA-55, the
incident rates of El Nifio associated with a warm or cold stratosphere are 6.5% and 30.7%
respectively, while the incident rates of La Nifia and a warm or cold stratosphere are 23.7%

and 8.2%. (See Figure S6 for a scatter plot representation)

In the NH, Butler et al. (2014) showed that a SSW likely occurs during either an El Nifio
or La Nifia winter. Here, in the SH, since SSWs are rare, we follow a different approach and
investigate high and low temperature extremes. This produces a clear linear positive or
negative temperature response of the stratosphere to the phase of ENSO, i.e., negative during

El Nifio and positive during La Nifia.

The robustness of the August—October stratospheric differences (El Nifio minus La Nifia)
associated with, and likely forced by the onset of ENSO events in the austral winter are seen
to be different to a Central Pacific-El Nifio response (e.g. Hurwitz et al. 2011), where the
Central Pacific-El Nifio response is associated with an Antarctic stratospheric temperature
anomaly of opposite sign during November—December. Additionally, the downward
progression of the anomalies seen in Figure 3 raise the question: do these anomalies influence
SH tropospheric circulation during spring and summer? Such a relationship could occur since
the differences are present in the lower stratosphere from September—November (see Figure
3), a time period of known stratosphere-troposphere coupling (e. g. Lim et al. 2018),
especially in the late spring, where the differences are at the same pressures and during the
same time period as anthropogenic springtime Antarctic ozone depletion, which is well
known to modulate the SAM in austral summer (e.g. Thompson & Solomon, 2002). To

investigate this, first we must establish the tropospheric ENSO teleconnection.
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As ENSO events generally have peak strength in austral summer (Trenberth 1997)
(Figure le), the onset of ENSO events in austral winter is very likely to be followed by
ENSO events through to summer. Therefore, it is likely that any spring and summer SH
circulation changes in the troposphere associated with the previous winter ENSO could be the
result of the tropospheric ENSO teleconnection during spring and summer, and any
downward propagation that may occur from the ENSO induced stratospheric anomalies could

be hidden in these simultaneous teleconnections.

Additionally, any attempt to separate ENSO events by whether or not they are associated
with a perturbed stratosphere may end up separating different subsets of ENSO events that
have fundamentally different tropospheric teleconnections, and this may obscure any
perceived downwards influence of ENSO associated stratospheric anomalies. In the next
sections, we show how JRA-55 and the ensembles represent these tropospheric
teleconnections, and present a method for separating the stratospheric and tropospheric
pathways of ENSO onto springtime SH tropospheric circulation, while carefully taking into

account the above two concerns.
b. ENSO teleconnection onto the austral spring eddy jet

The teleconnections between ENSO variability during June—August and the SH
circulation are investigated here in the zonal wind fields. Figure 5 shows the ENSO
composite difference during austral spring 500 hPa zonal wind for JRA-55, WACCM-
GHGuODSH, LENS, and CanESM?2. The ENSO composite difference in the latitude of
maximum zonal wind (used as a proxy for the eddy-driven jet location) is also shown.
Similarly, to Figures 2 and 3, here we are showing the composite differences for simplicity.
The structure of the separate El Nifio and La Nifa composite anomalies are mostly opposite
and similar. However, the magnitude of the El Nifio teleconnection is slightly larger than the
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La Nifa teleconnection in WACCM-GHGHODSH and LENS, but not in CanESM2 and JRA-
55. This can be seen in context of the stratospheric pathway in section 4c¢ (see Figures 8-10).
During spring (Figure 5), there is good agreement between the differences in JRA-55 and all
ensembles. In WACCM-GHGHODSH, LENS, and CanESM?2, it is generally seen that there
are positive differences equatorward of the average eddy-driven jet location (dashed black
line) between 100—200°E, and negative differences equatorward between 180-300°E. In
JRA-55, the composite difference pattern agrees well with the models, however, in the region
from 0—180°E, the pattern is now located further south in relation to the average location of
the eddy-driven jet. During summer, JRA-55 also agrees very well with the three models,
with a similar pattern compared to spring (see Figure S7). Therefore, during the warm phase
of ENSO, significant positive differences are seen equatorward of the average eddy-driven jet
location within the 100-200°E in the models (0-180°E and the South Atlantic during
summer). This indicates stronger westerlies and therefore a more equatorward location of the
eddy-driven jet during El Nifio. In the Southeast Pacific, significant positive differences are
seen poleward of the average eddy-driven jet location in the models and JRA-55, indicating a

more poleward location of the eddy-driven jet.

The ENSO composite difference in the eddy-driven jet location is captured in Figure Se
were we see an equatorward shift in the jet between 100-200°E of around 2° latitude, and a
poleward shift between 200-300°E in the models of around 2° latitude. There is reasonable
agreement with JRA-55, except between 90—150°E, the jet teleconnection is shifted
poleward. In summer (Figure S7), we see an equatorward difference of the jet within 0—
180°E of around 1° latitude, with excellent agreement between the models and JRA-55. The
peak in the equatorward difference between about 100-200°E where it is up to 2° latitude is

the approximate location of the quasi-stationary southwestern Pacific anticyclone (Hobbs and
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Raphael 2010), and also agrees with Fogt et al. (2012) on regional variations in the SAM
associated with ENSO. Further east, over the southeastern Pacific the differences become
negative, and are also very strong, up to -2° latitude. This is the location of the quasi-
stationary southeastern Pacific anti-cyclone. The differences return to a 0 in the South
Atlantic. Therefore, during spring, ENSO is negatively correlated to SAM between 100—
200°E and positively correlated between 200-3000°E, as an equatorward shift of the jet
would indicate a negative SAM polarity. During the summer (Figure S7) ENSO is negatively
correlated to SAM everywhere except the southeastern pacific (200-300°E), in agreement
with previous studies (e.g. Fogt et al. 2012; L’Heureux and Thompson 2006; Lim et al.

2013). Therefore, it is clear there is regional structure to this correlation, especially in spring.

In JRA-55, the zonal wind differences in the SH have become significantly stronger at
500 hPa in recent years from 1979 onwards (almost double that of the model simulations),
whether this is due to recent years having stronger ENSO events (e.g. Lee and McPhaden
2010; Freund et al. 2019), or that there are better observations since 1979 requires further
investigation. However, the longitudinal structures of the differences are the same when

comparing the ENSO composite differences over 1958-2019 and 1979-2019 (not shown).

Figure 6 shows the ENSO composite differences of zonal wind and the eddy-driven jet
stream under the different WACCM scenarios for the austral spring period. Since the
composite differences are detrended and normalized to the mean, the direct ODS or GHG
signal on the eddy-driven jet is removed. Therefore, any significant differences in the ENSO
teleconnection between WACCM ensembles will likely arise from either differences in the
structure and intensity of ENSO, or non-linearities in how ENSO projects onto SH
tropospheric circulation under different GHG or ODS regimes. The zonal wind differences
are very similar for the 4 different scenarios indicating that the teleconnection is consistent
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for different GHG and ODS loadings during spring. There are some larger differences in
summer between scenarios, but they are not consistent when comparing to different
CanESM2 ensembles one with only stratospheric ozone forcings, and one with pre-industrial
forcings (see Figures S7 and S8). Therefore, the overall longitudinal structure of the
teleconnection is very consistent between all models and ensembles, and will therefore likely
remain consistent into the near future as GHG and ODS concentrations change. This gives
confidence that any stratospheric-tropospheric teleconnection of ENSO onto SH tropospheric
circulation will show similar features in all ensembles, and therefore combining the 4
different WACCM ensembles (hereby, referred to as WACCM-combined) to create a larger
dataset is a reasonable approach going forward. This has the added benefit of producing a
WACCM ensemble with similar ensemble members to CanESM2 (40 members compared to

50 members, respectively).

Here, we have established that the typical ENSO teleconnection onto the tropospheric
eddy-driven jet in the SH is not longitudinally uniform in the separate model simulations, in
agreement with previous literature (e.g. Fogt et al. 2012). In the next section, we aim to
establish whether or not the stratospheric ENSO associated perturbations shown in Figures 2,
3, and 4 exhibit stratosphere-troposphere coupling, thus providing an additional pathway for

ENSO to affect SH tropospheric circulation.

c¢. Downward propagation of ENSO induced stratospheric anomalies

The key obstacle to separating the stratospheric expression of ENSO during austral spring
and the tropospheric teleconnection is the strength of the tropospheric teleconnection. We
first examine this by separating the austral winter ENSO years that exhibit a stratospheric
springtime response in the SH from those that do not. The austral spring stratospheric
differences are expected to impact tropospheric circulation as they occur during a key time
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period for stratosphere-troposphere coupling (Thompson et al. 2005; Lim et al. 2018).
Different metrics of the two subsets of ENSO events are then compared: The stratospheric
temperature differences, and the tropical Pacific surface temperature differences. If there are
obvious differences in the structure of the surface temperatures (e.g. the location of largest
SST differences is located in a different location, or is significantly stronger/weaker), then
any differences in the tropospheric wind may just be due to different teleconnections from
differing ENSO events. However, if the surface temperature differences are similar, then
comparison of the composite anomalies in austral spring tropospheric circulation between
these two subsets of data provides an indication of how much the stratospheric ENSO
pathway affects tropospheric circulation. If any stratospheric temperature biases existed in the
model, they could potentially also affect the stratosphere-troposphere coupling. However, this

is unlikely here due to the agreement between JRA-55 and the models in Figures 2-4.

An austral spring stratospheric response to ENSO is characterized here by a large
September—October temperature anomaly (greater/less than 1/-1 standard deviations) at 30
hPa within the region of 60—180°E and 75-45°S (i.e., the region of largest anomalies, see
Figures 2 and 4). The anomalies are not biased against either an El Nifio or La Nifa. For
example, all El Nifio years that have either a positive or negative temperature anomaly
exceeding 1 standard deviation within the region are included in the subset of ENSO years
with a combined pathway. This ensures that both positive and negative stratospheric extremes
are sampled for both phases of ENSO. The remaining years are characterized as ENSO
events with a tropospheric only pathway. This methodology is performed for the WACCM-
combined and CanESM?2 ensembles, and JRA-55. See methods section for more details. The

number of coincident El Nifio and La Nifia years displaying temperature extremes within the
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described region are shown in Table 2. The number of stratospheric extremes that occur

during neutral ENSO years are also tabulated.

Figure 7 shows the differences between the combined pathway and tropospheric only
pathway subsets of ENSO events for WACCM-combined. Figures 7a, and b show
September—October temperatures averaged over 75—45°S at 30 hPa. For the tropospheric
only pathway (Figure 7a), we see that the El Nifio and La Nifia years have similar
temperatures compared to climatology (black dotted line). While, when there is a combined
pathway (Figure 7b), by definition, there is a stratospheric response. Figure 7b shows that the
majority of warm temperature anomalies occur during a La Nifia, and the majority of cold

temperature anomalies occur during an El Nifio.

Figures 7c and 7d show the lower stratospheric October temperature responses to the two
different subsets of ENSO events. For the tropospheric only pathway, the negative
temperature difference that is seen in Figures 2 and 3 all but disappears, and when there is a
combined pathway, the negative difference is enhanced. Therefore, when there is a combined
pathway, we would expect a circulation response in the troposphere, compared to the
tropospheric only pathway, to have similar structure to that of ozone depletion, i.e. a zonal
shift in the tropospheric eddy-driven jet (this is investigated in Figures 8-11). To make sure
the circulation differences are not due to sampling two subsets of ENSO events that are
distinctly different, Figure 7e, and f show the austral spring surface temperature composite
differences for the two separate datasets. The figures show that the two different subsets of
ENSO events are very similar in structure and intensity and are not significantly different
from each other, giving confidence that the difference in the tropospheric composites
between the two subsets of data is arising from stratosphere/troposphere coupling. See

Figures S10 and S11 for the corresponding figure for JRA-55 and CanESM?2.
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To establish what the stratospheric extremes shown in Figure 7 would have on the
tropospheric circulation during austral spring and summer, Figure 8 shows the 500 hPa zonal
wind response to composite warm and cold Antarctic stratospheres that occur during a neutral
ENSO year. This is done for JRA-55, CanESM2, and WACCM-combined. Figures 8g, and h
show the WACCM difference due to ozone depletion for both austral spring and summer
(difference between WACCM-GHGHODSH and WACCM-GHGHODSL, and includes all

ENSO and ENSO-neutral years).

It is clear that when there is a warm Antarctic stratosphere in September—October during
an ENSO-neutral year (Figure 8), we see negative 500 hPa zonal wind anomalies near 60°S
and positive anomalies near 45°S. This is seen in JRA-55, CanESM2, and WACCM-
combined. The opposite is seen when there is a cold Antarctic stratosphere, but they are
slightly smaller compared to when there is a warm Antarctic stratosphere. Compared to the
anomalies caused by ozone depletion in WACCM during spring (Figure 8g), the anomalies
during the cold phase are of similar magnitude and the anomalies during the warm phase are
slightly larger. However, comparing to austral summer when the ozone influence on the
troposphere is greatest, the anomalies are approximately half during the cold phase and the

same during warm phase.

Next, we show the austral spring 500 hPa zonal wind response for the combined pathway,
the tropospheric only pathway, and the difference between the two. This is done for the El
Nifio (Figure 9) and La Nina (Figure 10) composites. Here we have separated El Nifio and La
Nina, instead of conducting a composite difference, to compare with the neutral ENSO years

(Figures 8).

For the JRA-55 El Nifio composite during austral spring (Figure 9), the difference (Figure
9¢) between the combined pathway (Figure 9a) and tropospheric only pathway (Figure 9b)
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for 500 hPa zonal wind represents the stratospheric pathway and shows a pattern that is
shifted polewards compared to Figure 8b (neutral ENSO with cold stratosphere). Therefore,
in this case, we see little agreement with CanESM2 (Figure 9f) and WACCM-combined
(Figure 91), which show positive/negative anomalies south/north of the climatological eddy-
driven jet and good agreement with Figures 8c and 8b. This indicates a poleward shift of the
eddy-driven jet due to a El Nifo associated cold Antarctic stratosphere. It is important to note
here that the number of El Nifio years available in JRA-55 is a likely reason for any
differences between JRA-55 and the model ensembles, which is also clearly seen in the
limited significance seen in the JRA-55 composite anomalies (Figure 9a, b) and the
differences between the two (Figure 9¢). However, for La Nifia (Figure 10), the JRA-55 500
hPa zonal wind difference (Figure 10c) is very clear and in agreement with both CanESM2
(Figure 10f), WACCM-combined (Figure 10i) and Figures 8a, ¢, and e. WACCM-combined
and CanESM2 also show the strongest response during a La Nifia, consistent with Figure 8a,
¢, and e. Therefore, the most significant stratospheric connection of ENSO onto SH
circulation is seen during La Nifia. This is most notably in austral spring, but it also occurs in
austral summer, but the signal is slightly weaker and less significant (See Figures S12 and
S13). However, this is expected considering the stratospheric anomalies peak in the early

spring.

Comparing to figure 8h, we see that the stratospheric pathway of ENSO onto the austral
spring zonal wind is approximately half of what is seen due to ozone depletion during austral
summer in WACCM for both an El Nifio induced cold stratosphere (Figure 91) and an La
Nifia induced warm stratosphere (Figure 101). This brings into context by how much,
compared to ozone depletion, an ENSO year that has a stratospheric pathway differs from an

ENSO year that doesn’t.
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Figures 9 and 10 also highlight that the tropospheric pathway (panels b, e, and h) to El Nifio
and La Nina are not zonally uniform, in agreement with Figures 5 and 6. Meanwhile, the
stratospheric pathway (panels c, f, and 1) of El Nifio and La Nifia are more zonally uniform
(especially in CanESM2 and WACCM-combined) and opposite to that of the tropospheric
pathway between 100—200°E and of the same sign between 200—-300°E in austral spring (In
austral summer, the stratospheric pathway is opposite everywhere except 200-300°S).
Additionally, the stratospheric pathway is slightly weaker compared to the tropospheric
pathway in the models. Therefore, even though the stratospheric pathway is clearly present, it
is not the major driver of SH ENSO teleconnections in the troposphere, but instead plays a

secondary role.

Using large ensembles (50 members for CanESM?2, and 40 members for WACCM-
combined) allows us to investigate the large variability in the stratospheric pathway on
tropospheric circulation. An example of this is shown in Figure 11. Here, significance from a
two-sided two-sample t-test for the zonal mean difference at 60°S is shown as a function of
the number of ensemble members used. This was calculated by bootstrapping 1000 times the
difference between the tropospheric only and combined pathways for different numbers of
ensemble members used and taking the average p-value. For La Nifia, we need approximately
12 members for WACCM-combined and 22 members for CanESM?2 to achieve a zonal
average difference that is significant at the 90 percentile. However, for El Nifio we need
around 35 members for WACCM-combined and 50 members CanESM2 (more regional
significance at 60°S requires fewer ensemble members, as can be inferred from Figures 9 and
10). This further indicates that the influence of the stratospheric pathway on tropospheric

circulation is stronger and more significant during a La Nina.
5. Conclusions
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The far-reaching global implications of ENSO have been studied extensively, from
impacts on precipitation in Australia and the Americas, to an ENSO stratospheric pathway
onto the NH surface. Here, we have presented evidence for a novel connection, an ENSO
stratospheric pathway onto SH circulation during the austral summer. The SH teleconnections

act as a pathway to the surface through stratosphere/troposphere coupling.

We investigate the effects of austral winter ENSO, calculated as the first principle
component of Tropical Pacific surface temperatures, on the SH stratosphere with JRA-55
reanalysis, and six model ensembles using three different global climate models: CESM 1

WACCM4, CESM1 LENS, and the CanESM2 models.

All model ensembles and JRA-55 display large late austral winter and austral spring
stratospheric anomalies associated with austral winter ENSO events. This is defined by large
negative composite differences in temperature (El Nifio minus La Nifia) throughout the high
latitude SH stratosphere within 0-180°E, and smaller positive anomalies within 180-300°E, a
clear modulation of the zonal wave-1, in agreement with other recent studies (Lin and Qian
2019), but in general of opposite sign of the response to a Central Pacific El Nio (e.g.
Hurwitz et al. 2011). The differences arise as early as August, peaking around 10 hPa and
near 60°S, but extending as low as 100 hPa. Over the following months, the peak differences
descend through the stratosphere into the middle and lower polar stratosphere, causing large
disturbances of up to -8 K in JRA-55 and -5 K in WACCM, at 100 hPa in October, and
causing consistent lower stratospheric differences from August-October, a key time for
stratosphere-troposphere coupling. This teleconnection is consistent amongst all model
ensembles and JRA-55 in August, September, and October, with the exception of LENS in
October, which shows much smaller anomalies in the lower stratosphere. The lack of a
consistent signal in LENS as the anomalies descend throughout the spring is likely not due to

25
File generated with AMS Word template 1.0



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

a low top model or prescribed ozone, since CanESM2 retains the anomalies; it may be due to

overly large wave amplitudes in LENS obscuring the signal.

Comparison of different WACCM ensembles shows that even though there are some
differences in the strength of the signal, it is consistent under different GHG and ODS
scenarios, indicating that it will remain into the near future as GHG and ODS concentrations
change. There is some evidence that high GHG loading may be acting to enhance the ENSO
signal in the SH austral stratosphere, especially during an August El Nifio at 10 hPa. It is less
clear how high ODS loading modulates the signal, with only small differences seen in
October at 100 hPa. However, how ENSO and ENSO teleconnections respond to different
GHGs scenarios are model-dependent and have not reached an inter-model consensus (Yeh et

al. 2018; Santoso et al. 2019; Cai et al. 2019).

The SH austral spring and summer eddy-driven jet locations are linked to ENSO, with an
equatorward shift occurring during an El Nifio over the 100-200°E and a poleward shift
occurring between 200-300°E during spring. During summer the equatorward shifts extend
from 0—200°E and the South Atlantic. This indicates that its relationship to the SAM is not

zonally symmetric, in agreement with previous work (e,.g. Fogt et al. 2012; Lim et al. 2013).

By separating ENSO events that instigate large SH stratospheric temperature anomalies
from those that do not and comparing to SH stratospheric temperature anomalies that occur
during neutral-ENSO events, we have established that an ENSO stratospheric pathway onto
the SH eddy-driven jet exists during austral spring and summer. This result is robust among
CanESM2, and in a combination of the WACCM ensembles for both La Nifia and El Nifio
events. JRA-55 reanalysis shows good agreement with the model ensembles for La Nifia
during spring and summer, but there is an inconsistent response for El Nifio events in JRA-55
during spring. However, both the WACCM and CanESM2 stratospheric pathways are also
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most significant during La Nifia compared to El Nifio, and a large number of ensemble
members are needed to obtain significance at the 90™ percentile for El Nifio events. This is
also consistent with the tropospheric response being larger during a neutral-ENSO warm

stratosphere compared to a cold stratosphere in JRA-55 and the models (Figure 8).

In the NH, Butler et al. (2014) showed that it is common for SSWs to occur during both a
La Nifa and an El Nifio. This teleconnection to the stratosphere results in a different
tropospheric response to ENSO due to the downward influence of the SSW in boreal winter,
resulting in an ENSO stratospheric pathway to the NH troposphere. The method used here is
not directly comparable to Butler et al. (2014), since SSWs are rare in the SH. However, it is
clear that an El Nifio event has a different impact than a La Nifia event in the SH stratosphere.
Therefore, the tropospheric expression of the stratospheric anomaly depends largely on the
phase of ENSO. An austral winter El Nifio will more likely cause a cold, more stable
Antarctic stratosphere, which strengthens the spring and summer polar vortex and shifts the
jet stream poleward. In contrast, an austral winter La Nifia will more likely cause a warm,
less stable stratosphere, which weakens the polar vortex and shifts the jet stream

equatorward.

In addition to what Evtushevsky et al. (2019) reported for austral spring, our results show
that when the stratospheric pathway is present, the forcing from the stratospheric anomalies is
likely of opposite sign to the tropospheric teleconnection over 100—200°E during spring (0—
200°E during summer). This results in a smaller equatorward/poleward shift of the jet stream
compared to El Nifio/La Nifa years that do not have a stratospheric response. The opposite
occurs in the southeastern Pacific (200-300°E), where the stratospheric and tropospheric
teleconnections are of the same sign, resulting in a larger poleward/equatorward differences
of the jet stream in the presence of El Nifio/La Nifia associated stratospheric anomalies. The
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magnitude of the stratospheric pathway is smaller than the tropospheric pathway and is
therefore only playing a secondary role in how ENSO affects the tropospheric circulation. For
context, the strength of the stratospheric pathway in the models is approximately half of that
caused by Antarctic ozone depletion in austral summer. Even though the stratospheric
pathway is slightly weaker compared to the tropospheric pathway, it could have meaningful
impacts on rainfall and temperature associated with eddy-driven jet driven weather fronts

during ENSO events.

Therefore, the stratospheric pathway of ENSO presented here is important for
understanding the connection between ENSO and SH circulation anomalies during austral
summer, and also for understanding to what extent a particular ENSO event may affect

regional climate in the SH.
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WACCM model results shown in this paper are available online here:

https://acomstaff.acom.ucar.edu/dkin/JClim_Stone_2021/. LENS model results are publicly

available here: https://www.cesm.ucar.edu/projects/community-projects/LENS/data-

sets.html. CanESM2 model results are publicly available here: http://crd-data-donnees-

rdc.ec.gc.ca/CCCMA /products/CanSISE/output/CCCma/CanESM?2/, JRA-55 data are
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TABLES

Table 1. Description of model ensembles and their forcings.

Yeh, S. W., and Coauthors, 2018: ENSO Atmospheric Teleconnections and Their Response

Model Ensemble No. Time GHGs ODSs/Ozone Ocean | Model top
name members | period used fields
CESM1- WACCM- 10 1995-2024 | RCP 6.0 after | (WMO 2011) POP2 66 levels with a
WACCM(CA GHGHODSH 2005 top at 5.1x10¢
M4) (Meinshausen hPa
etal. 2011)
CESM1- WACCM- 10 1955-1979 Historical Historical POP2 66 levels with a
WACCM(CA GHGLODSL top at 5.1x106
M4) hPa
CESM1- WACCM- 10 1995-2024 Fixed (WMO 2011) POP2 66 levels with a
WACCM(CA GHGLODSH 1960 levels top at 5.1x10°¢
M4) hPa
CESM1- WACCM 10 1995-2024 RCP 6.0 | Fixed 1960 levels | POP2 66 levels with a
WACCM(CA GHGuODSL after 2005 top at 5.1x10°°
M4) (Meinshausen hPa
etal. 2011)
CESM1(CAMS | LENS 40 1995-2024 RCP 8.5 Prescribed zonally | POP2 30 levels with a
) after 2005 4D fields from top at 3.64 hPa
(Meinshausen | CESM1I(WACCM
etal. 2011) ) CMIP runs with
a 10-year running
mean. See Kay et
al., (2015a) for
details.
CanESM2 CanESM2 50 1995-2024 RCP 8.5 after | Prescribed zonally | NCOM | 22 levels with a top
2005, symmetric ozone | 1.3 at 1 hPa
(Meinshausen | fields from (Hurrell
etal. 2011) modified SPARC | etal.
dataset (Cionni et | 2013)

al. 2011)
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Table 2. Number of June—August El Nifios and La Nifias that correspond to a warm or

cold stratosphere within the region of 60°-180°E and 45°-75°S at 30 hPa during

September and October.

No. | No. | No. El No. El No. La No. La | No. No. No. cold
El La Nifios and | Nifios and | Nifias and | Nifas neutr | warm stratosp
Nifi | Nii | warm cold warm and al stratos | here and
0s as stratosphe | stratosphe | stratosphe | cold ENSO | phere neutral
re re re stratos and ENSO
phere neutral
ENSO
JRA-55 7 12 0 3(42.9%) |5(@(41.7%) |0 43 8 7
(18.6%) | (16.3%)
WACCM- | 51 49 2 (3.9%) 21 11 2 200 38 25
GHGrOD (41.2%) (22.4%) (4.1%) (19.0%) | (12.5%)
Su
WACCM- | 47 45 2 (4.3%) 16 10 4 208 35 30
GHGrOD (34.0%) (22.2%) (8.9%) (16.8%) | (14.4%)
SL
WACCM- | 56 50 1 (1.8%) 13 13 7 194 25 40
GHGLOD (23.2%) (26.0%) (14.0% (12.9%) | (20.1%)
S )
WACCM- | 44 42 2 (4.5%) 14 8(19.0%) | 3(7%) | 164 30 24
GHGLOD (31.8%) (18.3%) | (14.6%)
SL
CanESM2 | 222 | 240 | 21(9.5%) | 64 57 20 1038 162 139
(28.8%) (23.4%) (8.3%) (15.6%) | (13.4%)
WACCM- | 198 | 186 | 7(3.5%) 64 42 16 766 128 119
combined (32.3%) (22.6%) (8.6%) (16.75) | (15.5%)
All 427 | 438 | 28(6.5%) | 131 104 36 1847 298 265
(30.7%) (23.7%) (8.2%) (16.1%) | (14.4%)
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Figure 1. June-August ENSO composite differences (El Nifo - La Nifna) of June—August
surface temperatures for (a) JRA-55, (b) WACCM-GHGHODSH, (c) LENS, and (d),
CanESM2. The seasonality of a June-August ENSO event is shown in (e). The shaded region

indicates the months that were used in the construction of the seasonal ENSO index in this

paper.
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Figure 2. June—August ENSO composite differences of August 10 hPa, September 30 hPa,

and October 100 hPa temperatures for JRA-55 (a, b, c), WACCM-GHGrHODSH (4, e, 1),

LENS (g, h, 1), and CanESM2 (j, k, 1). Hatching shows where differences are not significantly

different from each other (p <.05) using a two-tailed t-test.
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Figure 3. Longitude-Pressure ENSO composite differences of temperature for JRA-55 (left

panels) and WACCM-GHGHODSH (right panels) averaged over 45-75°S. Four rows show

results for August, September, October, and November. Hatching shows where differences

are not significantly different from each other (p <.05) using a two-tailed t-test.
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Figure 4. June—August ENSO composite differences of August 10 hPa, September 30 hPa,

and October 100 hPa temperatures for WACCM-GHGHODSH (a, b, ¢), WACCM-

GHGrODSL (d, e, f), WACCM-GHGLODSH (g, h, i), and WACCM-GHGLODS: (j, k, 1).

Hatching shows where differences are not significantly different from each other (p < .05)

using a two-tailed t-test.
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929  Figure 5. June—August ENSO composite differences of September—November 500 hPa zonal
930  wind for (a) JRA-55, (b) WACCM-GHGHODSH, (¢) LENS, and (d) CanESM?2. Dashed black
931 lines indicate the latitudes of maximum zonal wind. Hatching shows where differences are
932  not significantly different from each other (p <.1) using a two-tailed t-test. The ENSO

933  composite difference of the latitudes of maximum zonal wind are shown as a function of

934  longitude in (e).
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Figure 6. June—August ENSO composite differences of September—November 500 hPa zonal

wind for (a) WACCM-GHGrHODSH, (b) WACCM-GHGHODSL, (¢) WACCM-GHGLODSH,

and (d) WACCM-GHGLODSL. Dashed lines indicate the latitudes of maximum zonal wind.

Hatching shows where differences are not significantly different from each other (p <.1)

using a two-tailed t-test. The ENSO composite difference of the latitudes of maximum zonal

wind as a function of longitude are shown in (e).
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Figure 7. Separation of June—August ENSO events that have an austral spring stratospheric
response between 75—45°S and 60—180°E (b) and those that do not (a) in WACCM-
GHGHODSH. The ENSO composite differences of October 100 hPa temperatures are shown
for the two subsets of ENSO years (c and d). Similarly September—November surface
temperature (e and f). For (a-d), hatching shows where differences are not significantly
different from each other (p < .1) using a two-tailed t-test. For (e and f), hatching shows

where the composite differences in (e) are significantly different from (f).
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Figure 8. September—November 500 hPa zonal wind response to Antarctic stratospheric

Zonal wind difference (ms‘1)

extremes that occur during a neutral June—August ENSO for JRA-55 (a and b), CanESM?2 (¢

and d), and WACCM-combined (e and f). Panels g and h show the ozone hole depletion

influence through the difference between the WACCM-GHGrODSH and WACCM-

GHGHODSL ensembles for spring and summer respectively. Dashed lines indicate the

latitudes of climatological maximum zonal wind. Hatching shows where differences are not

significantly different from each other (p <.1) using a two-tailed t-test.
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Figure 9. 500 hPa zonal wind El Nifio composite anomalies for subsets: combined and
tropospheric only pathways (See Figure 7) during September—November for JRA-55,
CanESM2, and WACCM-combined. Dashed lines indicate the latitudes of climatological
maximum zonal wind. Hatching shows where differences are not significantly different from

each other (p <.1) using a two-tailed t-test.
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Figure 11. Average p-values for the number of ensemble members used to calculate the
difference between the combined and tropospheric only pathways after a 1000 bootstrap
process of random members within the 40-member pool for WACCM-combined and 50-
member pool for CanESM2. P-values were calculated from a two-sided t-test between the

two datastes, corresponding to figures 9 and 10, panels f and i.
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Supporting information for: On the Southern Hemisphere stratospheric response to
ENSO and its impacts on tropospheric circulation

Kane A. Stone?, Susan Solomon?, David W. J. Thompson®, Douglas E. Kinnison®, John C. Fyfe!

Table S1. JRA-55 SH stratospheric ENSO response years

El Nifio response years | El Nifio years La Nifa response years | La Nifa years
(cold stratosphere) without (warm stratosphere) without
stratospheric stratospheric
response response
1987 1972 1964 1971
1997 1982 1970 1973
2015 1993 1988 1974
2009 2007 1975
2013 1999
2010
2011
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Figure S1. June—August El Nifio composite anomalies of August 10 hPa, September 30 hPa, and
October 100 hPa temperatures for JRA-55 (a, b, ¢), WACCM-GHGHODSH (d, e, f), LENS (g, h,

i), and CanESM2 (j, k, 1). Hatching shows areas that are not significant to the 90™ percentile

following a two-sided student t-test.
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Figure S3. Temperatures averaged over 75—45°S for JRA-55, WACCM-present, CanESM2, and
LENS for September—October at 30hPa highlighting the large LENS wave-1 amplitude.
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Figure S4. June—August El Nifio composite anomalies of August 10 hPa, September 30 hPa, and
October 100 hPa temperatures for WACCM-GHGHODSH (a, b, ¢), WACCM-GHGHODSy. (d, e,

f), WACCM-GHGLODSH (g, h, 1), and WACCM-GHGLODS.. (j, k, I). Hatching shows areas that
are not significant to the 95" percentile following a two-sided student t-test.
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Figure S6. Scatter plot of September—October 30 hPa temperatures averaged over 75—45°S and
60—180°E and June—August ENSO event for JRA-55, the WACCM ensembles and CanESM2.
Correlations are shown for all data and for data that corresponds to an ENSO extreme (greater or
less than 1). R values are Pearson correlation coefficients between ENSO and temperature. For
r(ENSO extremes), only ENSO years above or below 1 and -1 standard deviations where used to
calculate the correlations. All correlations are significantly different than zero (p <.05).
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Figure S7. Same as Figure 5, but for December—February.
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Figure S9. Same as Figure S8, except for CanESM2-historical, CanESM2-0z_only, and
CanESM2-natural. CanESM2-0z_only has only prescribed ozone forcings, and CanESM2-
natural has pre-industrial forcings. All three ensembles consist of 50 members. CanESM2-

10

-10

Zonal wind difference (m/s)

historical and CanESM2-0z_only have a period from 1995-2025, while CanESM2-natural has a

period of 1990-2020. CanESM2-historical is the same ensemble as used in the main paper.
Stippling indicates significance at the 95" percentile following a student t-test.
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Figure S13. Same as Figure 10, but for December—February.
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