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Main Point #1: Decadal variability in SST and precipitation along the SPCZ's poleward edge is
coherent with the Interdecadal Pacific Oscillation (IPO).

Main Point #2: The IPO influence on West Antarctic climate is in part tied to a SPCZ
teleconnection to the Amundsen Sea Low (ASL).

Main Point #3: Enhanced rainfall in the SPCZ, consistent with negative IPO, cools the Antarctic
Peninsula and warms the Ross Ice Shelf and East Antarctica.
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Abstract

Regional atmospheric circulation along coastal West Antarctica associated with the Amundsen
Sea Low (ASL) mediates ice shelf melt that governs Antarctica’s contribution to global sea level
rise. In this study, the South Pacific Convergence Zone (SPCZ) is identified as a significant
driver of ASL variability on decadal time scales. Using the Community Earth System Model, we
impose a positive sea surface temperature anomaly in the SPCZ that reproduces an increase in
convective rainfall in the southwest SPCZ that has been observed in recent decades, consistent
with the Interdecadal Pacific Oscillation (IPO). Many of the major observed climate shifts across
West Antarctica during the 2000-2014 period when the IPO was in its negative phase can be
explained via a teleconnection over the ASL emanating from the SPCZ. Knowledge of these
relationships significantly enhances our understanding and interpretation of past and future West

Antarctic climate variability.
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Plain Language Summary

Deep convective rainfall in the South Pacific Convergence Zone (SPCZ) alters the regional
atmospheric circulation along coastal West Antarctica impacting the regional climate and
potentially driving warm ocean water upwelling that melts ice shelves. Increases in SPCZ
rainfall cause cooling on the Antarctic Peninsula and warming across the Ross Ice Shelf and
portions of East Antarctica. Such conditions were observed during the 2000-2014 period in
which the phase of the Interdecadal Pacific Oscillation (IPO), a naturally-occurring mode of
tropical Pacific decadal variability, was negative. The influence of the SPCZ on West Antarctic
climate is consistent with observed shifts in West Antarctic climate over the period 2000-2014.
Therefore, the SPCZ, though a tropical climate feature, is found to be an important driver of

West Antarctic climate on decadal time scales governed by the IPO.
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1. Introduction

West Antarctica is losing mass and contributing to global sea level rise at an increasing
rate (The IMBIE team, 2018) with the potential to contribute up to one meter of global sea level
rise by the end of this century (DeConto & Pollard, 2016). Recent mass loss is primarily tied to
basal melting and subsequent thinning of floating ice shelves due to influxes of warm
circumpolar deep water onto the continental shelf (Dutrieux et al., 2014; Pritchard et al., 2012;
Shepherd et al., 2004; Thoma et al., 2008). Melting of ice shelves from below (via basal melting)
and at the surface (via warming air temperatures; as seen on the Antarctic Peninsula and Ross Ice
Shelf (Fahnestock et al., 2002; Nicolas et al., 2017)) is tied to regional atmospheric circulation in
the Amundsen Sea region. This controls local zonal winds over the continental shelf break that
mediates basal melt via Ekman transport (Dutrieux et al., 2014; Jenkins et al., 2010; Steig et al.,
2012; Turner et al., 2017), and surface melt through thermal advection and radiative warming
(Clem et al., 2018; Nicolas et al., 2017; Trusel et al., 2013, 2015).

While recent studies have pointed to tropical variability modulating the atmospheric
circulation and surface climate of West Antarctica, they have yet to identify a consistent
mechanism explaining the marked seasonality of recent decadal climate trends (Jones et al.,
2016; Turner et al., 2016). In particular, studies have offered competing hypotheses while often
focusing on either localized regions of Antarctica or individual seasons that may not address, or
may even contradict, observed climate changes in other regions or seasons. Reconciling the
findings of recent studies and improving knowledge of decadal processes in this region will aid
in understanding past and future West Antarctic climate variability on decadal time scales.

Current understanding of how tropical variability influences West Antarctic climate

varies by season and by tropical basin (Yuan et al., 2018), obscuring individual signals that could
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be used for future predictions. Several studies have demonstrated that the El Nifio Southern
Oscillation (ENSO) significantly influences West Antarctic climate and ice sheet mass balance
by forcing interannual changes in the position and intensity of the Amundsen Sea Low (ASL)
(Clem et al., 2017; Deb et al., 2018; Fogt et al., 2012; Hosking et al., 2013; Paolo et al., 2018;
Raphael et al., 2016). More recent studies have emphasized that low frequency tropical
variability, namely the Pacific Decadal Oscillation (PDO) / Interdecadal Pacific Oscillation
(IPO) (Clem & Fogt, 2015; Meehl et al., 2016; Purich et al., 2016) and the Atlantic Multidecadal
Oscillation (Li et al., 2014), may also affect West Antarctic climate on decadal time scales.
Certainly, more detailed knowledge of how naturally occurring modes of tropical variability
influence West Antarctica would enhance understanding and interpretation of past and future
climate change in this region, potentially enhancing predictive capacity of future West Antarctic
climate and mass balance.

(Clem & Fogt, 2015) first documented a linear relationship between a negative trend in
the PDO (similar to the IPO) and warming of West Antarctica during the spring season, but their
study was limited to a single season in which the PDO signal was obscured by concurrent La
Nifia conditions. (Clem & Renwick, 2015; Schneider et al., 2012) showed that spring warming of
West Antarctica was correlated with convection in the SPCZ, but these studies did not explore
the Rossby wave mechanism underlying this relationship or whether the SPCZ is tied to climatic
changes seen in other seasons.

Other studies have used idealized climate model experiments to explore the [PO
teleconnection to Antarctica. (Trenberth et al., 2014; Meehl et al., 2016) showed that a cold
convective anomaly in the central equatorial Pacific associated with the IPO negative phase

caused deepening of the ASL that was consistent with West Antarctic warming as well as sea ice
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increase in the Ross Sea. However, the (negative) heating anomaly applied in these studies lies
within the Nifio 3.4 region, thus, it is not possible to distinguish this teleconnection from that of
La Nifia. Furthermore, (Turner et al., 2016) recently showed that over 1999-2014, when the IPO
was negative, the Antarctic Peninsula cooled, and (Clem et al., 2018) showed the negative IPO
was associated with warming on the Ross Ice Shelf. These post-1999 climate trends mark a sharp
reversal of the warming (cooling) that was observed on the Antarctic Peninsula (Ross Ice Shelf)
prior to 1999 (see Fig. 1). Moreover, they are not fully consistent with ASL deepening as
suggested by (Meehl et al., 2016; Trenberth et al., 2014). Turner et al. (2016) attributed Antarctic
Peninsula cooling to increased cyclonic activity in Drake Passage. However, they note that in
summer when Antarctic Peninsula cooling is strongest, the tropical teleconnection is weak
because of unfavorable conditions for Rossby wave propagation into high latitudes (Jin &
Kirtman, 2009; Scott Yiu & Maycock, 2019). Therefore, while prior studies implicate the IPO as
an important driver of West Antarctic decadal climate variability, no consistent explanation links
the recent negative IPO event to the sharp reversal in West Antarctic climate trends observed
during the same period. Thus, the full impact of the IPO on West Antarctic climate is uncertain.
This study re-examines the IPO teleconnection to West Antarctica by focusing on the role of the

SPCZ.

2. Data Sets, Model, and Methods

A map of the study area is provided in Figure 1. Station temperature data are from the
Antarctic READER project (Turner et al., 2004); annual-mean normalized temperature
anomalies from the 1979-2014 climatology are averaged across five Antarctic Peninsula stations:

Rothera, Vernadsky, Bellingshausen, Esperanza, and Marambio. Sea ice concentrations around
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the Antarctic Peninsula are from the Hadley Centre Sea Ice and SST dataset (Rayner et al.,
2003). Central West Antarctic temperatures are obtained from the reconstructed Byrd station
record of (Bromwich et al., 2012). Several fields from the European Centre for Medium-Range
Weather Forecasts-Interim reanalysis (ERA-Interim) (Dee et al., 2011), including 2m
temperatures over the Ross Ice Shelf, tropical precipitation, and upper-tropospheric winds, are
analyzed.

Sea surface temperatures (SSTs) are from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstructed SST version 4 (ERSSTV4) (Huang et al.,
2015, 2016; Liu et al., 2015). The IPO index is taken from the tripole index (Henley et al., 2015)
provided by NOAA’s Physical Sciences Division.

To test if SST and precipitation anomalies in the SPCZ affect the climate of West
Antarctica, we perform two experiments using the NCAR Community Earth System Model
version 1.2 (CESM1.2) (Hurrell et al., 2013). The model was run in atmosphere-only mode
using CAMS physics and dynamics at a horizontal resolution of 1.9°x2.5° latitude-longitude. We
use pre-industrial concentrations of greenhouse gases and prescribe climatological sea ice
concentrations and SSTs: the sea ice climatology spans 1982-2001 and the SST climatology
spans 1950-2017. We perform two 30-year simulations following a one-year spin-up: one control
run with annually repeating climatological SSTs, and one perturbed run with a +2°C SST
anomaly in the southwest SPCZ region 160-175°E, 15-25°S imposed on the same climatological
SSTs as in the control run. The SST anomaly is linearly dampened to zero following the sine of
the change in latitude/longitude moving away from the box.

We employ a linear least squares technique for trend and regression analysis. Statistical

significance of trends and regressions is assessed following a Student’s two-tailed ¢ test.
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Climatological monthly differences between the two 30-year simulations are investigated and
statistical significance of these differences is assessed using a Student’s two-tailed ¢ test with 58

(n-2) degrees of freedom.

3. Results

The reversal in West Antarctic climate trends coinciding with the IPO transition to its
negative phase at the end of the 20™ century is illustrated in Figure 1. After 1999, there is a weak
Antarctic Peninsula cooling trend along with an increase in sea ice, as noted by (Turner et al.,
2016), marking a dramatic shift from what was the most rapidly warming region on the planet
from the 1950s to 1990s (Vaughan, 2001). Over the continental interior, the strong warming at
Byrd station (Bromwich et al., 2012) also stopped after 1999 with weak cooling thereafter.
Farther west over the Ross Ice Shelf, a trend reversal from cooling to warming occurred after
1999. This pattern reflects a dipole in temperature anomalies between the Peninsula and Ross Ice
Shelf, which is characteristic of ASL weakening (Clem et al., 2017; Yuan & Martinson, 2001).
This study is motivated by the fact that cooling on the Antarctic Peninsula and at Byrd station
and warming over the Ross Ice Shelf are not fully explained by ASL deepening associated with
equatorial Pacific cooling (Meehl et al., 2016; Trenberth et al., 2014).

Figure 1c-e shows that the negative IPO transition, captured by the 1979-2014 trend, was
associated with significant ocean warming and increases in rainfall along the poleward edge of
the SPCZ. SSTs in the southwest SPCZ, which correlate with the IPO at 0.75 (p<0.001),
experienced a nearly stepwise transition to predominantly positive anomalies after the late 1990s
(Fig. 1c). This ocean warming has resulted in an increase in SPCZ rainfall (Fig. le). This

relationship is consistent with previous work demonstrating the IPO’s significant influence on
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SST and precipitation variability along the southwest/poleward edge of the SPCZ (e.g. Folland,
2002). Supplementary Fig. 1 confirms that while ENSO variability influences SST and
precipitation variability in the SPCZ’s equatorial portion, the [IPO dominates along its poleward
edge.

We hypothesize that increased deep convection in the SPCZ may be an important
component of the IPO teleconnection to West Antarctica. To investigate this hypothesis, we
perform a sensitivity experiment with an imposed +2°C SST anomaly along the SPCZ’s
southwestern edge (160-175°E, 15-25°S; black box in Fig. 1d-e); note the SPCZ is denoted by
the 4 mm day™! climatological isohyet (bold black line in Fig. 1d-e). We intentionally position
the SST anomaly partially outside of the 4 mm day' line to ensure that the convective response
is confined to the poleward edge of the SPCZ, as seen in the observed trend and consistent with
where previous studies (e.g. (Clem & Renwick, 2015)) found a strong teleconnection to the ASL
region. We investigate 30-year climatological monthly differences between the perturbed
simulation and control simulations: the only difference between these simulations is the SPCZ
region SST anomaly.

The SST anomaly produces increased precipitation in the SPCZ (Fig. S2) that aligns
spatially with the observed precipitation trend over the period 1979-2014 (Fig. le). The
simulated precipitation anomalies, of 5-12 mm day!, lie within the range of observed
precipitation anomalies in this region (up to 15mm day!, not shown). While the 4mm day!
isohyet shifts poleward during the austral warm season and equatorward during the cold season,
the SPCZ remains active during all seasons, and the imposed SST anomaly yields a convective
precipitation anomaly and an anomalous Rossby wave source (RWS) south of the SPCZ in all

four seasons (Fig. S2).
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We suggest that the diagonal poleward extension of the SPCZ toward a strong
climatological RWS situated south of the SPCZ is a key aspect of its capacity to modulate
Antarctic climate. Here, strong upper-tropospheric vorticity gradients along the sub-tropical jet
stream (and divergence in the exit region of the sub-tropical jet) coincide with deep ascent within
the SPCZ producing a strong RWS that is maintained year-round, unlike the central tropical
Pacific where the RWS is largely absent in the austral warm season (e.g. (Jin & Kirtman, 2009)).
The model reproduces the year-round RWS south of the SPCZ seen in ERA-Interim (Fig. S3).
Therefore, the SPCZ is a potential hot spot for producing poleward-propagating Rossby waves in
all seasons and may be an important component of the IPO teleconnection in West Antarctica.

Figure 2 depicts the SPCZ-forced circulation anomalies obtained by the leading empirical
orthogonal function (EOF) of monthly 250 hPa geopotential height (Z250) anomalies (perturbed
monthly climatology minus control monthly climatology). The imposed SST anomaly is
indicated by the black hatching. The relationship with surface air temperature (SAT) is obtained
by regressing the Z250 principal component (PC) time series onto the perturbed monthly SAT
anomaly field. The raw monthly Z250 anomalies used to calculate the EOF are provided in Fig.
S4.

The leading EOF, explaining 46.5% of the Z250 monthly variability, depicts a Rossby
wave train emanating from the SPCZ with centers of action in the Ross-Amundsen Sea (150°W)
and Drake Passage (60°W). The positive phase of this pattern occurs during the austral warm
months (December-May, DJFMAM; Fig. 2¢), which features an anomalous anticyclone in the
Ross and Amundsen Seas and an anomalous cyclone over Drake Passage, the latter consistent
with the circulation pattern that cooled the Antarctic Peninsula (Turner et al., 2016). This pattern

emerges in December and peaks in amplitude during March and April. The circulation results in
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warm northerly flow across the Ross Ice Shelf and portions of East Antarctica, and cold
southerly flow across the Antarctic Peninsula and portions of continental West Antarctica. The
temperature anomalies are consistent with the observed post-1999 climate trends. The negative
phase of the circulation pattern occurs during the austral cold months (June-November, JJASON;
Fig. 2¢), first emerging in June, reaching its peak amplitude in July, and persisting through mid-
spring. May and November mark transition months when the center of the circulation anomalies
are located near nodes of the leading EOF. This points to a propagating pattern consistent with
tropically-forced Rossby wave trains.

The seasonality of the circulation anomalies follows the seasonality of the background jet
streams. Figure 2b shows the leading EOF of zonal wind anomalies at 300 hPa (U300; from the
30 year control run) poleward of 20°S; the monthly U300 PC is shown alongside the Z250 PC in
Fig. 2¢c. The positive phase of the SPCZ pattern occurs during the austral warm months when the
RWS is weakest / located farthest west but is compensated by seasonally strong tropical ascent
(see Fig. S5 for monthly velocity potential anomalies). During winter and spring months the
weaker tropical ascent is compensated by a stronger vorticity gradient along the sub-tropical jet.
The background jet streams clearly contribute to determining the sign and location of the
circulation anomalies, consistent with previous studies (e.g. (Dawson et al., 2011)). However,
our results show that an anomalous Rossby wave train is established in all seasons owing to the
close proximity of the SPCZ to a year-round RWS north of New Zealand. This occurs even
during summer when the RWS is weak, which does not occur in the central and eastern
equatorial Pacific during summer (Jin & Kirtman, 2009).

Next, we examine the circulation and climate impacts grouped into the extended warm

and cold seasons, DFJMAM and JJASON, respectively (Fig. 3). During DJFMAM (Fig. 3a,c),

11



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

the SPCZ heating induces a strong anticyclone in the ASL region that produces, via thermal
advection, cooling across the Antarctic Peninsula and Bellingshausen Sea and warming across
the Ross Ice Shelf (consistent with the recent warming at McMurdo station located on the
western Ross Ice Shelf (Ludescher et al., 2017)). In JJASON (Fig. 3b,d), the ASL is deepened
west of its mean position in the northern Ross Sea and an anticyclone is located over the
Bellingshausen Sea. The deepened ASL in the Ross Sea matches the observed September-
November sea level pressure trend over 1979-2014 (Clem & Fogt, 2015; Clem & Renwick,

2015) and the pattern is consistent with Ross Ice Shelf warming and Antarctic Peninsula cooling.

4. Discussion and Conclusions

This study shows that the SPCZ produces a teleconnection over the ASL region resulting
in climate anomalies that are consistent with the observed post-1999 cooling on the Antarctic
Peninsula and warming on the Ross Ice Shelf. During the austral warm months (DJFMAM), a
Rossby wave train forced by anomalous diabatic heating in the SPCZ results in enhanced
cyclonic activity north of Drake Passage that would produce cooling and increased sea ice on the
Antarctic Peninsula. The predominant feature of the DJFMAM teleconnection is an anomalous
anticyclone over the Amundsen Sea, which would further enhance cooling on the Peninsula and
result in warming across the Ross Ice Shelf. There is an important difference between our results
and (Turner et al., 2016) regarding the strength of the tropical teleconnection in summer. They
find that the teleconnection is weak, whereas our results show that the SPCZ teleconnection in
summer is surprisingly strong, most likely because of its favorable location to a RWS north of
New Zealand. During the austral cold months (JJASON), the ASL is deepened over the Ross Sea

with an anomalous anticyclone in the Bellingshausen Sea. This results in weak cooling on the
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Peninsula, while the warming is shifted eastward toward central West Antarctica and the
Amundsen Sea Embayment.

We note that the circulation pattern forced by the SPCZ in DJFMAM, specifically the
anticyclone over the Amundsen Sea, has not been seen in observations. Figure 4 shows the
SPCZ-forced circulation alongside the observed circulation change from ERA-Interim (an epoch
of 1999-2014 minus 1979-1998) and a composite of four DJFMAM positive Southern Annular
Mode (SAM) events that occurred due to internal variability in the SPCZ perturbation run
(similar results are found using groups of five and six SAM events). We examine zonal
anomalies (by subtracting the zonal mean) to better capture the tropically-forced component of
the circulation.

During DJFMAM (Fig. 4c) ERA-Interim shows a slight deepening of the ASL, contrary
to the anticyclone expected from the SPCZ. We suggest that the concurrent cooling in the
equatorial Pacific (Meehl et al., 2016; Trenberth et al., 2014), combined with the positive trend
in the SAM during DJFMAM over 1979-2014 due to ozone depletion and tropical forcing
(Schneider et al., 2015; Thompson et al., 2011; Thompson & Solomon, 2002), may destructively
interfere with the SPCZ teleconnection over the Amundsen Sea. As the SPCZ and equatorially-
forced teleconnections cancel over the Amundsen Sea, the result is largely consistent with the
positive SAM pattern (compare Fig. 4c and 4e).

The SPCZ wave train in JJASON matches the deepening of the ASL over the Ross Sea
seen in ERA-Interim (compare Fig. 4b and 4d). However, the anticyclone over the
Bellingshausen Sea is not seen and/or it is located farther west than observed. We infer that the
anticyclone is largely canceled by the cooling in the equatorial Pacific as well as the increase in

La Nifia events in this season (Clem & Fogt, 2015; Meehl et al., 2016; Purich et al., 2016). This
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is evidenced by a negligible Z250 trend in the Bellingshausen Sea (Fig. 4d) which is in stark
contrast to what would be expected from equatorial Pacific cooling and increased La Nifia
conditions in this season. However, during the winter season (June-August), our results are
consistent with (Ding et al., 2011) which identified an anticyclonic trend over the Amundsen Sea
region.

Our results indicate that the [PO teleconnection to West Antarctica comprises two distinct
and competing tropically-forced Rossby wave trains, one forced by the central equatorial Pacific
and another by the SPCZ. Neither mechanism fully captures the observed circulation trends seen
for 1999-2014, but when examined together the net response is highly consistent with the
observed circulation changes and the post-1999 reversal in West Antarctic climate trends,

including both the spatial and seasonal variability.
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Figure 1. West Antarctic climate and SPCZ variability tied to low frequency tropical
Pacific variability. (a) Annual-mean (January-December) time series of Antarctic Peninsula sea
ice concentration averaged over 90-46°W, 60-72°S, normalized surface air temperature (SAT)
anomalies averaged over five Antarctic Peninsula stations: Rothera, Vernadsky, Bellingshausen,
Esperanza, and Marambio, Byrd station SAT (Bromwich et al., 2012), and Ross Ice Shelf SAT
from ERA-Interim averaged over 160°E-156°W, and (b) map showing the study area and
stations used for analysis: AP, Antarctic Peninsula; WAIS, West Antarctic Ice Sheet; RIS, Ross
Ice Shelf; EAIS, East Antarctic Ice Sheet; DP, Drake Passage; BS, Bellingshausen Sea; AS,
Amundsen Sea; RS, Ross Sea. (¢) Annual-mean (May-April) time series of normalized IPO
index (multiplied by -1 for visual comparison) and annual-mean SST anomalies in the southwest
SPCZ (15-25°S, 160-175°E, region denoted by black box in (d-¢)). (d-e) Observed annual-mean
(May-April) linear trend (thin contours) of (d) ERSSTV4 tropical SST (°C decade™) and (e)
ERA-Interim tropical precipitation (mm day™!' decade™) over 1979-2014 capturing the IPO
transition from positive to negative phase around 1999. Statistical significance of linear trends in
(d-e) is shaded (reference color bar at bottom). Also given in (a) is the linear trend line in climate
parameter over 1979-1999 (red) and 2000-2014 (blue), and in (d-e) the thick black line is the 4
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485 mm day’! precipitation climatology (1979-2017) showing where on-average there is deep
486  tropical convection / ascent.
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487
488  Figure 2. Principal pattern of the SPCZ teleconnection and relationship with the Southern

4839  Hemisphere jet streams. (a) EOF1 (explaining 46.5% of the variance) of monthly Z250

490 anomalies from SPCZ perturbation experiment (perturbed minus control) over the South Pacific
491  (contours; m per standard deviation) and regression of Z250 PC1 onto SAT (shading; °C per
492  standard deviation, reference color bar at bottom of (a)). The black hatched box indicates the
493  location of the imposed SST anomaly. (b) EOF1 of monthly U300 winds over the Southern

494  Hemisphere poleward of 20°S in the control experiment (contours; ms™ per standard deviation).
495  (c) The normalized PC time series of Z250 perturbation anomalies and U300 anomalies EOF
496  patterns in (a) and (b).
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Figure 3. Seasonal circulation and thermal advection anomalies from SPCZ perturbation.
The grouped seasonal SPCZ perturbation anomalies (perturbed minus control) of (a,b) Z250
(contours; m) and (c,d) thermal advection at 500 hPa (contours; °C day™!) for austral warm
months (DJFMAM,; a,c) and cold months (JJASON; b,d). Statistical significance of anomalies is
shaded as in Fig. 1.
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Figure 4. The seasonal signature of the SPCZ teleconnection in observed circulation shifts
over 1979-2014. (a-b) The Z250 zonal anomalies (contours, m) for the SPCZ perturbation for (a)
DJFMAM and (b) JJASON. (c-d) The epoch difference of ERA-Interim Z250 zonal anomalies
(contours, m) shown as the difference between 1999-2014 and 1979-1998 for (c) DJFMAM and
(d) JJASON. (e) DJFMAM Z250 zonal anomaly composite anomalies (contour, m) for 4 highest
positive SAM index (difference in zonal Z250 at 40°S and 65°S) years in the SPCZ perturbed
run compared to the 30-year SPCZ perturbed climatology. The statistical significance of the
anomalies is shaded as shown in reference color bar at bottom.
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