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ABSTRACT: In recent years, the Southern Ocean has experienced unprecedented surface warming and sea ice loss—a
stark reversal of the sea ice expansion and surface cooling that prevailed over the preceding decades. Here, we examine
the mechanisms that led to the abrupt circumpolar surface warming events that occurred in late 2016 and 2019 and assess
the role of internal climate variability. A mixed layer heat budget analysis reveals that these recent circumpolar surface
warming events were triggered by a weakening of the circumpolar westerlies, which decreased northward Ekman transport
and accelerated the seasonal shoaling of the mixed layer. We emphasize the underappreciated effect of the latter mecha-
nism, which played a dominant role and amplified the warming effect of air—sea heat fluxes during months of peak solar in-
solation. An examination of the CESMI large ensemble demonstrates that these recent circumpolar warming events are
consistent with the internal variability associated with the Southern Annular Mode (SAM), whereby negative SAM in aus-
tral spring favors shallower mixed layers and anomalously high summertime SST. A key insight from this analysis is that
the seasonal phasing of springtime mixed layer depth shoaling is an important contributor to summertime SST variability
in the Southern Ocean. Thus, future Southern Ocean summertime SST extremes will depend on the coevolution of mixed
layer depth and surface wind variability.

SIGNIFICANCE STATEMENT: This study examines how reductions in the strength of the circumpolar westerlies
can produce abrupt and extreme surface warming across the Southern Ocean. A key insight is that the mixed layer tem-
perature is most sensitive to surface wind perturbations in late austral spring, when the regional mixed layer depth and
solar insolation approach their respective seasonal minimum and maximum. This heightened surface temperature re-
sponse to surface wind variability was realized during the austral spring of 2016 and 2019, when a dramatic weakening
of the circumpolar westerlies triggered unprecedented warming across the Southern Ocean. In both cases, the anoma-
lously weak circumpolar winds reduced the northward Ekman transport of cool subpolar waters and caused the mixed
layer to shoal more rapidly in the spring, with the latter mechanism being more dominant. Using results from an ensem-
ble of coupled climate simulations, we demonstrate that the 2016 and 2019 Southern Ocean warming events are consis-
tent with the internal variability associated with the Southern Annular Mode (SAM). These results suggest that future
Southern Ocean surface warming extremes will depend on both the evolution of regional mixed layer depths and inter-
annual wind variability.

KEYWORDS: Southern Ocean; Ocean dynamics; Extreme events; Mixed layer; Climate variability;
Subseasonal variability

1. Introduction sea surface temperatures (SSTs; Stuecker et al. 2017; Meehl
et al. 2019, Fig. la). While Southern Ocean SSTs returned
to normal after a few months, Antarctic sea ice extent (SIE)

remained exceptionally low over the next three years. In

The Southern Ocean has experienced exceptional sea ice
decline and surface warming in recent years (Fig. 1). During
the austral spring of 2016, Antarctic sea ice retreated at an un-

usually rapid rate before reaching a record-low extent the fol-
lowing summer (Turner et al. 2017; Parkinson 2019; Eayrs
et al. 2021). This anomalous sea ice decline coincided with
widespread surface warming that extended beyond the Ant-
arctic sea ice zone and culminated in record-high summertime
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late 2019, the Southern Ocean experienced another abrupt
circumpolar surface warming event of similar magnitude
and spatial extent as the anomalous warming of late 2016,
but there was no corresponding decline in Antarctic SIE
(Fig. 1b).

The extent to which these recent warming and sea ice loss
anomalies reflect a shift in the Southern Ocean climate or
transient manifestations of internal variability remains un-
clear. Over the preceding decades, the Southern Ocean expe-
rienced robust sea ice expansion and surface cooling that
were near circumpolar in extent (Yuan and Martinson 2000;
Cavalieri et al. 2003; Simmonds 2015). The underlying drivers
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F1G. 1. (a) Temporal evolution of monthly anomalies in SST (black) and Antarctic SIE (green) in the Southern

Ocean. (b),(c) Seasonally averaged maps of anomalous SST

during December—February (DJF) of 2016/17 and 2019/20.

In (a), the vertical gray bars highlight austral summer (December—February). Dashed lines in (b) and (c) highlight
50°-65°S, the latitudes over which the SST anomalies are spatially averaged in (a). Each time series has been

smoothed with a 3-month rolling average.

of these longer time scale trends are uncertain. Possible mech-
anisms include the strengthening of the circumpolar westerlies
(Fan et al. 2014; Kostov et al. 2017), increases in surface fresh-
water fluxes and stratification (Bintanja et al. 2013; Purich
et al. 2018; Haumann et al. 2020), atmospheric teleconnec-
tions from the tropical Pacific (Meehl et al. 2016; Li et al.
2021; Chung et al. 2022), and internal climate variability asso-
ciated with Weddell Sea deep convection (Zhang et al. 2019).
While increased greenhouse gas emissions will eventually
lead to sustained warming and sea ice loss across the Southern
Ocean (Ferreira et al. 2015; Armour et al. 2016; Kostov et al.
2017), the time scale over which an anthropogenic signal will
emerge above the noise of internal variability is poorly con-
strained (Holland et al. 2017; Doddridge et al. 2019; Rackow
et al. 2022).

Previous studies suggest that the anomalous decline in Ant-
arctic SIE that began in 2016 was due to multiple mechanisms
operating over various time scales. The initial sea ice loss has
been linked to anomalous variations in the Southern Annular
Mode (SAM), El Nifio-Southern Oscillation (ENSO), and
the Indian Ocean dipole (IOD), which collectively weakened
the circumpolar westerly jet and facilitated anomalous pole-
ward advection of warm subtropical air into the subpolar re-
gion (Stuecker et al. 2017; Schlosser et al. 2018; Wang et al.
2019; Purich and England 2019). These mechanisms are dis-
tinct from the enhanced upwelling of warm Circumpolar

Deep Water (CDW) that is expected to drive Southern Ocean
sea ice loss and surface warming over the next century (Bitz
and Polvani 2012; Ferreira et al. 2015). However, a gradual
build-up of subsurface heat in the seasonal sea ice zone may
have preconditioned some areas of the Southern Ocean for
an unusually rapid springtime retreat of Antarctic sea ice
(Meehl et al. 2019; Campbell et al. 2019; Zhang et al. 2022).

It is possible that the mechanisms responsible for the recent
decline in Antarctic sea ice are related but distinct from those
that led to the recent circumpolar surface warming events. Al-
though the 2016 surface warming coincided with a steep loss in
Antarctic sea ice, this was not the case in late 2019 (Fig. 1a).
Furthermore, previous circumpolar surface warming events, such
as those that occurred during the austral spring and summers of
1982/83 and 1987/88, were not accompanied by an appreciable
decrease in Antarctic SIE (Fig. 1a). As with the late 2016 and
2019 warming events, these earlier circumpolar warming events
extended beyond the seasonal sea ice zone. Though previous
studies have established links between Southern Ocean SST
anomalies and the variability of SAM and ENSO (Sen Gupta
and England 2006; Sallée et al. 2010; Ciasto and England 2011;
Ding et al. 2012; Doddridge and Marshall 2017), there is no clear
relationship between the intensity of SAM or ENSO phases and
the magnitude of Southern Ocean SST anomalies. Thus, the par-
ticular set of circumstances that facilitated the extraordinary sum-
mertime SST anomalies in 2016/17 and 2019/20 remain unclear.
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Since these surface warming events occur in spring and summer,
they help set the upper bound on near-surface temperatures in
the Southern Ocean. Critically, circumpolar warming events may
provide the basis for marine heatwaves (MHWSs), which are
more localized SST extremes that can lead to sharp declines in
biodiversity and the collapse of ecosystems (Hobday et al. 2016;
Frolicher et al. 2018; Holbrook et al. 2019; Smale et al. 2019;
Oliver et al. 2021). Moreover, these severe warm events enhance
upper ocean stratification, which affects vertical mixing and air—
sea gas exchange. Therefore, understanding the mechanisms that
may lead to surface warming extremes is an essential step toward
characterizing and predicting ecological sustainability in the
Southern Ocean.

The primary purpose of this work is to elucidate the large-scale
atmospheric and oceanic processes that give rise to extreme and
abrupt circumpolar surface warming across the Southern Ocean.
This work builds on previous analyses that have examined the
seasonal evolution of Southern Ocean mixed layer temperature
(MLT; Dong et al. 2007, 2008; Tamsitt et al. 2016; Pellichero et al.
2017) by focusing on processes that can lead to severe surface
warming during summer months. Likewise, our analysis extends
previous work that has explored the Southern Ocean response to
SAM and ENSO (Sen Gupta and England 2006; Sallée et al.
2010; Ciasto and England 2011) by explicitly examining how the
seasonal phasing of these modes of climate variability can pro-
duce extreme summertime SSTs. In doing so, we assess the ex-
tent to which recent circumpolar surface warming anomalies can
be explained by internal variability. A key result of this analysis is
that variations in the seasonal phasing of mixed layer depth
(MLD) and solar insolation during austral spring are important
contributors to the interannual variability in Southern Ocean
summertime SST.

2. Data and methods
a. Observations and reanalyses

Monthly SST data were obtained from the NOAA Optimum
Interpolation (OI) SST V2 product (Reynolds et al. 2002), while
subsurface temperature and salinity variability were computed
from the Argo-based Roemmich-Gilson climatology (Roemmich
and Gilson 2009). Estimates of Antarctic sea ice concentration
(SIC) were retrieved from the NOAA/NSIDC Climate Data
Record (CDR) of SIC (Meier et al. 2021). SIE is defined as the
area over which SIC is greater than 15%. Estimates of surface
wind stress, sea level pressure, and air-sea heat fluxes were
sourced from the ECMWF monthly ERAS5 global atmospheric
reanalysis, which were provided on a 0.25° X 0.25° horizontal
grid (Hersbach et al. 2020). The reanalysis estimates were re-
mapped to a coarser 1° X 1° horizontal grid using a bilinear in-
terpolation scheme to be consistent with the RG Argo and the
NOAA OI SST data products.

While the SST data and atmospheric reanalysis products
are analyzed for 1982-2020, the mixed layer heat budget
analysis is carried out for the 2004-20 period when subsur-
face Argo data are available. MLD is defined as the depth
where potential density is 0.03 kg m ™~ greater than its value
at the surface (de Boyer Montégut et al. 2004). The SAM
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index is defined as the zonal-mean sea level pressure differ-
ence between 65° and 40°S (Marshall 2003). ENSO variabil-
ity is quantified using the Nifio-3.4 index, which describes
the area-averaged SST anomaly between 170°-120°W and
5°S-5°N. The SAM and Nifo-3.4 indices are normalized by
their respective standard deviations. Anomalies are com-
puted relative to a monthly averaged climatology. For the
SST and reanalysis data, the climatological reference period
is 19822015, whereas for the Argo data the climatological
reference period is 2004-15.

To contextualize recent abrupt circumpolar warming events,
observations are compared with output from the Community
Earth System Model Version 1 Large Ensemble (CESM1-LE;
Kay et al. 2015). The CESM1-LE is a fully coupled, 1° horizon-
tal resolution, 40-member initial condition ensemble, where
each ensemble member is subjected to identical historical and
RCP8.5 external forcing scenarios. Each member differs slightly
in its initial atmospheric state, producing a representation of in-
ternal variability across ensemble members, in the presence of
forced climate change. The CESM1-LE includes the Commu-
nity Atmosphere Model version (CAMS5; Hurrell et al. 2013)
and the Parallel Ocean Program version 2 (POP2; Danabasoglu
et al. 2012). POP2 employs the K-profile parameterization
(KPP) vertical mixing scheme and a mixed layer eddy parame-
terization to capture the restratifying effect of submesoscale
baroclinic eddies (Fox-Kemper et al. 2008). We focus on model
output from the 1980-2020 period that overlaps with the mod-
ern satellite record.

The CESM1-LE generates SAM and ENSO variability that
compares well with observations. In particular, the ensemble
experiment robustly captures the positive trend in SAM dur-
ing austral summer that has been observed over the satellite
era (Holland et al. 2017). The CESM1-LE also generates real-
istic seasonality of ENSO, but slightly overestimates its mag-
nitude (Zheng et al. 2018). Like many other state-of-the-art
climate models, CESM1-LE suffers from a shallow bias in
mixed layer depth for some regions of the Southern Ocean
(Danabasoglu et al. 2012; Sallée et al. 2013; Huang et al. 2014),
which would favor stronger MLT responses to changes in sur-
face forcing.

b. Southern Ocean mixed layer heat budget

The physical controls on Southern Ocean SST are evaluated
using a mixed layer heat budget. Here, MLT and SST are as-
sumed to be equivalent. The heat budget is constructed for the
mostly ice-free latitude band of 50°-65°S, which envelops the
core of the circumpolar westerly jet and much of the Antarctic
Circumpolar Current (ACC). This is the latitudinal band over
which SAM induces surface cooling during its positive phase
and surface warming during its negative phase (Sen Gupta and
England 2006); farther north, between 30° and 50°S, the SST
response to SAM is reversed. This analysis focuses on sur-
face temperature variability across the circumpolar band of
50°-65°S since the anomalous warming events of late 2016
and 2019 were most pronounced across these latitudes (see
Figs. 1b,c).
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As demonstrated by Dong et al. (2007), domain-averaged
variations in MLT (7,,) across the circumpolar channel is pri-
marily governed by heating due to air-sea fluxes, northward
Ekman transport, and wind-driven entrainment. This balance
is given by

1 aT 1 Q aT AT
- M A ~ — 20 — —m _ —|dA
AS J J ot d AS J J (p0 c, hm Vgk ay Went hm d 5
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where Q,, is the net air-sea heat flux due to the sum of ra-
diative and turbulent heat fluxes, vgy is the meridional Ek-
man velocity, AT is the temperature difference between the
mixed layer and 10 m below the mixed layer, c,, is the spe-
cific heat capacity of seawater, A, is the mixed layer depth,
Went = fzm is the entrainment rate, and A, is the surface
area of the circumpolar control volume. Here, the dot and
overbar symbolize temporal tendency and spatial averages,
respectively. The meridional Ekman velocity is given by
vk = 7/(pofh,,), where 7° is the zonal component of the
surface wind stress, py = 1025 kg m* is a reference seawa-
ter density, and f ~ 10™* s ™! is the Coriolis parameter. Fol-
lowing the procedure outlined in Dong et al. (2007), Q,, is
modified slightly to account for the fraction of shortwave
radiation that is transmitted through the base of the mixed
layer.

Equation (3) is valid when evaluating the heat balance over
the entire circumpolar channel. On smaller spatial scales,
geostrophic transport and eddy mixing, which are neglected
in this framework, have leading-order impacts on surface tem-
perature variability (Tamsitt et al. 2016; du Plessis et al. 2022;
Gao et al. 2022). It is also assumed that meridional eddy fluxes
across the northern and southern boundaries of the control vol-
ume make small contributions to the domain-averaged MLT
tendency Tm on monthly time scales. Compared to the terms in
Eq. (2), the domain-averaged contribution of Ekman pumping
on the mixed layer heat budget is negligibly small on monthly
time scales. Although it is relatively straightforward to evaluate
T,, and Ty, from Argo data and atmospheric reanalysis, T,
presents a greater challenge since it is influenced by submonthly
variations in 4, that are not well resolved by the current Argo
observing array (Carranza and Gille 2015). Therefore, the effect
of vertical entrainment is estimated from the residual of the
other heat budget terms. While other processes, such as subme-
soscale mixing and meridional geostrophic advection, as well as
measurement errors may contribute to the residual, we expect
the effect of vertical mixing to be dominant. Vertical entrain-
ment will have a cooling effect in the summer when the warm
mixed layer overlies the cool remnants of the winter mixed layer
and a slight warming effect in the winter when the cold, deep
mixed layer is in contact with the relatively warm Circumpolar
Deep Water (Dong et al. 2007).
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3. Results

a. Environmental conditions during the late 2016 and
2019 Southern Ocean warming events

During the austral spring of 2016 and 2019, the domain-
averaged surface buoyancy fluxes across the Southern Ocean
were not consistently different from the climatological mean
(Fig. 2a). Although the late 2016 warming event followed un-
usually warm winter and spring, this was not the case in 2019.
Additionally, the spatial patterns of anomalous air-sea fluxes
were not consistent with the patterns of anomalous warming
during both circumpolar warming events (Fig. 3). While in some
instances, patterns of anomalous air-sea heating and mixed
layer warming overlapped, this was often not the case. For ex-
ample, during November-January of 2019, air—sea heat fluxes
across the southern Atlantic favored anomalous surface cooling
while the mixed layer warmed at an accelerated rate (Figs. 3e,f).
Thus, anomalous air-sea heating cannot entirely explain these
recent circumpolar warming events.

On the other hand, circumpolar westerlies were extraordi-
narily weak in late 2016 and 2019, with zonally averaged surface
wind stress anomalies exceeding —0.04 N m™2 (Fig. 2b)—a
~30% reduction relative to the climatological mean. During
both warming events, the collapse of the surface westerlies
spanned all longitudes (Figs. 3c,h). Concurrently, there was
widespread anomalous MLD shoaling across the Southern
Ocean (Figs. 3d,i). The anomalous shoaling was most striking
in late 2019 when the MLD across the circumpolar channel
was, on average, roughly 20% shallower than usual. The late
2016 and 2019 anomalous shoaling events did not coincide
with increased surface heat or freshwater fluxes (Fig. 2a).

Consistent with the strong reduction in circumpolar west-
erly winds, SAM was in an exceptionally negative phase dur-
ing both circumpolar warming events. In both cases, the SAM
index was roughly 1.5 standard deviations below its annual
mean value (Fig. 2c). ENSO was in a relatively neutral state
during these periods, tending toward its La Nifia— and El
Nifio-like states during the austral spring of 2016 and 2019,
respectively.

b. Drivers of anomalous mixed layer warming in late
2016 and 2019

Evaluating the circumpolar mixed layer heat budget [Eq. (3)]
reveals that the anomalous surface warming in late 2016 and 2019
were primarily caused by heating anomalies associated with air—
sea heat fluxes Tao and northward Ekman transport T, (Fig. 4).
In late 2016, T, anomalies peaked at roughly 0.08°C month™!,
which was slightly less than the overall mixed layer warming of
0.1°C month™! (Fig. 4b). In late 2019, anomalies in Tg, ac-
counted for roughly half of the observed mixed layer warm-
ing. The decrease in Ekman-driven cooling is consistent with
the anomalously weak zonal wind stress during these periods
(Figs. 3c,h). As discussed in the preceding section, the increase
in T, cannot be entirely explained by enhanced air-sea heat
fluxes since these fluxes were not substantially different from
the climatology during both warming events (Fig. 2b). This im-
plies that the amplified effect of T, was largely due to the
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FIG. 2. (a) Domain-averaged net surface heat flux anomalies (black) and precipitation minus evaporation anomalies
(P — E, green) across 50°-65°S. Positive air-sea heat fluxes signify ocean heat gain. (b) As in (a), but showing zonal
wind stress anomalies. (c) Temporal evolution of the SAM (blue) and the Nifio-3.4 indices (orange). Vertical gray
bars highlight austral summer (December—February). The linear trend has been removed from each time series, and
temporal variations are smoothed using a 3-month rolling average.

anomalous shoaling of the mixed layer (Figs. 3d,i). When Tao is
computed using climatological MLDs (purple line in Fig. 2b), its
contribution to the 2016 and 2019 warming events is substan-
tially reduced. For the latter event, Tao is reduced by an order
of magnitude and accounts for less than 20% of the observed
warming anomaly when the effect of MLD shoaling is removed.

The evolution of the residual of Eq. (3) suggests that the
entrainment-driven mixed layer cooling was enhanced during
late 2016 and 2019 (Fig. 4b). In absolute terms, this represents
an increase in the entrainment-driven cooling that typically
occurs in summer months (Fig. 4a). The implied amplification
of T,,, under weaker surface winds suggests a complex inter-
play between wind-driven mixing, MLD, and the variance of
surface winds. Since T, is dependent on MLD and the tem-
perature gradient below the mixed layer [Eq. (3)], this term
does not necessarily scale with the amplitude of the surface
wind stress. Moreover, the temperature of a shallower mixed
layer will be more sensitive to the mixing generated by epi-
sodic storms and strong wind events. Nevertheless, without

direct estimates of entrainment-driving mixing, the contribu-
tion of Tem is not well constrained.

¢. The seasonal phasing of mixed layer depth and air-sea
heat fluxes

The heat budget analysis suggests that the abrupt surface
warming events in late 2016 and 2019 were triggered by a
weakening of the circumpolar westerlies and a concurrent
shoaling of the mixed layer. In the subsequent section, we
demonstrate that the latter effect resulted directly from
weaker surface winds. Although the surface wind anomalies
were relatively large during the warming events, the ampli-
tude of these anomalies was not unprecedented (Fig. 2b). The
discrepancies between the relative magnitudes of the surface
wind anomalies and concurrent MLT anomalies in late 2016
and 2019 suggest other factors were at play.

To explore the effect of the seasonal phasing of surface
wind, MLD, and MLT anomalies, we reexamine the seasonal
evolution of 7, in the phase space defined by h,, and Q,,
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FI1G. 3. Southern Ocean surface conditions during November—-January of (top) 2016 and (bottom) 2019: (a),(e) MLT tendency anoma-
lies, (b),(f) net air—sea heat flux anomalies, (c),(g) zonal wind stress anomalies, and (d),(i) MLD anomalies as percentages of the monthly
climatological means. Black dashed lines outline the circumpolar channel (50°-65°S) over which the mixed layer heat budget is evaluated.
Since the MLD appears in the denominator of the heat budget terms [Eq. (1)], we show the fractional change rather than the absolute

anomalies.

(Fig. 5). Since the seasonal variation of 7 is small compared
to that of MLD and Q,,, we focus on the sum of the mixed
layer warming due to northward Ekman transport and air-sea
heat fluxes, 7, ., =T ,, + T g, assuming a constant surface
wind stress of 7 = 0.15 N mf_z. During the cooling season
(March-September), T, and Ty, combine to cool the rela-
tively deep mixed layer at a peak rate of approximately 0.75°C
month ™. During the warming season (October-February),
Tao gk Provides a surface warming that reaches a maximum
of ~2°C month™! between January and February. The sea-
sonal asymmetry of Tao +px arises from the nonlinear depen-
dence of _T_ao on h,, As h,, approaches its summertime
minimum, 7, 5, becomes increasingly sensitive to variations
in h,, and Q,, with Tm being more sensitive to periods of
anomalous mixed layer shoaling than anomalous deepening.
The effect of T, may be discerned by the offset in the posi-
tion of the 7, g, = 0 contour in Fig. 5; the transect across
Q.o = 0 quantifies the cooling due to northward Ekman
transport.

In the phase space defined by #,,, and Q,,, the impact of the
extraordinary MLD shoaling in late 2016 and 2019 is immedi-
ately evident. During these anomalous warming periods (green
lines in Fig. 5), the Southern Ocean mixed layer followed a rela-
tively shallow trajectory in the Q,,—h,, phase space, which accel-
erated the springtime warming of the mixed layer. In most
years, O,, reaches a maximum amplitude of ~150 W m 2 in
December, one month before #,, reaches its minimum value of
~40 m. In late 2016 and 2019, the seasonal /,, minimum oc-
curred approximately one month earlier than usual, coinciding
with maximal air-sea heat fluxes. This shoaling-induced mixed

layer warming anomaly was most apparent in November of
2019 when h,,, was 20-30 m shallower than the climatological
mean—a record low for the Argo period. The enhanced mixed
layer warming due to 7, is augmented by a reduction in the
cooling provided by T, , which equates to a downward transla-
tion of the 7', i, pattern in Fig. 5. The accelerated mixed layer
warming of late 2016 and 2019, which occurred during strong
negative SAM events, is contrasted with the more gradual
warming that occurred in late 2010 (purple line in Fig. 5), a pe-
riod characterized by positive SAM conditions (Figs. 2b,c). In
the latter scenario, the anomalously deep Southern Ocean
mixed layer warmed at a relatively slow rate, leading to anoma-
lously cool summertime surface temperatures (Fig. 1a).

d. Sensitivity of mixed layer warming to the timing of
surface wind anomalies

The preceding analyses suggest that a weakening of the cir-
cumpolar westerlies during the austral spring of 2016 and 2019
initiated anomalous mixed layer shoaling and that the unusual
timing of these anomalies led to extreme surface warming.
This mechanism is explored further using a set of idealized
mixed layer simulations. We employ a one-dimensional Kraus—
Turner mixed layer model (Kraus and Turner 1967) that evolves
MLD in response to surface momentum and buoyancy fluxes
(appendix). The Kraus-Turner model is augmented to account
for the effect of lateral Ekman transport using the formulation
discussed in section 2b, using the annual-mean meridional tem-
perature gradient of 4.5 X 107%°C m™!. The numerical model is
evolved with a vertical resolution of 1 m and a 6-hourly time
step.
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F1G. 4. Evolution of the Southern Ocean mixed layer heat budget, described by Eq. (3).
(a) Monthly tendencies in MLT (black) due to air—sea heat fluxes (green) and meridional Ekman
transport (blue). The gray dashed line represents the residual of the heat budget (T, — T,, — T, )
which is interpreted as the component due to entrainment. (b) As in (a), but after removing
the monthly climatology. Gray vertical bars highlight December—February. The purple line in

(b) represents monthly T 20 anomalies computed using climatological mixed layer depth.

The mixed layer model was forced with idealized surface fluxes
of buoyancy and momentum that resemble observations across
50°-65°S during October and February (see the appendix). We
prescribe a surface heat flux and wind stress using climatological
monthly mean values from ERAS reanalysis. To account for sub-
monthly wind variability, we superimpose onto the climatological
forcing randomly generated values sampled from a red-noise
spectrum, with a standard deviation of 0.15 N m ™2 To obtain ro-
bust results, 500 simulations were conducted, each with a unique
wind stress forcing. Increasing the ensemble size does not sub-
stantially change the main results. For simplicity, we impose a
constant surface freshwater flux of 4 mm day ™', which is roughly
equivalent to the annual mean freshwater flux across the circum-
polar channel (Abernathey et al. 2016).

For the perturbation experiments, a Gaussian kernel is used to
reduce the wind stress magnitude by a maximum value of 50%
over a 10-day window while preserving the temporal variance.
The wind anomalies were applied independently to each month
between October and March to generate five independent per-
turbation experiments.

For the reference case, the mixed layer gradually shoals
and warms between October and February, reaching a mini-
mum depth of roughly 50 m and a maximum temperature of
approximately 3.5°C, which are consistent with observations
(Fig. 6). Reducing the strength of the wind causes the mixed
layer to shoal and warm. The amplitude of the MLD ranges

between 5 and 20 m and is not sensitive to the timing of the
wind anomaly. In contrast, the MLT response varies substan-
tially with the timing of the wind perturbation. When the wind
perturbation is applied in October, the anomalously shallow
mixed layer experiences negligible warming (<0.01°C) as the
surface heat fluxes are weak and the MLD is relatively deep
during this month. However, similar wind perturbations during
November and February lead to substantially larger MLT
anomalies, ranging between 0.05° and 0.2°C. A large fraction of
the MLT anomaly persists after the wind perturbation as less
heat is mixed down to deeper layers compared to the reference
case. These MLT anomalies eventually dissipate when the
mixed layer deepens in fall and winter (not shown). Weaker
winds also lead to an increase in entrainment-driven mixed layer
cooling Tem, which is consistent with what is inferred from ob-
servations in late 2016 and 2019 (Fig. 4).

To better represent the observed warming events in late 2016
and 2019, we conduct an additional set of mixing experiments
with a more prolonged period of reduced surface wind stress,
spanning October through December (Fig. 7). Even though this
numerical experiment is highly idealized, it captures the timing
and magnitude of the ML shoaling and warming of late 2016
and 2019 remarkably well. Similar to observations, the simu-
lated shoaling coincides with the wind perturbation while the
warming lags by 1-2 months (Figs. 7d.,f). While weaker winds
reduce the Ekman cooling, the main driver of the warming is
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FIG. 5. Phase diagram showing the relationship between seasonal variations in mixed layer
depth 4,,, air-sea heat fluxes Q,,, and mixed layer temperature tendency due to the sum of air—
sea heating T, and Ekman transport 7', (contours and shading). Gray lines represent seasonal
trajectories from 2004 to 2020, while the dashed black line represents the climatological mean.
For the latter, the numbering of the black squares signifies the calendar month. The green lines
highlight trajectories between August-March in 2016/17 and 2019/20 when SAM was in a neg-
ative phase during austral spring. Conversely, the purple line highlights an equivalent trajec-
tory in 2010/11 when the SAM was in a positive phase. For the background shading and black
contours, the heating associated with northward Ekman transport T, is computed assuming
a typical value of #* = 0.15 N m 2. White contours show T 0 T TEk for the case where

7=01Nm 2

MLD shoaling. Additional experiments with the Ekman trans-
port turned off produce similar results, albeit with warmer
mean MLTs and slightly smaller time-mean MLT anomalies.
The strong correspondence between the idealized simulations
and observations bolsters the hypothesis that anomalous wind-
driven mixed layer shoaling in spring can lead to exceptional
surface warming in the summer.

e. Role of internal climate variability

To ascertain the potential role of internal climate variability in
these recent surface warming events, we examine output from
the 40-member CESM1-LE to gain a more robust understanding
of these phenomena. Specifically, we investigate the response of
summertime [December-February (DJF)] Southern Ocean SST
to variations of SAM in the preceding austral spring. An observa-
tional analysis of the lead-lag relationship between the SAM
index and DJF SST across 50°-65°S shows that maximal correlation
(r = —0.75) is attained when SST is lagged by one month. There-
fore, we assess the relationship between Southern Ocean SST
anomalies in DJF with SAM variability in November-January
(NDJ) in the CESMI-LE. To isolate the effect of internal

variability, we evaluate the variance of SAM and Southern
Ocean SST after removing the ensemble-mean values, which
represent the responses to anthropogenic forcing.

Though rare, abrupt Southern Ocean warming events like
those observed in late 2016 and 2019 appear in the CESM1-
LE (Figs. 8a,b). In the CESM1-LE, NDJ periods where the
SAM index is more than 1.5 standard deviations below aver-
age occur roughly once every 20 years. The distribution of
NDJ SAM events also has a notable skew toward negative
SAM events (Fig. 8a). Importantly, the simulated Southern
Ocean SST and MLD responses to late-spring SAM variabil-
ity are consistent with observations. In particular, the anoma-
lous mixed layer warming and shoaling observed in late 2016
and 2019 are similar in magnitude to those produced by com-
parable SAM events in the CESM1-LE (Figs. 8c,d).

In the observational record, strong SAM and ENSO events
sometimes co-occur (e.g., during the austral spring of 1982
and 2002; Fig. 2), which makes it difficult to separate their
effects. To quantify the relative effect of SAM and ENSO in
the CESM1-LE, we create composites of Southern Ocean
SST and MLD anomalies using 0.5 standard deviation bins.
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FIG. 6. Results from the idealized 1D mixing experiments: (a) The prescribed surface heat fluxes used in all experiments. (b) The surface
wind stress magnitude for the reference and perturbation experiments. For the perturbation runs, a Gaussian filter was used to dampen
the winds by a maximum of 25% over a 10-day window centered on the midpoint of each month between October and February. The
(c) MLD, (e) MLT, and (g) MLT tendency responses, and (d),(f),(h) the mixed layer response anomalies relative to the reference case
with no wind perturbation. Each experiment consists of 500 ensemble members forced by a unique wind time series constructed from a
red noise spectrum. The shading represents the interquartile range, and solid lines represent the median response. In (g) and (h), dotted

lines represent mixed layer temperature tendency associated with entrainment 7'__. The interquartile range for T’

See the appendix and section 3d for further details.

While ENSO affects Southern Ocean SST via atmospheric tele-
connections, this signal is communicated on subseasonal time
scales and can influence regional SST on similar time scales as
SAM (Li et al. 2021). In the CESM1-LE, SAM has the domi-
nant control over domain-averaged SST and MLD anomalies
across 50°-65°S during austral spring and summer. The sensitiv-
ity of summertime Southern Ocean SST and MLD to SAM var-
iability is less apparent for individual ensemble members, and a
robust dependence on SAM only emerges after averaging
anomalies across the 40-member ensemble.

4. Discussion

This study demonstrates that the seasonal phasing of MLD
shoaling and air—sea heat fluxes is a key driver of interannual
summertime SST variability in the Southern Ocean. Between
September and December, the zonally averaged MLD be-
tween 50° and 65°S shoals from its winter maximum of ~150 m
to its summer minimum of ~50 m (Fig. 5). The rate at which

ont 18 omitted for clarity.

this shoaling occurs varies substantially from year to year
and produces an equivalently large spread in the rate at
which the mixed layer warms. In the austral spring of 2016
and 2019, the Southern Ocean mixed layer shoaled at the
fastest rates observed during the Argo era, which amplified
the warming effect of solar insolation when it was near its
seasonal maximum. During both events, the anomalous
MLD shoaling was initiated by a dramatic weakening of the
circumpolar westerlies associated with strong negative SAM
events. The weaker westerlies also reduced northward Ekman
transport, further amplifying the mixed layer warming.

While several studies have shown that SAM has substantial
control over MLD and MLT (e.g., Sen Gupta and England
2006; Sallée et al. 2010), this study quantifies the degree to
which mixed layer warming is sensitive to the timing of SAM
events. In particular, a sustained negative SAM event during
November-February is expected to yield surface warming
anomalies several times larger than that produced by a similar
SAM event in October or earlier. The late 2016 and 2019
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FIG. 7. As in Fig. 6, but showing comparisons for a 50-day wind perturbation experiment centered on 15 Nov. For reference, the ob-
served wind stress and anomalies in MLD and MLT for 2016/17 (solid gray curve) and 2019/20 (dashed gray curve) are shown in (b), (d)

and (f), respectively.

warming events followed intense periods of negative SAM,
which peaked during November and December, during which
the MLT response to surface wind variability is almost maximal.
This temporal sensitivity helps to explain why the negative
SAM event in late 2002 led to relatively muted surface warming
(Figs. 1a and 2c). Although the late 2002 negative SAM event
was as intense and prolonged as the 2016 and 2019 SAM events,
the former peaked in October before transitioning to a more
neutral state in November. Conversely, the timing of the nega-
tive SAM events in late 1982 is consistent with the exceptionally
strong warming observed that spring (Figs. 1a and 2c).

Abrupt circumpolar surface warming events, such as those
observed across the Southern Ocean in late 2016 and 2019,
occur in the CESM1-LE roughly every 20 years. In the large
ensemble simulations, the Southern Ocean SST and MLD re-
sponse to SAM aligns well with recent observations. The
CESMI1-LE also features springtime negative SAM events
that are more extreme than what has been observed over the
past four decades, suggesting that the SAM variability can
drive even more intense summertime surface warming. In the
CESMI1-LE, SAM has a much stronger influence on zonally av-
eraged summertime SST variability across the circumpolar chan-
nel than ENSO. However, examining individual ensemble

members reveals that ENSO and other modes of variability can
substantially modulate summertime Southern Ocean SST vari-
ability in a given year. Nevertheless, we conclude that the anoma-
lous circumpolar warmings of late 2016 and 2019 were primarily
manifestations of internal climate variability. This assessment is
in agreement with previous analyses that attribute the sharp de-
cline in Antarctic SIE in late 2016 to internal variability (e.g.,
Stuecker et al. 2017; Eayrs et al. 2021).

As the circumpolar westerlies continue to intensify and shift
poleward, the upper overturning cell of the Southern Ocean is ex-
pected to strengthen, increasing the upwelling of warm Circum-
polar Deep Water across the Antarctic sea ice zone (Ferreira
et al. 2015; Kostov et al. 2017). Stronger winds will likely energize
eddies across the circumpolar channel that will partially negate
the Ekman overturning response (Farneti et al. 2010; Doddridge
et al. 2019). Warming associated with these overturning adjust-
ments may be significant if, as expected, they persist over interan-
nual to decadal time scales. There is evidence that upper ocean
upwelling trends have contributed to the below-average Antarctic
SIE that has persisted since 2016 (Meehl et al. 2019). The decline
in Antarctic sea ice cover over this period is most pronounced in
the Weddell Sea (Parkinson 2019), which featured large open-
ocean polynyas and deep convection during the winters of 2016
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FIG. 8. Comparisons of SAM and Southern Ocean SST variability in the 40-member CESM1-LE with observations
for 1982-2020. (a) Probability density distribution of the November—January (NDJ) SAM index in the CESM1-LE.
(b) As in (a), but for domain-averaged DJF Southern Ocean SST anomalies across 50°—65°S. (c) Composites of do-
main-averaged DJF Southern Ocean SST anomalies in relation to NDJ SAM and ENSO. (d) As in (c), but showing
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deviations and 0.1°C bins, respectively. For the observed seasonal averages shown here, the listed year represents the

year the season begins.

and 2017 (Cheon and Gordon 2019). These polynya events were
facilitated by enhanced upwelling across the Weddell Gyre,
which gradually eroded the local pycnocline and preconditioned
the region for deep convection (Campbell et al. 2019). Thus, we
surmise that the anomalous Southern Ocean surface warming
and sea ice loss since 2016 has been due to a culmination of sev-
eral climate processes acting over subseasonal to interannual
time scales.

Additional work is needed to determine how the variability
of SAM and its impacts on Southern Ocean MLD and SST
will evolve under anthropogenic forcing. Previous studies
have primarily focused on the mean-state ocean response to
the ongoing trend toward a more positive SAM phase, in par-
ticular, the ocean overturning adjustment to a strengthening
and poleward shift of the circumpolar westerlies (e.g., Bitz
and Polvani 2012; Ferreira et al. 2015; Kostov et al. 2017).
However, our results demonstrate that near-surface processes
acting on subseasonal time scales will play a key role in setting
future surface warming extremes. While the current positive
trend in the SAM index favors more vigorous wind-driven

mixing and deeper mixed layers, concurrent surface warming
and freshening trends favor stronger near-surface stratification
and possibly shallower mixed layers (Panassa et al. 2018). These
competing processes have deepened the Southern Ocean mixed
layer and strengthened the upper ocean stratification (Sallée
et al. 2021). The extent to which these trends persist will impact
the frequency and intensity of future abrupt surface warming
events and marine heatwaves in the Southern Ocean.

The evolving seasonality of SAM will likely influence the
occurrence of extreme warming events in the Southern Ocean.
Recent SAM trends have been attributed to stratospheric ozone
depletion, which favors a strengthening and poleward shift of
circumpolar westerlies during austral summer (Thompson and
Solomon 2002; Polvani et al. 2011). As the stratospheric ozone
levels recover, these seasonal SAM trends are expected to sub-
side and possibly reverse (Solomon et al. 2016; Banerjee et al.
2020). Separately, the increase in greenhouse gas concentrations
will contribute to a strengthening of the circumpolar westerlies,
but the extent to which this effect will negate the ozone-induced
SAM trends is unclear. Nevertheless, if the Antarctic ozone
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hole recovery continues, the ensuing reduction in positive SAM
anomalies in austral summer will favor more extreme surface
warming events during these months.

5. Conclusions

The abrupt Southern Ocean surface warming events of late
2016 and 2019 were primarily caused by amplified air-sea heating
and reduced northward Ekman transport. The former effect was
caused by an unusually early springtime shoaling of the Southern
Ocean mixed layer. Both surface warming events were initiated
by a severe weakening of the circumpolar westerlies associated
with extreme negative SAM events. Equivalent warming events
are found in the CESM1-LE, wherein the Southern Ocean
SST and MLD response to SAM are consistent with recent
observations. Therefore, it is plausible that recent Southern
Ocean surface warming anomalies were largely the result of
internal variability. A key insight from this analysis is that the
Southern Ocean SST response is highly sensitive to the timing
of SAM anomalies, with negative SAM anomalies in late spring
providing the strongest surface warming. By examining the up-
per ocean processes that can produce extreme circumpolar sum-
mertime warming, we have shed light on the processes that help
establish the upper bound of surface temperatures that may oc-
cur in the Southern Ocean.

This work mainly elucidates mechanisms that can lead to ex-
treme circumpolar summertime warming across the Southern
Ocean. Additional processes operating on smaller spatial scales,
such as mesoscale and submesoscale processes (Gao et al. 2022;
du Plessis et al. 2022), may augment large-scale warming pat-
terns and create more severe local SST extremes. Moreover, the
mixed layer response to SAM has strong interbasin asymme-
tries, featuring a prominent dipole MLT anomaly across the
eastern Pacific and western Atlantic (Sen Gupta and England
2006; Sallée et al. 2010). Although these smaller-scale processes
and features are critically important for understanding regional
warming patterns, we emphasize that the warming mechanisms
we explore in this study, specifically the MLD response to wind
perturbations in austral spring, operate across all spatial scales
and will contribute to local warming patterns. Further work is
also needed to examine how these abrupt summertime warm-
ing events may impact upper ocean processes in subsequent
seasons. Previous work has shown that strong summertime
winds may reduce Antarctic SIE the following winter, whereby
enhanced wind-driven mixing in the summer causes an increase
in ocean heat uptake that is released during the fall (Doddridge
et al. 2021). Therefore, it is plausible that anomalously weak
summertime winds could impact subsequent sea ice growth via
a similar mechanism.

As the Southern Ocean climate evolves over the twenty-first
century, the frequency and intensity of surface warming ex-
tremes will depend on the evolution of SAM, surface winds,
and MLD. Although past studies have shown the current trend
toward positive SAM will eventually lead to sustained surface
warming across the Southern Ocean (Ferreira et al. 2015; Bitz
and Polvani 2012), it is less clear how the interannual variability
of SAM and summertime Southern Ocean SST will coevolve.
The severity of future surface warming events in the Southern
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Ocean will partly depend on the evolution of the regional MLD;
if the springtime MLD shoals over the next century, this will fa-
vor more intense summertime warming events. Projecting the
evolution of Southern Ocean MLD is complicated by its depen-
dence on competing processes: the projected strengthening of the
circumpolar westerlies and increases in surface buoyancy fluxes
via warming and enhanced freshwater fluxes (Meredith et al.
2022; Sallée et al. 2021). In a scenario where stronger winds domi-
nate MLD trends, the Southern Ocean surface may experience
steady decadal warming but reduced interannual variability due
to a concurrent deepening of the mixed layer in spring and sum-
mer. Alternatively, if the surface mixed layer shoals over the
coming decades, the region will likely experience more intense
surface warming extremes, which would exacerbate the impact of
the expected time-mean surface warming trend. These extreme
warming scenarios will have profound consequences for the via-
bility of regional ecosystems and biogeochemical processes. Thus,
it is critical to establish bounds on the temporal variance that
may envelope future warming trends.
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APPENDIX

Ensemble Experiments with a 1D Mixing Model

To evaluate the impact of wind perturbations on MLT warm-
ing, we use a modified version of the Kraus-Turner 1D upper
ocean mixing model (Kraus and Turner 1967; Niiler 1975; Niiler
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and Kraus 1977). This bulk mixed layer model simulates the
evolution of the surface mixed layer by balancing the stabilizing
effect of surface buoyancy fluxes (i.e., the addition of heat or
freshwater to the water column) and the destabilizing effect of
wind-driven mixing. Variants of the Kraus-Turner model have
been used extensively to study surface mixed layer variations
over a wide range of settings, including in subpolar regions
(Biddle et al. 2017). Following Chen et al. (1994), the entrain-
ment rate wep, of the mixed layer is given by

P —P
_w_ b (A1)

where Ab is the buoyancy difference across the base of the
mixed layer, and P, and P, are work provided by surface
wind stress and the potential energy supplied by surface buoy-
ancy fluxes, respectively. The terms P, and P, are given by

P, =2yul, (A2)
hm
P, = B [T+ v) By — (1 = v,) 1Byl (A3)

where y; = 0.4 and y, = 0.18 are empirically derived mixing
coefficients, u, = +/m/p, is the friction velocity, and By is the
total surface buoyancy flux. The above formulation is valid for
a stably stratified water column (Ab > 0). For scenarios where
P,, — P, > 0, the mixed layer deepens and (Al) is used to
determine the entrainment rate. For cases of mixed layer
shoaling, we assume P,, and P, are in balance, and we use the
relationships (A2) and (A3) to determine /,,,.

The model is augmented with a parameterization of north-
ward Ekman transport, which introduces a mixed layer cooling
given by

oT

Tg = —vg aym’

(A4)
where vgx = 7/(pofh,,). For simplicity, we set o7, /oy =
45%107%°Cm™!, which is approximately the annual
mean meridional MLT gradient across 50°-65°S.

The mixing model is initialized with idealized temperature
and salinity profiles representative of the circumpolar channel
between 50° and 65°S in early October. At the start of each sim-
ulation, the mixed layer depth is set to 150 m, and temperature
and salinity in the mixed layer are set to 1°C and 33.4 psu, re-
spectively. Below the mixed layer, there is a 150-m-thick sea-
sonal pycnocline, across which temperature and salinity linearly
transition to fixed values of 2.5°C and ~34.3 psu, respectively.
The values at the base of the pycnocline represent the top of
the Circumpolar Deep Water layer. We prescribe a surface heat
flux that approximates the climatological net surface heating
across the circumpolar channel between October and March
(150 days total). To isolate the impact of surface winds and
heating, we impose a constant surface freshwater flux (ie., pre-
cipitation minus evaporation) of 4 mm day '. The buoyancy
forcing is combined with a synthetically generated surface wind
stress 7, which is modeled as the sum of a red-noise sequence
#(t) and a mean offset 7:
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() = (@) + 7,

) = ar(t — A1) + V(1 — a?) €0),

where a = 0.9 is the lag-1 autocorrelation coefficient, At = 6 h
is the time step, and € is a randomly generated white noise se-
quence with a standard deviation of 0.15 N m ™2 The monthly
mean offset 7 is set by the climatology computed from ERA
reanalysis, which decreases from 0.17 N m~2 in October to
0.1 N m~? in December. The numerical model is evolved with
a vertical resolution of 1 m and a 6-hourly time step.

For the wind perturbation experiments, the magnitude of
the time-mean wind stress is altered by a prescribed frac-
tion. By perturbing 7 in Eq. (A6), the temporal variance of
T is preserved.

(AS5)

(A6)
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