4.

Reconstructing Satellite-Era Southern Ocean Temperature and Salinity Trends within
Observational Uncertainty

Matthew T. Luongo®®*, Kyle C. Armour®®, & Gregory C. Johnson®¢

Cooperative Institute for Climate, Ocean, & Ecosystem Studies, University of
Washington, Seattle, WA, USA

School of Oceanography, University of Washington, Seattle, WA, USA

Department of Atmospheric & Climate Science, University of Washington, Seattle, WA,
USA

NOAA Pacific Marine Environmental Laboratory, Seattle, WA, USA

* mluongo@uw.edu

This manuscript is a pre-print submitted to EarthArXiv.
The pre-print has been submitted for review to Journal of Climate.

Subsequent versions may have altered content.



Generated using the official AMS IXTEX template v6.1

; Reconstructing Satellite-Era Southern Ocean Temperature and Salinity

2 Trends within Observational Uncertainty

s Matthew T. Luongo®® , Kyle C. Armour® ¢, & Gregory C. Johnson ?¢

«  *Cooperative Institute for Climate, Ocean, and Ecosystem Studies, University of Washington,

5 Seattle, WA, USA,

6 b School of Oceanography, University of Washington, Seattle, WA, USA,

7 ¢ Department of Atmospheric and Climate Science, University of Washington, Seattle, WA, USA,
8 d NOAA Pacific Marine Environmental Laboratory, Seattle, WA, USA

o Corresponding author: M.T. Luongo, mluongo@uw.edu



20

21

22

23

24

25

26

27

28

ABSTRACT: Southern Ocean (SO) sea surface temperatures (SSTs) have exhibited large-scale
cooling over the satellite era (1979-present). Several potential drivers of this cooling have been
proposed — including changes in winds, freshwater fluxes, and natural variability — but their relative
contributions have been challenging to identify because climate models largely fail to simulate the
observed trend. Moreover, observational estimates of SST exhibit substantial uncertainty. In this
work we present novel ocean-only simulations individually forced by observationally-informed
surface flux trends in heat, momentum, and freshwater from precipitation minus evaporation, ice
sheet melt, and sea ice hydrology. We focus not only on SST changes, but also on changes in
sea surface salinity (SSS) and subsurface temperature and salinity, because any proposed driver
of SST change must be dynamically consistent with available, spatially-varying observations of
all fields at once (within observational uncertainties). We show that the response to each surface
flux change has a unique temperature and salinity fingerprint, and a linear combination of these
responses captures key features of observed SO temperature and salinity trends. We conclude
by performing a Monte Carlo analysis to refine this linear estimate, constraining with observed
SST, SSS, and ocean heat content to create an estimate where ~ 90% of the SO area is within
observational uncertainty for SST and ~ 70% for SSS. By considering salinity, regional changes,
and observational uncertainty, we provide a holistic approach to understanding observed SO trends
and suggest that known changes in winds and freshwater are sufficient to explain much of recent

SO change.
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1. Introduction

Observational estimates of Southern Ocean (SO) sea surface temperatures (SSTs) reveal a large-
scale cooling trend south of the Antarctic Circumpolar Current (ACC) over the satellite era (1979-
present), particularly in the Pacific sector of the SO from approximately 150°E to 60°W. While the
expected response of SO SSTs to increased greenhouse gas radiative forcing is a weak warming
(Manabe et al. 1991) slowed by mean upwelling of unmodified deep waters (Armour et al. 2016),
the observed large-scale SO cooling was not predicted and is not well-understood. Indeed, most
global climate model (GCM) simulations from the fifth and sixth generations of the Coupled Model
Intercomparison Project (CMIP) driven by historical forcings fail to capture the observed SO surface
cooling over the satellite era, even when accounting for internal variability by considering spread
across large ensembles, suggesting potential systematic model biases (e.g., Wills et al. 2022).

Three mechanisms have been proposed to explain the observed SO surface cooling over recent
decades. Some studies (Swart and Fyfe 2012; Marshall et al. 2014; Kostov et al. 2018; Blanchard-
Wrigglesworth et al. 2021; Hartmann 2022; Chung et al. 2022; Roach et al. 2023; Li et al. 2026)
suggest that observed trends in Southern Hemisphere (SH) westerly winds have driven SO cooling.
This hypothesis is motivated by the fact that over recent decades both greenhouse gas forcing
(Fyfe and Saenko 2006; Fyfe et al. 2007) and Antarctic ozone loss (Polvani et al. 2011; Thompson
et al. 2011) have driven an annual-mean strengthening and an austral summer poleward shift of
the SH westerlies (Fyfe and Saenko 2006; Swart and Fyfe 2012). This observed SO westerly
wind change in turn resembles the positive phase of the Southern Annular Mode (Thompson et al.
2000), which causes SO cooling through anomalous northward Ekman transport of cold surface
waters (Sen Gupta and England 2006; Spence et al. 2010; Bitz and Polvani 2012; Ferreira et al.
2015; Kostov et al. 2017; Doddridge et al. 2019). The response to westerly wind strengthening
on decadal timescales, however, is SO surface warming, as relatively warm waters are upwelled
from below (Kostov et al. 2017; Ferreira et al. 2015), though this response may be muted by eddy
compensation (Hallberg and Gnanadesikan 2006; Bitz and Polvani 2012; Doddridge et al. 2019;
Bilgen and Kirtman 2020; Yeager et al. 2023; Kang et al. 2026). It is thus unclear to what extent
wind trends have contributed to observed SO cooling.

Other studies suggest that observed and inferred changes in freshwater fluxes have driven SO

cooling by increasing near-surface stratification, shoaling mixed layers and reducing the upward
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flux of heat from depth (Gregory 2000). Many of these studies have focused on freshwater fluxes
from increased Antarctic ice sheet melt (Bintanja et al. 2013; Swart and Fyfe 2013; Pauling et al.
2016; Rye et al. 2020; Dong et al. 2022b; Roach et al. 2023; Swart et al. 2023; Schmidt et al.
2023; Kaufman et al. 2025), while other studies point to an increase in SO precipitation minus
evaporation (P — E, Durack et al. 2012; Purich et al. 2018; Kaufman et al. 2025) or changes in
freshwater fluxes due to sea ice formation and transport (Kirkman IV and Bitz 2011; Haumann
et al. 2016, 2020). However, unrealistic amounts of freshwater are often required to produce SO
cooling of the magnitude observed (e.g., Pauling et al. 2016; Dong et al. 2022b).

Finally, other studies suggest that natural internal variability, particularly associated with open-
ocean polynyas, has contributed to the observed SO cooling (Zhang et al. 2019; Singh et al. 2019).
However, this raises the question of why the CMIP suite of models is unable to readily simulate
the observed SO cooling even when accounting for internal variability (Wills et al. 2022).

All three of these potential mechanisms — wind forcing, freshwater forcing, and internal variability
— may have contributed to observed SO surface cooling over the satellite era. Indeed, multiple
mechanisms may be needed at once to explain the observed trends (e.g., Roach et al. 2023).
However, it is challenging to quantify their relative importance for several reasons. First, as
mentioned above, very few individual ensemble members across CMIP large ensembles show SO
cooling at all, let alone the magnitude of cooling suggested by observations (Wills et al. 2022). This
observed versus modeled SST trend mismatch could result from GCMs’ misrepresentation of SO
historical wind and freshwater forcing. For example, while historical CMIP6 simulations include
increased P — E over the SO, they do not represent increased freshwater input from Antarctic ice
sheet melt. However, the mismatch could also result from GCM mean-state biases that affect the
SO response to forcings. For example, a GCM with a sufficiently biased mean-state stratification
may not simulate SO cooling even in response to realistic wind (Kostov et al. 2017) or freshwater
fluxes. Second, the proposed mechanisms have been most often evaluated narrowly in the context
of explaining SO SST trends alone; it is not obvious whether they are physically consistent with
other available SO observations, including trends in sea surface salinity (SSS), subsurface ocean
temperature, and subsurface ocean salinity. Observations suggest large-scale trends of SO surface
freshening, subsurface warming, and subsurface salinification over the satellite era which also

must be understood (Durack and Wijffels 2010; Durack et al. 2012; Swart et al. 2018). Moreover,
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the proposed mechanisms also need to explain the regional structure of observed trends, rather
than only a zonal-mean or area-averaged trend as has been usually considered. And finally, SO
temperature and salinity observations have considerable uncertainty, even over the satellite era.
Thus, multiple observational products must be used when evaluating the contributions of proposed
mechanisms to observed trends.

Motivated by both the variety of proposed explanations for the observed SO SST cooling and
the considerable uncertainties described above, in this study, we seek to answer two key questions:
1) Given a well-constructed ocean modeling set-up and observationally-informed surface forcings,
can we recreate observed Southern Ocean temperature and salinity features within observational
uncertainty?, and 2) What are the relative contributions of these various forced responses to these
features? We discuss observational estimates and uncertainty in Section 2 and present our novel
ocean-only GCM simulations in Section 3. In Section 4 we present the SO ocean-only response
to observationally-informed forcings from heat, momentum, and freshwater flux changes, and in
Section 5 we compare best estimates of our simulations to observations. We discuss implications

of these results in Section 6 and we conclude in Section 7.

2. Satellite-Era Trends and Observational Uncertainty

a. Observational Products

Before the global implementation of the Argo program (~ 2004 —2006), there are relatively
few observations of the SO. Even now, SO observations are relatively sparse, especially in SH
winter. Gridded observational estimates of historical SO SST and SSS are thus implicitly shaped
by research centers’ decisions relating to this data paucity, such as imperfect sampling of extant
observations or infilling of missing data (e.g., Lyman and Johnson 2014; Kent and Kennedy 2021).
These choices can lead to qualitatively different magnitudes and patterns of satellite-era SO SST
trends across observational products (Fig. 1). Analyses of the observed SO SST cooling trend are
thus directly shaped by the specific observational product analyzed.

With this in mind, we average nine observational estimates (Table 1) of the 1979-2020 annual-
mean SO SST trend to create a multi-product average estimate (Figs. 2a and ¢). We chose individual
gridded products based on the following criteria: 1) the product must cover the entire period of

interest [1979-2020, chosen to match Wills et al. (2022)], ii) the product must be “state-of-the-art”



ERSSTv6 COBE-SST3 HadISST1
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114 Fic. 1. Observed Southern Ocean 1979-2020 annual-mean sea surface temperature (SST) trend (top three
15 rows) for the nine observational products listed in Table 1. Observed Southern Ocean 1979-2020 annual-mean

1e  sea surface salinity (SSS) trend (bottom row) for the three observational products listed in Table 1.
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TaBLE 1. Observational products considered in this study and the ocean field (SST, SSS, subsurface tempera-

ture, or subsurface salinity) they were used to estimate.

Product Reference SST SSS  Subsurf. Temp. Subsurf. Salt
ERSSTv6 Huang et al. (2025) v X X X
COBE-SST3 Ishii et al. (2025) v X X X
HadISST1 Rayner et al. (2003) v X X X
DCENT-I Chan et al. (2026) v X X X
Cooper25 Cooper et al. (2025) v X X X
ERAS Hersbach et al. (2020) v X X X
WOA23 Locarnini et al. (2024), Reagan et al. (2024) v v v v
IAP Cheng et al. (2024) v v v v
ENO04 Good et al. (2013) v v v v

(i.e., the most recent product version at the time of data access), and iii) the product must use some
amount of in situ data (i.e., not just satellite data). We bi-cubically interpolate all observational
products to the same 1° X 1° grid using the CDO package (Schulzweida 2023). Relaxing these
criteria to include older product versions or products that do not cover the whole period of interest
does not lead to a qualitatively different SST trend multi-product average (not shown). We may
have unintentionally neglected additional observational products that fit these prescribed criteria,
but for the sake of defining a single multi-product average estimate of the satellite-era SO SST
trend, we consider these nine estimates, which span a suite of analysis methods, sufficient for this
study.

We use the same criteria to create a multi-product average estimate for satellite-era trends in
SSS! (Figs. 2b and d), subsurface potential temperature (Fig. 3a), and subsurface salinity (Fig.
3b). Because there are substantially fewer observational products of SSS and subsurface fields,
these trends are estimated from three common products which are a subset of the SST products

(Table 1).

b. Major Features of Satellite-Era SO Trends

The first step toward understanding potential causes of satellite-era SO cooling is understanding

where this cooling has occurred regionally and the degree to which individual products agree on

IPractical salinity is a unitless quantity measured with reference to the practical salinity scale of 1978. While we acknowledge that practical
salinity “units” are a misnomer (Millero 1993), we use psu throughout this study as i) it is reported by both our ocean-only GCM and salinity
observational products and ii) for ease of comparison with previous climate-focused literature on SO SST and SSS changes.
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FiG. 2. Observed multi-product Southern Ocean 1979-2020 a) average sea surface temperature (SST) trend,
b) average sea surface salinity (SSS) trend, c¢) SST trend standard deviation, and d) SSS trend standard deviation.
Panels a) and c¢) consider nine observational products (Table 1). Panels b) and d) consider three observational

products (Table 1).

those regions (Fig. 1). As mentioned above, any mechanism proposed to explain the observed SO
SST cooling should also explain other robust observed changes in SSS and subsurface temperature
and salinity.

Our multi-product average observational estimate of the SO SST trend (Fig. 2a) shows zonal

cooling throughout the SO, especially south of the Antarctic Circumpolar Current (ACC) from
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Fic. 3. Observed multi-product average of Southern Ocean 1979-2020 zonal-mean a) subsurface temperature
trend and b) subsurface salinity trend. Both temperature and salinity trends consider three observational products

(Table 1).

about 50°S to 70°S. However, there is substantial regional structure to this large-scale cooling.
The strongest cooling trend occurs in the Pacific sector of the SO north of the Ross, Amundsen,
& Bellingshausen Seas between approximately 150°E-60°W. This Pacific cooling trend is sub-
stantially larger than the weak cooling between approximately 60°W-60°E and the near-zero SST
response between approximately 60°E-150°E. In fact, there is even a weak warming trend in some
regions of the SO, such as along the Antarctic peninsula and in the SO Indian sector. Equatorward
of 50°S and entering the SH subtropical gyre dynamical regime, the SO exhibits a warming trend
that is strongest in the Pacific and weakest in the Indian.

There is substantial spread in the observational products (Fig. 1) that create the multi-product
mean observed SST trend over the past several decades (Fig. 2a). Some products show strong,
nearly zonally-uniform cooling, others show strong cooling in the Pacific only, and others still show
weak cooling with patchy warming. This observational spread leads to a relatively large standard
deviation in trends across products (Fig. 2¢), the magnitude of which is even larger than the mean
estimate in some areas. Cooling in the Pacific around 60°S between 180°-120°W, a small region
west of the Drake passage, and a small region north of Queen Maud Land and west of the Weddell
Sea are the only locations where all observational products agree on the sign of the SST trend

(not shown); all other SO areas feature at least some disagreement among products in the sign of
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the trend. Considering SH summer alone (December-February) does not qualitatively change this
interpretation or lead to better agreement across observational products (Figs. S1-S2).

The multi-product mean observed historical SO SSS trend (Fig. 2b) shows a widespread fresh-
ening throughout the open ocean. While this mean freshening is somewhat patchy, the three SSS
estimates generally agree on the sign of this trend (Fig. 1), except in coastal Antarctica, which
exhibits both a mean salinification and a high standard deviation (Figs. 2b and d). The zonal-mean
temperature trend poleward of 55°S exhibits a surface cooling and freshening and a subsurface
warming and salinification (Fig. 3). Equatorward of 55°S there is a deep-reaching warming north
of the ACC which has been tied to both mean circulation (Armour et al. 2016) and circulation ad-
justments (Taylor et al. 2025). In approximately this same region, a freshening signal that plunges
downward and northward has been tied to a freshening of the subducting Antarctic Intermediate
Waters (AAIW: Durack and Wijffels 2010). Individual observational estimates of SO subsurface

temperature and salinity trends largely capture these features (Fig. S3).

3. Ocean-only GCM Simulations

a. Model Set-up & Control Simulation

We use the Massachusetts Institute of Technology General Circulation Model (MITgcm: Mar-
shall et al. 1997a,b) ocean-only GCM (OGCM) in the Estimating the Circulation and Climate
of the Ocean version 4 release 4 configuration (ECCOv4r4: Forget et al. 2015). ECCOv4r4 is a
dynamically-consistent 1992-2017 ocean and sea ice state estimate that uses the adjoint method
to fit the model solution to available observations through forcing adjustments. These simulations
have a horizontal resolution of 1° in the zonal direction globally, 1° in the meridional direction
in mid latitudes, and 1/3° in the meridional direction at both low and high latitudes. This higher
resolution meridional refinement in the tropics and polar regions allows ECCOv4r4 to resolve
tropical instability waves and begin permitting high-latitude mesoscale eddies.

Although we do not use adjoint functionality in this work, we take advantage of the fact that the
ECCOv4r4 state estimate is a reasonable approximation of the real ocean with a realistic mean-state
stratification. As such, we use the 1992 ocean state as initial conditions for our simulations, which
can be broadly differentiated into three primary types: 1) a simulation forced by climatological

surface fluxes and strong surface restoration (referred to here as Simulation 1); 2) a simulation

10
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forced by the full surface fluxes stored from Simulation 1 but with surface restoring turned off
(constituting the control simulation for our study and referred to here as Simulation 2); and 3) a
simulation forced by the same fluxes from Simulation 2, but with additional flux forcings (heat,
momentum, freshwater) applied and an additional radiative damping term to mimic radiative
damping to space with increased warming (constituting the forced simulations for our study and
referred to here as Simulation 3). We discuss these three simulation types in-turn.

Asin Luongo et al. (2025, 2026), Simulation 1 is forced with monthly climatologies of net air-sea
fluxes of heat, freshwater, shortwave radiation, and zonal and meridional momentum first diagnosed
by Peng et al. (2022) from a 1992-2017 control integration of ECCOv4r4 forced by 6-hourly ERAS
atmospheric reanalysis with bulk formulae forcing. In addition to this climatological flux forcing,
we also restore SST and SSS to Peng et al. (2022)’s monthly climatologies on a 10-day timescale
to prevent model drift. The surface temperature forcing and surface salinity forcing equations in

these OGCM simulations are as follows:

Fo=—-29(0-0")Co— Qner , (D

F5=—/15(S—S*)C5—(P—E+R) . 2)

The model’s surface temperature and salinity flux at each point (Fy and Fs, respectively) are affected
by a relaxation flux (first term on the right hand side of Equations (1) and (2) and a climatological
flux (second term on the right hand side). In the case of Fy, the relaxation term is a product of the
relaxation timescale (dg), the difference between the model-calculated SST (6) and the monthly
SST climatology (6*), and a constant term (Cy), which is the product of seawater heat capacity,
a reference density, and the width of the first vertical layer. The climatological term is then the
net surface heat flux (Q,,), which includes contributions from shortwave and longwave radiation
and latent and sensible heat. For Fg, the relaxation term is a product of the relaxation timescale
(4s), the difference between the model calculated SSS (S) and the monthly SSS climatology (5),
and a constant term (Cs), which is the width of the first vertical layer normalized by a reference

salinity. The climatological term is then precipitation minus evaporation plus runoff (P — E + R).

11
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After starting from the 1992 ocean state estimate, we spin up our simulation for 500 years with this
climatological flux forcing and surface relaxation to reach a near-steady upper ocean.

A major shortcoming of traditional OGCM simulations is that their SST anomalies are strongly
damped, either via bulk formulae and/or strong surface relaxation to prevent drift. These forms
of damping produce damping rates that are an order of magnitude larger than that of surface
temperature anomalies to space through radiative damping processes, which is about 1 Wm2K™!
globally (Forster et al. 2021). This greatly limits the use of traditional OGCM simulations for
studying the long-term climate response to forcings.

With this shortcoming in mind, and inspired by a similar modeling set-up used by Marshall et al.
(2015) and Armour et al. (2016), we present a novel OGCM methodology to create Simulation
2, which experiences very little drift in its control state and allows surface changes in response to
anomalous surface forcing. In this set-up, SST and SSS relaxation are turned off (i.e., 19 = A5 = 0),
to allow surface changes. However, to prevent major simulation drift, we add the climatology of
those SST and SSS relaxation fluxes derived from years 101-500 of Simulation 1 to the climato-
logical heat and freshwater fluxes. A 400-year spin up of this “combined-flux-forced” simulation
shows global-mean surface temperature drift of less than 0.05 K (not shown). We select years
201-300 of this combined-flux-forced simulation as a 100-year control simulation throughout this
work.

Because the simulations are initialized with the 1992 ECCOv4r4 state estimate and use monthly
climatological fluxes calculated from a reanalysis-forced integration of ECCOv4r4, they produce
a realistic SO mean-state stratification that compares much better with observations than do many
CMIP GCM simulations (e.g., Farneti et al. 2015). The 100-year average SO mean-state strat-
ification of our control simulation largely agrees with the observed 1979-2020 SO mean-state
stratification, especially in the open SO (Fig. 4). Our simulations exhibit warmer temperatures
than observations (and ECCOv4r4) directly beneath the climatological sea ice region and slightly
too fresh subducted AAIW. Both of these biases may be due to the lack of interactive sea ice in
our combined-flux-forced simulations— in order to exactly constrain surface fluxes, a necessary
limitation of our modeling set-up is that the SO is only impacted by sea ice forcings through

climatological surface fluxes. While this OGCM simulation choice has previously been justified

12
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contour thickened. b) 1979-2020 average observed Southern Ocean zonal-mean salinity (color fill, average of
WOAZ23, TAP, and EN04). OGCM bias relative to these observations as black contours of 0.2 psu with the zero

contour thickened.

(e.g., Marshall et al. 2015; Armour et al. 2016; Haumann et al. 2020), several centuries of forcing
without interactive sea ice may begin to affect the mean state.

In summary, our combined-flux-forced simulations reasonably simulate the observed mean SO
while addressing the common OGCM shortcomings of having too strong surface constraints and/or

substantial model drift.

b. Forced Simulations

Combined-flux-forced OGCM simulations are useful tools which can approximate the ocean-
only response to an anomalous surface forcing on decadal-to-centennial timescales because: 1)
anomalous fluxes are prescribed exactly rather than calculated online, ii) simulations have very
little drift due to the addition of climatological surface relaxation fluxes, and iii) in the absence
of strong damping, surface changes due to applied forcings can clearly establish. If forced with
changes in heat, freshwater, and momentum fluxes (on top of the background fluxes of Simulation
2, as in the case of our Simulation 3 runs), these combined-flux-forced simulations can approximate

how the ocean responds to climate change, absent changes in atmospheric heat transport.
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Following Marshall et al. (2015) and Armour et al. (2016), in all forced Simulation 3 runs we
parameterize climate feedbacks by introducing an SST damping term to represent heat lost from the
surface of the ocean to space via radiation. In practical terms, this parameterization is equivalent
to re-introducing the SST relaxation flux term in Equation (1), however we now prescribe Ay as a
weak, spatially-uniform 1 Wm~2K~! and 6* as the SST climatology from the control simulation
(Simulation 2). As a result, the difference between a forced simulation (Simulation 3) and the
control simulation (Simulation 2) demonstrates the ocean response to that forcing in the presence
of an idealized, spatially-uniform climate feedback with a realistic global magnitude (Murphy et al.
2009). We present these anomalies throughout our study.

As such, we investigate the SO response to observationally-informed estimates of satellite-era
surface forcing from heat, freshwater, and momentum fluxes. Specifically we individually force the
OGCM with observationally-informed step changes in radiative forcing, momentum, and freshwater
from individual changes in P — E, ice sheet melt, and changing sea ice hydrology. These individual
forcing experiments allow us to understand the intrinsic ocean response to each type of forcing,
including the magnitude, pattern, and timing of the response. With these experiments, we can ask,
for instance, whether all types of freshwater forcing affect the SO similarly or whether the ocean
response to these forcings exhibits a change in character throughout time as it does in response
to momentum forcing (e.g., Bitz and Polvani 2012; Ferreira et al. 2015; Kostov et al. 2017). The
“fast” (year 2) and “slow” (year 30) temperature responses of the SO to these abrupt forcings are

presented in Figs. A1-A2 and described in more detail in Section 4.

c. Estimating forced trends

To add a time dimension to our simulations, we calculate the linear transient response of the

ocean to these step function forcings following Hasselmann et al. (1993):

<I>(t):/ G(t-t) CCIZ—F(t’)dt’, 3)
0 t

representing the temporal response of some ocean quantity (®) to a prescribed forcing (F') as the
convolution of the response of that ocean quantity to the step forcing (G, the “climate response
function™). The SO linear response to a step function (i.e., impulse / Green’s function) forcing has

been used in multiple studies (e.g., Marshall et al. 2014; Armour et al. 2016; Kostov et al. 2018;
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Rye et al. 2020; Kaufman et al. 2025). In our case, this time dimension now allows us to consider

an analogous period to 1979-2020 in our combined-flux-forced simulations.

4. Oceanic Response to Individual Observationally-Informed Forcings

a. Radiative Forcing

We first simulate the SO response to radiative forcing alone by running a 170-year simulation
forced by a globally-uniform 1 Wm™2 anomalous radiative forcing. The SO response to this abrupt
and sustained radiative forcing (Figs. Ala-b and A2a-b) is similar to that of Armour et al. (2016),
who used the same basic OGCM architecture but with a globally-uniform 4 Wm~™2 forcing. We
then convolve (Equation 3) the response to this forcing step change with the median estimate of the
1851-2020 global radiative forcing time series (black line in Fig. 5e) derived from historical and
SSP2-4.5 emissions scenarios (Dvorak et al. 2022) to estimate the linear time evolution of the SO
temperature and salinity response over 1979-2020 (orange and blue lines in Fig. Se).

In response to the past 170 years of radiative forcing, the surface SO both warms by more than half
a degree and slightly freshens. Importantly, this response occurs without any changes in freshwater
or momentum forcing. The patterns of simulated 1979-2020 annual-mean temperature and salinity
trends (Figs. S5a-d) provide important insight into the dynamics that shape this slight warming
and freshening. As discussed at length in Armour et al. (2016) for a slightly different period, the
simulated 1979-2020 temperature trend features a muted surface warming throughout most of the
SO south of the ACC. This muted warming is due to SO mean circulation: unmodified deep waters
upwell near Antarctica and take up anomalous heat; those warmed waters are advected equatorward
via Ekman transport; and that anomalous heat is then stored at depth on the equatorward flank of
the ACC where waters subduct into the interior ocean. However, the Amundsen & Bellingshausen
Seas warm more than other sections of the SO, demonstrating that this muted warming is not
homogeneous. While this surface warming trend is damped relative to the rest of the global ocean
(e.g., north of 45°S), the radiative forcing does not lead to any of the cooling seen in observations
(Figs. 2a & 3a).

Interestingly, radiative forcing alone slightly freshens the SO surface (Fig. 5b) and contributes
to the distinctive subducting AAIW freshening trend seen in observations (c.f. Figs. 5d & 3b).
Durack and Wijffels (2010) first noted this observed AAIW freshening trend and, after removing
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FiG. 5. Simulated 1979-2020 trend in a) SST, b) SSS, ¢) subsurface zonal-mean temperature, and d) subsurface
zonal-mean salinity in response to idealized satellite-era radiative (heat flux) forcing. e) Time series of median
global estimated radiative forcing (ERF) from historical + SSP2-4.5 scenario (black line, Dvorak et al. 2022) and

simulated historical 70°S-50°S average SST (orange line) and SSS (blue line).

effects of isopycnal heave, showed that it primarily resulted from surface-driven water mass
transformation. They hypothesized that the surface water mass changes were linked to observed

warming-driven poleward migration of outcropped isopycnals, which could drive a freshening of
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AAIW as climatologically fresher waters would now subduct along that isopycnal due to the mean
SO SSS latitudinal gradient. They then suggested that this poleward outcrop migration is most
likely to be driven by historical surface warming, rather than any change in surface freshwater. Our
radiatively-forced-alone results support this conclusion.

The simulated 1979-2020 SO surface trends due to radiative forcing alone show a weak warming
and freshening. Thus, the radiatively-forced response provides a scaffolding of sorts with which to
understand the observed response (Figs. 2a & b). It allows us to ask, for instance, how observed
momentum and freshwater forcing have modulated this weak warming and freshening to obtain

the observed weak cooling and stronger freshening.

b. Momentum forcing

Atmospheric reanalyses show a robust strengthening of the SH westerlies over recent decades
(Fig. S4a and Swart and Fyfe 2012). Quantifying wind changes over 1979-2020 with the ERAS
reanalysis (Hersbach et al. 2020), the strengthening is coherent for both annual-mean winds (9.5%
increase over 45 — 65°S) and seasonal-mean winds (11.5% increase over 45 —65°S for October
through March and 8.5% for April through September). Additionally, in SH summer (December-
February) ERAS suggests that there has been about a 3-degree poleward shift of the westerly wind
core, which has been primarily attributed to ozone depletion (e.g., Polvani et al. 2011).

We perform an OGCM momentum-forced anomaly simulation where the anomaly is a step
forcing equal to the monthly pattern and magnitude of the 1979-2020 linear trend per year of ERAS
35°S-70°S zonal and meridional wind stress multiplied by 42 years (Fig. S4a-b). As noted in
multiple prior studies focused on the SO response to an increase in Southern Annular Mode (SAM)
forcing (e.g., Bitz and Polvani 2012; Ferreira et al. 2015; Armour et al. 2016; Kostov et al. 2017,
2018), the first two years of our momentum step change simulation shows a patchy temperature
response near Antarctica and primarily cooling over 40°S-60°S (Fig. Alc). However, after this
initial “fast” period, the long-term response of the SO to this imposed momentum anomaly is a
relatively strong warming near Antarctica (Fig. Ald). While this “slow” warming response is
thought to result from the upwelling of relatively warm, salinity-stratified waters in sea ice regions
(Bitz and Polvani 2012; Ferreira et al. 2015), both the amount of initial cooling and the amount

of long-term warming depend strongly on model architecture (Kostov et al. 2017). The relatively
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strong long-term SO warming in response to the applied momentum forcing in our simulations is
consistent with the results of Armour et al. (2016), who also found a relatively strong long-term
warming response to wind changes using MITgcm?. As noted above, our control simulation has a
warm bias beneath the climatological sea ice zone (Fig. 4a) which may contribute to the “slow”
warming response to momentum forcing.

To estimate the impact of wind trends on the SO over 1979-2020, we convolve (Equation 3) the
ocean response to this step change with a 42-year linear trend (i.e., the forcing annually increases
by the same amount from 1979 until finally reaching the full amount in 2020) and take the annual-
mean trend of the result. The SST response to the monthly trends in wind stress (Fig. S5) exhibits
a meridional dipole with mostly warming poleward of 60°S and mostly cooling equatorward of
60°S. In the open SO, cooling is deep-reaching and creates an analogous, but opposite-signed,
temperature response co-located with subduction pathways north of the ACC as in the case of the
radiatively-forced simulation (c.f. Figs. Sc and S5c¢).

Because of the strong warming in our OGCM'’s slow response, this simulated temperature
response to observed momentum anomalies negatively projects onto the observed historical tem-
perature trend (Fig. 2a). While this result is perhaps somewhat surprising given that a regression
of SST onto the SAM index shows cooling in the Pacific sector of the SO (e.g., Thompson et al.
2011; Hartmann 2022), this warming may be inherent to our simulation set-up as mentioned above.
With that in mind, recent work by Doddridge et al. (2019) has suggested that the slow SO warming
that many GCMs experience in response to momentum forcing is a consequence of their coarse
resolution. Higher resolution models, which resolve mesoscale eddies, compensate for this long-
term warming through changes in the eddy-driven circulation, resulting in a long-term SO SST
response to momentum forcing that more closely resembles the fast response. To circumvent our
low-resolution OGCM’s inherently warm long-term response, we devise temperature and salinity
fields that can be thought of as an idealized “fast-only” response of the ocean to this same mo-

mentum forcing by replacing anomalies in years 3-100 with anomalies taken from year 2 (the fast

2In addition to this primary momentum forcing simulation, we also perform four momentum forcing sensitivity analyses: i) a simulation where
the momentum anomaly is the actual monthly pattern of ERAS5 SO zonal wind stress trends only; ii) a simulation where the momentum anomaly is
a 10% increase in monthly climatological SO zonal winds; iii) a simulation where December-February zonal and meridional winds are shifted two
degrees poleward; and iv) a simulation recreating Marshall et al. (2014) and Armour et al. (2016) where the momentum anomaly is the wind stress
field from a +1 SAM index modulated by an annual-cycle maximized in November. While there are slight regional differences among simulations,
all broadly show a similar fast response of slight SO cooling and a slow response of strong SO warming. As a result, we are confident that this
general two-timescale response pattern is robust with respect to the details of the momentum forcing applied.
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Fic. 6. a) Simulated 1979-2020 trend in a) SST, b) SSS, c) subsurface zonal-mean temperature, and d)

subsurface zonal-mean salinity trend in response to idealized fast-only satellite-era momentum flux forcing.

response). We then convolve this modified ocean response with the same 42-year linear trend as
above and take the annual-mean trend of this result.

This estimate of the ocean’s response to historical momentum trends over 1979-2020 (Fig. 6)
features a patchy SST response poleward of 60°S. This response consists of near-coastal cooling
in the Amundsen and Bellingshausen Seas and over 80°E-180°, and warming in the Ross and
Weddell Seas and over 0°-80°E. The SO response equatorward of 60°S is primarily cooling, with
the strongest cooling anomalies west of Chile where SST is most sensitive to SAM forcing (e.g.,

Thompson et al. 2011; Hartmann 2022).
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Although the subsurface temperature response is weak (Fig. 6c¢), this simulation shows the
importance of subsurface salinity stratification when considering momentum-forced trends. This
change in wind stress forcing leads to a large-scale salinification of the SO surface (Fig. 6b and
d) as saltier waters from depth are anomalously upwelled. Near Antarctica, warm anomalies
are co-located with salty anomalies, and these salt anomalies are then transported northward to
generally salinify the SO. The finding that momentum-driven historical fluxes have likely caused
a coherent increase in SO salinity agrees with results from Shi et al. (2020) and Haumann et al.
(2020). It additionally suggests that even if historical changes in wind stress have contributed to SO
surface cooling, they have likely simultaneously caused a salinity trend that opposes the observed

freshening, suggesting winds are unlikely to be the sole driver of historical SO SST changes.

c. Freshwater forcing

There have been trends in three distinct sources of freshwater fluxes to the SO over the period
of 1979-2020: 1) large-scale changes in P — E; ii) freshwater input from Antarctic ice sheet
melt; and iii) changes in the sea ice hydrologic cycle. These three freshwater sources have all
been suggested as potential drivers of, or contributors to, the observed SO surface cooling and
freshening. We evaluate the ocean response to each of these sources of freshwater fluxes in
observationally-informed freshwater-anomaly-forced OGCM simulations.

Observational products suggest a large-scale increase in SO P — E over recent decades (Durack
et al. 2012; Fyfe et al. 2012). We thus perform an OGCM freshwater-forced anomaly simulation
where the anomaly is a step forcing equal to the monthly pattern and magnitude of ERAS P - E
trends from 30°-80°S. We convolve (Equation 3) the ocean response to this step change with a
42-year linear trend to estimate the 1979-2020 SO temperature and salinity response to increased
P — E. Performing a similar simulation with monthly ERAS5 P — E trends over only 50°-80°S does
not qualitatively change the results (not shown). While P — E fluxes are the largest factor in the
SO freshwater flux changes (Pauling et al. 2016), the approximate SO-average 10% increase in
P-E from 1979-2020 (Figure S4c) seen in ERAS is the smallest SO precipitation increase among
several reanalysis products (Kaufman et al. 2025). As such we consider this to be a conservative

estimate of the freshwater flux to the SO from changes in P - E.
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Surface mass balance observations suggest an increase in meltwater flux into the SO from the
Antarctic ice sheet over recent decades (e.g., Schmidt et al. 2023). While a substantial amount
of Antarctic ice sheet melt happens in the subsurface, Pauling et al. (2016) show that simulations
forced by surface melt and subsurface melt are qualitatively similar. We thus perform an OGCM
simulation wherein we uniformly add an anomalous step increase in surface freshwater flux within
2° of the Antarctic coast. We determine the magnitude of our step forcing by extending Schmidt et al.
(2023)’s 1990-2020 time series of satellite-derived Antarctic ice sheet melt to 1979 (conservatively
assuming the 1990 value as the value from 1979-1989), fitting a linear trend to that time series (Fig.
S4d), and then using the 2020 value of the linear trend solution as our step forcing magnitude. We
also add a heat flux due to the latent heat of fusion derived from melting ice in seawater which is
commensurate with this anomalous freshwater flux. Because heat is drawn from seawater to melt
ice, this flux cools the surface ocean and has been shown to be a major component of the Antarctic
coastal heat budget (Moorman et al. 2026). We convolve (Equation 3) this step-forced simulation
with a 42-year linear trend to estimate the 1979-2020 SO temperature and salinity response to ice
sheet melt increase.’

Finally, analyses suggest an increase in the Antarctic sea ice hydrologic cycle has shaped SO
surface freshwater fluxes (Haumann et al. 2016, 2020). Climatologically, freshwater fluxes due to
sea ice can be broadly thought of as salt fluxes around coastal Antarctica where sea ice is formed and
freshwater fluxes in the open SO where sea ice melts after being transported northward by winds.
This corresponds to a net northward transport of freshwater. Haumann et al. (2016) reconstruct sea
ice concentrations using satellite observations to suggest that this freshwater transport has increased
by 20 + 10% from 1982-2008 due to changes in sea ice hydrology in this period when Antarctic sea
ice largely expanded (Roach et al. 2020; Blanchard-Wrigglesworth et al. 2021). We thus perform
an OGCM simulation wherein the model’s monthly climatological salinity flux is increased by
10% in the region where Haumann et al. (2016) suggests there has been a change in freshwater
fluxes due to sea ice, amounting to an anomalous step increase in the sea ice hydrologic cycle. We
deem this forcing choice adequate because the vast majority of the model’s annual-mean freshwater
forcing in this region is due to sea ice and observational products have suggested relatively muted

historical P — E changes over the sea ice region (Bromwich et al. 2011). We specifically choose the

3We also run a simulation where we only add anomalous surface freshwater flux within 2° of the Antarctic coast in the Amundsen & Bellingshausen
Seas and a simulation where we add anomalous surface freshwater fluxes within 5° of the Antarctic coast. While there are regional differences in
the Amundsen-Bellingshausen-only simulations, the overall two-timescale response pattern is robust between all three forcing geographies.
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Fic. 7. a) Simulated 1979-2020 trend in a) SST, b) SSS, c) subsurface zonal-mean temperature, and d)
subsurface zonal-mean salinity trend in response to idealized satellite-era freshwater flux forcing. All panels
show the sum of three simulations individually forced by changes in P — E, Antarctic ice sheet melt, and changing

sea ice hydrology.

lower end of Haumann et al. (2016)’s estimate to account for the strong decrease in Antarctic sea
ice that occurred from 2015 onward which is not included in the 20% estimate. As in the case of
the ice sheet melt simulation, we add an estimate of the anomalous heat flux due to latent heat of
fusion from this sea ice melting and formation. We convolve (Equation 3) this step-forced response
with a with a 42-year linear trend to estimate the 1979-2020 SO temperature and salinity response

to sea ice hydrologic cycle changes.
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Considered (summed) together, these three freshwater forcing simulations — increased P — E,
Antarctic ice sheet melt, and an increase in the sea ice hydrological cycle — lead to a large-scale
SO surface cooling (Fig. 7a). This cooling is especially pronounced in two distinct regions of
the Pacific sector of the SO, one north of the Ross Sea and the other north of the Amundsen &
Bellingshausen Seas. There is also substantial cooling in the Weddell Sea and the Indian sector of
the SO over 50°S-40°S. The cooling is weakest, and in some cases very slight warming, along the
coast in the Ross, Amundsen, and Bellingshausen Seas. This broad surface cooling (confined to
a thin surface layer south of 50°S) overlays a subsurface warming (Fig. 7c), similar to observed
subsurface trends poleward of 50°S (Fig. 3a). The salinity response shows a strong surface
freshening atop a subsurface salinification (Figs. 7b & d), again similar to observed subsurface
trends poleward of 50°S (Fig. 3b). Overall the three individual freshwater simulations lead to
roughly similar amounts of surface cooling averaged over the SO (Fig. S6), but P — E creates the
slight coastal warming patches seen in the total response and the ice-sheet-melt-forced cooling
is concentrated more around Antarctica and is slightly weaker in magnitude than the other two
responses. Similarly, the ice-sheet-melt-forced freshwater increase is more concentrated around
Antarctica. While Fig. 7 shows the summed response of the three individually-forced freshwater
responses, the response is quite linear as compared to a simulation where all forcings are applied

together (not shown).

5. Reconstructing Satellite-Era Southern Ocean Temperature and Salinity Trends

a. Observed Trends as an Unweighted Linear Combination of Forced Responses

We have created an ocean modeling set-up with a reasonable mean state (Section 3) and we
have forced that OGCM with observationally-informed surface fluxes of heat, momentum, and
freshwater to estimate their relative contributions to SO temperature and salinity trends over 1979-
2020 (Section 4). We now consider whether combinations of these OGCM simulations are able
to recreate observed SO temperature and salinity features within the substantial observational
uncertainty (Section 2). To address this question, we begin by hypothesizing that both historical
SST and SSS responses can be recreated as a linear combination of individual temperature and

salinity responses to multiple observationally-informed surface forcings,
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485 Fic. 8. Linear combination of a) SST, b) SSS, c¢) subsurface zonal-mean temperature, and d) subsurface
w6 zonal-mean salinity 1979-2020 trend according to Equations (4) and (5), where all coefficients are equal to one.

«7  Stippling in a) and b) represent locations where the linear combination is outside of two standard deviations of

3}
Q

«s the observed mean trend.

SSTestimate = Q'SSTQnet + ﬁSSTP—E,FW + YSSTlceSheet,FW + 5SSTSealce,FW + {SSTT “4)

wr and

SSSestimate = aSSSQnet +ﬁSSSP—E,FW + '}’SSSIceSheet,FW + 6SSSSealce,FW + (SSST’ 5)
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where «, 3, v, d, and { are coeflicients shared between Equations (4) & (5) that are unique to and
modulate each forced response.

The simplest reasonable combination is the case where all coefficients are equal to one (i.e.,
a=B=v=06={¢=1: Fig. 8), representing the model’s response to our best estimates of
observed forcings. Similar to the multi-product estimates of observed temperature and salinity
(Fig. 2), this combination shows surface cooling in the Pacific and Atlantic sectors and strong
circumpolar freshening throughout the open SO. This response also shows a subsurface warming
and salinification near Antarctica, AAIW freshening, and subsurface warming in the ACC band.
However, the simulated response features too much warming around coastal Antarctica relative to
the observational mean, especially in the Amundsen, Bellingshausen, and Ross Seas and north of
the ACC. This excess warming results from the radiative- and momentum-forced simulations.

Nevertheless, the linear combination of responses from observationally-informed estimates of
forcings creates temperature and salinity patterns that share key features with the observed patterns.
In particular, this response exhibits a cooling and freshening response which is more in-line with
observations than most coupled GCMs manage. In addition, the magnitude of temperature and
salinity change in this response is largely comparable to observations: 74.5% and 51.6% of the
SO area between 35°S and 70°S are within two standard deviations from the multi-product mean

estimate of SST and SSS, respectively.

b. Observed Trends as a Weighted Linear Combination of Forced Responses

The above analysis (Fig. 8) illustrates the OGCM estimate of SO temperature and salinity trends
over 1979-2020 given best estimates of observationally-informed forcing trends. To allow for
uncertainty in both the magnitude of observed forcings and the model’s response, we now consider
cases where a through { are close, but not equal, to one. Inspired by Swart et al. (2018)’s detection
and attribution technique, we first build five 1,000,000 member random normal distributions of
each coeflicient with a mean of 1 and a standard deviation of 0.25 (blue prior distributions in
Fig. 9). We then perform a Monte Carlo analysis to refine these prior distributions, looping
through 1,000,000 coefficient combinations randomly chosen from the prior distributions to create
an estimate of SST trends via Equation (4). For this random combination, we calculate the Z-score

of the prediction at each point in space using the mean and standard deviation of the observational
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Fic. 9. Distribution of coefficients for linear combinations in Equations (4) and (5). Blue distribution is our
prior distribution with a mean of 1 and a standard deviation of 0.25 (n = 1,000,000), orange distribution is a
posterior distribution after a first Monte Carlo analysis considering SST and ocean heat content observations (n
~ 495,000), and green distribution is a posterior distribution after a second Monte Carlo analysis initialized on

the orange distribution considering both SST and SSS observations (n = 3,400).

products and we only keep coefficient combinations where both > 70% of the ocean area over
35°S-70°S is within two standard deviations of the observed mean (Fig. 2c) and the 0-2000m
average ocean heat content poleward of 30°S is within two standard deviations of the observed
subsurface mean (Fig. 3a). We choose to use SO-average ocean heat content here rather than the
full structure of subsurface temperature trends for two reasons: 1) there is substantial spread in
subsurface temperature trends across observational products, even in the zonal average (Fig. S3);
and ii) the OGCM exhibits biases in the location of the ACC that produces a bias in the location,
but not total amount, of heat storage. The use of ocean heat content can be expected to constrain
a (representing the magnitude of net surface heat flux), while having little impact on the other
coeflicients as momentum and freshwater forcing primarily act to redistribute heat within the SO

through changes in circulation or stratification.
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Considering only the observed SST and ocean heat content trends (and their respective un-
certainties), about 49.5% of the prior coefficient combinations pass our observational constraint
(orange posterior distributions in Fig. 9). The posterior distributions of 8, y, ¢, and { barely
change, consistent with the fact that using observationally-informed patterns and magnitudes of
momentum and freshwater forcing without scaling (all coefficients set to 1) already produce a re-
sponse that is comparable to observations over much of the SO (Fig. 8). However, the distribution
of a is strongly modulated by the SST and ocean heat content constraint such that the posterior
distribution is left-skewed to values slightly lower than 1. It is perhaps not surprising that « is
modulated most strongly, as we chose a global-mean estimate of radiative forcing as our prior:
though this was an adequate first guess, greenhouse gas forcing is smaller at high latitudes than in
the global mean (e.g., Jeevanjee et al. 2021). While the 70% area threshold is a somewhat arbitrary
benchmark, we chose this value to avoid over-constraining our analysis such that certain areas of
the SO could disagree between our estimate and observations to allow for dynamics not considered
in our analysis (e.g., internal variability). Nevertheless, choosing an 80% area threshold primarily
affects the size rather than the mean of the orange posterior distribution. Similarly, though the
specific coefficient distribution presented in this manuscript is random, performing this analysis
multiple times does not qualitatively change the distributions.

Using the mean value of each posterior distribution of coefficients for our linear combination
(Fig. S7) somewhat damps the temperature trends seen in the case where all coefficients are equal
to one (Fig. 8), but the key features are similar. However, by only considering the mean and
uncertainty of observed SST and ocean heat content, we are still left with unrealistically high
levels of freshening throughout the SO: while Fig. S7 improves on Fig. 8 with 82.4% of the area
now within two standard deviations of the observed SST trend, still only 51.4% of SSS is within
observational uncertainty. As a result, although this combination agrees with temperature trends,
we view this linear combination as potentially physically unrealistic.

To now account for observed changes in salinity, we perform a second Monte Carlo analysis which
considers SSS. We consider this two step analysis preferable than a single step because the prior for
this second Monte Carlo analysis comes from SST, which we have greater confidence in given the
larger number of observational estimates. As above, we loop through 1,000,000 new coefficient

combinations randomly chosen from the orange posterior distributions to create an estimate of SST
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Fic. 10. Linear combination of a) SST, b) SSS, c) subsurface zonal-mean temperature, and d) subsurface
zonal-mean salinity 1979-2020 trend according to Equations (4) and (5), where all coefficients are constrained
by observed SST, SO-average ocean heat content, and SSS and are the mean of the green posterior distributions
in Fig. 9. Stippling in a) and b) represent locations where the linear combination is outside of two standard

deviations of the observed mean trend.

and SSS, we calculate the Z-score of each SST and SSS prediction at each point in space using
the mean and standard deviation of respective observational products, calculate Z-scores, and then
only keep coefficient combinations where > 70% of the ocean area from 70°S-35°S is within two
standard deviations of the observed mean trends for both SST and SSS.

Requiring both SST and SSS to be within observational uncertainty strongly constrains the
analysis. While the final posterior distributions (green posterior distributions in Fig. 9) are

more physically plausible than the initial SST-only-derived posteriors, only about 3.4% of the
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random coefficient combinations pass this stricter observational constraint. Considering observed
SSS trends strongly constrains certain coefficient distributions: the magnitudes of all coeflicients
are reduced relative to the SST-only constraint, with the ice sheet melt and momentum forcing
coefficients least modulated.

We consider the linear combination using the mean value of coefficients constrained by SST,
SSS, and subsurface heat content (green posterior distributions in Fig. 9) as our best estimate
of the response to forcings (Fig. 10). As in the case of Fig. S7, this response features cooling
throughout various regions of the SO, especially the equatorward sections of the Ross, Amundsen,
Bellingshausen, and Weddell Seas, but it now features more realistically patchy salinity trends
throughout the SO. Considering SSS does not degrade the quality of the SST estimate: in addition
to 71.0% of the SO area now being within SSS observational uncertainty, approximately the same
amount (81.7%) of the SO area remains within SST observational uncertainty. Areas outside of
observational uncertainty for SST are largely equatorward of the ACC or in climatological sea
ice zones, while areas outside of observational uncertainty for SSS are evenly distributed (Figs.
10a-b).

While these features are encouraging, we note that there is still patchy warming near the coast in
our simulated response. Although some observational products show warming in the Amundsen,
Bellingshausen, and Ross Seas poleward of the strong cooling (Fig. 1), our simulated warming
trend here is larger than the observational-mean temperature trend. This disagreement in the sea
ice region reflects the large uncertainty in SST and SSS in these sea ice regions (Figs. 2¢c-d), and a
potential systematic model bias from using an OGCM simulation without coupled feedbacks.

Although we have only constrained coefficients to match SST, SSS, and SO-average heat con-
tent trends, the spatial patterns of subsurface temperature and salinity trends also broadly match
observed trends (c.f. Figs. 10c-d and Fig. 3). In particular, both show zonal-mean surface cooling
and subsurface warming near Antarctica and in the ACC band as well as AAIW freshening and
subsurface salinification near Antarctica. This suggests that an accurate representation of surface
forcings is sufficient to produce reasonable estimates of subsurface changes, even in the absence
of changes in atmospheric heat transport or dynamic sea ice.

The Monte Carlo analysis leads to several immediate results. First, observationally-informed

trends in surface fluxes of heat, momentum, and freshwater appear sufficient to explain much of
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the SO temperature and salinity changes seen over recent decades — at least within an OGCM with
a realistic mean SO state, and despite the many idealizations inherent to our modeling framework.

Second, the density functions (Fig. 9) show that while observationally-informed freshwater
forcing from trends in P — E and sea ice hydrology cool the SO, they freshen it too much to be
considered realistic, and thus are modulated toward lower values when constrained by SSS trends.
On the other hand, a wide range of freshwater forcings from ice sheet melt, as the weakest of
the three anomalous freshwater forcings in terms of both temperature and salinity responses, are
consistent with observed trends. Meanwhile, the momentum forcing distributions do not change
much between constraint methods, implying that observationally-informed momentum trends are
broadly consistent with observed temperature and salinity trends; this consistency is compelling
because we are more confident in wind trends than freshwater trends over this period. We note,
however, that part of this agreement is due to our use of the “fast” response to momentum
forcing (Section 4b). Performing this same Monte Carlo analysis with the full (including “slow”)
response to momentum forcing (Fig. S5), which negatively projects onto the observed mean
SST trend, produces values of { near zero. Framed another way, the results suggest that given
observationally-informed momentum trends, a long-timescale warming response to momentum
forcing appears incompatible with observed SO temperature and salinity trends, providing support
for the arguments of Doddridge et al. (2019) that the long-timescale warming response may be a
feature of low-resolution models rather than of nature.

Finally, the radiative forcing coefficient is modulated to even lower values when constraining
with SSS trends than when considering only SST and ocean heat content. This result reflects
the fact that reducing freshening from S, v, and 6 to match SSS trends inherently means less
cooling from freshwater forcing, which otherwise can temper stronger warming from higher
values. Thus, considered together, the most realistic way to agree with both SO temperature and
salinity observations is to have both freshwater and momentum forcing that provide some amount
of cooling, but also a low radiative forcing which allows that cooling to establish. This is opposed
to, for instance, strong freshwater forcing alone (as in the case of Fig. 8 and S7). An important
takeaway from this conclusion is that because each forced response has a distinct temperature and
salinity fingerprint, considering both temperature and salinity together allows the determination of

how each forcing has contributed to observed SO trends.
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6. Discussion

a. A wide envelope of uncertainty

We return to the first central question of our study: Given a well-constructed ocean modeling
set-up and observationally-informed surface forcings, can we recreate observed Southern Ocean
temperature and salinity features within observational uncertainty? Our estimated SO response
to idealized historical forcing from heat, freshwater, and momentum fluxes (Fig. 10) exhibits
many features common to the observed historical temperature and salinity trends: cooling patches
throughout the SO, especially in the Weddell and the Pacific ACC region north of the Ross,
Amundsen, and Bellingshausen Seas, a muted warming in the non-cooling regions, subsurface
warming near Antarctica, intensified subsurface warming near the ACC, zonally broad surface
freshening throughout the open SO, and AAIW freshening above a subsurface salinification.
Compared with the many coupled CMIP historical simulations that fail to replicate observed SO
trends (e.g., Wills et al. 2022), our best estimate is encouraging. However, the spatial similarity
between the estimated SST trend and the multi-product mean observed SST trend near Antarctica is
weak in certain regions: while some observational products do suggest warming near the Antarctic
coast, especially in the Ross, Amundsen, and Bellingshausen Seas (Fig. 1), our estimated response
features too much coastal warming relative to the observed mean.

Nevertheless, our Monte Carlo analysis ensures that our best estimate of the forced response
(Fig. 10) is within two standard deviations of the observed mean SST throughout the vast majority
of the SO: ~ 83% of the area is within two standard deviations of the observed mean SST trend
and ~ 71% of the area is within two standard deviations of the observed mean SSS trend. Yet,
this agreement also reflects the huge amount of observational uncertainty in historical SST and
SSS trends around their mean estimate. That is, our best estimate and the observed mean SST
response can look somewhat different while still being statistically consistent. So, our answer to
our first central question is that an OGCM driven with observationally-informed surface forcings
can recreate observed patterns of SO temperature and salinity trends, but that a critical aspect of
this success is the large observational uncertainty.

This suggests that studies that consider only one or a limited set of observational products may

produce results that are strongly shaped by that choice. For instance, Wills et al. (2022) largely

31



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

focus their analysis on ERSSTvS (a precursor to ERSSTv6), which is an outlier in terms of SO
cooling magnitude, and only considered the uncertainty across three observational SST datasets,
likely influencing the conclusion that very few model ensembles capture “observed” cooling in this
region. Had the Wills et al. (2022) analysis used one of the dynamically-consistent SST estimates
[e.g., from Cooper et al. (2025) or Chan et al. (2026), which were not available at the time but show
muted SO SST trends], or considered the spread across more datasets as we have done here, it
may have reached different conclusions. Thus, we recommend that future studies on the mismatch
between observed and CMIP-modeled SO trends explicitly consider this substantial observational
uncertainty.

In this study, we take a relatively even-handed approach to observations. Rather than picking
and choosing among them, we set selection criteria and accept all observations which adhere to
those criteria as equally plausible realities. However, we acknowledge that there is some true SO
temperature and salinity trend over this period; while we may not know what that truth is, some
observational products are closer to that truth than others. Thus, an important next step in further
clarifying the drivers of SO changes and the extent to which coupled models and observations
disagree over the historical period would be to classify and rank observational products in terms of
their specific skill in the SO and only consider those observational products deemed fit for purpose.
One possible criteria to start producing this ranking, for instance, might be to favor products which
are dynamically-consistent across multiple climate variables (e.g., Cooper et al. 2025; Chan et al.
2026) and which show better consistency with the satellite-estimated sea ice record. For example,
we also performed our SST-constrained Monte Carlo analysis using the Cooper25 mean SST trend
and uncertainty (Fig. S8). Because the uncertainty in this one product is substantially smaller
than the uncertainty across the full-suite of products (Fig. 2c), only a small number of coefficient
combinations (n = 1100) create SST trends within uncertainty in over 70% of the SO area. However,
the temperature and salinity patterns estimated only using Cooper25 look reasonably similar to

Fig. 10, which results from similar coefficient posterior distributions (with the exception of ().

b. Dynamical Implications

Using an idealized model is helpful to ascertain cause and effect without the muddying influence

of coupled feedbacks. We did not expect our idealized modeling framework to perfectly recreate the
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observed temperature and salinity trends given that it lacks important features such as changes in
atmospheric heat transport and sea ice feedbacks. Rather, we are most interested in understanding
the ocean’s response to observed forcings, and then evaluating how much of the observed response
can be understood through the ocean response alone. With that in mind, there are several dynamical
details that our simulations help to clarify for climate-focused studies of SO trends.

First, cooling in the Pacific sector of the Southern Ocean is strongly influenced by freshwater
forcing (Fig. 7a). Not only is the Pacific sector of the SO the only region where all observational
products unanimously agree that there has been cooling, but it has also been proposed as a
potentially critical component of an atmospheric teleconnection between observed cooling in
the SO and SH subtropical Pacific (Dong et al. 2022a; Kim et al. 2022; Kang et al. 2023).
Interestingly, freshwater forcing from changes in precipitation, ice sheet melt, and sea ice hydrology
all contribute to cooling in this region (Fig. S6), suggesting that cooling there is a robust response
to surface freshwater forcing in any form. While the precise dynamics of this adjustment merit
further investigation, we note that changes in surface freshwater alone can drive strong, zonally-
asymmetric changes in temperature within the ACC (Fig. 7a) that have otherwise often been
primarily considered in terms of wind changes (e.g., Spence et al. 2010).

Another important conclusion is that heat-forced changes can shape large-scale salinity features.
This conclusion is seen most clearly in maps of subsurface salinity: the observed subducting
AAIW freshening signal is captured in simulations forced only by radiative forcing (Fig. 5d),
affirming Durack and Wijffels (2010)’s hypothesis based on observations alone. More broadly, this
conclusion shows the importance of heat fluxes in shaping the pattern of ocean salinity trends, on top
of changes in freshwater fluxes. Due to the magnitude of historical and projected anthropogenic
radiative forcing, these effects are important to keep in mind when investigating the causes of
observed salinity trends.

Finally, it is important to consider both salinity changes and temperature changes in tandem.
For instance, while winds largely lead to an SST cooling due to enhanced northward Ekman
transport (Fig. 6a), they simultaneously lead to a large-scale salinification of the SO as warm,
salty waters are upwelled from depth near Antarctica. Thus, it is not reasonable to only consider
wind-driven momentum changes as a possible driver of the historical SO SST mismatch. Even

in a high resolution model that may better resolve the wind-driven coastal warming issue (e.g.,
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Doddridge et al. 2019), salinity is still an important fingerprint for momentum-forced changes.
Observationally-informed momentum flux trends only make sense as a driver of SO cooling if they
are considered in concert with other forcings that lead to SO freshening, such as freshwater fluxes.
As another example, we show that observationally-informed freshwater surface fluxes cool the SO
considerably (Fig. 7a) and could explain a substantial fraction of the mean SST cooling trend
(Fig. 2a). However, basing our simulations only on SST suggests far too much SO freshening;
a more realistic SO freshening suggests a weaker radiative forcing. Importantly, any solution to
the question of what has driven the historical observed SO surface cooling and freshening must
be physically and dynamically consistent with the full suite of available surface and subsurface
observations.

Differences between our best estimate of observationally-informed forced trends and observations
(c.f. Fig. 10 and Figs 2a-b and 3) also point to potential dynamical implications. For instance, most
observational products agree there has been substantial cooling north of Queen Maud Land and
west of the Weddell Sea (Fig. 1), but our simulations do not produce substantial cooling here. This
region is also nearly exactly where a large polynya formed in the mid-1970s. Internal variability
of deep SO convection, as would be driven by this large polynyna event, has been implicated as
a potential driver of satellite-era SO SST trends: Zhang et al. (2019) show that SSTs cool around
Antarctica when simulations are initialized from a convective state akin to the mid-1970s. Because
our simulations do not include any internal variability, they are missing this potentially important
dynamic. This may then help to explain some of the lack of cooling in this region in our simulations.
Meanwhile, the general agreement between our best estimate of observationally-informed forced
trends and observations (c.f. Fig. 10 and Figs. 2a-b and 3) suggests that internal variability may

have played a smaller role in driving SO trends over most other regions.

7. Conclusions

In this study we use an ocean-only GCM with a relatively realistic mean state to show that
observationally-informed surface forcings of heat, momentum, and freshwater can recreate key
features of observed satellite-era SO temperature and salinity trends within observational uncer-
tainty. Despite the fact that our ocean-only modeling framework does not include several potentially

important SO processes, such as coupled sea ice dynamics, atmospheric heat transport, resolved
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mesoscale and finer eddies, or internal variability, we show that a simple linear combination of
the oceanic response to these forcings can create SO temperature and salinity changes within the
envelope of observational uncertainties. This result suggests that the observed SO trends can be
largely explained through ocean-only processes given observationally-informed surface forcings.

Our approach of taking linear combinations of the response to individual forcings provides
important insights into the drivers of key patterns of observed changes, such as the well-agreed-
upon Pacific sector cooling and AAIW freshening. While certain regions of our best estimate of
the observationally-informed forced response (Fig. 10a) show SST trends opposite to the mean
observed trend (Fig. 2a), especially near the Antarctic coast, the vast majority of the SO in
our estimate is within observational uncertainty. This result also reflects the large disagreement
between observational products in general (Fig. 1). This uncertainty is especially pronounced in
regions with seasonal sea ice coverage.

This work was directly inspired by the variety of studies that have sought to explain historical SO
SST cooling. While our results using an idealized modeling framework do not, and cannot, provide

a definitive solution to this multi-faceted problem, we conclude with several major takeaways:

1. The true trend in historical SO temperatures and salinity is not perfectly known due to
substantial observational estimate disagreement. Future studies on this topic should consider

this uncertainty or create a hierarchy of observational estimates.

2. Salinity changes provide a major constraint on mechanisms driving observed SST changes.
Thus, while a variety of forcings could create an SST response that resembles observations,

only a very specific subset of those responses also match observed SSS change and uncertainty.

3. While zonal-mean changes in the SO have largely been considered in the literature, our results
hint at the importance of considering regional, zonally-varying change. For example, it may
be more appropriate to ask how models perform relative to observations in the north of the
Ross, Amundsen, and Bellingshausen Seas specifically, rather than how they perform relative
to a zonal-mean index. Similarly, it may not be appropriate to ask whether a model without
decadal variability in deep ocean convection can be expected to cool in regions with observed

open ocean polynyas.
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4. Directly following from point 3, this work highlights that each forced response has a distinct
temperature and salinity fingerprint. These fingerprints may be useful tools to diagnose drivers

of regional change.

5. Changes in surface fluxes due to greenhouse gases, winds, and freshwater are all necessary to

explain observed SO temperature and salinity trends.

Our results suggest a rethinking of why the Southern Ocean has both cooled and freshened over
the historical era. In particular, we test many of the hypotheses proposed throughout previous
work using an oceanographic framework and, in doing so, show that a coarse resolution model
without coupled processes can recreate SO SST and SSS change within observational uncertainty.
However, this agreement is only possible because the observational uncertainty is quite wide. This
understanding provides nuance to the larger discussion of observed SO cooling and the observed
versus modeled historical SO SST mismatch, suggesting certain prior hypotheses are less likely
than others, motivating future work to “rank” observational products in terms of in situ historical
observations, and recommending a more holistic approach to climate-focused SO studies that

considers both regional changes and salinity.
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APPENDIX

Fast & Slow Timescales of Forced Responses
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a) Fast SST: Qnet b) Slow SST: Qnet

837 Fic. Al. Left column: “Fast” response (year 2) of SST to step change in forcing from heat (first row),
ss momentum (second row), P — E freshwater (third row), ice sheet melt freshwater (fourth row), and sea ice

s freshwater (fifth row). Right column: “Slow” response (year 30) of SST to step change in forcing.
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840 Fic. A2. Left column: “Fast” response (year 2) of zonal-mean SO temperature to step change in forcing from
a1 heat (first row), momentum (second row), P — E freshwater (third row), ice sheet melt freshwater (fourth row),
sz and sea ice freshwater (fifth row). Right column: “Slow” response (year 30) of zonal-mean SO temperature to

a3 step change in forcing.
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1. Supplementary Figures
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1 Fic. S1. Observed Southern Ocean 1979-2020 December-February sea surface temperature (SST) trend for

12 the nine observational products listed in Table 1 of the main text.
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13 Fic. S2. Observed multi-product Southern Ocean 1979-2020 December-February (1979-2020) a) average sea
14 surface temperature (SST) trend and b) average sea surface salinity (SSS) trend. Panel a) is an average of nine

15 observational products (Table 1 in the main text). Panel b) is an average of three observational products (Table

1« 1 in the main text).
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17 Fic. S3. Observed Southern Ocean 1979-2020 annual-mean trend in zonal-mean subsurface temperature
18 (top row) and zonal-mean subsurface salinity (bottom row) from WOA23 (a,d), IAP (b,e), and EN0O4 (c,f).

19 Observational products are listed in Table 1 of the main text.
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Fic. S4. 1979-2020 annual-mean trends in Southern Ocean surface forcings from a) ERAS zonal wind stress
7, b) ERAS meridional wind stress 77, ¢c) ERAS precipitation minus evaporation P — E, and d) Antarctic ice sheet
melt. In panel d) we extend Schmidt et al. (2023)’s Antarctic ice sheet melt time series to 1979, conservatively
assuming no change from 1979-1990 (blue line), and take the linear trend of this extended time series (red line)

to get the final forcing magnitude for our ice sheet melt perturbation experiments.
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2 Fic. S5. a) Simulated 1979-2020 trend in a) SST, b) SSS, c) subsurface zonal-mean temperature, and d)
2s subsurface zonal-mean salinity in response to idealized satellite-era momentum flux forcing, including slow

27 response.



b) Ice Sheet Melt c) Sea Ice Hydrology
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28 FiG. S6. Simulated 1979-2020 trend in SST (top row) and SSS (bottom row) in response to idealized satellite-

2o era freshwater flux forcing from P — E (a, d), Antarctic ice sheet melt (b, e), and sea ice hydrology (c, f).
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Fic. S7. a) Linear combination of a) SST, b) SSS, c) subsurface zonal-mean temperature, and d) subsurface
zonal-mean salinity 1979-2020 trend according to Equations (4) and (5) of the main text. This estimate is
constrained by SST-only and all coefficients are the mean of the orange posterior distributions in Fig. 9 of the

main text.
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Fic. S8. Top: Linear combination of a) SST, b) SSS, c¢) subsurface zonal-mean temperature, and d) subsurface
zonal-mean salinity 1979-2020 trend according to Equations (4) and (5) of the main text. While Fig. S7 considers
the multi-product mean SST trend and uncertainty (Fig. 2a and c of the main text) this estimate is constrained by
the mean SST trend and uncertainty from Cooper et al. (2025) only. All coefficients are the mean of the orange
posterior distributions below. Bottom: Distribution of coeflicients for linear combinations in Equations (4) and
(5) of the main text. Blue distribution is our prior distribution with a mean of 1 and a standard deviation of 0.25

(n = 1,000,000) and orange distribution is a posterior distribution after a first Monte Carlo analysis considering

SST from Cooper et al. (2025) and ocean heat content observations (n = 1,100).
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