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Southern Ocean air-sea fluxes are a critical component of the climate system but are historically
undersampled due to the remoteness of the region. While much focus has been placed on interannual flux
variability, it has become increasingly clear that high-frequency fluctuations, driven by processes like storms
and (sub-)mesoscale eddies, play a nonnegligible role in longer-term changes. Therefore, collecting high-
resolution in situ flux observations is crucial to better understand the dynamics operating at these scales,
as well as their larger-scale impacts. Technological advancements, including the development of new
uncrewed surface vehicles, provide the opportunity to increase sampling at small scales. However,
determining where and when to deploy such vehicles is not trivial. This study, conceived by the Air-Sea
Fluxes working group of the Southern Ocean Observing System, aims to characterize the statistics of
high-frequency air-sea flux variability. Using statistical analyses of atmospheric reanalysis data, numerical
model output, and mooring observations, we show that there are regional and seasonal variations in the
magnitude and sign of storm- and eddy-driven air-sea flux anomalies, which can help guide the planning of
field campaigns and deployment of uncrewed surface vehicles in the Southern Ocean.
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1. Introduction ) . .
The Southern Ocean plays an outsized role in oceanic confined to regional research expeditions (Butterworth

uptake of heat and carbon (Frolicher et al., 2015; Roem- and Mlller, 2016; Bharti et al, 2019; Pezzi e? al, 2021;
mich et al., 2015; Williams et al., 2023). Therefore, air—sea Rodrigues et al, 2023). Furthermore, reanalysis products
' : ' ' are known to have large uncertainties in the Antarctic,

particularly for transient extreme events (Bourassa et al.,
2013; Potter et al., 2018). Expanded data coverage, in both
space and time, is needed to evaluate these biases and
better understand the mechanisms of oceanic heat uptake
(Cronin et al., 2019; Swart et al., 2019).

In recognition of this key observational gap, the
Southern Ocean Observing System (SOOS) established an
Air-Sea Fluxes working group (SOFLUX) in 2015 (Gille
et al,, 2016). Since its inception, SOFLUX has synthesized
community priorities (Swart et al., 2019) and—in collabo-
ration with the SOOS Observing System Design (OSD)

fluxes in this region have a particularly large influence on
global climate (Swart et al., 2023). Despite their impor-
tance within the climate system, Southern Ocean air—sea
fluxes are historically undersampled due to the challenges
associated with collecting data in this remote and harsh
environment (Gille et al., 2016; Swart et al., 2019). Sus-
tained in situ flux measurements have been collected by
just two moorings in the sub-Antarctic, one of which is no
longer active (Schulz et al., 2012; Tamsitt et al., 2020),
while high-frequency in situ flux measurements have been

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

2Environmental Science & Engineering, California Institute of
Technology, Pasadena, CA, USA

3Department of Marine Sciences, University of Gothenburg,
Gothenburg, Sweden

4Scripps Institution of Oceanography, University of California
San Diego, La Jolla, CA, USA

°Department of Oceanography, University of Cape Town,
Rondebosch, South Africa

*Corresponding author:
Email: cprend@uw.edu

working group—facilitated observing system simulation
experiments (OSSEs) related to Southern Ocean air—sea
exchange (Wei et al., 2020). OSSEs are an essential tool
to evaluate and formulate new field campaigns, and pre-
vious Southern Ocean studies have investigated optimal
mooring placement (Wei et al., 2020) or optimal array
design for autonomous profiling float deployments
(Kamenkovich et al., 2017; Mazloff et al., 2018; Chamber-
lain et al., 2023). Naturally, establishing what constitutes
“optimal” in the context of these studies is necessary. In all
of the previously cited Southern Ocean OSSEs, the
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acknowledged priority was to constrain the large-scale,
interannual variability either in the air-sea fluxes directly
or in related properties such as upper-ocean heat and
carbon content. This priority is understandably motivated
by the need to capture climate signals and long-term
trends associated with anthropogenic forcing.

However, air—sea fluxes vary across a wide range of
scales (Cronin et al., 2019; Swart et al., 2019). For example,
extreme heat loss events (more than —300 W m~? daily
averages) can be tied to synoptic storms (Ogle et al., 2018;
Tamsitt et al., 2020). Ocean property gradients associated
with eddies and fronts can lead to sharp transitions in air—
sea exchange (Seo et al., 2023). Moreover, there is growing
evidence that this high-frequency flux variability has a rec-
tified effect on the longer time scales (Resplandy et al.,
2014; Monteiro et al., 2015; Cronin et al., 2019; Nicholson
et al., 2022). For example, Ogle et al. (2018) showed that
the interannual variability in mixed-layer depth (MLD) at
one of the Southern Ocean flux mooring locations could
be linked to surface cooling from just a small number of
storm events. This linkage implies that resolving high-
frequency processes may be necessary to understand and
interpret longer-term changes in the climate system.

With this context in mind, there is a pressing need for
more air—sea flux observations from transient conditions
associated with storms and eddies. Meeting this need
poses challenges due to the high sea states and the
episodic nature of these events. However, obtaining these
measurements is critical to reduce uncertainties in
reanalysis products and quantify the rectification of
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high-frequency variability into longer time scales.
Furthermore, the rise in process studies using autono-
mous technologies requires a better understanding of
regional and temporal variations in high-frequency pro-
cesses, which will enable future studies to select optimal
deployment locations and times. Therefore, this study,
which is a product of SOFLUX, aims to characterize air—
sea flux anomalies associated with synoptic storms and
oceanic mesoscale variability in order to establish the
observing system requirements for sampling these high-
frequency fluctuations. We show that there are distinct
regional differences in the dominant scale and leading
drivers of high-frequency air—sea flux variability. These
differences serve as important context for designing
future field campaigns to the Southern Ocean.

2. Data and methods

2.1. Observational datasets

In this study, we used daily averages from the 1/4°
resolution European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERA5) product (Hers-
bach et al., 2020). The net air—sea heat flux (Q,e;) was
taken to be the sum of the shortwave, longwave, latent,
and sensible heat fluxes. Together, the shortwave and
longwave components make up the radiative flux, while
the latent and sensible components comprise the turbu-
lent flux. We concentrated the analysis on daily Q,.; during
the period from 2013 to 2018 (Figure 1a) in order to
compare with the Biogeochemical Southern Ocean State
Estimate (B-SOSE) described in Section 2.2 (Figure S1).

Figure 1. Patterns of air—sea heat flux, wind speed, and sea surface temperature. Mean values, for the period
2013-2018, of (a) net air—sea heat flux from ERA5 reanalysis, (b) wind speed from the Cross-Calibrated Multi Platform
(CCMP) vector wind product, and (c) sea surface temperature (SST) from the NOAA Optimum Interpolated SST
product, with (d-f) the standard deviation of the respective parameters.
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Although this 6-year period is much shorter than the full
ERAS5 time span, our focus is on high-frequency processes.
Moreover, the main conclusions of this work are consis-
tent with results based on ERA5 data from a longer
24-year period (see Text S1).

We also used daily averages from the Cross-Calibrated
Multi Platform (CCMP) ocean surface winds. CCMP winds
are provided on a 25 x 25 km grid at 6-hourly resolution.
Because CCMP combines ocean surface wind retrievals
from multiple platforms, it matches in situ observations
better than any individual scatterometer, particularly at
high frequencies (Atlas et al., 2011). For sea surface tem-
perature (SST), we used daily fields from Version 2.1 of the
NOAA Optimum Interpolated SST product (Huang et al.,
2021). We have also plotted 2013—-2018 mean eddy kinetic
energy derived from sea level anomaly fields in the altim-
etry product distributed by the Copernicus Marine Service
(http://doi.org/10.48670/moi-00148). All gridded pro-
ducts were interpolated onto the same 1/4° grid as the
ERAS data.

To supplement the reanalysis products, we analyzed in
situ data from the Southern Ocean Flux Station (SOFS), an
air—sea flux mooring located in the sub-Antarctic at 47°S,
142°E (yellow star in Figure 2), which is part of the South-
ern Ocean Time Series Observatory. The mooring is
equipped with dual climate-quality Air—Sea Interaction
Meteorology (ASIMET) systems, which included direct
measurements of radiative fluxes, and the surface vari-
ables needed to calculate turbulent fluxes using bulk for-
mulae (Schulz et al., 2012). The mooring was first
deployed in 2010, and provides the longest record of in
situ flux measurements from the Southern Ocean,
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although there are significant gaps due to sensor and
mooring failures. Here, we used daily averages computed
from the hourly observations.

2.2. Model output

We also utilized air—sea heat fluxes, and other fields, from
B-SOSE. B-SOSE is a data-assimilating model (Verdy and
Mazloff, 2017) that constrains the Massachusetts Institute
of Technology general circulation model (MITgcm) solu-
tion (Marshall et al., 1997) with satellite and hydrographic
measurements. The configuration used in this analysis,
Iteration 133, has 1/6° horizontal resolution, 52 unevenly
spaced vertical levels, and runs from January 1, 2013 to
December 31, 2018. This iteration of B-SOSE is publicly
available (http://sose.ucsd.edu). Validation of air-sea
fluxes from an earlier version of SOSE is provided in
Cerovecki et al. (2011), which includes comparison to sev-
eral different reanalysis products. A previous iteration of
B-SOSE was also used to estimate the decorrelation
lengths of low-frequency air—sea flux variability (Mazloff
et al., 2018). The model is a useful complement to the
reanalysis data because it is dynamically consistent and
has finer horizontal resolution. B-SOSE fields compare well
with the reanalysis, which is unsurprising as the atmo-
spheric state in the model is prescribed from adjusted
ERA5 reanalysis.

2.3. Correlation scales

In order to characterize the space and time scales of high-
frequency Qye, wind, and SST variability, we first removed
the annual cycle by least-squares fitting a sinusoidal func-
tion with a period of 365.25 days to the time series at each
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Figure 2. Explanatory power of the seasonal cycle. (a) Example time series of daily air—sea heat flux (Qne) from
ERAS5 (orange) at the Southern Ocean Flux Station mooring location (marked by an orange star in the lower panels)
and the least-squares fitted annual cycle (navy). Percentage of total variance explained by the annual cycle for (b) Q,er,

(c) 10 m wind speed, and (d) sea surface temperature.
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SST

Figure 3. Decorrelation length scales. Decorrelation lengths (km) for the high-frequency component of (a) net
air—sea heat flux (Que), (b) 10 m wind speed (|uqo|), and (c) sea surface temperature (SST).

grid cell (e.g., Figure 2a) and then subtracting it from the
full signal. This sinusoidal representation of the seasonal
cycle explains up to 90% of the total SST variance across
much of the Southern Ocean (Figure 2d), except notably
in the core of the Antarctic Circumpolar Current (ACC) and
in boundary current regions like the Brazil-Malvinas Con-
fluence and the Agulhas Retroflection. These exceptions
are consistent with the fact that a more energetic eddy
field produces greater high-frequency variability (see Sec-
tions 3.1 and 3.3). For Q. and wind speed, the variance
explained by the seasonal cycle is lower compared to SST,
about 40%-50% and 10%—-20%, respectively (Figure 2b
and 2c). We then applied a 90-day high-pass filter to the
deseasonalized time series to isolate the high-frequency
component. From these filtered data, we computed dec-
orrelation length and time scales of the high-frequency
Qner Wind speed, and SST. The decorrelation time scale
was defined, at each grid point, as the e-folding scale of
the autocorrelation function. The decorrelation length
scale was determined from the spatial autocorrelation as
the square root of the area over which the correlation
coefficient (r) exceeded a threshold value of 0.8 (Prend
et al., 2022). This definition does not allow for anisotropy;
however, the spatial autocorrelation of the high-pass fil-
tered fields appears to be approximately isotropic (Text S2,
Figure S2). Similar length scales were obtained for a range
of threshold r values from 0.7 to 0.9 (not shown). While
there are alternative methods of defining decorrelation
lengths (e.g., Mazloff et al., 2018; Chu et al., 2024), here
we have opted for simplicity such that the results can be
interpreted easily and serve as the foundation for further
investigation.

3. Results and discussion

3.1. Scales of variability

There are clear spatial patterns in the mean and standard
deviation of Q,, wind speed, and SST (Figure 1). For
example, the standard deviation of Q. (Figure 1d) is
elevated in energetic regions with high climatological
eddy kinetic energy (EKE; Section 3.3) and SST variance
(Figure 1f), such as the Brazil-Malvinas Confluence

and the Agulhas Retroflection and Return Current. The
decorrelation lengths of high-frequency Q. are much
smaller (about 100 km) in these locations (Figure 3a),
indicating a key role for mesoscale eddies in driving the
air-sea flux variability. This role is presumably due to
eddy-driven SST anomalies modulating air-sea property
gradients (Villas Bbas et al., 2015) although regionality
in air temperature variance may also play a role. Through-
out the rest of the Southern Ocean, the Q,,; decorrelation
lengths are generally >500 km, consistent with synoptic
storm variability. Despite this distinct regionality in dec-
orrelation lengths, the Qe decorrelation time scales are
approximately 2 days everywhere (Figure 4a), except in
the seasonal ice zone where ERA5 biases may be higher
(King et al., 2022).

The patterns for wind speed and SST variability are not
the same as for Q. Mean wind speed displays a strong
meridional gradient (as expected based on the position of
the westerlies), but the standard deviation is very patchy
(Figure 1e), apart from a fairly consistent band of high
variability around 50-60°S. As noted above, wind speed
has a small percentage of variance explained by the sea-
sonal cycle (about 10%), and the decorrelation length and
time scales of the high-frequency component are largely
spatially uniform across the Southern Ocean (about 500
km, 1-2 days). SST, on the other hand, is primarily sea-
sonal (>80% of the total variance in most locations). High
SST standard deviation generally aligns with high Q.
standard deviation; however, unlike Q. the decorrelation
lengths for high-frequency SST are small (around 100-200
km) nearly everywhere, not just in boundary currents.
Notably, the decorrelation time scales for SST are also
longer (>30 days), highlighting the disparity between the
time scale of the forcing and of the ocean response
(Carranza et al., 2018; Whitt et al., 2019).

3.2. Storm impacts

Away from energetic boundary currents and ACC fronts,
the decorrelation scales of high-frequency Q,.; are consis-
tent with synoptic storm variability. Storms can impact
radiative fluxes via cloud processes, as well as turbulent
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Figure 4. Decorrelation time scales. Decorrelation times (days) for the high-frequency component of (a) net air—sea
heat flux (Qper), (b) 10 m wind speed (|u10]), and (c) sea surface temperature (SST). Note that the axis extent differs in
panel ¢ because the decorrelation times for SST are 1-2 orders of magnitude larger than for Q. and |u1g].

fluxes by increasing transfer coefficients (due to high wind
speeds), or by altering air—sea temperature and humidity
gradients (Bharti et al., 2019; Cronin et al., 2019). Observa-
tions from the SOFS mooring showed that episodic turbu-
lent heat loss events can be associated with storm-driven
advection of cold, dry air from the south (Schulz et al.,
2012) or of dry air from the north (Tamsitt et al., 2020). In
these cases, intensified latent heat loss resulted from an
increase in the air—sea humidity difference and strong
winds. However, whether the conditions at the SOFS
mooring location can be generalized to the entire South-
ern Ocean, or how extreme events vary at seasonal and
interannual time scales, is unclear.

To investigate these questions, we adopted a simple
storm classification method based on daily mean wind
speed (Hodges et al., 2011). Namely, a threshold of
10 m s~ ' was used to define storm events. Based on this
classification, the SOFS mooring data show a 42 W m*
increase in latent heat-flux magnitude and an 8 W m~
increase in sensible heat-flux magnitude during storm
events (Figure 5). These increases are due primarily to the
stronger wind speeds, rather than changes in the air—sea
temperature and humidity gradients (Figure 5). However,
these results may only reflect a narrow band in the sub-
polar Southern Ocean, given the strong meridional gradi-
ent in storm occurrences (Figure 6a) and storm-related
air-sea flux (Figure 6b). For example, at low latitudes
(around 30-45°S), storms coincide with intense cooling.
Whereas in the core of the ACC, storms are associated with
ocean warming on average, particularly in the Atlantic and
Indian sectors. This association could be due to mid-
latitude cyclones advecting warm air southward or
storm-driven entrainment bringing warm Circumpolar
Deep Water into the surface mixed-layer (Nicholson
et al,, 2022).

In addition to regionality, there is also seasonality in
storm events (Nakamura and Shimpo, 2004). For instance,
at the SOFS mooring, the months with the maximum and
minimum number of storm days are September (53%)
and February (24%), respectively. Across the Southern
Ocean, storms exhibit seasonal fluctuations, despite the

2

small percentage of annual wind speed variance explained
by the seasonal cycle (Figure 2c). Specifically, storms are
more frequent in winter compared to summer (Figure 7a
and 7b), with both seasons displaying the same meridio-
nal gradient, which is related to the position of the wes-
terlies. Beyond differences in storm prevalence, there are
also seasonal changes in the associated Q,.; anomalies
(Figure 7c and 7d). In both seasons, storms coincide with
strong cooling at subtropical latitudes. However, in the
ACC (around 50-60°S), storm-driven Q,; anomalies are
much smaller in magnitude and even positive in summer
across much of the Atlantic and Indian sectors. In contrast,
in winter, positive Q,; anomalies are confined to the sea-
sonal sea ice zone.

The latitudinal dependence of the amplitude and sign
of Qne: anomalies during storm events may be explained,
in part, by the poleward transition from temperature- to
salinity-driven stratification. In the subtropics, entrain-
ment acts to cool the surface ocean by mixing up cold
subsurface waters. However, in high-latitude, salt-stratified
environments, warm waters underlie the mixed layer, and
thus, entrainment may induce surface warming. Therefore,
different regions can exhibit an opposite-signed tempera-
ture response to storm-driven mixing (du Plessis et al.,
2023). Collocated observations of the air-sea interface
and ocean interior (Nicholson et al., 2022), from a range
of latitude bands, are necessary to probe these mechan-
isms further. Moreover, whether the persistence or inten-
sity of storms exerts a greater influence over the seasonal
and longer-term heat-flux variability is unclear. For exam-
ple, although there are fewer storms in the low-latitude
Southern Ocean, the corresponding Q.. anomalies are
large and could potentially contribute to the low-
frequency variations.

Determining the net impact of synoptic variability on
longer time scales requires sustained measurements.
Storm events have been suggested to be central to the
interannual variability of turbulent heat fluxes in parts
of the Southern Ocean (Ogle et al., 2018; Tamsitt et al.,
2020; Yang et al., 2022). This importance could be due to
interannual fluctuations in the quantity and severity of
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Figure 7. Seasonality of storm frequency and heat-flux anomalies. Percentage of days in (a) summer (December—

February) and (b) winter (June—August) with daily mean wind speed greater than 10 m s

~! (i.e,, storm days). Mean

storm-driven air—sea heat-flux (Q,) anomaly (from the seasonal average) in (c) summer and (d) winter.

storms, which in turn may be linked to the Southern
Annular Mode (SAM), the leading mode of atmospheric
variability in the Southern Hemisphere (Thompson and
Wallace, 2000). The large-scale extratropical atmospheric
pressure anomalies, associated with the SAM, can modu-
late mid-latitude pressure systems and alter wind strength
and position, which could affect storm activity (Tamsitt
et al,, 2020; Yang et al., 2022; Campbell and Renwick,
2023). In other words, the impact of SAM on Southern
Ocean Qper, SST, and MLD may be manifested through low-
frequency fluctuations in synoptic events. Quantifying the
interaction between these disparate scales is crucial to
predict future changes under anthropogenic forcing.

3.3. Eddy impacts

Eddy-driven air—sea flux anomalies are strongly regional
and enhanced in areas with high climatological EKE
(Figure 8). In energetic locations, like the Brazil-Malvinas
Confluence and Agulhas Retroflection, eddies can account
for up to 20% of the total turbulent heat-flux variability

(Pezzi et al., 2005; Villas Boas et al., 2015). Their contribu-
tion is largely due to the SST signature of mesoscale
processes (Small et al., 2008); cyclonic eddies are associ-
ated with negative SST anomalies, while anticylonic eddies
correspond to positive anomalies (Frenger et al., 2013).
These SST anomalies lead to modification of the sensible
heat flux via changes in the air-sea temperature gradient,
and the latent heat flux, because the saturation humidity
depends on temperature (Seo et al., 2023). Furthermore,
these flux anomalies may contribute significantly to the
upper ocean heat budget (Dong et al., 2008; Villas Bbas
et al., 2015) and to variability in near-surface wind, cloud
properties, and rainfall (O'Neill et al., 2003; Liu et al.,
2007; Frenger et al., 2013; Rouault et al., 2016).

Here, we have assessed the impact of mesoscale eddies
on air—sea heat fluxes using B-SOSE output. This model
was utilized because it has finer horizontal resolution than
the reanalysis data, which do not resolve the Rossby radius
throughout most of the Southern Ocean. We applied an
eddy tracking algorithm (Frenger et al., 2013) to B-SOSE
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Figure 8. Eddy-driven heat-flux anomalies. Mean values, for the period 2013-2018, of (a) eddy kinetic energy
derived from satellite altimetry, and high-frequency air—sea heat-flux anomalies associated with (b) cyclonic and (c)

anticyclonic eddies.

sea surface height data. Unsurprisingly, coherent eddies
are more prevalent in regions of high EKE (Figure 8). The
corresponding high-frequency Q,; anomalies show pat-
terns similar to those described by Villas Boas et al.
(2015). Namely, negative and positive flux anomalies are
associated with cyclonic and anticyclonic eddies, respec-
tively (Figure 8). The magnitude of these anomalies aver-
aged across the whole Southern Ocean is only 2 W m™?,
but can be as high as 18 W m~? in energetic regions. For
example, in the Brazil-Malvinas Confluence, SST anomalies
associated with a warm core eddy were linked to strong
turbulent fluxes that influenced the stability of the marine
atmospheric boundary layer (Pezzi et al., 2021). However,
the extent to which opposite-signed anomalies from
cyclonic and anticyclonic eddies cancel each other at
annual time scales remains an open question. Future work
should quantify the impact of eddies on the mean flux.
For example, locations with high EKE and Q. variance
also closely match areas with negative mean Q. values
(Figure 1), although the mechanisms driving this pattern
are not clear. Furthermore, eddy-wind feedbacks may have
a differential effect on the flux anomalies associated with
cyclonic and anticyclonic eddies (Rouault et al., 2016).

4. Conclusions

The Southern Ocean is vital to the total oceanic heat uptake
(Frolicher et al., 2015; Huguenin et al., 2022). Thus, expand-
ing observational coverage of air—sea fluxes in this region
has global consequences (Swart et al., 2019). Long-term time
series from flux moorings are critical to untangle the differ-
ent scales of variability. However, Wei et al. (2020) showed
that even eight hypothetical moorings in the Southern
Ocean could only resolve up to 25% of the high-
frequency Q. variability. With new observing platforms,
including uncrewed surface vehicles (USVs), a broader range
of phenomena can be captured than ever before (Zhang
et al,, 2023). Such advances are particularly important given
the growing evidence that high-frequency fluxes rectify onto
longer time scales (Ogle et al., 2018; Cronin et al., 2019;
Yang et al., 2022). Coordinated USV deployments could help
constrain the processes operating at synoptic scales and
mesoscales, as well as their larger-scale impacts. Planning

these deployments, however, requires knowledge of the sta-
tistics of the air—sea flux variability. Here, we have shown,
using reanalysis data and model output, that high-frequency
Qe fluctuations in the Southern Ocean exhibit regional and
seasonal patterns, which are summarized below.

In the low-latitude Southern Ocean, high-frequency
Qne: variability is likely driven by synoptic storms, except
in boundary current regions where mesoscale eddies dom-
inate. For example, in the Brazil-Malvinas Confluence and
Agulhas Retroflection, eddies explain up to 20% of the
total turbulent heat-flux variance (Villas Boas et al., 2015).
However, the extent to which opposite-signed heat-flux
anomalies within cyclonic and anticyclonic eddies com-
pensate at annual time scales remains unclear, and will
depend on their relative frequency (Auger et al., 2023).
Storms, by contrast, systematically cool the upper ocean at
most locations. North of 45°S, storms are infrequent but
cause intense cooling; the storm-driven air—sea flux anom-
alies at these latitudes are similar to or greater in ampli-
tude than the seasonal cycle. Further south, in the ACC,
storms are persistent (>50% of days), although the asso-
ciated heat-flux anomalies are smaller, and even positive
in the subpolar Atlantic and Indian sectors. This storm-
induced warming is not well-understood, but seems to
vary seasonally. Additionally, storm activity, in general,
shows clear seasonality, peaking in winter at all latitudes.

Storm- and eddy-driven processes may also interact to
control air—sea flux variability. For example, eddy-driven flux
anomalies can alter cloud formation and storm develop-
ment (Bharti et al., 2019; Pezzi et al., 2021). Furthermore,
increased wind stress during storm events can enhance the
flux anomalies associated with eddies, although the precise
nature of this effect may vary between cyclonic and anticy-
clonic eddies (Rouault et al., 2016). At the submesoscale,
storms can also modulate upper-ocean variability via
wind-front interactions (du Plessis et al., 2019), which then
imprints onto the air-sea fluxes (Yang et al., 2024). Numer-
ous mechanisms operating at the submesoscale lead to
high-frequency Q,; variability (Thomson and Girton, 2017;
Swart et al., 2019; 2023; Strobach et al,, 2022; Yang et al.,
2024), although they have not been discussed in this study
as they are not resolved in the reanalysis data or in B-SOSE.
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Our results have implications for observing air—sea
fluxes in the Southern Ocean. In order to obtain one mea-
surement per decorrelation scale from an array of flux
observing platforms, different sampling strategies need
to be used in different regions. Throughout most of the
Southern Ocean, 1-3 platforms sampling at daily intervals
per 5° x 5° box may be sufficient to resolve much of the
high-frequency flux variability. However, in energetic
boundary currents where decorrelation length scales are
substantially shorter, multiple platforms per 1° x 1° box
might be necessary to capture the high-frequency signal.
Sustaining this type of high-resolution sampling scheme
poses logistical challenges, but networks of sampling in
key regions are needed to further investigate the transi-
tions and statistics on <100 km scales. Some priorities
stemming from this analysis include:

e Coordinated deployment of USVs in key boundary
current regions should examine the mechanisms of
storm- and eddy-driven air—sea flux variability, as
well as storm-eddy interactions.

e Given the meridional and seasonal variations in
storm activity, targeted field observations should
characterize synoptic air—sea flux variability across
different latitude bands and seasons.

e Eddy-resolving multi-year model simulations should
be utilized to quantify the rectification of storm- and
eddy-driven air-sea flux anomalies onto the low-
frequency variability.

Resolving high-frequency Q,.; fluctuations is made diffi-
cult by the small decorrelation length and time scales, which
require dense measurements to observe. Furthermore, the
space and time scales of the upper-ocean response to sur-
face forcing do not necessarily match those of the air—sea
fluxes. Therefore, determining the comprehensive impact of
storms and eddies necessitates sampling both the air—sea
interface and the upper water column. This coordinated
sampling is critical to accurately assess the impact of high-
frequency air-sea fluxes on large-scale mixed-layer tracer
budgets. Consistent with past work (e.g., Ogle et al.,, 2018;
Nicholson et al., 2022; Carranza et al., 2024), our results
suggest that storms contribute to the seasonal and longer-
term variations in air—sea exchange. Future work should
further clarify the processes that lead to spatiotemporal
patterns in storm activity, which is presumably tied to the
SAM (Hell et al., 2021) and basin asymmetry in the mean
flux (Josey et al., 2023). Understanding these scale interac-
tions through enhanced observations will help to improve
models and reanalysis products, which are necessary to pre-
dict long-term changes in the climate system.
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