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ABSTRACT: We analyze the role of mesoscale heat advection in a mixed layer (ML) heat budget, using a regional high-
resolution coupled model with realistic atmospheric forcing and an idealized ocean component. The model represents two
regions in the Southern Ocean, one with strong ocean currents and the other with weak ocean currents. We conclude that
heat advection by oceanic currents creates mesoscale anomalies in sea surface temperature (SST), while the atmospheric
turbulent heat fluxes dampen these SST anomalies. This relationship depends on the spatial scale, the strength of the cur-
rents, and the mixed layer depth (MLD). At the oceanic mesoscale, there is a positive correlation between the advection
and SST anomalies, especially when the currents are strong overall. For large-scale zonal anomalies, the ML-integrated
advection determines the heating/cooling of the ML, while the SST anomalies tend to be larger in size than the advection
and the spatial correlation between these two fields is weak. The effects of atmospheric forcing on the ocean are modulated
by the MLD variability. The significance of Ekman advection and diabatic heating is secondary to geostrophic advection
except in summer when the MLD is shallow. This study links heat advection, SST anomalies, and air-sea heat fluxes at
ocean mesoscales, and emphasizes the overall dominance of intrinsic oceanic variability in mesoscale air-sea heat exchange
in the Southern Ocean.

KEYWORDS: Southern Ocean; Mesoscale processes; Atmosphere-ocean interaction; Heat budgets/fluxes;
Coupled models

1. Introduction the upper ocean, one could expect the MLD to modulate
dominant processes in the heat budget as well.

We focus on the Southern Ocean because of its strong cur-
rents, strong mesoscale variability, and highly variant MLD.
The Southern Ocean has prominent meridional gradients and
mostly zonal fronts and currents that extend to considerable
depths (Orsi et al. 1995). Mesoscale variability experiences
notable changes in zonal direction as well. Mesoscale currents
are strong east of the Agulhas region and weak in the Pacific
sector. For example, Sallee et al. (2008) showed that eddy dif-
fusivity computed from surface drifters and satellite altimetry
observations in the Southern Ocean, peaks in the Agulhas
Retroflection current north of the ACC. Therefore, one can
expect mesoscale air-sea heat exchange to be stronger in the
Indian sector compared to the Pacific sector.

This study links SST anomalies and air-sea heat exchange
to three-dimensional heat advection at the ocean mesoscales,
while previous efforts have mostly focused on the role of

An important question in atmosphere—ocean interaction is
how the ocean dynamics, rather than the atmosphere, drive
the variability in the sea surface temperature (SST) and air—
sea heat exchange. This study characterizes the regime in
which oceanic heat advection dominates the mixed layer
(ML) heat budget and induces SST anomalies in a semi-ideal-
ized framework in the Southern Ocean. The induced SST
anomalies subsequently lead to thermal damping by the atmo-
sphere through air-sea heat flux exchange (Liu et al. 1994;
Okumura et al. 2001; Small et al. 2008; Kirtman et al. 2012;
Bishop et al. 2017; Small et al. 2019). These air-sea heat
exchange processes are thus directly linked to oceanic heat
advection. This regime corresponds to oceanic mesoscales,
which are spatial scales of tens to hundreds of kilometers.
Scale at which SST variability transitions from the ocean- to
atmosphere-driven regime was found to be around 500 km in
Antarctic Circumpolar Current (ACC) region (Bishop et al. P .
2017; Laurindo et al. 2019; Small et al. 2019). Ma et al. (2016) ~ advection in the heat budget. Although thermal advection
and Bishop et al. (2020) discussed a thermal damping effect ~ €31 play an essential role in the upper—ocea.m heat budgeft
by ocean-driven heat fluxes and demonstrated that underesti- ~ (Roberts et al. 2017; Small et al. 2020), its relation to SST vari-
mating mesoscale air-sea feedback could lead to considerable abll‘lty s not easﬂy. deteqmned because of competing .COI.lt.I'l—
bias in climate simulations. Since highly variant ML depth butions from the winds, air—sea heat exchanges and variability

(MLD) in the Southern Ocean modulates thermal inertia of ~©f the MLD. Previous studies of upper-ocean heat budget
analysis primarily addressed how the oceanic heat advection,

as opposed to atmospheric forcing, that drives the SST ten-

dencies in the North Atlantic region (Buckley et al. 2014,

~ @ Denotes content that is immediately available upon publica- 2015), the California Current System (Seo et al. 2016), and
tion as open access. the Gulf of Mexico (Putrasahan et al. 2017). A direct link
between mesoscale oceanic heat advection and SST ano-
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difference between the previous studies is that advection is
defined as the 3D convergence of ocean heat flux in the pre-
sent study, while only its horizontal (lateral) component is
commonly accounted for in earlier works (Vivier et al. 2010;
Seo et al. 2016; Putrasahan et al. 2017). For example, Vivier
et al. (2010) found that anomalous surface heat flux is the
dominant term in most of the Southern Ocean, while lateral
geostrophic heat fluxes derived from altimetry are a major
contributor in the main ACC pathways. Faure et al. (2011)
analyzed surface mixed layer heat budget south of Africa
using various observational datasets; they found that heat is
mainly transported via lateral geostrophic advection of the
Agulhas Current. Putrasahan et al. (2017) demonstrated that
lateral oceanic mesoscale heat advection supports warm SST
anomalies in the Gulf of Mexico. Cronin et al. (2013) used
surface mooring data in the recirculation gyre south of the
Kuroshio Extension region, and analyzed balance of pro-
cesses affecting the upper-ocean heat content and tempera-
ture variations in the surface mixed layer. They derived an
upper-ocean heat budget for a time-varying MLD and found
that surface heat loss is replenished through the horizontal
heat advection during winter.

Finally, previous studies primarily looked into the upper-
ocean heat balance in the Southern Ocean assuming fixed
MLD, instead of varying MLD used in this study. Earlier
studies, therefore, did not account for the role of MLD in
heat budget analyses, despite upper-ocean heat inertia being
closely related to MLD. In a study based on data-assimilating
Southern Ocean State Estimate (Mazloff et al. 2010), Tamsitt
et al. (2016) examined the 3D oceanic heat advection inte-
grated over the upper 614 m in the Southern Ocean and con-
cluded that the principal time-mean heat balance is between
the air-sea heat flux and heat advection. They found that in
the Agulhas Return Current region, the convergence of geo-
strophic and vertical advective fluxes is balanced mainly by
ocean heat loss. Small et al. (2020) showed that 3D oceanic
heat advection dominates the upper-ocean heat budget on
monthly time scales. Their study attributed most of the upper-
ocean heat content tendency to heat advection, while the role
of the wind-driven Ekman heat advection is found secondary.
The relative importance of the advection term increases rap-
idly with depth, and the 400-m heat budget in their study is
entirely dominated by advection.

The MLD changes dramatically with time and space in the
Southern Ocean, especially in the vicinity of the Subantarctic
Front. Our study establishes how the MLD modulates the
role of heat advection in the heat budget and how it affects
the SST variability at mesoscales. Although some past studies
looked into how the MLD affects the SST variability in the
Southern Ocean, they focused on larger scales and did not
address the importance of oceanic advection at the meso-
scales. For example, Tozuka and Cronin (2014) found that in
the Southern Ocean, the large-scale SST is more sensitive to
diabatic heating where the MLD is shallower. The MLD vari-
ation can therefore modulate the strength of SST fronts such
that diabatic heating is amplified where the mixed layer is
shallow and weakened where the mixed layer is deep. Tozuka
et al. (2018) also quantified relative importance of diabatic
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heating and MLD in large-scale horizontal SST variations. An
observation-based assessment of the Southern Ocean mixed-
layer heat budget (Dong et al. 2007) pointed out that the
large-scale geostrophic advection plays a small role in com-
parison to the meridional Ekman heat advection. However,
their assessment had a substantial imbalance in the regional
heat budget due to data limitations.

To sum up, we aim to answer the following three questions
using an improved ML heat budget analysis:

1) What is the role of mesoscale advection in warming/cool-
ing of the ML, in generating SST anomalies, and driving
air-sea heat exchanges?

2) How does the MLD affect the relative importance of oce-
anic heat advection in the ML heat balance, compared to
the atmospheric forcing?

3) How do the relations in 1 and 2 depend on spatial scales
of oceanic processes and the strength of ocean currents?

The paper is organized as follows: the next section discusses
the methodology, including the Regional Ocean-Atmosphere
Model (ROAM), ML heat budget, and definitions of large-
scale and mesoscale oceanic anomalies. Further, we examine
how the MLD and ocean currents speed influences the rela-
tive importance of oceanic heat advection compared to dia-
batic heating. Most importantly, we analyze how the heat
advection affects the mesoscale heating/cooling and SST
anomalies. Finally, we will discuss the relative importance of
Ekman heat advection in order to determine whether the ML
heat budget and SST anomalies are driven by atmospheric
variability or intrinsic oceanic processes. Study conclusions
are presented and discussed in the last section.

2. Methodology
a. Regional Ocean—Atmosphere Model

We use the high-resolution fully coupled ROAM with an
idealized ocean component and realistic atmospheric forcing.
The modeling system and simulations analyzed in this study
are described in detail in Perlin et al. (2020), and we provide
only a brief description here. This semi-idealized model is
built for studies of the air-sea interaction and upper-ocean
dynamics in portions of the Southern Ocean. The atmospheric
component of the model is the U.S. Navy Ocean—-Atmosphere
Mesoscale Prediction System (Hodur 1997), forced by lateral
boundary conditions from the global reanalysis dataset. This
dataset is 6-hourly 0.25° global NCEP FNL analysis and
Global Forecast System (GFS). The atmospheric component
of the coupled model has two nested domains: the inner
domain that is fully coupled with the ocean component, and
the outer domain that is forced with daily SST product. Daily
SST fields come from the National Oceanic and Atmospheric
Administration (NOAA) version 2 daily optimum interpola-
tion (OI) analyses on a 0.25° grid (Reynolds et al. 2007), and
are used as lower boundary conditions for the outer grid. The
outer atmospheric domain has 27-km resolution (i.e., grid box
size), while the inner atmospheric domain that coupled with
the ocean component has 9-km horizontal resolution. Both
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FiG. 1. (a),(b) Annual mean current speed (shading), velocity (vectors) and water depth (contours) in 2016 as
marked. Maximum water depth is 3000 m; depth contours indicate 25 randomized Gaussian-shaped seamounts.
(c) Geographical location of SC and WC model domains. Solid black contours outline the outer 9-km atmospheric
grids, and dashed contours show the corresponding ocean grid domains.

domains have 49 vertical layers. The atmospheric component
uses one-way nesting approach with no feedback from the
inner domain to the outer one. To smooth the transition
between the two types of SST sources, the inner domain
employs a blending scheme that ensures a gradual transition
between the ROMS-simulated and observed SST values over
100-km region surrounding the ocean grid.

The ocean component is the Regional Ocean Modeling
System (Shchepetkin and McWilliams 2005), forced at the
surface by net heat, solar, and momentum fluxes from the
atmospheric component and restoring boundary conditions
for salinity. The spatial resolution is 2.5 km in both zonal and
meridional direction, and 30 sigma layers in the vertical direc-
tion stretching from the surface to the bottom. The spatial res-
olution in the ocean component is sufficient to fully resolve
variability at the first baroclinic Rossby deformation radius.
Therefore, the oceanic mesoscale variability and air-sea cou-
pling can be fully resolved in the ocean component. The oce-
anic domain is a zonally reentrant channel 2800 km long in
the zonal direction and 1120 km wide in the meridional direc-
tion. Maximum depth of the channel is 3000 m. This ocean
domain is fully coupled to the inner atmospheric domain.
Twenty-five randomized Gaussian-shaped seamounts are
added to the floor in order to keep the net zonal transport
close to reasonable values (Pennel and Kamenkovich 2014),
which is shown in Fig. 1. The sponge layers at the southern
and northern channel walls are used to keep the large-scale
meridional temperature and salinity gradients close to the
prescribed values, which are derived from observations.

To ensure a smooth transition between SST in the outer
and inner atmospheric domains, the model coupling software
blends them within an additional domain with the 2.5-km spa-
tial resolution (equivalent to the ocean grid spacing). This

domain extends 40 grid points beyond the ocean grid, i.e.,
100 km outward. The blending scheme combines the two SST
fields and gives progressively higher weights, from 0 to 1, to
the satellite OI SST and lower weights to the modeled SST as
one moves away from the inner region. This blended SST
product is then interpolated into the nested atmospheric
model grid using the coupler software regridding capability.

ROAM is formulated in two domains with distinct oceanic
regimes: the Strong Current (SC) case with faster ocean currents
(Fig. 1a), larger meridional temperature gradient and higher
eddy kinetic energy (EKE), and the Weak Current (WC) case
with slower currents (Fig. 1b), smaller meridional temperature
gradient and lower EKE. The SC and WC cases use lateral
boundary conditions in the atmospheric and oceanic domains
that are derived from two separate geographical locations in the
Southern Hemisphere, which corresponds to two distinct oce-
anic regimes: the Western Indian sector for the SC case, and the
Eastern Pacific sector for the WC case (Fig. 1c). The corre-
sponding ocean domain in the SC and WC regions are in the
same latitude band (40°-50°S). The longitude band of the SC
ocean domain ranges from 42.2° to 77.9°E. The longitude band
of the WC ocean domain ranges from 102.1° to 137.8°W. The
ocean model employs a Cartesian grid, but latitude/longitude
coordinates are used in the coupler software for regridding pur-
poses. The coupled model had been spun up for 2 years, follow-
ing a spinup of the ocean-only model for 12 and 24.5 years in the
SC and WC cases, respectively. This time is deemed to be suffi-
cient for the equilibration of the upper-ocean measured by
domain-average eddy kinetic energy. Two-year simulations of
both cases were carried out after the spinups, starting at 0000
UTC on 24 July 2015 and ending at 0000 UTC 28 July 2017. We
are particularly interested in mesoscale and subseasonal variabil-
ity so the analysis in this study is based on monthly averages.
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Perlin et al. (2020) showed that the time- and zonal-mean
isopycnals are steeper in the SC case compared to the WC
case, and this difference in the large-scale stratification leads
to stronger zonal currents and mesoscale activity in the SC
case (Fig. 1). The annual-mean meridional SST gradient is
about 0.9° and 0.5°C (100 km)~! in the SC and WC case,
respectively. The annual-mean net volume transport is approxi-
mately 140 and 40 Sv (1 Sv = 10° m® s™1) in the SC and WC
case, respectively. In a broad agreement with climatological
data, the model winds are predominantly westerly in both
regions. The annual-mean current speed is 0.19 and 0.08 m s~
in the SC and WC cases, respectively. The annual-mean EKE is
0.024 and 0.015 m? s™2 in the SC and WC case, respectively.
Moreover, Perlin et al. (2020) validated that the wind-SST cou-
pling coefficients in the SC and WC cases are in agreement with
the earlier estimates in O’Neill et al. (2012) and Perlin et al.
(2014), which confirms that the modeled atmospheric response
to SST anomalies in our studies is realistic.

The semi-idealized setting facilitates detailed analysis of the
ML heat budget and a meaningful comparison of the SC and
WC cases. The high spatial resolution (2.5 km) used here can-
not be afforded by global climate models, and the advantage
of this regional study is the full resolution of the oceanic
mesoscale. The reentrant channel configuration avoids the
need for open boundary conditions in these regional simula-
tions. At the same time, there are several shortcomings that
include the following: 1) periodic zonal boundary conditions
are likely the main reason for the mean currents in the SC case
to be weaker than those observed in the real Southern Ocean
sector of the Indian Ocean (see Perlin et al. 2020); 2) idealized
topography cannot produce realistic topographic effects, partic-
ularly in the SC case, because idealized topography cannot rep-
resent all effects of the real topography in the Southern Ocean;
and 3) potential distortion of zonally propagating atmospheric
anomalies as they propagate from the outer to the inner
domain at the east and west boundaries of oceanic domain.
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b. Ocean mixed layer heat budget

In the Southern Ocean, the density-based criterion was cho-
sen to define the ocean MLD because of the density-compen-
sating nature of temperature and salinity variability in this
region (Sallée et al. 2006; Dong et al. 2007; Li and Lee 2017).
The MLD is defined as the depth at which the potential den-
sity increases by 0.03 kg m ™ relative to sea surface density.
The depth-dependent heat budget of the ocean can be
expressed as below:

96 od
poCp o oz poCpu-VO — pyC,V - (1, V6)
ad a0
=+ P()Cp &[KZ(&)}’ (1)

with boundary condition

q|z:0 = Qneta (2)

where 6 is the potential temperature, py is the density of sea-
water, C, is the specific heat of seawater, g is the net down-
ward heat flux (positive into the ocean) that changes with
depth, u = (1, v, w) is the three-dimensional velocity vector,
and k;, and k, are the horizontal and vertical diffusion coeffi-
cients, respectively. The Q. is the downward net heat flux at
the surface, which consists of four components:

Ohnet = Osw + Ow + Q5 + O, (3)

where Qgw is the shortwave heat flux, Oy w is the longwave
heat flux, Qy is the sensible heat flux, and Q; is the latent heat
flux. The sign is positive when the surface heat flux is down-
ward throughout this paper.

To examine the ML heat budget, we take the integral of
Eq. (1) over the ocean MLD, H, yielding

0 7 0
a0 9 a0
Jin()Cp E dz = Qnet —qH — pOCpru -Vodz + p0CpJHlV . (K;,VG) + asz(az):|dZ (4)
~———~— ML diabatic heating ~———"

ML heating/cooling

where the ML heating/cooling term can be further split into
two terms: the entrainment and ML heat content tendency,
which tend to balance each other according to our analysis.
Since our focus is on the relative importance of the oceanic
heat advection, we choose to analyze the heating/cooling term
as shown in (4). We calculate the each term in ML heat bud-
get with 6-hourly model data output in offline diagnostics. A
quantity of gy is the downward shortwave radiation at the
MLD. According to Paulson and Simpson (1977),

qu = qo , (%)

Rexp(yﬂl) - R)exp(%)

ML-integrated advection

ML-integrated diffusion

where H is the MLD, R = 0.58 is a separation constant, and
1 = 0.35 m and vy, = 23.0 m are attenuation length scales in
clear water. All the heat budget terms are explicitly derived
from 6-hourly output with offline diagnostics.

¢. Definition of anomalies

To explore the scale dependence in the air-sea coupling,
we define the velocity u* and temperature 6 anomalies as
deviations from the low-pass spatially filtered fields, [u] and
temperature [6]:

u' =~ [u] ©)
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FIG. 2. (a) Full SST field (shading) and stream plots of surface currents (vectors), (b) meso-
scale, and (c) zonal SST anomalies (shading) and stream plots of spatial anomalies of surface cur-
rents (vectors). All fields are time averaged in the SC case in August 2016.

and Our spectra analysis (not shown) indicates that a 300-km high-

0 =0-[6] @)

Two choices for the spatial filter are used in this study: 1) a
zonal average and 2) a running mean smoothing with a 300
km X 300 km square filter. We refer to the departures from
the zonal-mean as zonal anomalies, which are dominated by
large-scale features and include stationary meanders (Fig. 2c).
We refer to the departures from the 300-km box average as
mesoscale anomalies (Fig. 2b). In this study, we apply these
two different filters separately as follows:

ufnesoscale =u- [u]300km-average (8)
O;esoscale =0- [6]300km-average (9)
and
U =8 — [u]zonal-average (10)
GZoanl =0- [o]zonal-average~ (11)

pass filtering effectively removes scales longer than approxi-
mately 200 km, which we consider a reasonable cutoff scale for
the mesoscales at these latitudes. For example, according to lin-
ear stability theories, the most unstable wavelength is several
Rossby deformation radii (Vallis 2006). We estimated the first bar-
oclinic Rossby deformation radius using the following expression:

ND

Rn =

where n = 1, N is the buoyancy frequency, D is the water depth,
and fis Coriolis frequency. We used domain- and time-mean N
and H values to estimate first baroclinic Rossby deformation
radii, which are 26 and 37 km in SC and WC case, respectively.
These estimates are consistent with the calculations by Chelton
et al. (1998) for the corresponding latitudes in the Southern
Ocean. Note that the zonal-mean filter yields a two-dimensional
(depth-meridional) large-scale anomalies, while the 300-km filter
yields three-dimensional large-scale anomalies.

The advection term in (4) can be further decomposed as
follows:
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a) ML mesoscale heat advection, 2016-08, SC case
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FIG. 3. (a) ML-integrated mesoscale heat advection in the SC case, (b) ML-integrated large-
scale heat advection in the SC case, (c) ML-integrated horizontal/lateral advection in the SC
case, and (d) ML-integrated vertical advection in the SC case. All fields are monthly averages for
August 2016.

0 0 sk sk
—pocp‘[ Hu Vodz = —p,C, r [u] - V[6ldz POCPI H([u] -Vo +u*-V[0] +u -V )dz (13)

total advection large-scale advection

To identify the processes responsible for ML heating/cool-
ing, we further decomposed the ML heating/cooling terms
into two parts, using the same two filtering methods:

0 0 0 *
90 a[o]

C dz = C dz + C, — dz.
£HP0 P o 4% = J;HPO P W LHPO p o
-

ML heating/cooling
(14)

This decomposition uses explicit spatial-scale dependence
and is arguably more applicable for parameterizing of meso-
scales in climate models than the decomposition based on
time averaging. Note that all terms in Egs. (13) and (14) are
integrated over the full (unfiltered) MLD.

Figure 2 shows an example of the full SST field and SST
anomalies estimated using two different filters in the SC case.
Zonal SST anomalies are larger in magnitudes and size than

mesoscale advection

mesoscale SST anomalies. Stream plots in Figs. 2b and 2c
demonstrate that both mesoscale surface currents and zonal
anomalies are consistent with the geostrophic dynamics. This
consistency indicates that anomalies in Ekman currents are
weaker than geostrophic anomalies. Despite high spatial reso-
lution that technically permits submesoscale dynamics in this
study, the ratio between relative vorticity and the Coriolis
parameter is found to be small. Note that Figs. 2 and 3 show
only the inner region of the ocean domain, 200 km away from
the northern and southern boundaries, which minimizes the
direct influence of the sponge boundaries.

Most of the analysis in the subsequent sections is based on
monthly averages of various terms in the heat balance. Other
averaging periods have been considered and tested as well,
such as 10 days, 20 days, 2 months, and 3 months for both
mesoscale and zonal anomalies in the heat budget calcula-
tions. We comment on the differences when necessary.
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FIG. 4. Time series of the monthly domain average and standard
deviation of MLD in the (a) SC case and (b) WC case.

Decomposition of large-scale and mesoscale heat advection
estimated using the 300-km box high-pass filter demonstrates that
mesoscale (eddy) components are comparable to those of large
scales (mean) (Figs. 3a,b). Similarly, Tamsitt et al. (2016) found
eddy components of the geostrophic advection to be of a similar
magnitude as the mean geostrophic advection, in particular, in
regions with high eddy variability, such as the western boundary
currents and ACC. Our results are, therefore, in qualitative agree-
ment with their study. Furthermore, Tamsitt et al. (2016) found
that, due to cancellation of the mean and eddy components of the
vertical heat fluxes, the net contribution of the vertical advection
into the heat budget is small as compared to the horizontal terms.
In contrast, we found that the ML-integrated vertical heat advec-
tion is of similar magnitude to the horizontal terms, and the hori-
zontal and vertical components are of the opposite signs (Figs.
3c,d). This discrepancy between the two studies is likely explained
by the differences in MLD estimation: a varying MLD is used for
the integrated heat budget in our study, whereas Tamsitt et al.
(2016) used a much deeper fixed ML depth (614 m), where the
vertical fluxes can be expected to be small.

3. Results
a. ML heat balance
1) SEASONALITY OF THE ZONAL-MEAN HEAT BUDGET

Consistent with earlier estimates in the Southern Ocean
(Dong et al. 2008; Sallée et al. 2010), the MLD in ROAM sim-
ulations exhibits strong seasonal variability. Monthly and
domain-averaged MLD varies from tens of meters in summer
to hundreds of meters in winter (Fig. 4). The MLD reaches its
maximum in September and minimum in January-February
(Fig. 4). As a result of this MLD variability, considerable sea-
sonal changes were also found in the ML heat budget. The
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FIG. 5. Zonal-mean and monthly mean ML heat budget terms
(W m™?) in the SC case: ML heating/cooling term, ML heat advec-
tion term, diabatic heating term, and the residual term. The resid-
ual term includes heat diffusion at the base of the ML, lateral diffu-
sion of heat and numerical errors. The legend is shown at the
lower right corner. Average uncertainty, measured by standard
error of the mean (SEM), in ML heating/cooling is 2.86 W m ™2,
Average uncertainty in heat advection is 444 W m 2. Average
uncertainty in surface heat flux is 0.43 W m 2. Average uncertainty
in residual is 2.21 W m ™2,

zonal-mean ML heat budget discussed here is computed by
zonally averaging the Eq. (4). This analysis can give us
insights into the large-scale heat budget and its seasonality.
The MLD is shallow during the austral summer months
(December-February), and little meridional structure is seen
in the zonal average of each term in the ML heat balance
equation in the SC case (Fig. 5a). The diabatic heating term
in Eq. (4) is dominant in the heat budget in summer; ML-
integrated advection term is smaller at this time because of
the shallow ML. Advection acts to cool the ML, counteracting
the overall warming driven by the diabatic term. The residual
term, which includes heat diffusion at the base of the ML, lat-
eral diffusion of heat, and numerical errors, is relatively large
in this time period. Numerical errors in the residual term
appear from discretization of the heat budget equation, as
well as from the interpolation in the integration over MLD
and integration in time. These numerical errors are expected
to be small compared to the vertical diffusion. A relatively
large residual term implies that the vertical diffusion is more
important in summer than in winter, which is explained by
sharper vertical gradients in temperature.

As the ML starts to deepen in April, the relative impor-
tance of diabatic heating decreases. The advection term
becomes comparable to the diabatic cooling in June (Fig. 5b).
When the ML is deep in September—November (Figs. 5c,d),
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FIG. 6. Zonal-mean and monthly mean ML heat budget terms
(W m™?) in the WC case: ML heating/cooling term, ML heat advec-
tion term, diabatic heating term, and the residual term. The residual
term includes heat diffusion at the base of the ML, lateral diffusion of
heat, and numerical errors. The legend is shown at the lower-right
corner. Average uncertainty, measured by standard error of the mean
(SEM), in ML heating/cooling is 0.70 W m 2. Average uncertainty in
heat advection is 3.17 W m ™2 Average uncertainty in surface heat
flux is 0.23 W m 2. Average uncertainty in residual is 2.68 W m 2.

the advection term dominates the ML heat balance and
explains most of the ML heating/cooling. Throughout most of
the year, the ML heating/cooling term is nearly always in
phase with the advection term. There is a strong advection
term signal between 600- and 900-km distance, where the
large-scale zonal currents are the strongest. In the WC case
(Fig. 6), the diabatic heating term is always the largest term in
the heat budget, although its relative importance decreases
when ML deepens. From May to October, the ML-integrated
advection term is always in phase with the ML heating/cooling
term, but is smaller in magnitude compared to the diabatic
heating term. There is a stronger advection signal around
200-300 km north of the southern boundary because the flow
is stronger in this region of the WC domain. We can measure
the uncertainties in the zonal-mean heat budget by the
annual- and domain-mean standard errors of the zonal mean
values. These uncertainty values are reported in the captions
of Figs. 5 and 6; they are small compared to the zonal-mean
values shown in Figs. 5 and 6.

Monthly and domain-average contributions by each term of
the heat budget are presented in Fig. 7. Seasonal variations
are fairly similar between the SC and WC cases. In summer,
the downward heat flux contributes to the temperature
tendency, while the heat advection and residual terms coun-
teract the surface warming. In winter (June-September),
heat advection contributes to the temperature tendency. In
September for the SC case, the contribution of the advection
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FIG. 7. Domain-average contribution of each heat budget term,
divided by the ML heating/cooling term in selected months in the
(a) SC case and (b) WC case. Positive (negative) values mean that
the process has a warming (cooling) effect on the temperature ten-
dency of the ML.

term is much larger than the contribution by the surface heat
fluxes. In contrast, advection plays a secondary role through-
out the year in the WC case.

To sum up, the importance of the advection increases in
winter when the ML is deeper. In the SC case, the zonal-
mean ML heat budget is dominated by surface heat fluxes in
summer, and by the advection in winter, especially at the jet
region where ocean currents are stronger. In the WC case, the
diabatic heating term is always the largest term throughout
the year, although its relative importance decreases as the ML
deepens. The zonal-mean budget analysis shows the dominant
processes in the large-scale heat budget, and the relative
importance of advection is controlled by both the ocean cur-
rent speed and MLD. For the Agulhas Return Current
region, Tamsitt et al. (2016) found that convergence of geo-
strophic and vertical temperature advection is balanced
mainly by the ocean surface heat loss, with a smaller contribu-
tion from the ageostrophic advection term. This is consistent
with our overall assessment of the zonal-mean heat budget in
the SC case, in which surface heat fluxes dominate in summer
and advection dominates in winter.

2) MESOSCALE MIXED LAYER HEAT BUDGET

Seasonal heat budget at the mesoscales is analyzed
next by high-pass filtering the heat budget Eq. (4) with a
300 km X 300 km square filter, in lieu of the decomposition
Egs. (13) and (14). In both the SC (Fig. 8) and WC (Fig. 9)
cases, the advection term is stronger in September than in
February because of deeper ML. Unlike in the zonal-scale
balance discussed in the previous section, the advection domi-
nates the mesoscale heat balance in all seasons. In the SC case
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FIG. 8. High-pass-filtered ML heat budget terms (W m™2) in the SC case: (a),(b) ML heating/cooling term, (c),(d)
ML temperature advection term, (e),(f) ML diabatic heating term, and (g),(h) the residual term. The x axis (y axis) is

west—east (north-south) distance (km).

(Fig. 8), the mesoscale heating/cooling is almost identical to
the ML heat advection in both February and September,
whereas other terms of the budget are smaller. In the SC case
(Fig. 8), spatial Pearson correlation coefficients between ML
heating/cooling and advection (Figs. 8a-d) are 0.67 and 0.69
in February and September, respectively. The spatial correla-
tion coefficients between ML heating/cooling (Figs. 8a,b) and
turbulent heat fluxes (Figs. 8e,f) are 0.19 and 0.04 in February
and September, respectively. (All correlation values in this
study are significant unless stated otherwise.) It is worth not-
ing that these two terms have the shape of meridionally elon-
gated bands, with the meridional length scale (approximately
200 km) being about twice the zonal length scale (approxi-
mately 100 km). The zonal length scale of these anomalies is
smaller than the scale of the SST anomalies in Fig. 2b. Meridi-
onally elongated modes are common features of the meso-
scale fields as they correspond to the most unstable modes of

the baroclinic instability (e.g., Berloff and Kamenkovich
2013). Mesoscale diabatic heating, which acts to dampen
SST anomalies, has a longer zonal scale than the heating/
cooling term; the residual term is negligible. In the WC case
(Fig. 9), advection explains most of the heating/cooling in
winter, whereas all terms play comparable roles in summer
heat budget. In the WC case, the spatial Pearson correla-
tion coefficients between ML heating/cooling and advection
(Figs. 9a—d) are 0.62 and 0.39 in February and September,
respectively. The correlation coefficients between ML heating/
cooling (Figs. 9a-b) and turbulent heat fluxes (Figs. 9e,f)
are 0.31 and 0.33 in February and September, respectively.
The relative importance of the diabatic heating to the heating/
cooling term increases in summer, since the heating/cooling
term in the austral summer (tens of W m™2) is much smaller
than in the austral winter (hundreds of W m™?2), as shown
in Figs. 8 and 9. However, correlation between diabatic
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heating and ML heating/cooling remains low. Furthermore a
low correlation between the SST tendency and diabatic heat-
ing at the mesoscales is also featured in Kirtman et al.
(2012), indicating that the SST tendency is not driven by the
turbulent heat fluxes but is instead a result of oceanic
processes.

In summary, heat advection plays an important role in the
mesoscale ML heat budget and accounts for most of the spa-
tial variability in the ML heating/cooling. The advection is
particularly important in winter when the ML is deep, and in
the SC case, where the currents are strong.

3) SCALING ANALYSIS

To interpret the seasonality in the relative importance of
oceanic heat advection and diabatic heating, we can use scal-
ing analysis for the main terms in the heat budget. The ratio
between the corresponding terms is

ML integrated heat advection
diabatic heating

( POC ﬁHu : Vedz)/(Qnet - Q)a

(15)

which can be estimated as
_pC,HUS0 pC,HS0
oL Q07

where L and U are the representative spatial and velocity
scales, respectively; H is the MLD;

(16)

T=L/U 17
is the advective time scale associated with changes in temper-
ature due to the heat advection; and 86 is the change in tem-
perature over 7. The main parameters that determine G are
the strength of the advection, the MLD, and the diabatic heat-
ing. For example, stronger currents correspond to a shorter
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TABLE 1. Monthly average values used in the scaling analysis.
Case name Month MLD avg (m) MLD std (m) Uavg (cms™ 1Y)
Strong Current (SC) Feb 2016 11.7 52 4.6
Jun 2016 132.0 34.7 4.8
Sep 2016 310.9 473 4.8
Dec 2016 11.7 52 5.6
Weak Current (WC) Feb 2016 7.1 52 2.8
Jun 2016 103.0 433 2.5
Sep 2016 3327 93.8 2.5
Dec 2016 37.9 17.1 2.9

advective time scale 7 and, thus, larger G, meaning that the
advection is more important than diabatic heating.

We next use the parameter G to interpret the seasonality
and scale dependence in the mesoscale heat budget. For these
anomalies, the horizontal length scale L can be estimated to
be one-fourth of the total wavelength (Phillips 1963). For the
mesoscale ML heat budget, we can estimate the spatial scale
L to be 60 km since this is about 1/4 of the wavelength in
Fig. 2b. The velocity scale U is the monthly and spatial aver-
age surface speed, while the range of MLD is derived from
the monthly average field. The monthly values of each case
and month are in Table 1. Consider a temperature change of
0.5°C and turbulent heat fluxes Q = 10 W m ™2, which are typi-
cal average values for high-pass-filtered fields in both the SC
and WC cases. Using these values, we can plot G in the —H
parameter space in Fig. 10. The heat advection is always at
least as important as the diabatic heating, since G is always
equal to or larger than 1, in both the SC and WC cases. In
winter, spring, and fall, when the MLD is deep, the role of
diabatic heating is secondary to the role of the heat advection.
In the summer months (December through February), when
the MLD is shallow, the diabatic heating is similar in magni-
tude to the advection for both the SC and WC cases. The
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FIG. 10. The nondimensional G number that quantifies the rela-
tive importance of the ML-integrated oceanic advection, compare
to the diabatic heating at mesoscale. The G number is shown as a
function of the advective time scale (days) and the MLD (m). The
SC (WC) case is shown by red (black) symbols.

advective time scale is approximately 15 and 25 days in the
SC and WC cases, respectively, because the high-pass-filtered
current speed is slower in the WC case than that in the SC
case. The difference in the current speed affects G in June: G
is much larger in the SC case (approximately 20) than in the
WC case (approximately 8). In summary, the key factors in
the scale analysis are the advective time scale and the MLD.
The advective time scale, which depends on the current speed
(U), is shorter in the SC case than in the WC case, and the
MLD is deeper in winter than in summer.

b. Role of mesoscale heat advection

1) OCEANIC HEAT ADVECTION AND ML HEATING/
COOLING

To gain further insight into the mesoscale dynamics, we
analyze the relationship between various terms in Eqgs. (13)
and (14). We then explore the scale dependence in these rela-
tionships by analyzing the zonal and mesoscale anomalies in
Egs. (13) and (14). The relationship between various terms
discussed here is quantified using binned statistics, done in the
following way. First, we calculate the advection and heating/
cooling terms at each grid point. Then we bin the mesoscale
heat advection into 50 intervals based on its values and calcu-
late the mean and standard deviation of the corresponding
values of the ML heating/cooling in each bin. In the full bud-
get (Fig. 11a), the total heat advection has a strong linear rela-
tionship with the ML heating/cooling, which means that the
ML responds to the advective heating/cooling by oceanic cur-
rents. This relationship suggests that it is the oceanic advec-
tion that causes the temperature tendency in the heat budget,
which is consistent with some previous studies (Small et al.
2020). The heat advection anomalies are similarly important
in setting the zonal heating/cooling anomalies of the upper
ocean (Fig. 11b), and also have a relatively strong relationship
with the ML heating/cooling quantified by the Pearson corre-
lation coefficients between the bin-average values (Table 2).
The correlation coefficient is high for both the zonal and
mesoscale anomalies and both the WC and SC cases, although
the mesoscale field shows a lower correlation. As expected,
the range of the advection values is larger in the SC case than
in the WC case.

In the SC case, the relationship between the advection and
ML heating/cooling is more linear in the case of zonal anoma-
lies. This is expected, since the zonal heat advection anoma-
lies are similar to the total heat advection, which is the
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scale advection with binning based on the advection values (see
text for details): (a) total ML heating/cooling and total advection,
(b) zonal ML heating/cooling and zonal advection anomalies, and
(c) mesoscale ML heating/cooling and mesoscale advection anom-
alies. The red (green) lines correspond to the SC (WC) case. The
solid (dashed) blue lines show the bin population in the SC (WC)
case. The average binned standard deviation of ML heating/cooling
are 9.15 W m ™2 (SC) and 56.46 W m ™2 (WC) in (a), 188.83 W m >
(SC) and 51.81 W m ™2 (WC) in (b), and 15429 W m 2 (SC) and
36.05 W m ™2 (WC) in (c).

primary cause of the ML heating/cooling. In contrast, the rela-
tionship between the mesoscale advection and ML heating/
cooling is asymmetrical (Fig. 11c). In Fig. 11c, on the left half
of the plot, the ML cooling is in a nearly linear relationship
with the advection in the SC case, while the ML warming is
almost insensitive to the strong advective warming on the
right half of the plot. The asymmetry between the warming
and cooling parts of the curve is likely to be explained by the
relative importance of the diabatic warming/cooling. As the
air is generally cooler than the ocean in this region, atmo-
spheric cooling of warm SST anomalies will be stronger than

VOLUME 52

the warming of the cold SST anomalies. Results, therefore,
suggest that the mesoscale dynamics are more complicated
than the zonal-anomaly dynamics, although their effect is less
significant for ML heating/cooling because of much smaller
magnitudes.

The relationship between advection and ML heating/cool-
ing is nonlinear in the WC case. For the zonal anomalies, the
binned average heating/cooling is similar to that in the SC
case when the advection is heating the mixed layer, while it is
much weaker when the advection is cooling. The mesoscale
heat advection is not correlated with the ML warming in the
WC case. According to the analysis of the previous section,
the diabatic heating is more important in the WC case than in
the SC case (Fig. 9), breaking a strong relation between the
advection and heating/cooling in the WC case.

We next calculate the coupling coefficients between bin-
average ML heating/cooling and ML-integrated heat advec-
tion using a weighted linear regression model (Table 2). The
coupling coefficient is the regression slope of the weighted lin-
ear regression model, which can also be interpreted as a mea-
sure of sensitivity of ML heating/cooling to advection. We
also report the percentage of variance explained by the linear
regression model (R?). For the full unfiltered fields, the cou-
pling coefficient is 0.909 (unitless) in the SC case, which
means that the ML heating/cooling is strongly coupled with
the advection. For the zonal anomalies, the coupling coeffi-
cient is 0.419 and 0.249 in the SC and WC cases, respectively,
which means that the advection only partially explains the
ML heating/cooling. For the mesoscale anomalies, the cou-
pling coefficient is 0.038 and 0.024 in the SC and WC case,
respectively, and the variance explained by the linear
regression model is also relatively low (2). Therefore, we
conclude that the mesoscale advection has a small direct
effect on ML heating/cooling compared to full-field and
zonal anomalies.

In summary, the ML heating/cooling zonal anomalies are
primarily consistent with heat advection. In contrast, the
relationship is significantly weaker in the case of mesoscale
anomalies, and other processes, such as diabatic heating
and vertical mixing, play an important role. The relation-
ship between heating/cooling and advection is generally
stronger in the SC case than in the WC case, demonstrating
the importance of ocean currents’ strength in the ML heat
budgets.

TABLE 2. Results of the bin analysis: the ML heating/cooling and ML-integrated advection coupling coefficients, variance
explained by the weighted linear regression (R*) and Pearson correlation coefficients. The weights in the weighted least squares
regression are given by the inverse of the bin variance and normalized to one. The coupling coefficients for each pair of variables are
the regression slope computed from the bin-average values. Correlation coefficient is the Pearson correlation coefficient computed
from the bin-average ML heating/cooling and ML-integrated advection.

Case name Scale Coupling coefficient R? Correlation coefficient
Strong Current (SC) Full-field 0.909 98% 0.9982
Zonal anomalies 0.419 97% 0.9834
Mesoscale anomalies 0.038 70% 0.8918
Weak Current (WC) Full-field 0.658 97% 0.9835
Zonal anomalies 0.249 93% 0.9378
Mesoscale anomalies 0.024 82% 0.8862
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FIG. 12. Mesoscale heat advection (blue-red shading) and SST anomalies (contours) under
300-km filter in the (a) SC case and (b) WC case. Turbulent heat flux (green—magenta shading)
and SST anomalies (contours) in the (c) SC case and (d) WC case. Downward heat flux (into the
ocean) is positive. Positive (negative) contours are the solid (dashed) lines, and the zero contour
is in gray. All fields are monthly means of August 2016. The Pearson correlation coefficient
between mesoscale advection and SST anomalies is 0.35 and 0.12 in the SC and WC case,

respectively.

2) OCEANIC HEAT ADVECTION AND SST ANOMALIES

One of the most important goals of this study is to establish
how the mesoscale heat advection creates SST anomalies and,
thus, affects the air-sea thermal coupling by inducing anoma-
lous turbulent heat fluxes. Note that the relation between the
advection and SST anomalies is not straightforward even
if the advection dominates the heat budget, because the
advection, in this case, controls the ML heating/cooling, but
not necessarily the SST anomalies themselves. In addition,
according to the decomposition of the total heat advection in
Eq. (13), the variability of heat advection comes from three
parts: the velocity variability, the temperature variability, and
their covariability. An analysis of a coarse-resolution state
estimate by Buckley et al. (2015) revealed that the tempera-
ture and velocity anomalies are negatively correlated in the
geostrophic regime and, thus, the statistical link between SST
anomalies and advection is far from obvious. The zonal SST
anomalies are not correlated with the oceanic advection and
are not shown here, despite the fact that the advection con-
trols the ML heating/cooling. This result demonstrates that
the importance of the advection in the heat budget does not
guarantee that the term is directly related to SST anomalies.

It may be because these large-scale SST anomalies can largely
be stationary patterns. In contrast, the monthly mean meso-
scale SST anomalies are weakly positively correlated with the
mesoscale advection (Figs. 12a,b). The spatial correlation
coefficient between two-dimensional mesoscale advection and
SST anomalies in August is 0.35 and 0.12 in the SC and
WC cases, respectively (Figs. 12a,b). The turbulent (latent +
sensitive) heat fluxes into the ocean are strongly negatively
correlated with the SST anomalies. The spatial correlation
coefficient in August is —0.94 and —0.88 in the SC and WC
case, respectively. The warm/cool anomalies induce upward/
downward turbulent heat fluxes in both the SC and WC cases,
which act to damp these SST anomalies (Figs. 12c,d). We fur-
ther explore the relationship between mesoscale advection
and SST anomalies using binned statistics (Table 3). The
mesoscale advection-SST relationship in the SC case is stron-
ger, as shown by the coupling coefficient. The coupling coeffi-
cient is 1.218 X 10™* and 4.582 x 10~*°C W' m* in the SC
and WC case, respectively, which suggests that the SST ano-
malies are more sensitive to mesoscale advection in the SC
case than in the WC case. The results, therefore, suggest that
mesoscale SST anomalies are caused by mesoscale heat
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TABLE 3. Results of the bin analysis: The coupling coefficients, variance explained by the weighted linear regression (R*) and
Pearson correlation coefficients. See Table 2 for the computation of coupling coefficients, correlation coefficients and variance

explained.
Case name Variables Coupling coefficient R? Correlation coefficient
Strong current (SC) Mesoscale advection—SST anomalies 1218 X 1074 (*C W' m?) 72% 0.837
Mesoscale advection—turbulent heat flux —0.0028 73% —0.830
Weak current (WC) Mesoscale advection-SST anomalies 4582 X 107° (°C W' m?) 76% 0.882
Mesoscale advection—turbulent heat flux —0.0014 76% —0.889

advection, rather than atmospheric processes. As in the previ-
ous section, the difference between the SC and WC cases
demonstrates that this relationship depends on the overall
current speed.

As in the previous section, we establish an overall positive
relationship between mesoscale advection and SST anomalies
in the SC case, while this relationship is relatively weak in the
WC case (Fig. 13a). The following discussion, therefore,
focuses on the SC case only. The bin-average SST anomalies
are nearly linear with the mesoscale heat advection, except
for the extreme negative and positive values of advection. We
can roughly identify three regimes: the extreme advective
cooling regime (from —2000 to —1000 W m™2), the intermedi-
ate regime (from —1000 to 1000 W m™2 with 95% of data)
and the extreme advective warming regime (1000-2000 W m™2).
In the intermediate and extreme warming regimes, the slope
of the curve is positive, which implies that stronger advective
warming (cooling) is related to larger warm (cold) SST anoma-
lies. The slope steepens in the extreme warming regime, which
indicates an increased sensitivity of SST anomalies to advec-
tion. However, in the extreme cooling regime, we observe an
inverse relationship between the two variables, implying that
stronger advective cooling is increasingly less effective in
inducing cold SST anomalies. The nonlinearity can be attrib-
uted to variations in MLD (Fig. 13c). In the extreme cooling
regime, the ML deepens because of destratification at the base
of the ML caused by cooling. The deepening leads to larger
heat inertia making the effects of the ML heat advection less
effective in controlling the SST anomalies. This negative feed-
back explains why increasingly strong advective cooling does
not necessarily cause stronger cold SST anomalies. In the
extreme warming regime, the advective warming leads to
more stable stratification, shallower ML, and decreased ther-
mal inertia. This is positive feedback: the more intense the
warming is, the easier it is to warm the SST. The positive feed-
back can explain a greater rate of change in the extreme warm-
ing regime than in the intermediate regime. To support this
hypothesis, we analyzed variations in MLD and verified that
ML deepens with the cooling mesoscale advection and vice
versa. The Pearson correlation coefficient between the bin-
average ML tendency and mesoscale heat advection is —0.912.
A separate study will address the mesoscale MLD variability
in the Southern Ocean.

Since the turbulent heat flux damps the SST anomalies,
we also find a strong relationship between the mesoscale
advection and air-sea heat fluxes (Fig. 13b). The bin-aver-
aged turbulent heat fluxes are negatively correlated with

the advection, as shown in Table 3. The coupling coefficient
is —0.0028 and —0.0014 in the SC and WC case, respec-
tively, which shows that the coupling strength is about
twice as strong in the SC than that in the WC case. This is
the first study that directly links the oceanic advection and
air-sea heat exchanges at the oceanic mesoscale. This
advection-SST-heat flux relationship is results from the
ocean-driven mesoscale air-sea coupling in the Southern
Ocean.

To assess the robustness of our conclusions from the heat
budget analysis, we have also tried different time averaging
periods: 10 days, 20 days, 1 month, 2 months, and 3 months
for both mesoscale and zonal anomalies. The same conclu-
sions still hold true. For the mesoscale anomalies, the 1-month
average yields the best correlation between SST anomalies
and mesoscale advection, while 10- and 20-day averages show
lower correlation. For the zonal anomalies, the correlation
remains low for all averaging periods.

In summary, the mesoscale heat advection has a strong and
nearly linear relationship with SST anomalies in the SC case.
In contrast, SST anomalies in the WC case are less sensitive
to the mesoscale heat advection. The causation of SST anom-
alies can also be established by eliminating such processes as
diabatic heating and vertical diffusion, which both damp SST
anomalies. The nearly linear relationship depends on the
strength of the currents, as illustrated by the differences
between the SC and WC cases. The relationship is further
modulated by MLD, with a deepening (shoaling) ML increas-
ing (decreasing) the thermal inertia and weakening (enhanc-
ing) the SST-advection-heat flux relation.

¢. Role of Ekman heat advection

The heat advection is an important term in the ML heat
budget, especially in winter when the ML is deep. The
heat advection term is composed of two parts: the Ekman
advection that is locally forced by the wind, and the geo-
strophic and ageostrophic processes (intrinsic oceanic var-
iability), which exhibit strong mesoscale variability. The
ageostrophic variability is expected to be much weaker
than geostrophic part since the Rossby numbers in both
SC and WC domain are much smaller than 1. The Ekman
heat transport is expected to play a role in regions with
strong wind variability and SST gradients. Similar to Small
et al. (2020), the Ekman heat advection can be estimated as

G (n 3SST _ 8SST (18)

QEkman = 7 ay Ty sx |’
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where the temperature in the Ekman layer is assumed to be
equal to the SST. In this study, we decompose the total heat
advection into Ekman advection and intrinsic oceanic advec-
tion, with the intrinsic oceanic advection defined as the differ-
ence between the total advection and Qggma,. We find the
relative importance of Ekman and intrinsic oceanic advection
is modulated by the MLD, with the role of Ekman advection
being secondary to the intrinsic oceanic advection when MLD
is deep. In winter (Fig. 14), spring and fall, when the ML is
deep, the ML heating/cooling is primarily caused by the
intrinsic ocean variability. In summer (Fig. 15), when the ML
is the shallowest, the ML heating/cooling is caused by both
Ekman advection and intrinsic ocean variability. Besides, the
mesoscale wind stress is also stronger in winter than in sum-
mer, which further contributes to the seasonal variations.
These results hold true for both the SC and WC cases and can
be compared with previous studies by Buckley et al. (2015),
Tamsitt et al. (2016), and Small et al. (2020). Similar to our
conclusions about the winter balance, Small et al. (2020) con-
cluded that the Ekman advection plays a secondary role in
the heat budget compared to the geostrophic heat advection

in the western boundary regions and ACC, which means that
the SST variability comes mainly from intrinsic ocean dynam-
ics instead of atmospheric forcing in these regions with strong
currents. Buckley et al. (2015) made a similar conclusion about
the Gulf Stream region. Tamsitt et al. (2016) also found that, in
the Agulhas Return Current region, the ageostrophic advection
plays a smaller role than the geostrophic advection and surface
heat fluxes. Our study, however, found that the Ekman heat
advection is as important as the intrinsic ocean variability in
summer. These previous studies considered heat budgets over a
fixed depth and did not account for variations in MLD, which
explains the difference with our analysis and outlines the impor-
tance of MLD variations. For example, Small et al. (2020) ana-
lyzed the heat budget of the upper 50 and 400 m, while the
MLD in ROAM simulations is mostly less than 50 m in summer.

Another distinct feature of the summertime heat budget
is the tendency of the Ekman heat advection to compensate
for the geostrophic and ageostrophic advection. Because most
of the mesoscale wind anomalies are induced by the SST
anomalies in our study (Perlin et al. 2020), this compensation
can be interpreted as the negative feedback of the winds to
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FIG. 14. Relative importance of the geostrophic and Ekman advection in winter, in the (left) SC and (right) WC
cases: (a),(b) ML heating/cooling, (c),(d) ML-integrated intrinsic ocean advection (geostrophic and ageostrophic heat
advection; W m™2), and (e),(f) Ekman heat advection (W m™2). All fields are monthly mean of September 2016.

the intrinsic SST variability. Seo et al. (2016) concluded that
SST-induced Ekman pumping can be significant enough to affect
propagation of mesoscale eddies in the California Current Sys-
tem. Note, however, that the depth of the Ekman layer is com-
parable to the shallow summertime MLD in parts of our
domain, which complicates the quantitative comparison of the
Ekman advection and ML-integrated geostrophic and ageo-
strophic advection. That said, our overall assessment of the
Ekman heat advection is mostly consistent with Small et al.
(2020) in the Southern Ocean: Ekman advection plays a second-
ary part in most of the year, while the intrinsic oceanic variability
is what causes the heating and cooling of the upper ocean.

4. Summary and conclusions

This numerical study focuses on the role of mesoscale cur-
rents in the ML heat budget and air—sea thermal coupling.

The semi-idealized numerical simulations are carried out in
two different settings: the SC case with overall faster ocean
currents, stronger meridional temperature gradient and
higher eddy kinetic energy (EKE), and the WC case with
slower ocean currents, smaller meridional temperature gra-
dient and weaker mesoscale variability. We found that the
relationship between mesoscale heat advection and SST var-
iability is determined by the ocean current strength and var-
iations in MLD. At mesoscale, the ML heat advection is the
primary process that sustains SST anomalies in the regions
with strong currents. These anomalies, in turn, induce an
atmospheric response with thermal damping, and our results
demonstrate a nearly linear relationship between the advec-
tion and turbulent surface fluxes in the SC case. This rela-
tionship is significantly weaker in the WC case. Because the
mesoscale anomalies are defined with an explicit spatial
scale, they are most relevant to the eddies that are missing
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FIG. 15. Relative importance of the geostrophic and Ekman advection in summer, in the (left) SC and (right) WC
cases: (a),(b) ML heating/cooling, (c),(d) ML-integrated intrinsic ocean advection (geostrophic and ageostrophic heat
advection; W m~2), and (e),(f) Ekman heat advection (W m™2). All fields are monthly mean of February 2016.

in the standard (coarser) resolution models. The situation is
different for zonal anomalies. Although the zonal heat advec-
tion anomalies are important in the ML heating/cooling, the
relationship between the SST anomalies and heat advection is
not observed. This is likely to be explained by the fact that the
zonal SST anomalies largely consist of nearly stationary
meanders and correspond to a local balance between advec-
tion and diabatic heating/cooling. Despite the importance of
advection in the overall heat budget, the actual relationship
between the advection and SST can, therefore, be expected
to be weaker than in the case of transient mesoscale SST
anomalies.

The importance of MLD revealed by this study extends
beyond the thermal inertia, which modulates the effectiveness
of the surface heating/cooling in Tozuka and Cronin (2014)
and Tozuka et al. (2018). In our study, MLD also modulates
the dominance of the lateral heat advection, which controls

the ML heat budget wherever the ML is deep. For example,
the zonal-mean heat budget shows strong seasonality, mainly
due to drastic seasonal variability in the MLD. In the SC case,
the advection dominates the ML heat balance in winter, while
the diabatic heating term dominates in summer. In the WC
case, the relative importance of the advection increases in
winter, however, the diabatic heating term remains the big-
gest term throughout the year. The relative importance of the
residual term in the budget is larger in summer than in win-
ter, which is explained by tighter stratification and stronger
diffusion in summer. The scale analysis further confirms
that the mesoscale heat advection is more important than
the diabatic surface heating, except in summer when MLD
is very shallow.

As another manifestation of the importance of MLD, the
role of the Ekman heat advection is shown to be secondary to
intrinsic ocean variability in explaining mesoscale heating/
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cooling, except in summer when the ML is shallow. There-
fore, intrinsic ocean variability, rather than the wind forcing
and diabatic heating, is the most important process in the ML
heat budget and mesoscale SST variability. This assessment of
the relative importance of the mesoscale Ekman advection is
consistent with the conclusion of Small et al. (2020) in the
Southern Ocean. Although the localized Ekman advection
acts to reduce the SST variance in the Southern Ocean
(Larson et al. 2018), its overall effect on mesoscale SST var-
iability is not as significant as the effect of the intrinsic
ocean variability.

The idealized setting of the ocean component, with the same
topography in both the SC and WC cases, simplifies a direct com-
parison between the two regimes with different currents. The con-
clusions and scale analysis from this study can be expected to be
sufficiently generic and applicable to other regions of the ocean.
When interpreting the conclusions from this study, we should
keep in mind several sources of biases and uncertainties: 1) The
2-yr segment of the atmospheric forcing (used to force the atmo-
spheric model) does not represent the entire range of atmospheric
conditions, although we can reasonably expect our conclusions to
be qualitatively the same for other time periods. 2) The model is
a semi-idealized reentrant channel model that is designed to
mimic two distinct flow regimes, and it cannot represent the com-
plete dynamics of the real Southern Ocean. 3) The comparison
between wind-driven Ekman advection and intrinsic ocean vari-
ability has the caveat that the depth of the Ekman layer could be
different from the MLD. Specific conclusions from our semi-ide-
alized simulations will need validation with observations. Subsur-
face sampling of the ocean at short spatial scales are, however,
costly, which raises the value of model-based studies.
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