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Abstract Oceanic motions across meso-, submeso-, and turbulent scales play distinct roles in vertical heat
transport (VHT) between the ocean's surface and its interior. While it is commonly understood that during
summertime the enhanced stratification due to increased solar radiation typically results in an reduced upper-
ocean vertical exchange, our study reveals a significant upward VHT associated with submesoscale fronts
(<30 km) through high-resolution observations in the eddy-active South China Sea. The observation-based
VHT reaches ~100 W m™2 and extends to ~150 m deep at the fronts between eddies. Combined with
microstructure observations, this study demonstrates that mixing process can only partly offset the strong
upward VHT by inducing a downward heat flux of 0.5-10 W m™~2. Thus, the submesoscale-associated VHT is
effectively heating the subsurface layer. These findings offer a quantitative perspective on the scale-dependent
nature of VHT, with crucial implications for the climate system.

Plain Language Summary Understanding the upper-ocean heat budget is of great importance for
gaining insight into how oceanic processes modulate the climate system, yet vertical heat transport (VHT) by
submesoscale processes remains rarely studied using observations. Recently, scientists have identified the
potential importance of submesoscale instabilities to enhance upward VHT within the mixed layer. However,
the vertical pathways of heat from the ocean interior to the surface and the underlying mechanisms remain
unclear, largely due to the limitations in observing such small, fast scales. To elucidate these questions, we
conducted high-resolution (a horizontal resolution of ~0.6 km), synoptic in-situ observations targeted at
submesoscale phenomena near mesoscale eddies. Our study reveals substantial contributions of submesoscale
processes to upward VHT in the stratified subsurface layer. This causes a notable imbalance in VHT by
mesoscale, submesoscale, and mixing processes. These findings provide valuable insights for enhancing our
understanding of heat uptake in the ocean.

1. Introduction

The upper ocean heat budget directly influences the sea surface temperature and air-sea heat exchange, thereby
impacting the climate state (Griffies et al., 2015). The rate of ocean heat uptake relies on oceanic motions across a
broad range of scales from centimeters to kilometers (Ferrari & Wunsch, 2009; Klein & Lapeyre, 2009).
Mesoscale eddies in the ocean play a crucial role in both lateral (poleward) heat transport (e.g., Bryan, 1996; Dong
et al., 2014; Jayne & Marotzke, 2002), and vertical heat transport (VHT) (Griffies et al., 2015; Jing et al., 2020;
Klein et al., 2008; Li et al., 2021; Qu et al., 2022; Wolfe et al., 2008). These eddy activities are thought to drive a
substantial upward VHT to compensate the downward heat transport by large-scale wind-driven vertical circu-
lation and small-scale vertical diffusion (Griffies et al., 2015; Wunsch & Ferrari, 2004).

However, recent studies have suggested that submesoscale processes tend to be more effective in driving VHT,
both within and below the mixed layer (Cao & Jing, 2022; Fox-Kemper et al., 2008; Siegelman et al., 2020; Su
et al., 2018, 2020; Wang et al., 2022; Yang et al., 2021; Yu et al., 2019), as a consequence of enhanced vertical
flows typically ranging from 10 to 100 m day™". During the wintertime, submesoscale motions associated with
mixed-layer instabilities (Boccaletti et al., 2007) can drive extremely strong upward VHT (Su et al., 2018, 2020;
Yang et al., 2021). These submesoscale processes have been successfully parameterized in ocean models (Bodner
et al., 2023; Fox-Kemper et al., 2008, 2011). Yet, note that this mechanism operates primarily within the mixed
layer. In the summer when the mixed layer is shallow, submesoscale VHT is typically considered less significant
(Bodner et al., 2023; Callies et al., 2015; Dong et al., 2020; Su et al., 2020), but submesoscale fronts remain
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Figure 1. (a) Map showing the observation locations and sea level anomaly from AVISO on 19 May 2023. The black solid
lines delineate the routes of underwater towed TRIAXUS observations, while the triangles indicate the positions where
conductivity temperature depth and vertical microstructure profiler data were collected. (b) Sectional view of temperature
acquired through the TRIAXUS across the eddy (S1, S2, and S3) and at the fronts between eddies (F1-F7) over the upper
200 m. The observed temperature sections have a along-track resolution of approximately 0.6 km.

ubiquitous in the ocean interior, particularly in energetic regions such as the Kuroshio Extension, the Gulf Stream,
and the Antarctic Circumpolar Current (Ferrari, 2011). In these regions, subsurface frontogenesis associated with
the confluence of background flows can lead to the development of ageostrophic secondary circulation in
response to front intensification. This circulation pattern induces upwelling on the warmer side of the front and
downwelling on the colder side (Cao & Jing, 2022; Klein et al., 2008; Ramachandran et al., 2014), ultimately
resulting in a net upward VHT in the oceanic interior. Supporting this notion, Siegelman et al. (2020), using sea
seal data, demonstrated that deep-reaching submesocale fronts in the Antarctic Circumpolar Current can trigger a
transient upward VHT rate as high as 2000 W m~2 However, it is essential to note that this observation is not
quasi-synoptic, potentially introducing errors in diagnosing submesoscale processes. To date, in terms of limited
observational evidence, the relative importance of multi-scale processes in governing the vertical heat exchange
between the surface and the ocean interior remains an open question.

Using high-resolution observations targeted at submesoscale processes in the eddy-rich South China Sea during
the summer season, this study evaluates the VHT over the upper 200 m, mostly within the thermocline. The results
demonstrate that mesoscale and submesoscale processes can efficiently transport heat upward from the ocean
interior to the surface, continuously heating the surface in the eddy-rich region. It is found that there is a sig-
nificant imbalance in subsurface VHT associated with oceanic mesoscale, submesoscale, and mixing processes.
The enhanced upward VHT below the mixed layer is predominantly associated with the deep-reaching sub-
mesoscale fronts, and we also discuss the underlying dynamics responsible for the VHT.

2. Data and Methods
2.1. Data

From May 8-26, 2023, a field campaign was carried out according to the satellite altimeter data (AVISO, Figure
S3 in Supporting Information S1) to capture mesoscale and submesoscale features in the eddy-rich South China
Sea. We used an underwater towed vehicle TRIAXUS on board R/V SHIYANG6 (Figure 1a) to collect Conductivity
Temperature Depth (CTD) data across an anticyclonic eddy (Figures S1-S3 in Supporting Information S1, from
May 11 through May 14) and the fronts between eddies (F1-F7, from May 19 through May 20). The TRIAXUS,
performing saw-tooth shaped undulation down to 200 m, measured temperature, conductivity, and pressure, with
each cycle lasting approximately 5.5 min while crushing at a speed of ~6.5 knots (2 casts within ~1,100 m). As
demonstrated in Figure S4 in Supporting Information S1, the rapid survey within a few days can be regarded as
quasi-synoptic, minimizing errors caused by smearing and aliasing effects in low-speed observations such as
those by underwater gliders (Rudnick & Cole, 2011). So synopticity throughout the survey is crucial for diag-
nosing and analyzing submesoscale processes (Cutolo et al., 2022). The fast-sampling data along the ship track
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were interpolated onto a grid of 0.6 km in the along-track direction and a vertical grid of 0.2 m, thus resolving
most submesoscale features (Figure 1b). Error levels are estimated in the Supporting Information S1.

During the campaign, 23 CTD casts were collected using a Sea-Bird SBE 9 along the crossover lines within the
eddy (marked as triangles in Figure 1a). In conjunction with the CTD casts, a free-falling Rockland Scientific
vertical microstructure profiler (VMP-250) was used to measure turbulent kinetic energy dissipation rates (¢) over
the upper ocean. Microstructure data were processed using the routines provided by Rockland Scientific Inc.
(ODAS 4.4). It is worth noting that, on average, the mixed layer depth (MLD) was around 20 m. The MLD is
defined to be the shallowest depth where the density difference is 0.03 kg m™ from the surface layer (de Boyer
Montégut et al., 2004), so the processes studied here are mostly 2x to 10x below the mixed layer.

2.2. Methods

The 2D form of quasi-geostrophic (QG) omega equation (Hoskins et al., 1978) is employed to compute vertical
velocity w:

Nzwrr +f2sz = _z(urbr)r (1)

Here, N is the buoyancy frequency, f is the Coriolis frequency, subscripts r and z signify the derivatives in
horizontal and vertical directions respectively, and the symbol V,, signifies the horizontal gradient. u, represents
the strain field with u being the geostrophic flows calculated from SLA, and b, denotes the buoyancy gradient
(b = g(1 - p/py) normalized to front (using the SLA contours). Here, r is the cross-front direction (the along-front
gradient of buoyancy is negligible), g is the gravity, p is the density, and p, = 1,025 kg m™. In Equation 1, the
vertical velocity w is set to be zero at the boundaries and the variables in the observational gap below the surface
are also initially set to be zero (See Supporting Information S1 for the discussions on the assumptions and
boundaries for the Omega equation). Note that the diagnosed w may be inaccurate near the boundaries.

The VHT is defined as:
VHT = pC,w'T’, )

where C,, = 4007 J kg™' K™ is the specific heat capacity of sea water, and w' and 7" are the anomalies of vertical
velocity and temperature after removing the sectional mean, respectively. To compare the effects of mesoscale
and submesoscale processes on VHT, we classify the motions smaller than 30 km as submesoscale-dominated
processes (w,"and T,"). Applying a 30-km moving averge on w'and 7" and then substracting the average from the
original values to obtain submesoscale-dominated VHT; as follows,

VHT, = pC,w,'T’. 3)
Thus, the mesoscale-dominated component can be calculated by
VHT,, = VHT — VHT.. 4)
Turbulent heat flux, Fy;, can be estimated using the following expression:

oT
FH = _pCpK/)FZ (5)

Here, K, is the density diffusivity estimated using the Osborn (1980) equation, K, = I'e/ N2, where T is the
mixing coefficient set as 0.2 (Gregg et al., 2018). Positive (negative) values denote upward (downword) heat flux.
3. Results

3.1. Vertical Velocity, Temperature Anomaly, and VHT

Disregarding the influence of large-scale vertical velocity and taking the diagnosed vertical velocity to be
dominated by the anomaly, we have w' = w. For the eddy case, the representative section S3 was selected since it
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Figure 2. Vertical section of (a) diagnosed vertical velocity w derived from the quasi-geostrophic Omega Equation 1,

(c) temperature anomaly (T") from observations, and (e) vertical heat transport (VHT) along the cross-eddy section (marked
as S3 in Figure 1b). The black solid lines indicate the isopycnals. The root-mean-square values of (b) w and (d) T" as a
function of depth. (f) Averaged VHT, with the bracket indicating the sectional average.

cleanly intersected the target eddy. As shown in Figure 2a, the diagnosed vertical velocity over the upper 200 m
exhibits a limited range between 10 m day ™. This behavior is likely due to the relatively weak strain rate within
the mesoscale eddy, despite the significant buoyancy gradients (Figure S5a in Supporting Information S1). The
temperature along this section displays a prominent anomaly within the range of +2°C (Figure 2c), with both
mesoscale and submesoscale signatures. The root-mean-square (RMS) value of T' decreases rapidly below 150 m,
suggesting that the dominant dynamics primarily operate within the upper 200 m. Notably, a distinct subsurface
eddy core with a length scale of approximately 100 km, highlighted by a magenta rectangle, was observed be-
tween isopycnals of 22 and 24 kg m™>. At the base of the eddy core, a prominent peak of upward VHT reaches
1000 W m~2 (Figure 2e), as a consequence of enhanced w' and T' with the same sign, in this case warm water
moving upward. The large w' could be ascribed to the weak stratification (small N) in the core (Figure S5b in
Supporting Information S1). Thus, although the VHT is well below the surface mixed layer it is nearby a low-
stratification anomaly. Given the observed substantial T' there (Figure 2c), the VHT becomes extremely large
at the base of the eddy core. We suppose that this remarkable VHT would persist through out the life cycle of the
eddy core. Across the entire observational transect, the positive VHT values substantially outweigh the negative
values, culminating in a net upward VHT over the upper 200 m (Figure 2f) and indicating a release of potential
energy (Fox-Kemper et al., 2008), which is consistent with both frontogenesis and baroclinic instability
(McWilliams, 2016). The consistent upward VHT is unlikely dominated by errors from internal wave or in-
strument noise contamination.

Figure 3 presents the characteristics of vertical velocity, temperature anomaly, and VHT across the fronts F1-F7.
Unlike Section S3, F1-F7 consists of seven cross-front sections created as the vessel traversed the fronts, as shown
in Figure 1. Remarkably, at these fronts, the vertical velocity displays much larger magnitudes compared to those
within the eddy (Figure 3b in comparison to Figure 2b). Along each section, we observed an alternating pattern of
positive and negative w, which resembles a characteristic of frontogenesis known as ageostrophic motions at the
fronts (Esposito et al., 2023; Hoskins et al., 1978). Although the T'
S3 (Figure 3d compared to Figure 2d), a clear frontal pattern along with smaller-scale features is present in each

at the fronts tends to be smaller than that of
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Figure 3. Same as Figure 2 but for cross-front sections F1-F7.

sub-section (Figure 3c), similar to the buoyancy gradient plot (Figure S5c in Supporting Information S1). This
implies the possible frontogenesis across the scales, inducing ageostrophic motions with enhanced vertical ve-
locity. The frontal section displays robust upward VHT, with local amplitudes strikingly reaching up to
1000 W m~2 (Figure 3e). Consequently, the averaged VHT is directed upward and reaches a magnitude exceeding
100 W m™ before gradually decreasing below 150 m. The satellite data suggest that persistence of these fronts
throughout the observation period and potentially even longer—that is, the substantial upward VHT at these
fronts are not transient processes but rather as enduring phenomena, as long as the mesoscale strain persists. The
upward VHT can also be explained by the correlation between vertical velocity and temperature anomalies,
especially at the fronts when closer to the surface but still well below the mixed layer (Figure S6 in Supporting
Information S1).

3.2. Turbulent Mixing and Associated Heat Flux

Dissipative processes at finer scales would also contribute to the VHT, which was investigated using the observed
turbulent kinetic energy dissipation rates (¢). By assuming the same diffusivity for heat and density in fully
developed turbulence, we can estimate turbulent heat flux by Equation 5. Here the VMP casts were categorized
into two groups: those conducted within the eddy and those performed at the fronts, so as to compare the turbulent
mixing and the associated heat flux in these two regions. As illustrated in Figure 4, e reach magnitudes of up to
1 x 107° W kg™ ! at the near surface layer and quickly decrease to 1 X 107" to 1 X 10™% W kg™' below 25 m (the
base of the mixed layer). On average, the ¢ within the eddy tend to be approximately 3—8 times greater than those
at the fronts over the upper 50 m (Figure 4c). Within deeper layers the two regions exhibit similar ¢ levels.
Notably, the subsurface fronts do not markedly elevate local dissipation rates within the stratified layer, differing
from the pattern observed within the mixed layer (Dong et al., 2022; Yang et al., 2017). The similar trends are
discerned in the vertical distribution of diffusivity and turbulent heat flux (Figures 4f and 4i). In summary,
turbulent mixing in the ocean interior accounts for a limited downward heat flux ranging from 0.5 to 10 W m™>
(Figure 4i), which is insufficient to offset the locally strong upward heat flux associated with mesoscale and
submesoscale processes (Figure 5). This implies that the strong upward VHT at the fronts can effectively heat the
subsurface, potentially leading to increased stratification (Figure S5d in Supporting Information S1). This
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Figure 4. Observed turbulent kinetic energy dissipation rates (¢) from the casts (a) at the fronts and (b) within the eddy. The
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(h) within the eddy. (¢, f, and i) Present a comparision of averaged ¢, K ,, and turbulent heat flux in these two regions. The
turbulent heat flux is directed downward with negative values.
enhanced stratification may act as a feedback mechanism to restrain vertical mixing, as evidenced by the weaker ¢
at the front in the observations.
3.3. Mesoscale VS Submesoscale VHT
To compare the relative contributions of mesoscale and submesoscale processes on VHT, we utilized spectral
analysis to estimate the spectral VHT by calculating the cospectrum of vertical velocity and temperature anomaliy
(Su et al., 2020). This approach, as demonstrated in previous studies (e.g., Cao et al., 2021, 2023; Torres
et al., 2018), can effectively identify dominant length scales of motions and their respective contributions. Given
that temperature serves as a tracer and vertical velocity acts as an independent variable in horizontal scales, their
cospectrum represents the VHT as a function of scale (pvaTz7 T *, where *indicates the complex conjugate).
Concerning the limited length of the sections, we applied a periodic boundary condition during spectral analysis
to mitigate the Gibbs effects. Figures 5a and Sc illustrate the spectral variances as a function of length scales
(wavenumber) in the upper 200 m, which are mostly positive. At the fronts, submesoscale contributions (<30 km)
to VHT are remarkable at all depths (Figure 5a), resulting in a strong net upward VHT exceeding 100 W m™>
CAO ET AL. 6 of 9
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a 150 Meso VHT associated with mixed-layer submesoscale dynamics (Fox-Kemper &
—;‘i’)‘(’i:‘:“ d Ferrari, 2008; Su et al., 2018), it is an order of magnitude larger than the
-200 T contribution from mesoscale eddies alone, which are traditionally considered
«100 g 199 as the main driver of upward VHT within the stratified interior (Wolfe
Scale (km)

et al., 2008). This value is also comparable to, or even larger than, the
climatological net air—sea heat fluxes in this region (Large & Yeager, 2009).
Although the observations only provide a snapshot of the enhanced VHT, as
mentioned above, both mesoscale eddies and the fronts between eddies would
persist over extended durations (weeks to months), as indicated by sea level
anomalies of satellite altimetry. These results highlight a potential coherent
pathway that links the ocean interior and the atmosphere, and this may be an
ubiquitous phenomenon in eddy-riched oceans.

4. Conclusions and Discussions

This study employed high-resolution observations targeting mesoscale eddies and fronts between eddies to
investigate the VHT in the subsurface layer. This direct observational evidence for vertical transport pathways
between the ocean surface and interior results from advancements in fast-sampling technology of TRIAXUS,
capable of capturing submesoscale signatures in the eddy-active South China Sea. Despite observational limi-
tations, approximations, and assumptions (particularly in estimating vertical velocity), our observation-based
results allow for a comparison of VHT associated with meso-, submeso-, and turbulent processes, respec-
tively. Notably, this study highlights the significant role of the deep-reaching fronts between eddies in driving
consistent upward VHT, which reaches up to 100 W m™2. The VHT here is through frontogenesis processes,
which tend to transport heat vertically, but along tilted isopycnals rather than through diapycnal mixing. Also, this
high upward VHT can not be compensated by local mixing and plays a pivotal role in heating the subsurface.
These findings challenge the conventional belief that enhanced stratification eliminates surface-to-depth ex-
change and decouples surface and subsurface waters (Rosso et al., 2014; Sallée et al., 2021), although the sub-
surface vertical mixing tends to be restrained due to the stratification enhancement by upward VHT.

Our results emphasize the need to consider small-scale physics not only within the ocean surface mixed layer but
also below it, when assessing oceanic heat uptake. In the moderate strain field, the strain-induced lateral buoyancy
gradients and frontal dynamics in the subsurface layer emerge as the primary mechanism for upward VHT,
crucially accounting for the vertical exchange between the ocean surface and interior. An assessment of the non-
dimensional Ertel potential vorticity (¢ = 1 + Ro — Ri~") suggests that these processes are not predominately
linked to small-scale instabilities (e.g., centrifugal-symmetric instabilities, which could trigger turbulent mixing;
see Figure S7 in Supporting Information S1). Note that, currently, there has not been an adequate parameteri-
zation for these upward VHT in the subsurface. Inaccurate representation of such physics could significantly
underestimate the VHT imbalance in the upper ocean (Siegelman et al., 2020).
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The most significant uncertainties arise from the possible contamination by the internal wave motions during the
estimates, although no clear wave-induced signal is observed in the VHT plots, and on average they did not
contribute to net VHT (Siegelman, 2020; Wang et al., 2022). If VHT is predominantly influenced by internal
wave motions, little distinction would be seen between the eddy and front cases. The vertical transport of passive
and biological tracers may be associated with submesoscale along-isopycnal stirring through both frontogenesis
and small-scale instabilities (Cao et al., 2024). Further observations and insightful analyses, alongside numerical
modeling, are imperative for a comprehensive understanding of the underlying dynamics. The enhanced vertical
transport associated with these submeso- and smaller-scale processes holds significant implications for improving
our understanding of climate and biogeochemical systems.
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