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Highlights

What are the main findings?

¢ Satellite observations confirm the control of large-scale wind speed and atmospheric
stability on mesoscale SST-wind coupling.

* Observations reveal a more linear relationship between wind divergence and SST gradi-
ents and a more consistent dependence of the coupling on environmental conditions com-
pared to reanalysis data, which show stronger nonlinearities and regional differences.

What is the implication of the main finding?

¢ In addition to large-scale wind and atmospheric stability, boundary layer height and the
spatial scale of the SST features play a major role in modulating the coupling intensity.

* Reanalysis data show important limitations in their representation of SST-wind coupling
in stable conditions, likely due to an overestimation of boundary layer depth.

Abstract

Sea surface temperature (S5T) gradients modulate surface wind variability at the mesoscale
O(100 km), with relevant impacts on surface fluxes, rainfall, cloudiness and storms. The
dependence of the SST-wind coupling mechanisms on physical environmental conditions
has been proven using global ERA5 reanalysis data, regional observations and models.
However, recent literature calls for the need of an observational confirmation to overcome
the limitations of numerical simulations in representing such turbulent processes. Here, we
employ O(10 km) MetOp A observations of surface wind and SST to verify the dependence
of the downward momentum mixing (DMM) mechanism on large-scale wind U and
atmospheric stability. We propose a simple empirical model describing how the coupling
intensity varies as a function of U, where we account for the role of the characteristic SST
length scale LSST and the boundary layer height h in determining the balance between
the advective and response timescales, and therefore the decoupling of the atmospheric
response from the SST forcing due to advection. Fitting such a model to the observations, we
retrieve a scaling with U that depends on the atmospheric stability, in agreement with the
literature. The physical interpretation from ERA5 is confirmed, albeit relevant discrepancies
emerge in stable regimes and specific regional contexts. This suggests that global numerical
models are not able to properly reproduce the coupling in certain conditions, which might
have important implications for air-sea fluxes.

Keywords: space-borne Earth observations; air-sea interactions; mesoscale; numerical
models; scatterometers; radiometers; ASCAT;, AVHRR; MetOp; ERA5; reanalysis;
atmospheric instability; large-scale wind; downward momentum mixing
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1. Introduction

Air-sea interactions play a crucial role in the transfer of heat, moisture, and momentum
at the ocean-atmosphere interface. In the 1990s, monthly estimates of surface heat fluxes
at 1° x 1° resolution from optical and infrared observations of clouds and microwave
radiometers showed surface wind is one of the major regulators of sea surface temperature
(SST) due to its role in enhancing evaporative cooling and mixing with subsurface waters [1].
These findings confirmed the leading role of the atmospheric wind in driving the ocean
temperature variability at the basin scale, i.e., at scales larger than 1000 km [2].

In the last two decades, the availability of high-resolution O(10) km scatterometer,
radiometer and O(100) m SAR satellite observations has given a strong impulse to the study
of air-sea interactions at smaller scales. Since then, relevant fine-scale interactions between
the ocean mixed layer, the marine atmospheric boundary layer (MABL), and the free tropo-
sphere have been observed or investigated with numerical models [2-5]. Fine-scale analyses
show a predominant role of the ocean features in driving the atmospheric variability [6]. At
the oceanic mesoscales, corresponding to horizontal scales of O(100-1000) km and weekly
to monthly timescales, SST fronts, eddies, and oceanic currents have been observed to
induce a tropospheric response with important weather and climate impacts (e.g., [3,7,8]).
Studies conducted over regions with strong persistent SST gradients, such as western
boundary currents, highlight a strong climatological response of tropospheric wind, clouds
and rainfall to sharp SST fronts [9-11], while oceanic eddies contribute substantially to the
net heat exchange between the atmosphere and the ocean [12-14]. Strong SST gradients
also play an important role in storm development and intensification at daily scales [15,16].
Simulations and observations of air-sea interactions at the submesoscales O(1-100) km sug-
gest a behaviour similar to that observed at the mesoscales [17-19] with notable differences
related to the entanglement of different processes [20] and their strengths [21]. In particular,
the systematic assessment of the intensity of such interactions and their feedback on larger
scales is an active area of research [22].

Mesoscale air-sea interactions encompass various processes, usually divided into
thermal (TFBs) and current (CFBs) feedbacks, which describe the influence of SST and
ocean currents on the MABL. In the case of CFBs, the relative motion between the sur-
face wind and the current generates a wind stress anomaly, increasing the momentum
transfer from the ocean to the atmosphere [23,24]. As a main consequence, this mecha-
nism acts as an “eddy killer”, with relevant effects on the kinetic energy repartition in the
ocean. Mesoscale currents, being mostly geostrophic, do not exhibit a relevant divergence,
and therefore they only induce a response in surface wind curl, allowing for a decoupling
from TFBs acting on surface wind divergence [25].

Within TFBs, the main mechanisms explaining wind-SST coupling are downward
momentum mixing (DMM) [26,27] and pressure adjustment (PA) [28]. DMM consists
of an increased transport of momentum from the free troposphere to the surface due to
enhanced mixing when passing from colder to warmer SST. This atmospheric mixing is
enhanced by the increasing heat turbulent fluxes in the transition, resulting in the deepening
of the MABL due to the entrainment of free tropospheric air, which results in higher surface
wind and a weaker wind at the MABL top [29]. According to the PA mechanism, a negative
(positive) surface pressure anomaly develops over a warm (cold) SST anomaly due to the
increased (decreased) sensible heat flux. The related pressure gradient induces a secondary
circulation exhibiting surface wind convergence (divergence) over the SST anomaly. The
intensity of the TFB mechanisms is usually measured with coupling coefficients, which are
the linear slope of the binned scatterplot of relevant fields. For instance, for DMM, the SST
gradient and the surface wind divergence are considered, whereas for PA the SST Laplacian
and the surface wind divergence are analysed [2,3,7,30,31].
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Studies comparing SST-wind coupling coefficients from satellite observations and from
high-resolution numerical simulations show large discrepancies, both for atmospheric [25,32]
and for ocean-atmosphere coupled models [33]. This can be related to the parametrisation
of unresolved processes, as demonstrated by the dependence of the coupling coefficients on
the choice of the MABL turbulent scheme [34,35], and indicates that models still struggle
in properly representing air—sea interactions, possibly influencing long-standing biases
in global models [36]. The analysis of air—sea interactions from observational data is thus
useful both to characterise the processes at play and to guide the development of revised
numerical schemes.

Instantaneous and daily scatterometer and radiometer observations have shown
a significantly larger value of DMM coupling coefficient with respect to that obtained from
multi-annual and monthly data over the Gulf Stream [3,7,37]. Similar results have been
found both at the mesoscale and at the submesoscale, and they suggest that SST-wind
coupling is active at very short, sub-daily timescales [17,18,38].

Regional factors also play a role in modulating the coupling intensity via different
environmental properties [7,39,40], where the term “environmental” refers to the physical
conditions of the atmosphere in the surroundings. For example, the coupling strength has
been shown to depend on the scale of motion and on the Rossby number, as they directly
affect the advective timescale and the characteristic length of the SST features [41].

Large-scale wind speed and atmospheric stability are also important drivers of daily
DMM and PA coupling intensity [40]. In addition to its contribution to advection, large-
scale wind is related to the free tropospheric wind, which powers DMM, while atmospheric
stability regulates the development of the vertical motion, which plays a key role in
both DMM and PA [39-41]. These relationships have been described starting from the
analysis of numerical simulations and of global reanalysis data that present systematic
biases in surface wind compared to scatterometer observations [36,42—44] and in MABL
humidity, temperature and surface heat fluxes [18,45-47]. The role of the large-scale wind
in modulating the coupling of the wind stress to the SST (and its differences with respect
to the coupling of the wind field to the SST) has been highlighted from satellite data only
at monthly time scales [48]. A corresponding analysis at daily and sub-daily scales based
on remote sensing data, which is still missing, would shed new light on this fast physical
air—sea interaction.

Here, our objective is twofold: (1) to provide a global observational assessment of the
environmental control of large-scale wind and atmospheric instability on the intensity of
the DMM coupling following Desbiolles et al. (2023) [40], and (2) to verify how much of
the physical interpretation based on the reanalysis and the observational global datasets
translates at the regional level, and which additional factors could be responsible for
uncaptured variability of the DMM coupling emerging in regional contexts. Section 2
describes the data and methods used, while results are presented in Section 3. Section 4 is
devoted to a final discussion.

2. Materials and Methods
2.1. Datasets

The observational analysis covers the period between January 2020 and October 2021,
employing satellite data from the MetOp-A platform. SST data come from the Advanced
Very High Resolution Radiometer (AVHRR) instrument onboard of MetOp-A, distributed
as part of the ESA-CCI dataset. In particular, we make use of the L3C (Level 3 Collated)
product v2.1 obtained from the Copernicus Climate Change Service (C3S) Climate Data
Store (CDS) platform [49]. It consists of instantaneous skin SST observations provided
as global maps, collecting all orbits on a 0.05° latitude-longitude regular grid, separated
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between night-time and day-time acquisitions. The data are not available in the presence of
sea ice and clouds, which strongly reduce the coverage in regions with high cloud cover
and polar regions. Quality flags are attributed to the data representing their reliability
depending on the known causes of uncertainties in the processing, such as dust and thin
clouds. Following Merchant et al. (2019) [50], all data with a quality flag of 3 or higher are
considered reliable for the computation of gradients for our analyses.

Surface wind observations consist of 10 m equivalent neutral wind estimates of the L2
coastal product derived from the MetOp-A Advanced Scatterometer (ASCAT) Climate Data
Record (CDR) dataset [51]. They are available on the NASA JPL-PODAAC platform in the
format of single orbit files containing instantaneous observations of the two 550 km swaths
on a 12.5 km irregular grid, following the satellite track projection on the surface. The data
are also quality-flagged based on their reliability, with rainfall and extremely low or high
values of wind speed as the main known sources of uncertainty. We remove all the points
with high uncertainty (quality flag higher than 10°) to ensure the reliability of the analysis.

Atmospheric stability is here defined using air—sea temperature difference (T,;, — SST)
as a proxy [40,52], given that it regulates surface heat fluxes and therefore the buoyancy flux
and air-column stability. Clearly, other factors such as moisture and subsidence influence
stability but will not be considered here. Negative (positive) values of air-sea temperature
differences correspond to a warm (cold) ocean heating (cooling) the overlying atmosphere,
favouring (inhibiting) vertical transport due to the enhanced (reduced) surface buoyancy.
At present, no satellite observations of surface air temperature provide adequate spatial
coverage and resolution to be collocated with MetOp data used to compute mesoscale
SST forcing and surface wind response. Consequently, to estimate the air-sea temperature
difference, we employ hourly ERA5 data for 2 m air temperature and SST. ERA5 is a global
reanalysis describing the atmosphere, land surface and ocean surface produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF) and distributed through
the CDS portal [46]. The data are on a regular grid at 0.25° horizontal spacing and hourly
frequency. ERA5 provides estimates of atmospheric, ocean-wave and land-surface variables,
while the foundation SST field is prescribed as a boundary condition, and it is obtained from
the HadISST and OSTIA L4 products with a daily update frequency [53,54]. The model also
assimilates a wide set of satellite and in-situ observations, making it a reference dataset for
atmospheric physics studies. In the observational analysis, using two distinct SST products
is necessary to prevent inconsistencies between SST and wind fine-scale variability in
MetOp instantaneous observations, as well as between SST and air temperature estimates in
the calculation T,;, — SST from ERA5. Furthermore, we expect ERA5 to accurately represent
large-scale atmospheric conditions, aligning well with its intended role in the analysis.

From ERAS5, we also take daily fields of 10m wind, foundation SST, and 2 m air
temperature to reproduce the analyses from Desbiolles et al. (2023) [40] in the time window
between January 2000 and December 2021.

2.2. Data Analysis and Coupling Metrics

We aim to compute the DMM coupling coefficients as a function of the large-scale
wind and the air stability defined as the air—sea temperature difference. To do so, a few
pre-processing steps are needed. In the observational dataset, following the methodology
of Meroni et al. (2023) [37], SST data are smoothed through a Gaussian filter with a standard
deviation of 10 km to reduce the noise and remove the fine-scale variability that is not
captured by the wind product, being it on a coarser grid. Wind data are interpolated on
the finer SST regular grid using a bilinear interpolation. This is meant to preserve the full
range of variability of SST gradients and has the effect of repeating wind divergence values
over contiguous pixels. A 50 km coastal mask is applied to all datasets to remove coastal
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effects such as land-sea breeze and orographic effects, and to ensure the scatterometer
observations are not affected by land scattering.

An isotropic Gaussian low-pass filter is then applied to the surface wind field i to
estimate its large-scale component U and, from that, the mesoscale anomaly w =i —U.
This anomaly can be decomposed on a local Cartesian frame of reference {7,5}, with 7
being the along-U direction and § the across-U direction (positive at 90° counterclockwise
to 7), so that

wW=ul-p+ul-s, 1)

as in [55].

The standard deviation of the Gaussian filter ¢ is defined differently depending on the
wind field product considered. For ERA5 wind, o = 450 km, which provides a smoothing
comparable to the 1000 km Lanczos filter used in Desbiolles et al. (2023) [40]. For ASCAT
wind, instead, ¢ = 50 km, as in Meroni et al. (2022, 2023) [37,55]. Sensitivity analyses
for o applied to both wind products (¢ = 225 km for ERA5 and ¢ = 450 km for ASCAT)
indicate that results have a negligible dependence on it, for reasons that are discussed later
in the manuscript.

From the SST and u,, fields, centred finite-difference spatial derivatives are computed
to obtain the along-wind SST gradient dSST/dr and the along-wind divergence ou,/or.
Following Meroni et al. (2023) [37], the DMM coupling coefficient apprps is defined as the
slope of the linear regression between these two fields, as in

ou’ dSST
airf = &DMM * “or (2)

As most of the SST gradients fall into a narrow interval corresponding to weak SST
gradients, in fact sharp SST features are rare across the ocean, a weighted linear regression
is applied to the uniformly binned SST gradient distribution. We define 20 bins of dSST/or
and for each of them we compute the mean SST gradient, the mean wind divergence, and its
standard error (defined as the ratio between the standard deviation and the square root of
the number of values in the bin). The standard error is used as a weight in the least-square
linear regression, as in “Numerical Recipes”, Equation (15.2.6) [56]. The uncertainty of each
coupling coefficient is estimated through the square root of slope variance according to
“Numerical Recipes”, Equation (15.2.9) [56]. To increase the robustness of the regression,
bins containing fewer than 100 points are excluded, and we avoid computing the regression
if more than 50% of the bins are rejected in this way. This approach serves three purposes.
First, uniform bins give equal relevance to the whole range of SST gradients, reducing
the bias induced by the distribution of the population. Second, the systematic loss in the
representation of extreme SST gradients, which occurs as the population decreases under
extreme environmental conditions, is addressed not by adapting the uniform binning to
the reduced range, but by progressively discarding those fixed bins that are insufficiently
populated. This step ensures that, by maintaining fixed bins, the linear regression is always
performed over a consistent sampling of SST gradients, thereby guaranteeing compara-
bility across different regressions. Third, the regression emphasises the most reliable bins
by weighting according to their uncertainty, reducing the potential bias introduced by
comparing bins with different populations. Furthermore, cases where the coefficient of
determination (R?) of the least-squares regression falls below 0.8 are also discarded. This
eliminates cases that would make the estimate of the coupling coefficients unreliable, such
as cases where the slope shifts sign between positive and negative SST gradients. For
each region and product, a different binning of the SST gradient distribution is defined to
cover its full range. This is needed because we compare subsets with very different ranges
of SST gradients, partially due to the presence or absence of sharp SST features (e.g., in
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western boundary currents), and partially because of the variability of the Rossby radius of
deformation with latitude, which may indirectly affect the SST gradient strength.

The methodology described above is used to compute coupling coefficients over sub-
sets of data grouped by the values of their large-scale conditions. Classes of large-scale
wind speed U range from 0 m/s to 24 m/s, with a sampling frequency of 2 m/s, while
classes of air stability T,; — SST range from —16 K to 6 K, sampled every 2 K. As the
statistics of the environmental conditions and of the SST gradients are not uniform across
regions, environmental classes which are poorly populated in certain regions (e.g., strongly
unstable conditions in the Tropics) do not allow us to estimate their corresponding cou-
pling coefficients.

We tested the methodologies of Meroni et al. (2023) [37] and Desbiolles et al. (2023) [40]
against the methodology proposed here to evaluate its potential biases. The tests showed
that the exact value of the coupling coefficient is sensitive to the precise methodology used
to compute it (we obtained values 30% smaller than the one in Meroni et al. (2023) [37],
and 40% larger than in Desbiolles et al. (2023) [40]), but the dependence on environmental
conditions is not affected.

2.3. Regions of Interest

Regional analyses are carried out over the regions reported in Figure 1. Mid-latitude
regions, namely the Gulf Stream, the Agulhas Current (including both the Retroflection
and Return Current), the Malvinas-Brasilian Confluence (BMC) region, and the Kuroshio
Current, are defined as in O’Neill et al. (2012) [48], and their boundaries are reported in Table
S1 in the Supplementary Materials. These regions are rich in mesoscale SST features and
present very sharp SST gradients, in the order of 1 K/10 km, which generate strong feedback
mechanisms [8,57-59]. They are characterised by strong westerly winds and a wide range of
atmospheric stability conditions, varying from marginally stable (T;, — SST ~ 5 K) to very
unstable (T,;, — SST ~ —20 K). Strong instability often develops during the cold season,
when cold air outbreaks (CAOs) bring cold air masses from the continental plains over the
Gulf Stream and the Kuroshio current [60]. Tropical areas, such as the EUREC*A region
near Barbados (where the EUREC*A, ElUcidating the RolE of Cloud-Circulation Coupling
in ClimAte, field campaign took place) [61] and the Benguela current along the coasts of
Namibia and Angola, present mostly marginally unstable to marginally stable conditions
(Tair — SST € [-5K; 3 K]), with weaker winds and milder SST gradients.

Regional Domains and S5Tggas, 2020-09-01

305
et
60N B o . / . _ - 0
] TSR TERERE | emeet o CANEWH W, o 205
b J
| =3 Gulf Stream =
0° - =3 Agulhas Current 230 E
i =3 BMC region )
oo K Kuroshio Current . g J ; ] :
30°S f ==Y EURECAA Region 285
1 Benguela Current *
R — — —————— e e ————— e 280
275

180°W 150°W 120°W 90°W 60°W  30°W 0° 30°E  60°E  90°E 120°E 150°E 180°E

Figure 1. Domains for regional analysis and SST field on the 1 September 2020 from ERA5 (in the
background). Yellow dashed lines highlight the boundaries of the global domain (between —60° and
60° latitude).
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Global analyses are also performed, employing data between —60° and 60° lati-
tudes to reduce the impact of sea ice and ensure the comparability with Desbiolles et al.
(2023) [40].

3. Results
3.1. Global Analysis of Coupling Dependence on Environmental Conditions

Global reanalysis data and regional observations have highlighted the dependence
of the DMM coupling coefficients on environmental conditions such as large-scale wind
speed, atmospheric instability and Rossby number [40,41]. Here, we present a framework
to interpret those dependencies; we investigate if the same results are confirmed by global
observations and if any discrepancy from the global analyses emerges at the regional
level for both observational and reanalysis data. During this process, we do not aim to
compare observations and reanalysis data in terms of the absolute values of their coupling
coefficients, as we know that they are influenced by existing structural and methodological
differences between the two products. Instead, we verify if any discrepancy emerges in the
shape of the dependency of the coupling intensity on the environmental conditions.

First, we focus on the influence of U on the DMM mechanism, which shows, both for
the observational and for the reanalysis datasets, an initial increase in coupling intensity fol-
lowed by a peak and a subsequent decrease at larger U (Figure 2a). For ERA5, the decrease
is barely visible for wind speeds exceeding 13 m/s due to the scarcity of strong winds
in the reanalysis dataset. Indeed, when relaxing the condition on the minimum number
of SST gradient bins from 50% to 40% of their total, a value of apppr = 0.22 ms 1K 1is
found for U = 17 m/s, thereby confirming its decreasing trend for stronger winds (see
Supplementary Material, Figure S1).

Environmental Control on DMM Coupling - Global

0.35 0.35
a
0.30 0.30
T 0.25 0.25
X
7 0.20 0.20
(2]
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— 0.00 0.00
> 101 ¢ 107,
G 1072
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o 0 20 ;lé)l ' -5 0 abl 5
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—— MetOp-Global -4-: ERAS - Global

Figure 2. DMM coupling coefficient apprps as a function of large-scale surface wind speed
U (a) and air—sea temperature difference T,;, — SST (b) from global MetOp observations (full line)
and ERAS data (dash line), with the corresponding density distributions (c,d) in log-scale.

To interpret the existence of a maximum in coupling coefficient for an intermediate
large scale wind speed, we consider that the atmospheric response to underlying SST
patterns is controlled by the ratio between two timescales [40]: the advective timescale
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Tadv = LS*JTI (3)
where Lggt is a representative length scale of the SST feature, and the time scale of the
DMM response

Tres < h, 4)

considered to be proportional to the boundary layer height i. Whenever the response
time scale is short compared to the advective time scale, the imprint of the SST patterns
will manifest in the near-surface winds. Conversely, for long T, compared to T,4,, the
boundary layer properties will not have the time to fully adjust to the underlying SST
before the air moves away from the SST feature, and the response will be weak. In relation
to the environmental conditions introduced above, we note that the boundary layer height
depends on air column stability and on wind speed [8,62,63], and that the spatial scale of
the SST structures is related to the Rossby number.

To discuss the dependence of the coupling coefficient ppsp solely on the large-scale
wind U, as shown in Figure 2a, we assume, as a first approximation, that / is independent
of U, and therefore we can treat 7,5 as constant. At low U, the advective timescale is large,
resulting in T,es < T,4,. For increasing large-scale wind U, we postulate that also the free-
tropospheric wind increases. Thus, the enhanced mixing over warm SST accelerates the
surface flow more, hence increasing the atmospheric response at the surface and resulting
in appm growing with U. At high enough U, however, 705 >> 7,4, meaning that the lower
atmosphere does not fully adjust to the SST forcing feature before being advected beyond it,
leading to a weaker coupling. Peak coupling coefficients are hence obtained for Tyes ~ T,4,,
and the corresponding surface wind speed is

st ©

upeak & h

In Figure 2a, Upeqy is smaller for MetOp than for ERA5. According to Equation (5), we
argue that this is because SST features in MetOp observations exhibit sharper gradients
than in ERA5 [45]. The finer SST features observed by MetOp lead to smaller Lgg than
those present in reanalysis, and thus resulting in a smaller U

In terms of air stability, measured by T,; — SST, Figure 2b shows that for both datasets
the largest coupling coefficient is obtained for neutral or marginally stable conditions
(T,ir — SST € [-1K, 3K]). As discussed in Desbiolles et al. (2023) [40], this is related to
the fact that the near-surface warming induced by SST features is too weak to destabilise
the air column in conditions of strong stability (large positive T,;, — SST) or provide
a relevant contribution to the ongoing mixing occurring in unstable conditions (large
negative T,;, — SST). The peak in the wind response to underlying SST features is thus
obtained for values of T,;, — SST close to zero.

Despite the overall agreement between the sensitivity of the coupling coefficients
on air-sea temperature difference obtained with observational and reanalysis data,
a key difference between the two datasets emerges under marginally stable conditions
(Tair — SST > 1 K): while observations indicate a strong coupling, reanalysis displays
a large drop in coupling intensity. We interpret the strong coupling in MetOp for marginally
stable conditions to be related to the shallow boundary layer that is characteristic of night-
time conditions and upwelling regions: SST structures manifest in large changes in at-
mospheric properties, given the small air mass present in the boundary layer [8]. Noting
that numerical models strongly overestimate the depth of stable boundary layers, as they
struggle to correctly represent mixing in the presence of weak and intermittent turbulence
and are limited by their vertical resolution [46,64], our interpretation is also consistent
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with the smaller coupling coefficients obtained in ERA5 than in MetOp. ERA5 coupling
coefficients corresponding to strongly stable and unstable conditions have been rejected
due to nonlinearities and not for scarcity of data, as their distribution compared to the
MetOp one in Figure 2d suggests.

By considering the combined dependence of the coupling coefficient as a function of
U and T,;, — SST from MetOp data, the first feature that emerges is that there is a much
stronger dependence on the air stability than on the background wind speed (Figure 3a),
in agreement with the previously published results based on ERA5 data [40]. Moreover,
it can be noticed that U is about 5 m/s for Ty, — SST ~ 0 K, and it increases to about
7 m/s for stable conditions (T,;, — SST ~ 2 K), where the boundary layer is expected to
be shallower. This confirms the hypothesis described above on the leading role of & in
determining both T.s and the intensity of the atmospheric response to the SST forcing.

Environmental Control of U and Tz —SST on DMM Coupling - Global, MetOp
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Figure 3. Combined dependence of apppr on U and Ty, — SST (a) from global MetOp data with the
corresponding standard deviation (b) and population distribution (c).

3.2. Regional Characterisation of Air-Sea Coupling

The regional analyses (Figure 4) support the interpretation, derived from the global
analysis, regarding the larger SST length scales in ERA5 and its misrepresentation of
coupling under stable conditions. However, certain aspects warrant closer examination.

MetOp data over mid-latitude regions show strong similarity with the global analysis,
suggesting that these regions contribute the most to the global behaviour (Figure 4a,b).
In fact, they display an increase in coupling strength for increasing wind speed, followed
by a peak and a subsequent decrease (Figure 4a). In terms of air stability, they display
an increase for marginally unstable conditions, followed by a sort of plateau for stable
conditions (Figure 4b).
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Figure 4. DMM coupling coefficient apprps as a function of large-scale surface wind speed
U (a,c) and air-sea temperature difference T,;, — SST (b,d) from regional observations (a,b) and
reanalysis data (c,d).

The analysed tropical areas, instead, provide different results. First, the value of
Upear is larger than for the mid-latitudes. Then, in the Benguela region the coupling
coefficients are larger, with exceptionally high coupling intensity obtained for marginally
stable conditions. This is consistent with the fact that the colder waters of the Benguela
upwelling system induce a shallow MABL [65], for which the SST forcing induces a strong
response due to the smaller amount of air to be affected. The EUREC*A region shows
strong nonlinearities in its coupling curves (not shown), hindering the evaluation of the
coupling through our linear metrics.

Considering ERAS data, instead, unlike for MetOp, mid-latitude regions’ curves as
a function of U exhibit a wider spread and peak at different locations (Figure 4c). The low-
est peak is found in the Agulhas Current, with Uy, ~ 13 m/s, whereas the Gulf Stream
shows no decreasing tendency within the available U range. The computation of the
coupling coefficient over the tropical region reveals numerous nonlinearities, resulting
in the exclusion of a substantial portion of the data. Considering the remaining points,
the EUREC*A region exhibits stronger coupling intensity than the observations, which
is unexpected given the absence of fine-scale features in ERA5 [66], while the Benguela
Current displays negative coupling values, in sharp disagreement with the physical under-
standing of DMM. Strong nonlinearities also affect the analysis of the T,;, — SST influence
on the coupling intensity, especially over the tropics, the Gulf Stream and the Kuroshio
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Current, while the remaining mid-latitude regions show a behaviour compatible with the
MetOp data (Figure 4d).

Opverall, this investigation indicates that observations lead to a more linear dependence
between wind divergence and SST gradient than ERA5 data, and a more consistent depen-
dence of appspr on the environmental conditions at a regional level. Instead, ERAS5 data
exhibit pronounced nonlinearities and regional differences, likely stemming from known
biases in the ERA5 numerical model related to the representation of the stable boundary
layer and lower-tropospheric mixing [36,64,67].

3.3. Dependence of Coupling on SST Structures Spatial Scale

We here verify that for larger length scales of the SST features, the peak coupling
happens at larger U, as indicated by Equation (5). To this aim, we low-pass filter MetOp
data before computing the coupling coefficients, effectively reducing the SST and wind
field resolution and therefore artificially increasing Lgst (Figure 5). Two Gaussian filters
with standard deviations of 15 km and a 25 km have been used. The coupling coefficients
computed on the smoothed data show, respectively, Uyex ~ 9 m/s and Upeqr = 11 m/s,
while it was Upe & 7 m/s for the unfiltered (finer scale) data. This clearly indicates that
Upeak increases with increasing Lgsr.

This analysis also supports our interpretation of the larger U, obtained using ERA5
data, which resolves coarser SST features with respect to MetOp. Similarly, the difference in
Upeax between mid-latitude and tropical regions in Figure 4 is consistent with the fact that
the SST features characteristic length decreases with latitude as the first baroclinic Rossby
radius of deformation [68].

Environmental Control on DMM Coupling - Gulf Stream
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0.25
0.20

0.15
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Figure 5. DMM coupling coefficient as a function U over the Gulf Stream. Data corresponding to
the original resolution (green, full line) and Gaussian-filter smoothed data (orange with ¢ = 15 km,
red with ¢ = 25 km) are shown. The ERA5 corresponding curve (green, dashed line) is reported
for comparison.

3.4. Empirical Model for the Large-Scale Wind Dependence

The fact that the dependence of appip on U is non-monotonic for both ERA5 and
MetOp data indicates its robustness. In its initial interpretation, brought forward by [40]
and summarised above, the dependence on U only appears in the advective time scale
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T,do- Here, by arguing that U also affects the response time scale .5, we develop a more
comprehensive empirical model of appsp as a function of U.

We hypothesise that DMM generates a surface wind anomaly u},,,, with the follow-
ing characteristics:

1. upy is a fraction of the large-scale wind U;
2. The ratio 7,4,/ Tres controls the efficiency of the process as an exponential decay.

Thus, we write
ubMM — ')/u(l _ efTadv/Tres)l (6)

where 7 represents the fraction of U that would be observed at the surface due to mixing
in the case of an instantaneous atmospheric response (T,4, > Tres, S0 that upy, 0 — YU).
Instead, for a very slow response, 7,4, < Tres, the mixing is inefficient and no surface DMM
wind anomaly is produced, so 17, — 0.

The value of y can be thought as increasing for increasing surface instability, namely,

Y = Yneutral — F(Tm’r - SST)/ 7)
where v,,..1ra1 @accounts for neutral conditions, I' > 0 is a constant, and
Tpir = To — a1 (Ty — SST) = Ty + at SST, (8)

with Ty representing the large-scale air temperature, To = To(1 —ar) independent of
the SST, and ar an adjustment scale of air temperature to the underlying SST. From
Equations (7) and (8) follows

Y = Yneutral — T TO +T (1—at) SST = 70 + I’ SST

Y ©)
Y0 = Yneutrat =1 To I'=T (1—ar).

With these assumptions, the DMM coupling coefficient estimated from the data appm
can be expressed as
ou,/dr _ du, Suf  Subym

= ~ = = Q 1
“DMM = 555775, ™ 5ST — 5SST '« esST W0 T ADMM, (10)

where u) represents the surface wind speed anomaly generated by other processes than
DMM and
dppm = T'U(1 — ¢ Tado/ Tes), (11)

From Equations (3) and (4), we obtain

Tado _ Lsst
_ 12
Tres (X Uh (12)

Drawing from the extensive literature on the scaling of the MABL height with surface
fluxes and, thus, with the wind speed, we can model i o« U* with u € [0.5,2] according to
different models, and as a function of the air stability [63,69,70]. From here,

Tadv _ CLsst
= 13
Tres uv (13)

with v = p+1 € [1.5,3] and ¢ being a constant. This leads to

&ppm = TU(1 — e Lsst/UY) -y > 15, (14)
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The simplified model for the coupling coefficient in Equation (14) captures the be-
haviour observed in the data: appsy increases linearly with U for small U, it reaches a
peak and then decays to zero as U!~", assuming v > 1 from the literature [63]. Moreover,
if T,¢s was independent of the environmental conditions, as proposed by Desbiolles et al.
(2023) [40], we would have v = 1 and there would be no decay for large U. This indicates
that it is necessary to include a scaling of & with U to properly model the data.

Since Kitaigorodskii et al. show a different scaling of 1(U) depending on stability [70],
we treat stable (T,;, — SST > 1 K) and unstable (T,;, — SST < —1 K) conditions separately.

In unstable conditions, a possible scaling of & with U comes from h ~ /|B|, where B
is the surface buoyancy flux [70], that scales as B ~ U using a bulk formulation approach.
Thus, for unstable conditions, & ~ U'/2, so that u=1/2andv =3/2.

In stable conditions, instead,

us Uus

~ U e
s~ ~U (15)

ho Ly =

with L, being the Obukhov length [62] and exploiting the scaling of the friction velocity
uy ~ U. This leads to y =2 and v = 3.

Despite those scaling predicted values for v, we keep it as a free parameter in the
model and use the data to empirically obtain its value, together with the values of I and
cLsst. The description of the fitting procedure is reported in Appendix A.

Assuming that the dynamic regimes and the statistics of Lgst are comparable in the
mid-latitudes, we aggregate their data to increase the robustness of the results. Tropical
regions present almost no data for U > Uy to perform the fit, and therefore their analysis
is not shown. The fit reasonably agrees with the observed data both in stable and unstable
conditions (Figure 6). In particular, in both cases, the decay for large U is guaranteed by
v > 1. From the fit of the aggregated mid-latitude data we obtain v,,;; 1,45 = 2.1 in unstable
conditions, slightly overestimating the reference value v,.r = 3/2, and Vyjg 1gts = 2.5 in
stable conditions, slightly underestimating the reference value v,y = 3, but coherent with
other  scalings in the literature [63,69,71].

Our physical understanding suggests that the first baroclinic Rossby radius of defor-
mation can represent the characteristic length scale of the SST forcing features. We can
exploit the empirical model introduced above to argue that the data agree with this. In fact,
we can compute the analytical peak velocity U, by setting the first derivative of &pym
equal to zero, namely,

d&kppm
=0, 16
U (16)
which gives an implicit definition of U, as a function of Lsst as
L v
1+ yEoSST _ CLssT/Upeak (17)
UV
peak

As v is dependent on the stability conditions, we computed the regional trends of
apmMm, as in Figure 4, now separating stable and unstable conditions. Employing our
estimate of v = 2.1 from the fit for unstable conditions, we can estimate the peak velocities
as the maximum of the curve of the MetOp data in the Gulf Stream and the Benguela regions,
which correspond to 7 m/s and 12 m/s, respectively. Then, with the implicit function,
we estimate the corresponding values of cLgst and compute their ratio, as the constant ¢
contains many free parameters that we are not able to constrain at this stage (Figure 7).
Supposing, then, that c is the same in both regions, the ratio L;;Su%f Stream ; Lietnguda ~ 0.39
can be computed and it is verified to be in agreement with the ratio of the first baroclinic

Rossby radius of deformation for the two regions [68].
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Figure 7. Dependence of the peak wind speed U, as a function of the SST characteristic length
scale LggT multiplied by the factor ¢, obtained from Equation (17) for v = 2.1 (black solid line).
Horizontal dashed lines represent the observed U, values for the Gulf Stream (green) and the
Benguela Current (light blue), and vertical dotted ones the corresponding Lggt values.

4. Discussion

The coupling coefficients computed on observational satellite data and on ERA5 reanal-
ysis have different dependencies on environmental conditions. Part of the discrepancies
might be due to the different methodologies applied on the two products, that are now
discussed to assess the sensitivity of the results. We investigated the influence of the dif-
ferent standard deviation of the Gaussian filter () used to separate large-scale wind from
surface wind anomalies in observations (¢ = 50 km, following Meroni et al. (2023) [37]) and
reanalysis (0 = 450 km, following Desbiolles et al. (2023) [40]). Very little variability in the
coupling coefficient behaviour was observed when testing for different ¢ in both products.
In fact, the coupling coefficients are expected to change significantly for scales larger than
500 km [2,33], which were removed in all the tests performed. Moreover, spatial derivatives
applied to wind-field anomalies in the coupling coefficient computation act as a high-pass
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filter, reducing the sensitivity of the analysis to the Gaussian filter size. For these reasons,
although the filters used in the two analyses differ by roughly one order of magnitude,
both coupling coefficient estimates are representative of mesoscale dynamics, and therefore
their behaviour with respect to the environmental conditions is comparable.

Differently from ERA5, L3C SST observations are available only in clear-sky conditions,
as the AVHRR instrument is not able to observe the sea surface through clouds. As
an alternative, ESA-CCI L4 SST products do not present this limitation, as they consist of
daily gap-filled fields. However, employing the L4 SST product here would entail losing
the instantaneous colocation with MetOp ASCAT L2 wind observations, which we aim to
preserve. On the other hand, tests performed over the Gulf Stream indicate that only 95%
of the ERA5 data have cloud cover larger than 20%, and clear-sky conditions are mostly
found near the coast, introducing an unintended geographical bias. For those reasons, we
cannot rule out the possibility that cloudiness has different implications in the two datasets.

As mentioned in Section 2, MetOp instantaneous observations consist of equivalent
neutral wind and skin SST, while we use 10 m wind and foundation SST from ERAS5.
In general, the use of the equivalent neutral wind instead of the 10 m wind might result
in a slightly different value of wind divergence. Only in the case of a change in sign
of the air-sea temperature difference while crossing an SST front might this result in
an important change in wind divergence, which would artificially increase the coupling
coefficient [72]. Thus, we expect this difference to be relevant only in the case of large-scale
neutral conditions (i.e., in the vicinity of T,; — SST = 0) and not to affect the overall
dependence of the scaling of appsp as a function of the environmental variables considered.
In terms of SST, instead, the use of a satellite-based foundation SST product (such as the
L4 ESA-CCI dataset) typically comes with an inherent smoothing due to the corrections
introduced to derive it [50]. This has been shown to reduce the DMM coupling coefficients
in the study areas, because of the smoother scales and the time mismatch between the wind
and SST data [37]. As this is expected to introduce a constant bias, we do not think that it
can influence our results.

Regional analyses show a widespread variability in the coupling behaviour which
is not captured by the characterisation of the atmospheric conditions through U and
Tair — SST solely. The nature and localisation of these discrepancies suggest the relevance
of hand LggT, but some of the assumptions and hypotheses formulated in this work deserve
a more thorough investigation, that we aim to address in a future dedicated study. The use
of LgsT as a proxy of the SST gradients length scale yields the correct scaling, as shown
in Figure 7, but looking into the spectral features of a high-resolution gap-filled SST field
would provide a more solid confirmation of our interpretation. The unexpected results
observed for stable regimes suggest that a characterisation of the MABL vertical profiles,
together with a more complete description of 7.5 including the momentum eddy diffusion
coefficient, could provide additional insights to explain uncaptured behaviours. Moreover,
our estimates of v are compatible with the ones in the literature within the assumption
that 7,s o h, as presented in Section 3.4. However, other formulations of 7, can be
found in the literature, e.g., Small et al. (2008) [3] suggest Ty,s o h2, such that vinstable — o
and, more notably, ystable. — 54 value twice as large as our estimate. We believe high-
resolution coupled numerical simulations to be the most suitable tool to address these open
issues, and we aim to exploit their potential in future work aiming to further advance the
understanding of this topic.

5. Conclusions

Mesoscale air—sea interactions have an important impact on surface fluxes, cloudi-
ness, rainfall, and MABL dynamics, with potential inverse-cascade effects at larger
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scales [3,7,9-13,15,16]. Previous works have highlighted the dependency of air-sea cou-
pling on environmental conditions such as surface wind, atmospheric stability and Rossby
number at the regional level using satellite data [41,48], in-situ observations [8], and nu-
merical simulations [39]. In particular, Desbiolles et al. (2023) [40] found a relevant role
of large-scale surface wind (U) and air-sea temperature difference (T,;, — SST) in mod-
ulating the coupling intensity between sea surface temperature (55T) and surface wind
using global ERAS5 reanalysis data. Studies comparing numerical simulations indicate
that the model representation of these air-sea interactions is influenced by the design
of atmosphere-ocean coupling, the spatial and temporal resolutions, and the choice of
the MABL scheme [25,32,33], underscoring the need for analysis on observational data to
properly understand the physical processes.

In this work, we analyse the dependence of the DMM coupling on U and T;, — SST
using MetOp A satellite data of ASCAT surface wind and AVHRR SST. Although obser-
vations confirm the overall physical interpretation of the control of U and T,;, — SST on
the mesoscale SST-wind coupling emerging from global ERAS5 data, we highlight rele-
vant differences compared to reanalysis data [40]. Due to its coarser resolution, ERA5
presents a larger SST characteristic length scale (Lgst) than the satellite observations. This
corresponds to larger advective timescales, which determines the shape of the coupling
coefficient as a function of U, with the peak occurring at a larger velocity. With respect
to T,y — SST, ERAS5 does not properly represent the coupling in the stable regime for
reasons possibly linked to the difficulties in the numerical representation of turbulence in
these conditions [64]. Moreover, widespread nonlinearities revealed in regional analyses
indicate that ERA5 may lack the ability to adequately represent these interactions in spe-
cific atmospheric conditions and regional contexts. These findings highlight the need for
high-resolution observational studies to investigate mesoscale and submesoscale air—sea
interactions and to support and advance these interpretations.

The absence of high-resolution satellite measurements of MABL properties such as
stability, surface fluxes, and cloudiness constitutes a critical limitation that can also partially
be addressed with high-resolution numerical simulations. Nevertheless, recent studies
have demonstrated important progress from the remote-sensing observational point of
view: surface fluxes have been inferred from SAR (Synthetic Aperture Radar) roughness
data, enabling estimates of atmospheric stability at resolutions of O(10 km) [73], and SAR
observations are being employed to retrieve surface winds at scales of O(1 km), albeit with
certain limitations [74,75]. To overcome this gap, the European Space Agency (ESA) will
launch the Earth Explorer 10 mission Harmony in 2029, designed to provide SAR imagery
obtained from a novel dual line-of-sight geometry together with O(1 km) SST observations.
This mission will provide the necessary observation to perform a systematic assessment of
air-sea interactions at the meso- and submesoscale based on instantaneous observations,
with the potential to advance the understanding of their link with low-level clouds, thereby
significantly improving the representation of the Earth’s radiative balance.
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Appendix A. Empirical Model Fitting

We adopt a 2-step fitting procedure for the empirical model parameter estima-
tion, whose results are plotted in Figure 6. First, we expect appm to scale with U for
Up < U < Upeqx, so we fit coupling coefficient estimates in this interval (Figure 6, in blue)
with a function in the form

v=wno+I"U (A1)

obtaining the estimates of ag, I'" and Uy = —a(/I” reported in the legend. From a physical
point of view, «g is the contribution of fine-scale phenomena other than DMM, such that
ag > apym for U < Uy, and ag < dppy for U > Uy, Uy being the threshold wind speed
at which DMM becomes the dominant mesoscale process in the along-U direction.

Then, we employ I and «g from the previous step and fit points in U > U,k
(Figure 6, in red), where we expect the decrease led by the parentheses in Equation (14) to
be controlled by v and cLgsT. We estimate their values from, respectively, the slope and the
intercept of the linear fit

log[—log <1 - “F_,L‘;‘Oﬂ — log(cLsst) — v log(U) (A2)

obtained from Equations (10) and (14).
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