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Abstract Upper ocean fronts are dynamically active features of the global ocean playing a key role in the
air-sea exchanges of properties and their transport in the ocean interior. With scales ranging from the
submesoscale (0.1-10 km) to the mesoscale (10—100s km) and a temporal variability from hours to months,
collecting in situ observations of these structures is challenging and this has limited our understanding of their
associated processes and impacts. During the EUREC4A-OA/ATOMIC field experiment, which took place in
the northwest tropical Atlantic in January—February 2020, a large number of uncrewed platforms, including five
Saildrones, were deployed to provide a detailed picture of the upper-ocean fine-scale variability. This region is
strongly influenced by the outflow of the Amazon River, even in winter, which is the minimum outflow season.
Here, the generation of fine-scale horizontal thermohaline gradients is driven by the stirring of this freshwater
river input by large anticyclonic eddies, the so-called North Brazil Current Rings. Vertical shear estimates using
the Saildrones ADCP show that partial temperature compensation occurs along restratifying submesoscale
salinity-dominated fronts. The distribution of surface along-track gradients, as sampled by different horizontal
length-scales, reveals the prevalence of submesoscale fronts. This is supported by a flattening of the spectral
slopes of surface density at the submesoscale. This study emphasizes the need to resolve the upper ocean at high
spatial resolution to understand its impact on the broader circulation and to properly represent air-sea
interactions.

Plain Language Summary Oceanic eddies and filaments that range between 10 and 100 km in size
can be identified in the study region of the northwestern tropical Atlantic using ocean color as viewed from
space (a proxy for chlorophyll-a). The ocean color maps show that these eddies and filaments are associated
with the detachment from the shelf of a freshwater Amazon plume and its interaction with the larger oceanic
motions (100 km). Field observations from different measurements acquired from research vessels and five
uncrewed surface vehicles (USVs) reveal the prevalence and scale of upper ocean fronts, whose magnitude
results from the combined effect of temperature and salinity. The Amazon freshwater plume is key to the
formation of strong salinity-driven density fronts. However, when looking at O(1 km) scales, we detect
horizontal temperature variations along slumping fronts that partially counteract the effect of salinity. This leads
to a damping of the lateral density fronts. This study contributes to the development of a detailed picture of the
ocean fine scales, which is necessary to improve our understanding of air-sea interactions over frontal regions.

1. Introduction

Submesoscale fronts in the upper ocean contribute significantly to the vertical transport of climate properties,
such as heat, moisture or CO,, across the pycnocline. Both numerical (Su et al., 2020) and in situ (Siegelman
et al., 2020) studies show that they are associated with intense vertical velocities that provide a dynamical conduit
connecting the upper ocean with the interior and the different interfaces: the marginal ice zone (Biddle &
Swart, 2020; Manucharyan & Thompson, 2017) and the atmospheric boundary layer (Small et al., 2008;
Wenegrat & Arthur, 2018). They strongly affect the mixed layer (ML) properties on a timescale of days by
transferring the forcing at these interfaces into the stratified interior, changing properties of the upper pycnocline
and the stratification through baroclinic instability and eddies that convert potential energy into kinetic energy
(Bocecaletti et al., 2007; Fox-Kemper et al., 2008). While the contribution of submesoscale and fine-scale fronts to
vertical fluxes of buoyancy, heat, gases and nutrients (Lévy et al., 2012; Meroni et al., 2018) has started to be
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Figure 1. Satellite maps of (a) Chl-a, (b) SSS and (c) SST on 12 February 2020. (d): Trajectories of the five Saildrones color-
coded with the regions (Amazon (green), Downstream (pink), Tradewind (red) and Upstream (blue)). The light gray line
indicates unused data from Saildrone 1064. Eddy contours are derived from the TOEddies eddy detection and tracking
algorithm (Laxenaire et al., 2018) applied to Maps of Absolute Dynamic Topography (MADT): light gray contours in (b)—
(d), red contours for anticyclones, blue contours for cyclones. The trajectory of Saildrone 1026 is color-coded by in situ
measurements of (b) salinity and (c) temperature. Its position at the time closest to the satellite map is indicated by a black
star. In (b)—(d), the start of the measurement period of each Saildrones is shown by a circle. A zoom in (a) highlights some of
the mesoscale and submesoscale features tracked by the Chl-a concentration. Some length scales are shown in (a). In (d), the
dashed black line shows the separation between the Boulevard des Tourbillons and the Tradewind Alley.

considered, their magnitude and distribution remain poorly documented. No consistency exists in the literature
regarding the definition of submesoscales. While Su et al. (2020) refer to scales smaller than 0.5° (~50 km) as
submesoscales, Biddle and Swart (2020) use the Rossby deformation radius as the cutoff between meso- and
submesoscale. For the purposes of this study, we define submesoscale fronts and eddies as having a spatial scale
of ©(0.1-10 km), which is consistent with the definition by Swart et al. (2023).

Oceanic fronts exhibit sharp temperature, salinity and/or biological gradients as they correspond to the transition
zone between water masses with different physical and chemical properties. These gradients occur on scales
ranging from thousands of kilometers down to millimeters and are linked by a horizontal and vertical down-scale
variance cascade (Smith & Ferrari, 2009). The surface imprint of submesoscale and mesoscale fronts has been
revealed by remotely sensed data suggesting that they are ubiquitous (Dong & Zhong, 2020; Mauzole, 2022). In
particular, ocean color products such as chlorophyll-a (Chl-a) reveal the submesoscale structuring of fronts,
filaments, meanders and eddies at scales of @O(1-10 km) (Figure 1a). As density is temperature controlled in most
of the world's upper ocean (Johnson et al., 2012), sea surface temperature (SST) maps are useful illustrations of
the ocean dynamics down to the same range of scales. If frontal studies have been relying on these satellite
products historically (Simpson, 1981), they can only tell part of the story of frontal dynamics as ocean color is a
nonconservative tracer and temperature may be salinity-compensated (Rudnick & Martin, 2002).
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For regions experiencing intense freshwater runoff, rainfall or sea ice melt, sea surface salinity (SSS) may even be
the parameter of interest. However, the L-band satellite radiometry from which SSS is derived cannot resolve the
fine-scale structures (Boutin et al., 2016). Any freshwater or saline anomaly on the SSS maps slowly fades away
as the initial salinity gradients are stirred and sharpened by large-scale motions such as currents, mesoscale
eddies, instabilities and internal waves, resulting in small-scale fronts that are not resolved by the product res-
olution of the satellites (40—100 km). This observational gap regarding the cascade of SSS anomalies from the
large-scale to sufficiently small scales, where isotropic turbulence and molecular diffusion ultimately mix
properties and dissipate tracer gradients (Shcherbina et al., 2015), leaves unanswered questions about the
resulting submesoscale fronts. Even high-resolution satellite data cannot resolve scales below (0.1 km), which
has limited our understanding of fine-scale processes (Chapron et al., 2020). In addition, the regime of sub-
mesoscale dynamics that connects the larger mesoscale to the smaller dissipative scales, operates on timescales
down to a few days to hours (McWilliams, 2016), which is too short to be captured by the gridded satellite
products with a usual 1-week time averaging. Global observational efforts to resolve the rapidly evolving dy-
namics of the ocean fine-scale are rapidly advancing, with the development and deployment of high-resolution
autonomous observing platforms such as Uncrewed Surface Vehicles (USVs) and underwater gliders, and
high-resolution ship-based surveys using closely spaced hydrographic stations or towed instruments.

In recent years, these technological capabilities have provided valuable data sets that reveal fine-scale variability
and contribute to our understanding of submesoscale dynamics in the world ocean. These new data sets provide
observational evidence for the role of submesoscale processes in ML stratification in different ocean basins: the
North Atlantic (Mahadevan et al., 2012; Thompson et al., 2016) and the Southern Ocean (Du Plessis et al., 2017,
2019). These observing platforms have also proven to be able to make accurate measurements (Zhang et al., 2019)
in coastal areas (Vazquez-Cuervo et al., 2019) and at high latitudes (Chiodi et al., 2021) which are regions lacking
in situ observations and where SSS products still present some inaccurate measurements (Kohler et al., 2015),
while being particularly relevant to society.

Fine-scale horizontal variability has been studied since the late 1990s prior to the development of these platforms.
In subtropical gyres, horizontal density variability at the ocean surface was found to be limited to scales above
10 km despite the presence of large and sharp surface thermohaline fronts below this scale (North Pacific—
Rudnick & Ferrari, 1999; Rudnick & Martin, 2002). However, the collection of data from different seasons shows
that compensation may not be found in summer when the ML is shallow and thus vertical mixing is reduced
(North Atlantic—Kolodziejczyk et al., 2015). In the Bay of Bengal, which is characterized by large freshwater
inputs, Spiro Jaeger and Mahadevan (2018) observed that large-scale salinity-driven density fronts tend to
compensate at the scale of frontal restratification. Using a process study model, they show that small-scale
temperature and salinity coherence is the result of enhanced surface cooling of the shallower and less saline
surface mixed layer. These elements suggest that horizontal thermohaline structures may be subject to very
different spatiotemporal behaviors given the ML variability, which is modulated—among many processes—by
the seasonal cycle of surface heat fluxes and external forcings such as freshwater inputs or sea ice melt.

The Northwestern Tropical Atlantic is a well-suited natural laboratory for studying horizontal surface density
gradients over a wide range of scales. This region is strongly influenced by the outflow of the Amazon River,
which is unique in its magnitude. It accounts for nearly 20% of the global river freshwater input to the ocean,
which is no less than the combined discharge of the next seven largest rivers in the world (Dai & Trenberth, 2002).
This freshwater input contrasts with the more saline and warm water advected across the equator by the North
Brazil Current (NBC), creating large-scale density fronts. From June to January, the NBC turns back on itself in a
tight loop known as the NBC retroflection (Richardson & Walsh, 1986; Schott et al., 1998), which occasionally
spawns some of the world's largest eddies (Richardson et al., 1994), commonly referred to as NBC rings. These
anticyclonic eddies travel northward along the coast within the Boulevard des Tourbillons (Fratantoni &
Glickson, 2002), a warm corridor that contrasts with the colder waters of the open ocean (Figure 1c), a region
named the Tradewind Alley after the dominant winds (Stevens et al., 2021), which is also known to be much less
spatially variable. The fate and dispersal of this freshwater have been analyzed from satellite data using the ocean
color signature of the Amazon (Hu et al., 2004), revealing the role of NBC rings in entraining these fresh waters
from the shelf-break to the open ocean (Olivier et al., 2022; Reverdin et al., 2021). This is of particular interest
given the role of fresher surface layers in promoting the development of barrier layers and temperature inversions
at the base of the halocline (Mignot et al., 2012). Several studies in the vicinity of the Amazon plume region have
shown that barrier layers increase the resistance of the upper ocean to cooling, keeping it warmer and supporting
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Table 1
For Each Saildrone Data Set: Operating Period, Sampling Frequency and Associated Spatial Resolution As Well As the Mean and Standard Deviation Difference (STD)
Between Saildrone and Satellite Data

Saildrone — satellite

SST (°C) SSS (psu)
Name Operating period (days) Temporal resolution (min) Spatial resolution y £+ ¢ (m) Mean STD Mean STD
SD1026 01-17-20-03-03-20 (47) 1 85 £ 31 0.339 0.227 —0.264 0.268
SD1060 01-17-20-03-03-20 (47) 1 85 £ 30 0.340 0.246 —0.278 0.275
SD1061 01-17-20-03-03-20 (47) 1 87 £+ 30 0.339 0.217 —0.269 0.257
SD1063 01-13-20-03-08-20 (56) 1 88 £ 30 0.312 0.220 —0.268 0.239
SD1064 01-17-20-04-11-20 (86) 5 392 + 144 0.278 0.230 —0.148 0.375

hurricane intensification (Androulidakis et al., 2016; Ffield, 2007). Therefore, understanding the dispersion
processes of the Amazon plume seems essential to get an accurate picture of the SSS pattern in the northwestern
tropical Atlantic, given its role in setting the weather and climate extremes to which the Caribbean nations are
vulnerable.

The deployment of different observing platforms from four ships and five Saildrones during the EUREC4A-OA/
ATOMIC experiment (Stevens et al., 2021; Quinn et al., 2021) in winter 2020 supported the investigation of
mesoscale and submesoscale sea surface thermohaline variability in the northwestern tropical Atlantic. In this
work we investigate regional contrasts in submesoscale activity and associated fronts related to the northwestward
advection of a freshwater plume. We use data from the five Saildrones, which have sampled a large region,
including the Boulevard des Tourbillons and the Trade Wind Alley, combined with vertical profiles acquired by
the ships and other uncrewed platforms, satellite data and reanalysis products. Acoustic Doppler Current Profiler
(ADCP) data from the Saildrones are used to gain insight into the mixed layer depth and shear, and provide
evidence for temperature compensation that is generated along restratifying submesoscale fronts. A wavelet
analysis is carried to statistically support these observations. Thermohaline gradient distributions and spectra are
computed to address the role of freshwater forcing on frontogenesis and the prevalence of submesoscale fronts.

2. Data and Methods
2.1. In Situ Data
2.1.1. Saildrones Data

During the EUREC4A-OA/ATOMIC cruise, five Saildrones—three NASA-funded (SD1026, SD1060, SD1061)
and two NOAA-funded (SD1063, SD1064)—were deployed. Saildrones navigate within a sailing corridor
through a set of remotely prescribed waypoints. They were updated by scientists during the cruise to capture the
evolution of the features of interest using near real-time satellite observations. The Saildrones measured surface
salinity and temperature using a pumped SeaBird-37-SMP-ODO Microcat CTD at 0.5 m depth. A 300 kHz ADCP
was mounted on the keel and measured upper ocean velocity profiles between 6 and 100 m depth, at 2 m intervals.
Onboard data processing with real-time motion correction provided 1-min data averages (5-min averages for
ADCP measurements) that were transmitted in real-time. Specifically for SD1064, surface T and S were only
measured for 1 min at every 5-min intervals in order to preserve the antifouling agent in the pumped CTD for an
extended deployment.

The Saildrones were deployed off the southern coast of Barbados. The three NASA Saildrones and SD1063
monitored the Boulevard des Tourbillons ocean eddy corridor southeast of Barbados, during 47 and 56 days,
respectively. Using 1-min averages, they mapped the ocean surface at an average horizontal spatial scale of 86 m
(Table 1). SD1064 crossed both the Boulevard des Tourbillons and the Tradewind Alley for 86 days, with 1-min
averages every 5 min, corresponding to an horizontal resolution of 392 + 144 m. The different path taken by
SD1064 is highlighted by the comparison with satellite data, with a lower mean difference for both SST and SSS
products for SD1064 despite a higher standard deviation difference for SSS (Table 1). Overall, all Saildrones
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observations were fresher than SSS satellite data, pointing out the misrepresentation of the freshwater plume and
coastal waters in SSS maps.

This study aims to investigate the spatial variability of the ocean surface thermohaline properties, so the Sail-
drones time series are treated as snapshots in time. However, the temporal and spatial components cannot be
separated when calculating the gradients along the track. The lateral temperature and salinity gradients crossed by
the Saildrones may contain components of temporal variability, such as temporal changes to heat and freshwater
forcing. We have assessed available evidence for the low temporal variability in the data sets. In particular, to
determine the amplitude of the diurnal cycle, we applied a Singular Spectral Analysis on the Saildrones SST time
series, which allowed us to recover a space-time varying diurnal cycle.

The estimated variance of each mode as a function of its corresponding frequency revealed that the pair of
principal components representing the diurnal cycle account for only a small fraction of the total variance (less
than 1%) (Figure S1b in Supporting Information S1). The reconstructed diurnal cycle was built from the
selected principal components and showed a diurnal signal with an amplitude no greater than 0.15°C (Figure
Sla in Supporting Information S1). Additionally, several Saildrones followed parallel tracks with a time lag
(Figure 1d), allowing direct insight into the magnitude of the temporal versus spatial variability (Figure S2 in
Supporting Information S1). It was found that the strongest features remain consistent over time from 2 to
12hr. Table 1 shows that minimum speed of the Saildrones is 3 km hr™' suggesting that temporal variability
has negligible effect on scales up to 30-36 km. This work focuses mainly on spatial variability at scales below
50 km, for which we postulate that temporal variability (over ~16 hr) has little influence on the total observed
variability. Therefore, in this study we assume that surface horizontal thermohaline gradients are dominated by
spatial features.

2.1.2. Auxiliary In Situ Observations

Saildrones only measure surface hydrographic properties, leaving questions about the underlying stratification
unanswered. To provide further insight into the stratification in the upper layers of the water column, high quality
vertical profiles collected by Conductivity Temperature and Depth (CTD) sensors deployed from the research
vessels, underway CTDs (uCTD), Gliders, Moving Vessel Profilers (MVP), Argo floats and Underwater Gliders
were used. This was made possible by the large observing capacity of the EUREC4A-OA/ATOMIC campaign,
including both a wide variety of observing platforms and a large number of measurements collected from the four
participating research vessels (RVs): RV L’ Atalante (Speich & The Embarked Science Team, 2021), RV Maria S.
Merian (Karstensen et al., 2020), RV Ronald H. Brown (Quinn et al., 2021) and RV Meteor. All the data have
been calibrated and cross-validated against 120 quality-controlled CTD profiles to ensure consistency between
data sets from all platforms (L’Hégaret et al., 2023).

2.2. Satellite and Reanalysis Data

Satellite data of different properties provide the appropriate synoptic tool to gain insight into the surface dynamics
of the region at the time of the EUREC4A-OA/ATOMIC experiment. We analyzed daily maps of SSS, SST, Chl-
a concentration and MADT to contextualize the Saildrones measurements in terms of the ocean dynamics from
2D surface fields. We used the 70-km mapped salinity product from the Soil Moisture Active Passive product
processed by the Remote Sensing System (SMAP RSS). It is produced on a 0.25° grid with an 8-day running
mean. From the analysis of four different salinity products, it was found to be the one most consistent with the
salinity values recorded by the Saildrones (Hall et al., 2022). Since the European product Soil Moisture Ocean
Salinity (SMOS) (Boutin et al., 2018) was not included in the comparison, it was briefly examined. The SMAP
RSS product is smoother than SMOS but their small differences were not significant for this study. SST and Chl-a
concentration maps are produced by CLS on a 0.02° grid (Olivier et al., 2022; Reverdin et al., 2021; Stum
et al., 2015). MADT data on a 0.25° grid are used to provide an indication of the surface geostrophic currents.
Produced by Ssalto/Duacs and distributed by the Copernicus Marine Environment Monitoring Service
(CMEMS), they result from the combination of all the data recorded by the satellites available under the different
altimetric missions. The TOEddies algorithm developed by Laxenaire et al. (2018) was run to identify eddies and
to detect when Saildrones intersected one.
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ERAS reanalysis data (Hersbach et al., 2021) have been used to estimate the net heat flux along the trajectory of
the Saildrones. Hourly estimates provided on a regular lat-lon grid of 0.25° were used for net shortwave radiation,
net longwave radiation, sensible heat, and latent heat flux.

2.3. Wavelet Analysis

To address the relative contribution of lateral temperature and salinity gradients to the magnitude of the density
gradients along the track over a wide range of scales, the density ratio was estimated:

= 1)
PAS

where a, f are the thermal expansion and haline contraction coefficients, respectively, and A7, AS are the
horizontal variations of T and S along the Saildrone track at different scales. Following previous studies, a wavelet
analysis is performed to evaluate AT and AS (Kolodziejczyk et al., 2015; Rudnick & Ferrari, 1999; Spiro Jaeger &
Mahadevan, 2018). It has been shown that the wavelet transform method is particularly well suited for frontal
phenomena analysis compared to Fourier and EOF analysis (Gamage & Blumen, 1993) as it provides a space
scale decomposition.

Each T and S time series is converted from a time-based measurement to a spatial measurement with constant
spacing (Ax = 0.4 km, the coarser spatial resolution of the Saildrones data set—Table 1) by linear interpolation
and a continuous wavelet transform is performed (for more details, see Torrence & Compo, 1998). By using the
wavelet coefficients of T and S derived from this computation as estimates of AT and AS and multiplying them by
the space dependent thermal expansion and haline contraction coefficients, respectively, a space and scale
dependent density ratio can be estimated. Since the wavelet coefficients of T and S are complex numbers, we
retrieve a complex density ratio which can thus be written as IRl e Its phase ¢ is a measure of T and S coherence
with ¢ = 0 (¢ = 180) when T and S gradients reduce (strengthen) the density variation. Its modulus IRI indicates
the relative strength of T and S gradients. Despite its more intuitive interpretation, the analysis of IRl is performed
by looking at the quantity arctan IRl since it is bounded between 0 and 7 while IRl has an infinite range and the
temperature-dominated regions (1 < IRl < o0) occupy the same space on the arctan scale as the salinity-dominated
regions (0 < IRl < 1).

3. Results
3.1. Observational Evidence of Fine-Scale Structures
3.1.1. From Remote Observations

High resolution Chl-a satellite maps highlight the presence of sub-mesoscale eddies and filaments with lateral
width of O(10 km) (Figures 1a and 2d—2f) during the EUREC4A/ATOMIC campaign, indicating that the region is
characterized by intense frontal activity. At the beginning of the Saildrones sampling period (Figure 2d) in
January 2020, the high chlorophyll concentrations appeared mostly at the edge of mesoscale eddies and along the
North Brazil Current Retroflection and resulted from the stirring of shelf waters by the latter. In early February,
the larger Chl-a signal observed along ~55°W (Figure 2e) coincided with the detachment of a freshwater plume
from the Guiana Plateau (Figure 1b). The transport of highly productive waters into nutrient-depleted tropical
oceanic waters generates a local winter bloom (Hu et al., 2004). Reverdin et al. (2021) estimated the freshwater
lens to extend over 100,000 km? and to a depth of ~40 m such that a few days later, the Chl-a imprint of the
Amazon plume covered a large fraction of the study area (Figure 2f) and partially overlapped mesoscale eddies.
This indicates that the structuring of the fronts is no longer driven by the ocean dynamics alone, but also by their
interaction with the freshwater plume dynamics. Overall, the three snapshots of surface Chl-a in Figures 2d-2f
show very different frontal patterns, indicative of the rapidly evolving dynamics, which, combined with their
small spatial scales, suggest that their evolution falls in the domain of the submesoscale.

3.1.2. From In Situ Saildrones Observations

Despite a similar resolution as surface Chl-a, SST satellite maps do not reveal such structures (Figure 1c). Given
the dispersion of the large freshwater plume, we expect these fronts to have a strong SSS signature. However the
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Figure 2. (a) Time series of surface salinity (blue), temperature (green) and potential density (orange) from 7 weeks of the
SD1026 mission. Colored bars at the top indicate the different regions and dashed black contours indicate eddy crossings. An
extended view of the time series as a function of distance is shown for (b) a 100- and (c) a 20-km section. In panels (a)—(c), T
and S have been scaled proportionally—by the thermal expansion and haline contraction coefficients respectively @ and f—
so that equal displacements lead to equal effects on density. (d)—(f) Snapshots of surface Chl-a illustrating different ocean
dynamical processes encountered during the SD1026 mission. They are labeled from A to C in (a). The trajectory of the
SD1026 up to the time of the snapshot is shown by a line colored with the different regions with its last position indicated by a
star. The NBC rings have been identified as Al and A2 in (a) and (d)—(f).

SSS satellite product is too coarse to resolve the submesoscale fronts and freshwater filaments (Figure 1b). Even
the salinity gradients associated with the plume contours are barely resolved and smoothed as a result of the
satellite resolution. The Saildrones observations provide a detailed and more clear picture of the surface fine-scale
gradients, such as the three strong salinity dips measured by SD1026 as it navigated over the plume edges
(Figure 2a). As a first-order estimate, salinities change by ~1.5 psu on the 5th, 1 psu on the 7th, and 2 psu on the
16th of February 2020 over ~15, 10, and 40 km, respectively.

In Figures 2a-2c salinity (S) and temperature (T) have been scaled with the thermal expansion and haline
contraction coefficients respectively, so that equal vertical displacements along the T and S axes lead to equal
effects on density. As expected in a region near large river outflows, salinity variations control the horizontal
density gradients, while temperature, which is nearly uniform along the Boulevard des Tourbillons (Figure 1b)
plays a secondary role (Figure 2a). However, a closer look at sections of the time series (Figures 2b and 2c)
reveals that T and S are more coherent on smaller length scales which couldn't be unveiled by satellite data. T and
S are said to be partially compensated, resulting in reduced density gradients compared to their thermohaline
counterparts (Figures 2b and 2c¢). This appears to hold throughout the entire survey. The detailed view of the upper
ocean derived from the Saildrones observations will be used to further investigate the relationship between
salinity and temperature at varying length scales.
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3.2. Submesoscale Compensation Developing Along Restratifying Fronts
3.2.1. Shear as a Proxy for Stratification

The Saildrones did not measure subsurface profiles of temperature and salinity but their ADCPs can be used to
infer the upper ocean stratification. Foltz et al. (2020) observed that the vertical shear of the horizontal velocity

$? = (0.u)* + (0.v)

tends to be largest below the mixed layer. This may be the result of the propagation of internal waves under the
mixed layer or the transfer of wind momentum or buoyancy forcing within the upper layer that generates
enhanced shear.

Since no vertical sections of hydrographic properties were co-located with the Saildrones velocity measurements,
the relationship between S and the upper ocean stratification was investigated by comparing vertical hydro-
graphic profiles acquired by the EUREC4A-OA/ATOMIC different observing platforms with any Saildrones
ADCEP profiles that met the criteria on space, time and T and S surface values. For each vertical profile collected
during the experiment—by CTDs, underway CTDs (uCTD), moving vessel profilers (MVP), Argo floats and
underwater gliders—we search for Saildrones observations within a 50-km radius at £1 day. Given the large fine-
scale variability that can be found within the selected spatial area, criteria for T and S surface values are also
applied. SST and SSS Saildrones observations must be +0.05°C and +0.05 psu from the vertical profile upper
values of T and S. For each selected Saildrones ADCP profile, the vertical shear is estimated and an average S°
profile is calculated. The depth of the first local maximum exceeding 1 x 107 s is taken as the MLD estimate,
hereafter referred to as MLD,,,,,- The choice not to select the depth of the maximum shear was made because of
the presence of a barrier layer associated with the freshwater plume. The strongest shear tends to be observed near
the main thermocline in our data set, while a smaller peak can be found at the base of the freshwater upper layer.
However, as we aim to detect a significant peak within the shear profile, a threshold is applied. Regarding the
MLD derived from the associated vertical profile, a density threshold of 0.03 kg m™ with a reference depth of
10 m (de Boyer Montégut et al., 2004) is applied.

These restrictive criteria resulted in only 54 vertical profiles being co-located with Saildrones ADCP observa-
and MLD
coincide (Figure 3b, 29 profiles). The second pattern shows when the MLD,,,, is detected vertically in between
the residual fresh upper layer and the main thermocline (Figure 3c, 19 profiles). The remaining profiles show a
more complex relationship. As a result, we observe that MLD,,,,, is deeper than MLD, with a greater spread
observed for MLD shallower than ~40 m for which fresher profiles fall closer to the 1:1 line, while MLDy,,,,. is
much higher than MLD for high SSS values (Figure 3a). This suggests that where the upper freshwater layer
remains relatively fresh, there is a strong signature of the shear at the base of this layer. Where it becomes saltier,
the peak of the shear that we detect is shifted toward the main thermocline (Figure 3c). We suggest that the change
in the T-S properties of the fresh surface layer is the result of vertical mixing that brings up the saltier subsurface
waters into the fresh water layer. Thus, the signature of the shear for the saltiest profiles within shallow MLD

tions. Two main patterns emerge from this co-location. A first pattern corresponds to when MLDy,,,,

environment may more likely indicate a mixing layer depth, deeper than the MLD.

3.2.2. Restratifying Fronts: Case Studies

Considering that the Saildrones ADCP can provide a picture of the upper ocean stratification through the vertical
shear §%, we observe that the submesoscale compensation which was already highlighted within the Saildrones T-
S time series (Figures 2b and 2c) tends to occur at restratifying frontal regions. Three different sections have been
selected to illustrate this observation (Figures 3d—-3f). The crossing of a fresh surface layer is manifested as a
strong shear signal appearing in the upper 30 m simultaneously as a drop in the surface salinity values. In
Figures 3d and 3f, the restratification of the fresh surface layer is clearly visible in the shear, with a signal starting
from the surface at the front and getting progressively deeper, highlighting the subsidence of the front. The
signature of the main thermocline around ~60 m, identified before the crossing of the front, persists under the
fresh layer, but with a slight increase toward shallower depths as the shear signal of the fresh layer deepens. On
these three sections, a temperature gradient that partially compensates for the salinity front is observed just where
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Figure 3. (a) MLD computed from vertical density profiles (blue line in (b)—(c)) as a function of MLD,,,,, estimated from
shear profiles (red line in (b)—(c)) resulting from averaging over selected Saildrones profiles (gray lines in (b)—(c)), given
criteria on space, time, and T and S surface values. The black dashed line shows the best linear regression, while the thin gray
line is the 1:1 line. (b)—(c) Two main patterns, representative of (b) 54% and (c) 35% of the profiles, showing how the
distribution in (a) was obtained. The MLD and MLD,,,... are shown as a blue and red dot, respectively. (d)—(f) Vertical shear
sections (left axis) with temperature (green) and salinity (blue) time series superimposed from the Saildrones observations. T
and S have been scaled proportionally to highlight the partial temperature compensation of the salinity-dominated front,
indicated by black arrows in each section. Iso-shear contours are shown in black with particular emphasis on the restratifying
layer in the upper 30 m (bold contour).

a surface shear signal becomes apparent, suggesting that submesoscale compensation occurs at restratifying
fronts.

Similar observations have been made in the Bay of Bengal, which is also under the influence of large freshwater
inputs (Spiro Jaeger & Mahadevan, 2018), combining thermosalinograph and uCTD measurements. Using a
process study model, they showed that enhanced surface cooling of the shallower and less saline surface mixed
layer leads to increased T-S coherence at small scales. Because they are dynamically unstable, submesoscale
fronts slump and they are characterized by very shallow stratification, making them the places where temperature
compensation is expected to be reached first.
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This mechanism relies on salinity-dominated gradients and a cooling flux. Spiro Jaeger and Mahadevan (2018)
estimated the likelihood of both necessary factors to be met in the ocean from climatology data and found this
cooling-induced compensation could be active in the northwestern tropical Atlantic during winter months. In
what follows, the Saildrones observations are used to investigate the prevalence of scale-selective partially
compensated fronts in the EUREC4A-OA/ATOMIC domain and to refine Spiro Jaeger and Mahadevan (2018)
prediction.

3.2.3. Regional Approach

The presence of salinity-dominated gradients is expected to depend on both the freshwater plume dispersion
pathway and the frontogenetic/frontolysis activity. In particular, intense mesoscale eddy processes sharpen fronts
through stirring, while submesoscale instabilities cause fronts to collapse. As it can be seen in Figure 1d, the
Saildrones sampled the northwestern tropical Atlantic extensively, from the Trade Wind Alley and the Boulevard
des Tourbillons to the NBC retroflection. In addition to these already very different ocean dynamics, SSS satellite
maps suggest that these environments are not similarly altered by the freshwater plume detachment. Given these
differences, the EUREC4A-OA/ATOMIC domain was divided into four sub-regions.

The Tradewind region, where only SD1064 operated, is considered representative of the open ocean. Observa-
tions made outside of the warm eddy corridor, north of the dashed black line in Figure 1d, were selected to be
representative of the Tradewind region. The other three sub-regions are all within the Boulevard des Tourbillons:
near the freshwater plume is the Amazon region, while the areas north and south of it are referred to as the
Downstream and Upstream regions, respectively. Dynamically, the Downstream region corresponds to the area
where the plume is transported by currents and stirred by mesoscale eddies. The Upstream region is expected to be
less influenced by this freshwater input. However, the presence of an NBC ring (A1) channeling the plume
appears to generate a southeastward recirculation of some of the freshwater (Figures 2e and 2f). The subdivision
of the Boulevard des Tourbillons area was made using both the Saildrones data and remotely sensed observations
in order to follow the evolution of the different dynamical features in space and time.

The Saildrones started their journey off the south coast of Barbados within the Upstream region and traveled south
toward the NBC retroflection. At this point, the plume had not detached yet from the coast. We consider the
transition between the Upstream and Downstream regions to occur when the SSS exceeds 36 psu and the Sail-
drones are located east of 53°W. This corresponds to the crossing of the NBC retroflection front. Later on, in early
February, the Saildrones navigated northwards toward the Upstream region. In doing so, they crossed a region
strongly affected by the Amazon plume. We derive the position of the plume from satellite SSS maps. The
transition between the Downstream and Amazon regions is identified when the SSS drops below 36 psu and the
Saildrones are located west of 52.5°W. The next transition—between the Amazon and Downstream regions—is
identified by a SSS exceeding 36 psu and the Saildrones located west of 56°W. Finally, the Saildrones traveled
south, crossing the plume again before reaching the Downstream region. The section within the plume is well
defined by the two large salinity fronts (Figure 2a), corresponding to the crossing of the plume's edges.

Due to its different sampling rate, the SD1064 time series was only used to describe the Tradewind sub-region.
From this regional split, two sub-tracks are used for the Tradewind region compared to eight for the other regions.
These sub-tracks are very heterogeneous in length, ranging from 305 km (Amazon) to 2,574 km (Tradewind).

3.3. Density Ratio Over Varying Horizontal Scales

The highlighted sections in Figures 3d-3f have been taken from both the Amazon and Downstream regions. In the
following, we try to evaluate if this temperature and salinity coherence at small scales is a recurring pattern in the
full Saildrones data set and in particular if it is observed in the Upstream and Tradewind regions as well.
Assessing the prevalence of these structures is essential as the combination of T-S variations governs the resulting
density gradients and frontal dynamics.

The density ratio R (Equation 1) was used to quantify T-S relation along the Saildrones tracks. To get an estimate
of R over a wide range of scales, wavelet transforms of the T and S time series were performed to quantify the
thermohaline fluctuations (AT and AS in Equation 1) as a function of spatial scale over different regions. The
density ratio R was then estimated from these wavelet coefficients.
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Figure 4. Norm of the density ratio, R, computed from the wavelet coefficients of the temperature and salinity time series of
(a) SD1026 and a section of (b) SD1064 and plotted at scales from 2 to 200 km. The salinity time series is shown as a black
line and eddy crossings are shown as black dashed lines. Data below the shaded area, known as the cone of influence, suffer
from boundary effects and should be ignored. Colored bars at the top are a reminder of the different regions: Amazon (green),
Downstream (pink), Tradewind (red), and Upstream (blue).

Figure 4 shows arctan |R| for scales from 2 to 200 km computed from SD1026 time series (Figure 4a) and a section
of SD1064 (Figure 4b) plotted as a function of the distance traveled. At scales of @(100 km), all over the Boulevard
des Tourbillons (Figure 4a), salinity variations dominate (IRl < 1) due to the freshwater plume forcing. Further away
from the coast, within the Tradewind Alley (Figure 4b), both salinity- and temperature-dominated fronts are found,
but with arctan |R| being close to 45°, indicating that temperature and salinity gradients are of similar magnitude.
Moving to smaller scales reveals much more variability associated with small and poorly correlated T and S
gradients, resulting in a wide range of density ratios. In fact, in the absence of strong density gradients, mechanical
stirring homogenizes T and S anomalies indiscriminately and does not select a particular density ratio. On fine
scales, reduced horizontal salinity gradients also lead to poorly defined density ratios (IRl > 1) and thus to regions
where temperature variations seem to largely dominate. Such regions can be observed at ~400 km, between 700 and
1,100 km and again at ~4,200 km of the SD1026 cruise (Figure 4a) and at 2,800 km for SD1064 (Figure 4b). This
signal appears to extend from the smallest scale to scales comparable to the distance over which the salinity remains
fairly constant, suggesting that this temperature-dominated signature is only the result of the salinity variations
tending to zero. On the contrary, the strongest salinity gradients remain salinity-dominated, even at the smallest
scales. This is particularly evident within the Amazon region where the strongest salinity drops are observed, but
also locally across the other regions, such as around ~500 km for SD1026.

Strong differences in the magnitude of the density ratio and thus the contribution of the T and S gradients to the
density fronts can be identified from these sections alone. The frontal gradients in the Amazon region are salinity-
dominated at all scales. In the Upstream region, they are temperature-dominated at small scales due to weak
horizontal salinity gradients and salinity-dominated at large scales, whereas in the Downstream region, especially
between ~3,000 and 3,800 km of the SD1026 cruise (Figure 4a), arctan |R| takes values closer to 45°, particularly
at small scales. This indicates that temperature and salinity gradients are of similar magnitude. Comparable
observations are made in the Tradewind region but they hold at all scales (Figure 4b). The different regimes found
in the Downstream and Upstream regions can be partly attributed to the interaction between the NBC rings
crossed by SD1026 and the freshwater plume, which has affected their surface signature. A1, within the Upstream
sector (Figure 4a at 1,000 and 4,300 km), has preserved a rather homogeneous SSS signature even after the plume
detachment, inducing a biased temperature-dominated signal. On the contrary, the SSS of A2 has been eroded
during the northwestward migration and shows a more complex SSS pattern consisting of horizontal salinity
fronts (Figure 4a at 3,100 km).

To further explore the regional differences and assess T-S patterns at different length scales, the bivariate his-
tograms of arctan IR| and ¢ for scales between 0.8 and 50 km were obtained for the four regions (Figure 5). They
were determined by computing the wavelet coefficients of T and S for each subtrack of the Saildrones time series
belonging to the same region. Then, after removing the points falling under the cone of influence, only the largest
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Figure 5. Bivariate histogram of (a)—(d) arctan IR| and (e)—(h) ¢ for length scales from 0.8 to 50 km computed from the 20%
highest scaled coefficients (¢AT, fAS in Equation 1) for each region at each scale. The red line corresponds to the median of
the distributions at each scale. (a)—(d) The vertical black line at 45° indicates the transition between the salinity-dominated
region and the temperature-dominated region. (e)—(h) The vertical black line at £90° indicates the transition between the
region where T and S compensate and the region where they intensify.

20% of these coefficients for each region at each scale are kept to compute R and derive the bivariate histograms.
This is done to remove poorly defined density ratios associated with horizontal salinity gradients that tend to zero.

Figures 5e—5h show that T and S gradients are in phase (¢ ~ 0) in all regions at all length scales, implying that they
act together to reduce the density magnitude of the fronts. However, for the Tradewind region, an increase in the
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number of wavelet coefficients leading to gl > 90° is observed at scales higher than ~8 km. This indicates that for
some fronts, T and S are out of phase, leading to enhanced density variations.

Overall, the bivariate histograms of arctan IR| (Figures S5a—5d) are consistent with the first observations made from
the time series (Figures 4a and 4b). The Amazon region stands out from the other regions with fronts strongly
dominated by salinity (from IRl = 0.1 at 50 km to IRl ~ 0.3 at 1 km). The Downstream region, which receives
freshwater from both the plume and coastal waters through eddy stirring, shows higher T-S compensation than
within the Amazon region at all scales. In particular, between 8 and 50 km where the distribution remains
relatively centered, IRl is about 0.35. This suggests that as the freshwater anomaly is advected to the northwest, the
salinity fronts are progressively compensated. Regarding the Tradewind region, the distribution of arctan IRI
(Figure 5c¢) differs from the general pattern observed for the areas within the Boulevard des Tourbillons. There,
the shift of the median toward larger values of arctan IRl at smaller scales is not linear. Fronts are more
compensated at 50 km (IRl = 0.7) than at ~16 km, where the median of arctan IR reaches its minimum (IRl = 0.4).
This scale, where the salinity contribution is the strongest may be related to the size of the freshwater structures
resulting from the stirring of the plume by the mesoscale motions that are advected toward the open ocean.

All the bivariate histograms reveal salinity-dominated fronts at large scales (~50 km) with an increasing
contribution of T gradients with decreasing length scale, as indicated by the shift of the median toward larger
values. This suggests the increased T-S coherence at small scales highlighted in the sections in Figures 3d-3fis a
recurring pattern. However, for length scales smaller than ~2 km, the median falls into the temperature-dominated
region for the Upstream and Tradewind regions. This shift is partly driven by a larger spread in the distribution
along with a peak around 90° for the Downstream, Tradewind and Upstream regions (Figures 5b—5d). This points
toward the issue of poorly defined density ratios due to disappearing salinity gradients, as previously mentioned.
On the contrary, no peak around 90° is observed in the Amazon region where we can suspect stronger salinity
gradients were measured.

Thermohaline surface gradients distributions will provide further insight to discard biased increased T-S
coherence at small scales and to understand the difference in the compensation levels between the region.

3.4. Length Scales of Horizontal Surface Gradients
3.4.1. Fronts Magnitude

To depict the fronts quantitatively, the Saildrones temperature and salinity measurements are spatially sub-
sampled on length scales ranging from 0.1 to 15 km to show multi-length histograms of surface thermohaline
gradients (Figure 6a), as per Swart et al. (2020). All regions show a similar behavior of a sharp drop in surface
thermohaline gradients with increasing sampling length scale. However, differences in the magnitude and decay
rate of the sampled fronts are evident. Comparing the different regions and assessing the scale sensitivity of the
fronts was achieved by fitting the 99-envelope of each distribution with an exponential decay function m of the
form m(x) = Ae ™ + B. m(x) gives an indication on the strength of the highest gradients expected to be measured
for a sampling scale x. The magnitude of the fronts was compared at two different scales: 0.1 and 10 km,
respectively given by m(0.1) and m(10) and later referred to as V,; and V.

The magnitude of the salinity fronts shows strong regional variability, with the Amazon region containing the
highest salinity gradients measured, being about three times larger in magnitude at all scales considered
(Figure 6¢). In this area, the freshwater anomaly is in its early stages, forming a rather coherent plume whose
edges mark a sharp transition to the saline surrounding waters (Figures 1b and 2a). As the plume is advected
northwestward, stirred by eddies, the fine-scale salinity fronts tend to be eroded by lateral mixing with the
surrounding waters, significantly reducing the amplitude of salinity fronts observed in the other regions. How-
ever, smaller differences also appear between these three other regions with the strongest salinity gradients
measured at fine scales (0.1 km), in both the Downstream and Tradewind sectors, both of which are downstream
of the freshwater plume path. This is evidence of the influence of the freshwater plume far into the open ocean. At
larger scales (10 km), stronger salinity gradients are instead observed in the Downstream and Upstream regions.
This may indicate that the SSS field of the Tradewind area is rather homogeneous at the mesoscale, with fine-scale
freshwater filaments resulting from the stirring of the plume by mesoscale motions. The slightly higher salinity
gradients (Table 2) within the Boulevard des Tourbillons at 10 km could also result from the more intense
mesoscale eddy activity. The regional differences in the amplitude of the temperature gradients are less
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Figure 6. (a) Distribution of surface salinity (top) and temperature (bottom) gradients for horizontal length scales from 0.1 to
15 km. The logarithmic color scale shows the percentages at the different scales. Both 9,,S and 0, T have been scaled to have
density gradients unit (kg m~ km™"). The green lines are the exponential 99-envelope fits to the two distributions.

(b) Distribution of surface salinity gradients for the smallest scale (0.1 km), with the black line indicating the cumulative
histogram. (c) Exponential fits to the distributions of the surface salinity (top) and temperature (bottom) gradients for the four
regions. The shaded envelope gives the confidence bands (30) from the uncertainties in the best-fit parameters. (d) Zoom of
(c) for the salinity distribution at scales below 1 km.

pronounced. As expected from the SST satellite maps (Figure 1c), strong SST gradients are found within the
Tradewind area. However, at smaller scales (0.1 km), SST gradients are the strongest within the Amazon region.
This may result from the partial compensation at the submesoscale of the salinity-dominated fronts observed in
Figure 5a.

A USV Sailbuoy survey in the Antarctic Marginal Ice Zone during the austral summer reveals surface density
gradients reaching up to 0.06 kg m™ km™" for a sampling resolution of ~0.5 km (Swart et al., 2020). At the same
spatial scale, the highest lateral density gradients measured by the Saildrones during the EUREC4A-OA/
ATOMIC field experiment were found to be significantly stronger in all regions. They were only about two times
larger in the Tradewind and Upstream regions, but up to five and 10 times larger in the Downstream and Amazon
regions, respectively.

3.4.2. Compensation Timescale

From the derived T and S fronts at 0.1 and 10 km respectively (V, ; and V,,in
Table 2), the magnitude of two density ratios, IR, ;| and IR |, can be estimated
(Table 3) following Equation 1:

Magnitude of the Fronts at 0.1 and 10 km, ¥V, , and V ,, (kg m™ km™)

Respectively, Resulting From Fitting the 99-Envelope of Multi-Length

Histograms of Salinity, Temperature and Density Surface Gradients for Each |Ro.1| = a_VO'IT and |Rio| = O_CVIOT
Region AVorS V1S
Regions Salinity Temperature Density L - . . .
with @ and f the average thermal expansion and haline contraction co-
Ao Vou L 0.038 0,135 efficients for each region. IR, ;| and IR, 4| should be considered with caution as
Vio 0.050 0.006 0.047 they were calculated using the magnitude of the strongest T and S fronts
Downstream Vo 0.036 0.021 0.030 (derived from fitting the 99th percentile envelope of each distribution), which
Vio 0.014 0.004 0.014 are not necessarily co-located. However, consistent observations are found
Tradewind Vo 0.037 0.031 0.033 with the detailed study of T-S coherence using the wavelet analysis (Sec-
Vi 0.009 0.007 0.013 t1_on. 3.3). Thf: thrf.:e reg?o_ns w1th.1n the Boulevanrd _des To_urblllons show
similar behavior with salinity-dominated fronts with increasing temperature
Upstream Vo 0.032 0.022 0.028 . . . .
: contribution moving to smaller scales. The reduced magnitude of the density
Vio 0.012 0.007 0.011

fronts at 0.1 km compared to the salinity contribution to the fronts suggests
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Table 3 that T and S are in phase and thus partially compensate (Table 2). For the
Density Ratios R, ;| and IR ;| Computed From the Magnitude of the Tradewind region, the fronts at 0.1 km are still salinity-dominated (IR, ;| < 1),

Temperature and Salinity Fronts Sampled at 0.1 and 10 km (Table 2) Derived further indicating the presence of freshwater filaments well into the open
by Fitting the 99th Percentile Envelope of Multi-Length Histograms for Each  ocean. At 10 km, however, the magnitude of the density fronts is larger than

Region both the salinity and temperature fronts (Table 2), suggesting that T and S are
Amazon Downstream Tradewind Upstream  out of phase and amplifying the density variations.

IRy, 0.28 0.59 0.84 0.70 Furthermore, as already observed from the wavelet analysis, the stage of

IRl 0.11 0.26 0.81 0.54 compensation is higher in all of the regions compare to the Amazon, all scales

considered (Figures 5a—5d, Table 3). Considering that the mechanism
described by Spiro Jaeger and Mahadevan (2018) is at play to explain the partial compensation of the salinity-
dominated fronts, it is straightforward that the required temperature change to achieve full compensation is
smaller and is thus achieved faster the weaker the magnitude of the salinity front (AS in Equation 2), assuming an
equivalent heat flux cooling forcing.

Considering an initially strongly salinity-dominated front, it is possible to get an estimate of the compensation rate
by computing the temperature change 57 over a time At of both the fresh and the salty side of the fronts for a given
net heat flux Q,.(t):

/ATQnel(t)dt
poc,H

oT =

with p, the mean density of seawater, c,, the specific heat capacity and H the MLD. This results in a change of the
density ratio which can be expressed as:

OoR

_ a(8T, — 6Ty) a /ATQne[(t)dt< 11 ) o)

BAS T PAS  pyc, \H, H;

where the subscripts s and f refer to the salty and fresh side of the front, respectively.

The net surface heat flux Q,,,,
previously interpolated on an hourly basis. Daily mean heat flux of —40, —32, —26, and —6 W m™2 over the
Amazon, Downstream, Tradewind and Upstream regions respectively were obtained. Despite daily mean Q,,,, not
being strongly negative, in particular within the Upstream area, intense cooling occurs during nighttime where the
net heat flux drops below —200 W m™ in all regions.

was estimated using ERAS reanalysis data co-located with the Saildrones transect

SR was estimated from Equation 2 considering an initially uncompensated (R = 0) 2.5-psu salinity front
representative of the freshwater plume edges (Figure 2a). A net heat flux Q,.(¢) corresponding to the mean daily
profile derived from ERAS reanalysis data collocated with the Saildrones trajectory over the Amazon region was
applied. From the analysis of the vertical profiles, a MLD of 15 and 40 m was chosen for Hyand H,, respectively.
Under these conditions, R has increased only by 0.6°, which corresponds to a compensation of 1% over one day.
Assuming that AS and both Hyand H, do not vary in time, arctan IR reaches ~7° after 20 days: the front is still
strongly salinity-dominated (~16% compensated). However, for a weaker 0.5-psu salinity front, the resulting
density front is divided by 2 after 15 days.

This computation provides a conservative estimate of the compensation timescale as all of the parameters in
Equation 2 are kept constant while a temperature front develops. It also does not take into account any short events
of intense cooling which may accelerate the formation of the temperature front. However, given their relatively
similar daily mean Q,,,,, it suggests that the higher degree of frontal compensation observed in the Downstream
region compared to the Amazon (Figures 5a and 5b, Table 3) results from the weaker salinity fronts found in this

area (Figure 6c, Table 2), for which the compensation is reached much faster.

The variability in the magnitude of the salinity-dominated fronts between the different regions is driven by the
interaction between the ocean and the freshwater plume dynamics. The stirring of this freshwater lens by
mesoscale eddying processes will sharpen the fronts until submesoscale instabilities can develop and cause the
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Figure 7. (a)—(d): Salinity (blue), temperature (green) and density (orange) power spectral density (PSD) for each region ((a):
Amazon, (b): Downstream, (c): Tradewind, (d): Upstream) for length scales ranging from 0.8 to 50 km. Linear regression
lines from 1-10 km and 10-50 km are shown as dashed line colored by the state variables they referred to. (e)—(g): (e)
Salinity, (f) temperature and (g) density PSD for the Downstream (pink), Tradewind (red), and Upstream (blue) regions. To
allow comparison between the PSD, they have been normalized in all panels by # a*and 1/ p%, for salinity, temperature and
density respectively. The 95% confidence interval computed from a chi-square approach is shown.

fronts to slump. Power spectral density estimates were investigated to compare the strength of these processes in
the different regions.

3.5. Thermohaline Spectra

Remote and in situ data have revealed a region rich in mesoscale eddies and filaments over a wide range of length
scales, from (0.1 km) to @(100 km). To investigate the dynamics which may explain this observed thermohaline
horizontal variability, power spectral density (PSD) estimates of surface salinity, temperature and density were
computed over wavelengths of 0.8-50 km. For each region, the sub-tracks are first linearly interpolated to 0.4 km,
the coarser spatial resolution of the Saildrones data set (Table 1), and then divided into 200 km non-overlapping
equal segments. For each transect, the mean is removed before the spectrum is estimated using the multitaper
method (Prieto, 2022). The PSD on Figures 7a—7g result from the averaging of all segments spectra for each
region. Two best-fit wavenumber slopes are retrieved from these PSD: k;_,, and k;_s,, computed over 1-10 km
and 10-50 km respectively. To compare the PSD of density, salinity and temperature, they have been normalized
by 1/p3, /* and o respectively.

From the surface density spectra in Figure 7 we observe strong regional differences in the variance, with the
Amazon being about 10 times more energetic than the other sectors all scales considered. Assuming that these
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Table 4 density spectra are a proxy for the potential energy spectra, it confirms that
Best-Fit Wavenumber Slopes, k,_, and k,,_s, Estimated From Linear available potential energy (integration under the spectra, assuming N? to be

Regression of the PSD for the Different State Variables Over 1-10 km and constant) in the vicinity of the freshwater plume is much higher than in the

10-50 km Respectively, for the Different Regions other regions. It also suggests that as the freshwater lens is being stirred by the
Regions Salinity Temperature Density mesoscale eddy field, potential energy is converted into kinetic energy, the
Amazon Koo 27404 20405 28104 WO .nllz.un processes at play in the upper ocean l:?emg %n.tﬁarlor-barochmc in-
stabilities at the mesoscale and mixed layer instabilities (MLIs) at the
ko -21+04  —16+03 —21+03
submesoscale.
Downstream kio_so -3.0+ 06 -27+05 -3.1%0.6
k110 23405 219403 21404 Despite large variability b.etween the transects, the best-fit wavenumber
Tradewind Koso 27 + 07 230+ 06 35407 slopes for the surface density PSD revea}l a break from the mesoscale (10—
50 km) to the submesoscale (1-10 km) with k;¢_sq ~—3 and k,_;o ~—2 for all
ki_io -33+£04 -26+05 -25+04 . s . .
regions within the Boulevard des Tourbillons (Figures 7a—7d and Table 4).
stz kigsp  —33£09 —3.0+08 —35+09  This flattening of the spectral slopes could arise from different dynamics. In
ki_1o —24+07 -1.9+05 -20£05 surface quasi-geostrophic theory, buoyancy gradients pass through stirring by

geostrophically balanced flows resulting in strong submesoscale fronts at the
ocean surface which can lead in slopes ranging from —5/3 and —2 (Blumen, 1978; Lapeyre, 2017). Figure 6 and
Table 2 revealed strong frontal structures, in particular within the Amazon region, suggesting fronts could be the
cause of the ~—2 spectral scaling at the submesoscale. A spectral slope close to —2 can also result from mixed
layer dynamics with eddies confined within the mixed layer (Callies & Ferrari, 2013). These mixed layer eddies
grow from MLIs which develop at the internal Rossby radius. MLIs convert available potential energy from
mesoscale buoyancy gradients and energize submesoscale flows in the mixed layer. The internal Rossby radii
(Lr = NH/f where N is the mean buoyancy frequency computed over 2 m on both sides of the mixed layer mid-
depth, H is the MLD derived from the density criteria and f is the Coriolis frequency) were estimated for this
campaign by selecting the collected vertical profiles within the different regions. They were found to be
5.1 £22km, 5.7 3.6 km, 3.3 + 1.2 km, and 7.4 + 4.2 km for the Amazon, Downstream, Tradewind and
Upstream regions respectively. So with internal Rossby radii of the order of @(1-10 km), we would expect mixed
layer dynamics to be enhanced below 10 km (Boccaletti et al., 2007; Capet et al., 2008). However, MLIs tends to
be damped out in shallow mixed layer environment which suggests that MLIs may not be so active in the Amazon
region as in the other ones. At scales below the internal Rossby radius, we could also expect the ageostrophic
component of the flow to become predominant. The break in the spectral slopes could then be explained by the
shift from interior quasigeostrophic turbulence with k ~ —3 (Charney, 1971) to ageostrophic frontogenesis which
sharpens gradients into fronts and flattens the spectral slope to k ~—2 (Klein et al., 1998).

Normalization of the spectra allows the comparison of the different tracers with the density spectrum, which is
used as a proxy for potential energy. We see a strong disparity in energy levels for the regions within the
Boulevard des Tourbillons, especially at large scales (Figures 7a, 7b, and 7d). Temperature variations are less
energetic than salinity variations, which account for most of the density fluctuations at all wavelengths, given
their nearly identical spectra. This is consistent with the distribution of the surface thermohaline gradients, which
revealed salinity-dominated fronts (Figure 6), and highlights all the energy that can be held within these salinity
gradients. Note that the observed difference in energy levels between temperature and salinity reflects their
relative contribution to density variations. It can thus be related to the previous density ratio estimates (Table 3),
with which they are in good agreement, the largest energy disparity between T and S spectra being associated with
the smallest density ratio magnitude (for a given length scale) and vice versa. The Tradewind region shows a
different picture with the density spectrum being stronger than both T and S spectra (Figure 7c) at scales higher
than ~30 km. This suggests that salinity and temperature variations act together to enhance density fronts at large
scales which is once again consistent with the previous analysis.

Overall, the magnitude of the three state variables spectra remain similar for the Downstream, Tradewind and
Upstream region with the exception of salinity (and density to a lesser extent) at the smallest scales (Figures 7e
and 7g). The flattening of the wavenumber slopes at the submesoscale is not observed for the salinity spectra
within the Tradewind region and is also not so pronounced for the density spectra (Table 4). This suggest the
dynamics between the Boulevard des Tourbillons and the open ocean is quite different, with reduced sub-
mesoscale activity within the Tradewind Alley. It may be related to a less intense mesoscale eddy field.
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For the regions within the Boulevard des Tourbillons, the energy difference between T and S spectra gradually
decreases as we move to small scales. This is associated with significantly different spectral slopes, in particular at
the submesoscale with k;_;, ~—2.2 for salinity and a flatter slope for temperature (k;_,, ~—1.8) (Table 4). This
provides further evidence for partial compensation at small scales with increasing T contribution to the salinity-
dominated fronts. If these tracer slopes remain consistent with submesoscale dynamics, both frontogenesis and
mixed layer dynamics, resulting in slopes close to —2, the difference between the two tracers may be due to their
tracer-like behavior. In salinity-dominated regions, we could expect temperature to be a passive tracer and salinity
to be an active tracer.

4. Discussion

This study investigates the fate of strongly salinity-driven fronts, formed by the recent detachment of a large
freshwater plume, and as the plume is stirred and advected by mesoscale motions. Regional contrasts in surface
thermohaline properties and their relationship have been revealed with a high-resolution data set.

4.1. Submesoscale Processes

Despite typically low river discharge in winter and a plume extension reaching its minimum (Fournier
et al., 2017), off-shelf freshwater transport resulting from a change in wind direction and sustained by eddies
stirring (Reverdin et al., 2021) led to the development of surface freshwater layers. At the surface, the advection of
this low saline water resulted in mesoscale and sub-mesoscale horizontal salinity-dominated density gradients
that have been observed at scales down to (9(0.1 km). These salinity-driven lateral gradients, the largest of which
are found in the vicinity of the Amazon plume, are strained and stirred by mesoscale eddies, leading to their
intensification and promoting frontogenesis (McWilliams et al., 2009).

As these fine-scale freshwater filaments develop in response to the increased strain rate, an ageostrophic cir-
culation is established with an upwelling on the fresh side of the fronts and a downwelling on the saline side
(Klein & Lapeyre, 2009). Submesoscale mixed layer instabilities (MLIs) can also arise and the associated large
vertical velocities lead to the exchange of water masses and energy through the base of the ML (Boccaletti
et al., 2007). Recent numerical simulations and observations suggest that mesoscale baroclinic eddies are also
unstable to different submesoscale instabilities leading to restratification and submesoscale subduction of water
masses (Brannigan et al., 2017).

We cannot directly infer the effect of these submesoscale processes on the ML structure with our data set, but the
observed flattening of the surface density spectral slopes from ~—3 at the mesoscale (10-50 km) to ~—2 at the
submesoscale (1-10 km) (Figures 7a—7d and Table 4) suggests that they are active. A first explanation for these
observations is that large-scale fronts resulting from the stirring of the freshwater plume by the mesoscale dy-
namics fuel mixed layer instabilities (MLIs), from which mixed layer eddies grow and form submesoscale fronts
through stirring. However, the vertical stratification within the Amazon region may not allow MLIs to develop
due to the presence of very shallow mixed layers. We could then argue that the spectral slope close to —2 in this
region at the submesoscale results from the stirring of buoyancy gradients by geostrophically balanced flows
(Blumen, 1978; Giddy et al., 2021; Lapeyre, 2017)—in our case, the NBC rings, and the NBC retroflection. This
is supported by the presence of strong frontal structures in the Amazon region (Figure 6, Table 2). As we move
away from the freshwater anomaly in the Amazon region, the observed mixed layers tend to be deeper and the
available potential energy, given by the integration of the density spectra assuming N” to be a constant, decreases
(Figure 7). The drastically reduced magnitude of the density spectra could be interpreted as a result of the MLIs
converting the available potential energy into kinetic energy. It is also consistent with the reduced strength of the
submesoscale fronts (Figure 6¢), which could indicate that they have slumped due to growing mixed layer eddies.
However, compared to the Downstream and Upstream regions, the Tradewind region shows a steeper spectral
slope at the submesoscale. This suggests that a different dynamic than MLIs may be at play outside of the
Boulevard des Tourbillons.

The current data set does not allow to discriminate between the different mechanisms which may lead to a
flattening of the spectral slopes at the submesoscale. Moreover, the steeper slopes found at the submesoscale for
the density spectra compared to the —2 slope predicted by the different theories exposed above could indicate that
multiple processes of submesoscale variability are active in these regions. Alternatively, it may arise from
variability within individual transects of each region as well as from uncertainties in the spectral computation. In

COADOU-CHAVENTON ET AL.

18 of 23

85U8017 SUOWILIOD BA 1D 8|qedl|dde au Aq peusenob ae ssjoiie YO ‘@SN Jo SaINn 10} A%eid18UlIUO A8 |1 UO (SUORIPUOD-PUR-SLLIBY WD A3 1M Ale.d [BU JUO//StNY) SUORIPUOD pue swie 1 8y 8eS *[1202/.0/8T] Uo Aridiauliuo Aol ‘dig aubeleig anued euwe| Aq 92€TZ000Y202/620T OT/I0P/W00" A3 1M Areiq i pul|uo'sqndnfe//:sdny woly pepeojumoa ‘. ‘20z ‘16266912



N\\I Journal of Geophysical Research: Oceans 10.1029/2024JC021326

ADVANCING EARTH
AND SPACE SCIENCES

addition, the data set contains only lower bound estimates of the slopes since it is more likely that the Saildrones
did not cross the fronts perpendicularly. Due to their sampling resolution (Table 1), the detection of fine-scale
features is also limited. These two biases would artificially steepen the spectral slopes equally in all regions.

4.2. Reduced Stratification From Cooling-Induced Submesoscale Horizontal Compensation

The data set shows increased horizontal compensation along restratifying submesoscale fronts, suggested to be
due to a cooling heat flux. The modification of SST fronts by MLD horizontal variations due to a surface heat flux
that modifies the mixed layer temperature inversely proportional to its depth has been observed at the mesoscale
in other frontal regions such as the Agulhas Return Current region (Tozuka & Cronin, 2014) or the upstream
Kuroshio Extension (Tozuka et al., 2017). It highlights how air-sea heat flux can counteract frontogenesis or
frontolysis mechanisms associated with oceanic processes. The analysis of thermohaline fronts in the Bay of
Bengal (Spiro Jaeger & Mahadevan, 2018), supported by similar observations we collected in the northwestern
tropical Atlantic, suggests such mechanisms also occur at the submesoscale. This highlights the importance of
reproducing the horizontal variability of the ocean mixed layer at small scales in coupled general circulation
models, in order to correctly represent frontal air-sea interactions and their impact onto the ocean.

How this increased horizontal compensation at the submesoscale affects the stratification in our data set remains
uncertain. As a horizontal temperature gradient is formed due to enhanced cooling over the shallower and fresher
side of the front, the density difference between a fresh but slightly colder and a salty but slightly warmer water
mass is reduced. As a result, we can expect along-isopycnal subduction of water at the front, leading to enhanced
isopycnal T-S variance which can be stirred along isopycnals. Cross-isopycnal mixing would then bring saltier
waters into the fresher waters and conversely, reducing the sharpness of the salinity front, but also the vertical
stratification, in particular on the fresh side of the front which may lead to a deepening of the MLD. If the
horizontal salinity front is partially compensated, the vertical salinity stratification is also partially compensated.
In fact, cooling heat fluxes over freshwater layers can result in temperature inversions, which have been observed
at some locations in the collected vertical profiles. It increases the value of the vertical density ratio toward 1 and
thus reduces the vertical stratification, making it more likely to be destroyed by strong wind events. In any case if
R, exceeds 1, convective mixing will deepen the fresh layer MLD and mix the fresh water with the saltier deeper
layers. This would also induce a decrease in the salinity front along with a vertical redistribution of the previously
capped heat content. This could lead to a decrease in R as a result of a reduced horizontal temperature gradient.
Overall compensation and weakening of the salinity fronts can be expected to be reached on a shorter timescale
than what was estimated from Equation 2 considering all the parameters are kept constant.

This study assumes that surface horizontal thermohaline gradients arise essentially due to spatial and not temporal
variations. However, it is not possible to distinguish between the temporal and spatial components of the gradients
along the tracks. The extent to which the temporal evolution of the fronts may affect our results, in particular the
magnitude of the fronts and the degree of compensation, cannot be determined. Figures 3d-3f reveals that
compensation occurs on scales <1 km. Given the minimum speed of the Saildrones (Table 1), this corresponds to
a time less than 20 min for observations taken across the fronts. Events of intense cooling, such as storms, can
cross the fronts on such short time scales. Regarding compensation and considering an initially uncompensated
front (R = 0, AT = 0), it can induce higher values of R, with T and S compensating (reinforcing) when the
Saildrones cross the front from the saltier (fresher) side. Intense winds could also dampen the strength of sub-
mesoscale fronts by increasing vertical mixing, in particular the salinity component due to the large difference in
S between the fresh upper layer and the saltier waters below, leading to a more complex effect on R. However,
from a statistical point of view, it seems reasonable to neglect the temporal component at these scales.

4.3. Implications

It remains difficult to attribute the evolution of the stratification to a single mechanism, as several competing
processes can be at play. Here, we describe how submesoscale processes such as cooling-induced horizontal
compensation or MLIs could actively modify the upper ocean stratification, eventually leading to significant
vertical fluxes that erode the base of the ML. As the upper fresh layer mixes with the underlying warmer and
saltier waters, the previously trapped heat would be released to the air-sea interface. These mechanisms would
then potentially be critical in modulating ocean-atmosphere interactions.
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The contribution of these fine-scale structures to air-sea fluxes has been highlighted by recent studies in the same
geographical area. Fernandez et al. (2023) show that fine-scale SST features significantly enhance latent heat flux
due to the induced changes in the vertical stratification of the marine atmospheric boundary layer. Olivier
et al. (2022) highlight the variability in air—sea CO, fluxes that occurs at both large and small scales, with salinity
being one of the most valuable indicators of ACO, within the eddy corridor. However, assessing and predicting air-
sea fluxes variations induced by the salinity field remain difficult due to the scarcity of in situ data and the coarse
resolution of satellite salinity compared to temperature and chlorophyll. Overall, these studies have been limited
by the lack of colocalized data of the upper ocean thermohaline structure along with the vertical stratification of
the lower atmosphere.

However, assessing the contribution of submesoscale processes to ML changes or air-sea fluxes would remain
challenging due to their short timescales, even with a complete picture of the vertical structure of the air-sea
interface, including both the ocean mixed layer and the marine atmospheric layer (Swart et al., 2023). Mon-
teiro et al. (2015) take advantage of the ability of USVs to operate over long periods of time, combined with their
high temporal resolution, to show that a sampling resolution of less than 2 days is required in 30%—40% of the
Southern Ocean to achieve the necessary accuracy in CO, flux estimates to reveal climate trends.

Over a day, the increase in the density ratio is hindered by the diurnal variations of Q,.: the cooling flux is limited
to the nighttime, and we expect that the newly created horizontal temperature gradient is partially destroyed
during the day, when a large heating flux warms the upper ocean. Hence we may observe stronger submesoscale
density fronts during daytime compared to nighttime when thermohaline compensation is meant to be active. On a
seasonal timescale, we expect that this increased submesoscale compensation will not be found in summer, when
the net heat flux is positive (Bigorre & Plueddemann, 2021). On the contrary, it may lead to a strengthening of the
salinity-dominated fronts and given that the Amazon River discharge progressively increases from March to May
(Lentz & Limeburner, 1995), a more intense submesoscale activity is expected with stronger submesoscale
density fronts as well.

High-resolution regional models could be used to overcome the limited temporal coverage of our data set and to
further investigate the seasonality of the submesoscale activity. Fox-Kemper et al. (2008) proposed a parame-
trization for MLIs, in particular for the potential energy release, which has been verified in realistic model
configurations (Capet et al., 2008; Mensa et al., 2013). However, this scaling assumes that the potential energy
conversion is related to the buoyancy gradients, which are sharpened by the mesoscale strain field when the mixed
layer is deep. Luo et al. (2016) investigated submesoscale processes in the northern Gulf of Mexico, a region
under the influence of freshwater inflow from the Mississippi River system, using a regional model with
submesoscale-permitting horizontal resolution. They show that this scaling fails to reproduce the potential energy
release because the seasonal cycle of the freshwater flux—which drives the lateral density gradients—is out of
phase with the seasonal variation of the mixed layer. This highlights the key role of the freshwater river input in
the submesoscale activity. In the tropical Atlantic Ocean, the seasonal cycle of the MLD is weak (Foltz
et al., 2003), while the Amazon River discharge shows strong seasonal variations (Lentz & Limeburner, 1995).
This suggests that the Fox-Kemper et al. (2008) parametrization may not be appropriate for our region as well and
highlights the need to develop new parameterizations. On the one hand, high-resolution regional climate models
could facilitate the progress of improved parameterizations (Hewitt et al., 2022); on the other hand, the data set
analyzed here could be used as a testbed for their development. We also show that the contribution of a freshwater
forcing to frontogenetic processes can be critical, highlighting the need for reliable satellite salinity data, espe-
cially in coastal areas subject to riverine inputs. This result cannot be achieved without more extensive salinity in
situ measurements in the same areas.

5. Conclusion

This study investigates the surface horizontal thermohaline gradients in the northwestern tropical Atlantic, where
surface density gradients result not only from the mesoscale motions and atmospheric forcing, but also from the
dynamics of the freshwater fluxes associated with the Amazon River system. Thus, the strongest gradients are
found in the vicinity of the northwestward spreading freshwater plume. The attenuation of surface density gra-
dients away from the plume suggests that freshwater fluxes are a first-order parameter driving frontogenesis.
Mesoscale motions, in particular two observed NBC rings, stirred this freshwater anomaly offshore. Our results
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suggest that this stirring of gradients enhances the horizontal strain and sets the conditions for submesoscale fronts
to form through frontogenesis, and from which mixed layer eddies can grow.

While the large-scale fronts are strongly salinity-dominated, these submesoscale fronts are found to be partially
temperature-compensated. The analysis of the Saildrones ADCP shear observations suggests that this compen-
sation occurs at restratifying frontal regions. Because submesoscale fronts are dynamically unstable, they slump,
leading to increased stratification along the front. The atmospheric cooling over the region during winter is
expected to form a temperature gradient as a result of a larger SST response over the shallow mixed layer. The
weakening of the submesoscale fronts due to partial temperature compensation prevents the cascade of energy to
smaller scales where dissipation occurs. Overall, the applied methodology could be extended to other data sets to
assess the phenomenology of fine-scale structures in other dynamical regions.

Data Availability Statement
This study makes use of numerous data sets made freely available and listed here.

o All the in situ observations collected during the EUREC4A-OA/ATOMIC experiment and used in this study
(Saildrones, CTDs, uCTDs, Gliders, MVP, Argo floats, and Underwater Gliders) (Bony & Bjorn, 2021):
https://observations.ipsl.fr/aeris/eurec4a/#/.

e SMAP maps produced by Remote Sensing System (RSS v4 70 km) (Boutin et al., 2021): https://doi.org/10.
5285/5920a2c¢77e3c45339477acd31ce62c3c.

e Chl-a and SST maps produced by CLS (Olivier et al., 2022; Reverdin et al., 2021): https://observations.ipsl.fr/
aeris/eurec4a-data/SATELLITES/CLS/.

¢ Global Ocean Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed 1993 Ongoing
(CLS, 2018): https://doi.org/10.48670/moi-00148.

e« ERAS5 (Hersbach et al., 2021): https://doi.org/10.24381/cds.adbb2d47.
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