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Abstract:
simulations have shown that the oceanic surface current feedback to the atmosphere (CFB)

Over the past decade, several studies based on coupled ocean-atmosphere

leads to a slow-down of the mean oceanic circulation and, overall, to the so-called eddy
killing effect, i.e., a sink of kinetic energy from oceanic eddies to the atmosphere that damps
the oceanic mesoscale activity by about 30%, with upscaling effects on large-scale currents.
Despite significant improvements in the representation of western boundary currents and
mesoscale eddies in numerical models, some discrepancies remain when comparing numer-
ical simulations with satellite observations. These discrepancies include a stronger wind
and wind stress response to surface currents and a larger air—sea kinetic energy flux from
the ocean to the atmosphere in numerical simulations. However, altimetric gridded prod-
ucts are known to largely underestimate mesoscale activity, and the satellite observations
operate at different spatial and temporal resolutions and do not simultaneously measure
surface currents and wind stress, leading to large uncertainties in air-sea mechanical energy
flux estimates. ODYSEA is a new satellite mission project that aims to simultaneously
monitor total surface currents and wind stress with a spatial sampling interval of 5 km
and 90% daily global coverage. This study evaluates the potential of ODYSEA to measure
surface winds, currents, energy fluxes, and ocean—atmosphere coupling coefficients. To
this end, we generated synthetic ODYSEA data from a high-resolution coupled ocean—
wave-atmosphere simulation of the Gulf Stream using ODYSIM, the Doppler scatterometer
simulator for ODYSEA. Our results indicate that ODYSEA would significantly improve
the monitoring of eddy kinetic energy, the kinetic energy cascade, and air-sea kinetic
energy flux in the Gulf Stream region. Despite the improvement over the current mea-
surements, the estimates of the coupling coefficients between surface currents and wind
stress may still have large uncertainties due to the noise inherent in ODYSEA, and also
due to measurement capabilities related to wind stress. This study evidences that halving
the measurement noise in surface currents would lead to a more accurate estimation of
the surface eddy kinetic energy and wind stress coupling coefficients. Since measurement
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noise in surface currents strongly depends on the square root of the transmit power of
the Doppler scatterometer antenna, noise levels can be reduced by increasing the antenna
length. However, exploring other alternatives, such as the use of neural networks, could
also be a promising approach. Additionally, the combination of wind stress estimation
from ODYSEA with other satellite products and numerical simulations could improve
the representation of wind stress in gridded products. Future efforts should focus on the
assessment of the potential of ODYSEA in quantifying the production of eddy kinetic
energy through horizontal energy fluxes and air-sea energy fluxes related to divergent and
rotational motions.

Keywords: ODYSEA; Doppler scatterometer; surface currents; wind stress; eddy kinetic
energy; horizontal energy fluxes; wind work; coupling coefficients

1. Introduction

In the last couple of decades, thanks to advances in numerical modeling and satellite
observations, mesoscale air-sea interactions have received growing interest from the scien-
tific community. In particular, the current feedback to the atmosphere (CFB; [1-5]), which is
essentially the influence of surface currents on the overlying atmosphere, has been shown to
be a missing piece in ocean modeling. CFB has been shown to slow down the mean oceanic
circulation [6,7] and, overall, to induce the so-called eddy killing effect, i.e., a sink of kinetic
energy from oceanic eddies to the atmosphere that damps the oceanic mesoscale activity
by about 30% [5,8-10]. The sink of kinetic energy caused by CFB arises from the interaction
between surface currents, winds, and wind stress. A positive (negative) current anomaly
induces a negative (positive) wind stress anomaly, which modifies the resistance at the
surface and allows for the re-energization of winds and, consequently, the ocean. Therefore,
a negative (positive) wind stress anomaly results in a positive (negative) wind anomaly.
As positive wind stress anomalies are more prevalent, the transfer of energy from surface
currents to the atmosphere is mainly driven by wind stress anomalies, while the partial
re-energization of the ocean is attributed to the wind anomalies [5]. The damping of the
oceanic mesoscale activity further leads to a weakening of the eddy-mean flow interaction
(the inverse cascade of kinetic energy), stabilizing and improving the representation of
emblematic western boundary currents such as the Gulf Stream, the Agulhas Current, and
the Loop Current [7,11-15]. Furthermore, the current feedback promotes the occurrence of
mesoscale eddies with more realistic properties (e.g., thermohaline characteristics, energy
levels, and lifetime) and trajectories by modifying their detachment location, periodicity,
and interactions with the atmosphere [5,15].

As a measure of the eddy killing effect, the wind work has been broadly used to
investigate the extent to which CFB modulates the intensity of wind-driven currents,
i.e., Ekman currents, near-inertial oscillations, and internal gravity waves, as well as
(sub)mesoscale and large-scale currents [5,9,15-20]. CFB efficiency can also be characterized
by means of the coupling coefficient s, which is defined as the slope of the linear regression
between mesoscale surface current vorticity and wind stress curl. The more negative the s,
the more efficient the eddy killing.

However, despite significant improvements in ocean dynamics in numerical models,
discrepancies remain when coupled numerical simulations are compared with satellite ob-
servations. Coupled ocean—atmosphere simulations exhibit a stronger wind stress response
to CFB, a larger eddy wind work, and, consistently, a more negative s; coupling coefficient
compared to those estimated from the combination of surface currents derived from alti-
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metric measurements [21] and wind stress estimations derived from scatterometers [22]
(see [7,8,23]). While there is no doubt that some of these discrepancies are due to model
bias, the current satellite products have large systematic errors and important sampling
differences. Gridded altimetric products specifically, which rely on the geostrophic balance
to estimate surface currents, largely underestimate the mesoscale levels of energy and can
only resolve mesoscale eddies with a diameter larger than 100 km [24-27]. In addition,
satellite observations operate at different spatial and temporal resolutions and do not
simultaneously measure surface currents and wind stress, which is critical for accurate
quantification of kinetic energy flux between the ocean and the atmosphere (the wind
work) and the s; coupling coefficient [8,28]. Finally, because scatterometers provide winds
relative to oceanic currents, they cannot adequately characterize the CFB wind response.

The Ocean Dynamics and Sea Exchanges with the Atmosphere (ODYSEA) satellite
project, which includes a pencil-beam Doppler scatterometer, would allow us to simultane-
ously measure total surface currents and winds with a spatial resolution of 5 km, temporal
resolution of 12 h, and global coverage within 1-2 days. Surface current radial velocities
will be measured from the Doppler shift of the backscattered signal, which is proportional
to the surface current speed component along the line of sight. Therefore, the computation
of surface currents will be achieved by observing radial velocities along different azimuth
angles [29]. The Ka-band Doppler scatterometer will allow ODYSEA to estimate ocean sur-
face equivalent neutral winds, improving by a factor of around 3 the spatial resolution with
respect to estimations from a Ku-band scatterometer [29,30]. Measurement noise follows
Gaussian distributions with standard deviations of 50 cm s~! for currents in low-wind
conditions and 1 m s~ for winds [28,30,31]. A previous study [28] analyzed the ODYSEA’s
capability in estimating wind work and its sensitivity to measurement uncertainties. The
authors used a measurement simulator fed by results from a 4 km ocean-atmosphere
coupled simulation to show that ODYSEA sampling would properly represent the wind
work, even if surface current errors reach 1 m s~ 1.

This study aims to go one step further by assessing how well ODYSEA could measure
surface winds, currents, energy fluxes, and ocean—atmosphere coupling coefficients. It
mainly focuses on the consequences of uncertainties, including (i) those associated with
measurement capabilities related to sub-sampling, as well as (ii) noise related to the per-
formance of traditional pencil-beam scatterometers, and proposes strategies to address
them. To this end, we generate synthetic ODYSEA data from a coupled ocean—surface
waves—atmosphere high-resolution numerical simulation of the Gulf Stream and using
the Doppler scatterometer simulator ODYSIM (https:/ /github.com/awineteer/odysea-
science-simulator; accessed on 10 June 2023 ). Our study focuses on the Gulf Stream re-
gion, which is characterized by strong and large (sub)mesoscale currents but also by the
occurrence of large surface gravity waves (Figure 1).

The paper is organized as follows: The models, ODYSEA simulator, and datasets used
in this work are described in Section 2. Section 3 demonstrates the capabilities of ODYSEA
in reproducing the ocean surface kinetic energy and wind stress, as well as kinetic energy
cascades, air—sea energy fluxes related to wind work, and ocean-atmosphere coupling
coefficients. This section also analyzes the consequences of measurement uncertainties, e.g.,
sub-sampling and noise, and proposes strategies for dealing with them. Finally, the results
are discussed in Section 4.
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Figure 1. Snapshots of relative vorticity (a) (normalized by the planetary vorticity f), sea surface tem-
perature (b), wind speed (c), and significant wave height (d) from the CROCO-WRF-WWIII coupled
system results for 29 January 2005. The black segmented line represents the 500 m depth contour.

2. Methods and Data
2.1. ODYSIM

ODYSIM is a Doppler scatterometer simulator designed to explore the capabilities of
ODYSEA. It generates synthetic ODYSEA data from numerical simulations to assess the
measurement of surface currents and winds [28,30]. The simulator is configured with the
following specifications: a satellite with a 5.0 x 0.35 m antenna, 400 W transmit power, a
590 km sun-synchronous polar orbit with a 4-day repeat cycle, and an incidence angle of
56°. This configuration allows a wide measurement swath of about 1700 km with a daily
global coverage of around 90% and a spatial resolution of 5 km for surface currents and
winds [28,30,31].

In addition to providing synthetic data, ODYSIM also allows for assessing the po-
tential consequences of inherent uncertainties in the measurements because it includes a
parametrization of random errors or noise, which largely depend on the wind speed and the
look geometry [29,30]. This measurement noise primarily reflects the retrieval uncertainties
typical of pencil-beam scatterometers and does not account for additional noise sources,
such as those associated with rainfall, sea surface temperature, or sea state [30-34]. The
commonly referenced performance baseline noise for ODYSEA is stated to be 50 cm s~! for
surface currents and 1 m s~! for surface winds for a spatial sampling interval of 5 km [31].
However, Ref. [30] demonstrated that noise associated with surface current measurements
can be significantly higher at the center and edges of the swath while it diminishes over the
“sweet spots”, which are the regions between the center and the edges.
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It is important to consider that the ODYSEA synthetic data, which depend on the
ODYSIM configuration and the parametrized noise, are also largely influenced by the nu-
merical simulation used as an input to the ODYSIM. While comparisons between ODYSIM
results from different simulations are valid, they must be interpreted with consideration of
the specific model configurations and the fundamental assumptions of each simulation.

In this study, ODYSIM generates synthetic ODYSEA measurements by extracting sur-
face currents and wind stress data from high-spatial-resolution coupled ocean-atmosphere—
wave simulations performed over the Gulf Stream region. The details of the configuration
are provided below.

2.2. Coupled Ocean—Surface Waves—Atmosphere Numerical Simulation

The coupled ocean-atmosphere-wave system uses the Coastal and Regional Ocean
Community (CROCO) version of the Ocean Modeling System (ROMS) model [35,36] to
reproduce the ocean dynamics at a spatial resolution of 1/42° (~2.2 km), the Weather
Research and Forecast (WRF) model [37] to reproduce the atmosphere dynamics with a
spatial resolution of 1/15° (~6 km), and the WaveWatch IIIl (WW3) surface gravity wave
models to simulate sea state with a spatial resolution of ~6 km. The domains for CROCO,
WRE, and WW3 are illustrated in Figure 1la. The numerical models and configurations
are similar to the ones employed in [38,39], and the following model descriptions are
derived from those references with minor modifications. Briefly, the simulations are in
good agreement with observations, as shown by [18,38,39], and reproduce a stable path of
the Gulf Stream with intense surrounding mesoscale activity, realistic atmospheric low-level
circulation and heat fluxes, and a fair representation of the surface gravity waves.

2.2.1. The CROCO Configuration

The CROCO model is a terrain-following, free-surface Boussinesq model that uses
a split-explicit time-stepping scheme. While it is available in both hydrostatic and non-
hydrostatic versions, we use the hydrostatic version in this study.

Fifth-order upstream biased momentum advection is used [40,41], which reduces the
numerical dispersion and diffusion and allows the achievement of an effective resolution
of about 10 km (about 5 times the horizontal resolution). For horizontal tracer transport,
the model employs a rotated split third-order upstream scheme for discretization. Notably,
the diffusive component of this scheme is rotated along isopycnal surfaces, a method
aimed at minimizing excessive diapycnal mixing, as suggested by [42—44]. To represent
turbulent diffusion processes at the surface, bottom, and interior of the ocean, K-Profile
Parameterization (KPP; Ref. [44]) is used.

As depicted in Figure 1, the CROCO model is implemented over the north-west
Atlantic Ocean with a horizontal spatial sampling interval of 1/42° (~2.2 km). It extends
from 22.5°N to 48.84°N and from 36°W to 82°W. The full configuration is described in [38] as
the “TD” simulation, i.e., a simulation that is forced at its lateral boundary by the 1/12°daily
mean Mercator Glorys12V1 product [45], and by barotropic tides (height and currents)
from the global tidal model TPXOv.7 [46]. Bottom drag is quadratic and parameterized
through a logarithmic law of the wall with a roughness length of zg = 1072 m. The coupled
simulation runs for 1 year, starting on 1 January 2005, after a spin-up of 5 years (see [18] for
more details).

2.2.2. The Weather Research and Forecast Model Configuration

WREF 4.2 [37] is implemented over a slightly larger domain to avoid issues related to
the sponge layer of the WREF. It has a horizontal spatial sampling interval of approximately
6.2 km [39] and uses 50 hybrid levels with a model top pressure set at 1000 Pa and a first
level at 10 m over the ocean. The model is initialized and forced at its lateral boundary
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by the ERA5 dataset [47], which is a fifth-generation reanalysis dataset produced by the
European Centre for Medium-Range Weather Forecasts (ECMWE).

We use the following set of parameterizations: the KIAPS SAS (KSAS; Korean In-
stitute of Atmospheric Prediction Systems Simplified Arakawa-Schubert) convective
scheme [48,49], the WRF Single-Moment 6-Class (WSM6) Microphysics Scheme with
droplet concentration inclusion [50,51], the Dudhia shortwave radiation scheme [52], the
Rapid Radiative Transfer Model Longwave Radiation Scheme [53], the Yonsei University
(YSU) Planetary Boundary Layer Scheme [54], the Revised MMS5 Surface Layer Scheme [55],
and the Noah Land Surface Model [56]. The current feedback parameterization is imple-
mented in both the surface layer and planetary boundary layer schemes following the
approach of [57].

2.2.3. The WaveWatch III Model Configuration

WW3 solves the random-phase spectral action density balance equation for specific
wavenumber—direction spectra, encompassing various physical processes. These include
wind-wave interactions, nonlinear wave—wave interactions, wave-bottom interactions,
depth-induced breaking, dissipation, and shoreline reflection, all of which are parame-
terized within the model. To address numerical artifacts arising from discrete directions
of wave propagation, the third-order Ultimate Quickest scheme by [58], augmented with
the Garden Sprinkler correction, is employed. Nonlinear wave-wave interactions are ac-
counted for using the Discrete Interaction Approximation (DIA) method proposed by [59].
The wind-wave interaction source term introduced by [60] is integrated into the model, fea-
turing a parameterization based on saturation-based dissipation to mitigate unrealistically
large drag coefficients observed under high-wind conditions. Furthermore, depth-induced
wave breaking, following the formulation by [61], and bottom friction source terms as
outlined by [62] are incorporated.

The grid used in the WW3 model covers the same geographic region and has the
same spatial resolution as the Weather Research and Forecasting (WRF) model. Specifically,
the spectral discretization used in WW3 consists of 24 directions (at 15° intervals) and
32 frequency bins. To establish lateral boundary conditions for the coupled simulations, a
stand-alone WW3 simulation is performed over the entire Atlantic region for the period
from 2004 to 2006. This stand-alone simulation uses the same spectral discretization and a
spatial resolution of 0.2°. The wind forcing data used in this stand-alone simulation are
obtained from the Climate Forecast System Reanalysis (CFSR) dataset [63]. The derived
spectra from this stand-alone WW3 run are then imposed hourly at the boundaries of WW3
in the coupled simulations.

2.2.4. Coupling Strategy

The coupling strategy is illustrated in Figure 2. The OASIS (Ocean—Atmosphere—
Sea Ice-Snow model) coupler [64] is used at the interface of the models to perform the
exchanges of the different fields. The following fields are exchanged hourly between
the models:

e  WRF sends to CROCO momentum (surface stress), heat, and freshwater flux and
receives from CROCO the sea surface temperature and currents.

¢  WRF sends to WW3 the wind and receives the Charnock parameter from WW3.

*  CROCO gives the sea surface height and the surface currents to WW3 and receives
the net wave-supported stress and wave-to-ocean momentum flux, as well as the
significant wave height, mean wave period, and mean wave direction used to compute
the Stokes Drift.
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Figure 2. Coupling strategy for the CROCO-WW3-WREF system.

2.3. ODYSEA Datasets

Two main datasets are built from ODYSIM results, corresponding to along-track and
gridded formats. In addition, additional datasets are generated by adding parametric
measurement noise to the primary datasets and by applying spatial filters to reduce this
noise. A summary of the properties of the generated datasets is shown in Table 1. To
differentiate between the datasets generated from the ODYSIM simulator and the outputs
of the coupled simulation, we adopt the following naming convention:

e The first three letters are “ODS”, to denote that the dataset is generated by ODYSIM.

e  Following “ODS”, the dataset level is indicated: “L2” or “L3”. “L2” represents the
ODYSEA along-track data mapped onto a standardized grid with a resolution of
5 km. “L3” indicates a gridded dataset obtained by applying a running mean to the
L2 products.

*  The running mean applied is then specified: “1.5 day” or “3 day”.

*  The letter “N” indicates the consideration of the parametrized noise from ODYSIM,
which is added to the along-track data. Measurement noise depends on instrument
parameters, look direction, and the strength of the return signal. The signal strength is
proportional to the radar cross-section, which depends on wind speed and direction
through an empirically derived wind geophysical model function [29,30].

*  “Nps” indicates the consideration of only the half value of parametrized noise.

¢  To mitigate measurement noise, spatial smoothing is implemented using a window of
either 15 km or 25 km. In such instances, the use of a spatial filter is denoted by the
prefix “F” followed by the length of the spatial filter (15 or 25 km).

In the L2 products, following [28,30], the center and edges of the swath are removed to

eliminate the regions with large uncertainties. In addition, surface currents where winds are

1

weaker than 3 m s~ are removed to ensure an averaged noise of about 50 cm s! (Figure 3b).

This excludes about 20% of the data (Figure 3a) but improves the representation of surface
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currents. Analyzing L2 datasets allows us to quantify the uncertainties related to satellite
sub-sampling. L3 datasets are necessary to compute horizontal energy fluxes and coupling
coefficients between the sea surface currents and the atmosphere (see Sections 3.3 and 3.4).
Therefore, comparisons from “L2” to “L3” datasets will help us assess the consequences of
temporal filters in the computation of these parameters. Comparing “N” and “L” datasets
will enable us to identify how parametric noise affects data values in terms of statistical
properties. A comparison between “N” and “F” datasets will allow us to analyze the
effectiveness of spatial filters in reducing the impact of noise in ODYSEA measurements.
Finally, a comparison between “N” and “Ny 5" datasets will allow us to analyze the impact
of considering only half of the parametrized noise.

10
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Figure 3. (a) Probability distribution of wind speeds. The vertical dashed line indicates the 3 m s~
wind speed threshold. (b) Mean noise (colored bars) of surface currents and associated standard
deviation (error bars) as a function of wind speed in the ODSL2N dataset. Noise statistics are derived
from the magnitude of the latitudinal and longitudinal components of surface currents noise. The

-1

horizontal dashed line indicates the 50 cm s™* noise threshold.

Table 1. Dataset properties: noise, temporal filters, and spatial filters.

Datasets Noise Temporal Filter Spatial Filter
ODSL2 No No No
ODSL2N Full No No
ODSL2Nj 5 Full No No
ODSL2NF;51m Full No 15 km
ODSL31 5day No 1.5 days No
ODSL31 54ayN Full 1.5 days No
ODSL31 54ayNo.5 Half 1.5 days No
ODSL31 54ayNFas5km Full 1.5 days 25 km
ODSL31 5dayNo.5F15km Half 1.5 days 15 km
ODSL334ay No 3 days No
ODSL334ayN Full 3 days No
ODSL334ayNo.5 Half 3 days No
ODSL334ayNFaskm Full 3 days 25 km

ODSL334ayNo.5F15km Half 3 days 15 km
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An example of the surface currents and wind stress are depicted in Figure 4. At
first glance, it seems that both ODSL3 542y NF15km and ODSL334,yNFy5yy, are able to
reproduce the mesoscale activity, mainly differing in the occurrence of spatial gaps related
to the exclusion of the data at the center and edges of the swath in ODSL3 54,y NFi5¢m
(Figure 4a,c,e). Regarding wind stress, it is evident that longer averaged periods promote an
important smoothing over the fields (Figure 4b,d,f). This is associated with the propagation
of fast atmosphere features, i.e., storms, that cannot be properly sampled by the satellite [28].
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Figure 4. Comparison of the current speed (first column) and wind stress (second column) from
the different datasets obtained through the ODYSEA simulator. Examples for the ODSL2NF gy,
ODSL31 54ayNF25km, and ODSL334,yNFosy, datasets are shown across different rows.

2.4. Satellite “Like” Products

An important part of this work involves comparing the future performance of ODYSEA
with contemporaneous satellite missions. Therefore, we also generate datasets that mimic
daily altimeter estimations of gridded surface currents from CMEMS [Copernicus Marine
Environment Monitoring Service; [21,65]] and wind stress from QuikSCAT [66] by filtering
the reference simulation in space and time. The Altimeterlike dataset is generated by
applying a 7-day running window and an 85 km diameter spatial filter to the sea level
height [13]. Subsequently, surface currents are computed through the application of the
geostrophic balance, thus excluding ageostrophic motions as Ekman and cyclogeostrophic
currents. The QuikSCATlike dataset is derived by applying a 1-day running mean filter
and a 100 km diameter spatial filter to the wind stress components [8,28,67]. We also define
the Obslike dataset as a combination of the Altimeterlike and QuikSCATlike datasets. It is
important to note that these “like” products are generated by only applying spatial and
temporal filters to the reference simulation, without incorporating any random noise. A
summary of the filters applied to the reference experiment is shown in Table 2.
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Table 2. Time and spatial filters applied to the reference simulation to produce the following “like”
datasets: Altimeterlike, QuikSCATlike, and Obslike. Spatial filter values correspond to the filter
diameter.

Surface Currents Winds and Stress
Datasets Temporal Filter  Spatial Filter =~ Temporal Filter  Spatial Filter
Altimeterlike 7 days 85 km - -
QuikSCATlike - - 1 day 100 km
Obslike 7 days 85 km 1 day 100 km

2.5. Kinetic Energy Fluxes

ODYSEA will be able to concurrently measure surface currents and wind stress. This
dual functionality enables us to compute not only horizontal energy fluxes of surface
currents but also the flux of kinetic energy between the ocean and the atmosphere, i.e.,
the wind work. In this study, both energy fluxes are computed using coarse-graining
decomposition [68].

The coarse-graining method allows the energy flux related to a certain spatial scale
to be estimated [18,38,68-72]. The method is based on the separation between large and
small scales around chosen scales L. The signal is separated by applying a two-dimensional
running mean with diameter L to a field F(x,y). This filter results from applying a
convolution (F(x,y)) = C x F(x,y) with a top-hat kernel

1/4, if|r| <L/2,

0, otherwise.

C= (1)

Here, A = L2 /4 is the circular normalization area of diameter L, and r is the radial
position vector [71].

Following [71], applying the convolution to the equation of motion results in a term
that allows us to estimate the horizontal energy flux (II) for a certain scale L:

11 = = ({0 - (02) B + (o) — () o) (T + 52 ) + (60— 02) 5, @

where u and v represent the zonal and meridional components of surface currents, respec-
tively. As mentioned by [68], this term is similar to barotropic instability, which relates
to the energy transfer between mean and eddy kinetic energy. With the coarse-grained
method, positive values of II imply an energy flux to smaller scales (forward cascade),
whereas negative values imply an energy flux to larger scales (inverse cascade).

Likewise, eddy wind work (FeKe) is derived from coarse-grained filtered fields:

FeKe = ((mxu) — (mx) (1)) + (<Tyv> - <TY><U>>' (3)

where 7y and 7y correspond to the zonal and meridional components of wind stress relative
to surface currents, defined as T = p,Cy Urzel. In this expression, p, corresponds to the air
density, C; to the drag coefficient, and U, to the wind speed relative to surface currents.
Positive values of F.K, indicate that the atmosphere is injecting energy into the ocean at
the scale L, whereas negative values indicate energy fluxes in the opposing direction [72].

2.6. st Coupling Coefficient

The s+ coupling coefficient allows us to assess the efficiency of the eddy killing process.
Following [5,8], s; is computed as the slope of a linear regression between surface ocean
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current vorticity anomalies and surface stress curl anomalies. To isolate the mesoscale
signal and to remove the atmospheric synoptic variability, anomalies result from a 31-day
low-pass filter and a 275 km high-pass filter. It is worth mentioning that regions with
quasi-stationary weather conditions, e.g., atmospheric blocking events [73,74], require long
averaging times to isolate the mesoscale signal. In order to deal with track overlaps and
uncertainties in ODYSEA gridded datasets, s; is computed from the noisy level 2 datasets
ODSL31 54ayN and ODSL334,yN and then a 25 km low-pass filter is applied.

3. Results

The purpose of this section is to assess the extent to which ODYSEA would capture
the surface currents and the associated oceanic kinetic energy, the wind stress, the oceanic
cascade of kinetic energy, the exchange of kinetic energy between the (sub)mesoscale eddy
and the atmosphere, and the coupling coefficient s;. We examine the ability of ODYSEA to
capture these fields and aim to understand the impact of uncertainties on their estimation.

3.1. Kinetic Energy of Surface Currents

The surface mean and eddy kinetic energy (MKE and EKE) from the reference simula-
tion, as well as for the ODYSEA and observations-like datasets, are estimated as

MKE = 0.5(1,% 4+ 752), (4)
EKE = 0.5(u2 4 v12), (5)

where 1, and v, are the surface currents. The ~ represents the annual mean and the’ denotes
the deviations from the mean. Figure 5 shows the main analysis. The MKE estimated from
the reference experiment shows a realistic representation of the Gulf Stream dynamics. The
Gulf Stream flows northward along the entire Florida coast up to Cape Hatteras (35°N),
where it begins to separate from the coast, veering eastward (Figure 5a). Post-separation,
large eddies detach from the Gulf Stream and propagate westward, leading to intense mean
mesoscale activity around the Gulf Stream path (up to 0.2 m? s~2; Figure 5b).

The Altimeterlike and ODYSEA datasets can reproduce the main spatial patterns
of MKE and EKE (Figure 5a-h). However, while the MKE appears to be similar in all
the datasets, there are notable discrepancies in the intensity of the EKE estimates. To
quantitatively assess these differences over the Gulf Stream, EKE estimates are spatially
averaged over the polygon delineated in Figure 5b and visually presented in Figure 5i.

Not surprisingly, and consistent with the literature, the results reveal that Altimeterlike
tends to underestimate the EKE by approximately 54%. In contrast, ODSL2, which does not
consider the measurement noise, shows a minimal underestimation of the EKE (about 1.5%),
showing that the sampling capabilities per se of ODYSEA allow an adequate estimation
of the EKE over the Gulf Stream. It is worth noting that, from ODSL2 to ODSL2N, mea-
surement noise spuriously increases the EKE by about 22% (ODSL2N dataset in Figure 5i).
In ODSL2NF; 54ay, however, the spurious EKE is largely removed by applying a 15 km
diameter low-pass filter to the surface currents (ODSL2N to ODSL2NF; 54,y in Figure 5i).
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Figure 5. Mean (first column) and eddy (second column) kinetics over the year 2005 for the reference
simulation (first row), ODSL2NF 5y, (second row), ODSL334,yNFosyy, (third row), and Altimeterlike
(fourth row) datasets. The mean Gulf Stream system signature, composed of the Gulf Stream and the
mesoscale eddies interacting with it, is depicted by the gray contour in panel (b), which corresponds
to the 0.1 m? s~2 eddy kinetic energy level. The spatially averaged (bars) eddy kinetic energy over
the black polygon in (b) is depicted for all datasets at the bottom axes. The standard deviation is
indicated by the error bars.

Time averages used for ODSL3 datasets have large consequences in the estimation of
EKE. On the one hand, the ODSL3; 544y and ODSL3;34,y datasets underestimate the EKE by
about 15% and 20%, respectively. However, the gridded products of surface currents and
wind stress are essential for computing, for example, air-sea coupling coefficients or coarse-
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grained energy fluxes. On the other hand, time averages help to reduce uncertainties related
to noise in the EKE calculation (Figure 5i). The time-averaged noise datasets, ODSL3; 544y N
and ODSL334ayN, increase EKE estimates from the noise-free datasets by only 16% and
15%, respectively, while EKE estimates from ODSL2 to ODSL2N increase by 22%. Finally,
the effect of noise on EKE estimation is mitigated by applying a 25 km low-pass spatial
filter to ODSL3 542yN and ODSL334,y. Despite the underestimation of the EKE at various
degrees depending on the considered dataset, ODYSEA should improve its representation
compared to current altimeter estimations.

While spatial filters help to reduce measurement noise, they also have the disadvan-
tage of reducing the fine-scale variability of ocean currents. To better characterize which
scales are effectively measured by ODYSEA, a two-dimensional co-spectral analysis is
performed on the KE to evaluate the performance of the ODYSEA datasets (Figure 6). The
analysis reveals that all ODYSEA datasets accurately capture the KE at the large mesoscale
(wavelengths larger than 100 km) and exhibit energy decay rates around k2 (Figure 6).
Nevertheless, the sampling capabilities of ODYSEA can lead to a 20% underestimation of
energy across wavelengths around 50 km (ODSL3 54,y and ODSL334,y in Figure 6a).
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Figure 6. Kinetic energy wave number spectra estimations for the reference simulation, and the
Altimeterlike and ODYSEA gridded products over the black polygon depicted in Figure 5a. Conse-
quences related to time averages in ODYSEA are depicted in (a), while the consequences related to
measurement noise are depicted in (b). Consequences related to spatial filters are depicted in (c,d).
The consequences of halving the measurement noise and applying a 15-km spatial filter are depicted
in (e). Theoretical energy dissipation rates of k=2 and k2 are depicted with segmented lines in (a).
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In ODSL31.5dayN and ODSL33dayN, measurement noise leads to a significant overesti-
mation of kinetic energy levels at wavelengths shorter than 80 km (Figure 6b). Consistent
with previous analyses, the application of 15 and 25 km low-pass spatial filters (Figure 6c,d)
effectively attenuates these spurious kinetic energy levels. While the 15 km spatial filter
reduces noise effects, particularly at scales smaller than 50 km wavelength, the energy
estimates for ODSL31 54ayNF15xm and ODSL334,yNFy5xp, still show an overestimation com-
pared to the noise-free datasets (ODSL3; 54ay and ODSL334,y) around 20 km wavelength.
In contrast, the 25 km spatial filter, though reducing the effective resolution of ODYSEA to
about 35 km, yields more accurate energy level estimates at smaller wavelengths, with an
underestimationg of only about 7% observed at wavelengths around 50 km. Despite the
consequences of spatial and temporal filters being applied to ODYSEA datasets, these filters
largely improve the representation of the kinetic energy in comparison with the Altimeter-
like dataset, which underestimates energy estimations by about 75-85% at wavelengths
between 100 and 50 km and fails to detect smaller-scale features.

3.2. Surface Wind Stress

The wind stress time mean and standard deviation for the reference simulation, as well
as for the QuikSCAT-like and ODYSEA datasets, are shown in Figure 7. In the reference
simulation, mean wind stress values exceed 0.05 N m 2 above 35°N and below 25°N, while
weaker values (less than 0.025 N m~2) are observed around 30°N (Figure 7a). Regarding
the wind stress variability, it shows a standard deviation greater than 0.2 N m~2 above
33°N, with more intense values (greater than 0.3 N m~?2) throughout the Gulf Stream (gray
contour in Figure 7b).

Mean wind stress conditions are accurately reproduced by QuikSCATlike and
ODYSEA datasets (Figure 7a,c,e,g). While these datasets effectively capture the spatial
distribution of strong wind stress anomalies (larger than 0.2 N m~2), notable differences
emerge when spatially averaging the standard deviation over the polygon depicted in
Figure 7a. QuikSCATlike tends to underestimate wind stress variability by approximately
17% over the Gulf Stream region (Figure 7i). In contrast, the sampling capabilities of
ODYSEA allow reliable estimations of the wind stress variability across the Gulf Stream,
albeit with a slight underestimation of about 5% in ODSL2 with respect to the reference
simulation (Figure 7i).

Moreover, because ODYSEA allows wind speed noise levels below 1 m s~ the
standard deviation increases by only 5% when considering the parameterized noise, and
is reduced to 3% when applying a 15 km low-pass spatial filter (ODSL2, ODSL2NF, and
ODSL2NF; 5y, in Figure 7i).

Conversely, the ODSL3; 54y and ODSL334,y datasets significantly underestimate the
wind stress standard deviation compared to ODSL2 (30 and 40%, respectively). This
significant underestimation is primarily due to the time averages used to combine along-
track data to construct the gridded products, which limits their ability to capture the
transient variability in atmospheric dynamics, such as storms, which evolve faster than
ocean dynamics [28]. With respect to measurement noise in wind stress, it does not appear
to play a critical role in masking atmospheric dynamics.
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Figure 7. Mean (first column) and standard deviation (second column) of the wind stress over the
year 2005 for the reference simulation (first row), ODSL2NF;5y, (second row), ODSL3; 542y NFosm
(third row), and QuikSCATlike (fourth row) datasets. The mean Gulf Stream system signature,
composed by the Gulf Stream and the mesoscale eddies interacting with it, is depicted by the gray
contour in panel (b), which corresponds to the 0.1 m? s=2 eddy kinetic energy level (Figure 5b). The
spatially averaged standard deviation (STD) over the black polygon in (b) is depicted for all datasets
in the bottom panel (i).
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3.3. Cascade of Kinetic Energy

Following [38], Figure 8 shows the estimates of the surface cascade of kinetic energy for
each dataset obtained using a coarse-grained approach [68]. Figure 8a shows the spatially
averaged kinetic energy flux over the polygon depicted in Figure 8b, while Figure 8b—i
exhibit the spatial distribution of horizontal energy fluxes at small (20 km) and large
(150 km) scales.

In agreement with [38], the reference simulation shows predominant forward cascade
energy fluxes on scales smaller than 50 km over the Gulf Stream region (Figure 9a), with a
peak around 10 km scales. The spatial distribution of horizontal energy fluxes at the small
scale (20 km; Figure 9b) shows positive energy fluxes stronger than 100 mW m~2 km east of
the Gulf Stream separation. Additionally, the figure exhibits a less intense forward cascade
of about 50 mW/m~2 km west of the Gulf Stream separation. The forward cascade of
energy is driven by nonlinear interactions between balanced and unbalanced currents [18],
which align with the large-scale meandering patterns of positive energy fluxes all over
the Gulf Stream (gray contours in Figure 9a). However, as pointed out by [38], forward
cascade energy fluxes are also influenced by the interaction of internal tides and unbalanced
motions. On scales larger than 50 km, as expected, there is a strong inverse cascade of
energy with a peak at about 160 km. Unlike the forward cascade, the inverse cascade is
driven by balanced (mostly geostrophic) currents [13]. The spatial distribution of horizontal
energy fluxes on the large scale (150 km; Figure 8c), in spite of being dominated by the
inverse cascade, reveals alternating forward and inverse cascade energy fluxes all along the
Gulf Stream (gray contour in Figure 8c). It is worth mentioning that these results (Figure 9c)
appear noisy compared to those of [38] because the energy cascades are estimated for only
1 year instead of the 5 years in [38].

Regarding the Altimeterlike product, it does not show any significant forward energy
cascade (Figure 8a). This can be explained by the inherent limitations of Altimeter. On
the one hand, Altimeter is heavily smoothed [26] and, therefore, cannot resolve fine-scale
eddies. On the other hand, Altimeter lacks the ageostrophic currents that are essential
to capture the forward cascade of energy in the Gulf Stream [18,38]. Consistent with
previous studies, e.g., [13,25], the inverse cascade energy fluxes in Altimeterlike are largely
underestimated with respect to the reference simulation and shifted to larger scales, with the
most intense values around 400 km. A comparison of the spatial distribution of horizontal
energy fluxes at the 150 km scale provides valuable insights into understanding these
differences (Figure 8c,i). The comparison reveals that the weak inverse cascade energy
fluxes in Altimeterlike (Figure 8i) result from weaker and alternating positive-negative
energy fluxes (less than 50 mW / m? km), which lack the predominant negative energy
fluxes seen in the reference simulation (Figure 8b).

For ODYSEA, as explained in Section 2, the energy cascades are estimated using
only the L2 product. As shown in Figure 8a, the ODSL3 545y and ODSL334,y datasets
clearly underestimate the forward and inverse cascade energy with respect to the reference
simulation. This discrepancy is related to the limitations of ODYSEA in capturing the
strong and positive forward cascade energy fluxes at the small scale (Figure 8d,f) and the
predominant inverse cascade energy fluxes at the large scale (Figure 8e,g) in comparison to
the reference simulation (Figure 8b,c). The main cause of these underestimations is mainly
related to the sampling capacities of ODYSEA, because the differences related to noise,
as well as temporal and spatial filters, only oscillate by about 17% when compared with
the reference simulation (Figure 8a). This shows that the measurement uncertainties in
ODYSEA have little effect on the determination of the peak energy fluxes in the region.
Therefore, despite the underestimation related to their sampling capabilities, ODYSEA
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would largely improve the representation of energy flows and better capture the scales at

which the peaks occur compared to Altimeter (Figure 9a).
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Figure 8. Cascade of kinetic energy. The spatially averaged cascade of kinetic energy over the black

polygon in (b) is depicted for all datasets at the top axes. Spatial distribution of the cascade of kinetic

energy at the 20 m (first column) and 150 m (second column) scales for the reference simulation
(second row), ODSL3 54,yNFosy (third row), and ODSL334ayNFosyy, (fourth row). The spatial
distribution of the cascade of kinetic energy at the 20 m scale for ODSL33dayN0_5F25km is shown in (g),

whereas the cascade of kinetic energy at the 150 m scale for Altimeterlike is shown in (i). The mean

Gulf Stream system signature, composed of the Gulf Stream and the mesoscale eddies interacting

with it, is depicted by the gray contour in panel (b), which corresponds to the 0.1 m?s2 eddy kinetic

energy level (Figure 5b).
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Figure 9. The spatially averaged wind work over the black polygon in (b) is depicted for all datasets
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(), ODSL31 54ayNFaskm (d), and ODSL334,yNFosiy (e). The mean Gulf Stream system signature,
composed of the Gulf Stream and the mesoscale eddies interacting with it, is depicted by the gray
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contour in panel (b), which corresponds to the 0.1 m eddy kinetic energy level (Figure 5b).

3.4. Kinetic Energy Flux Between the Ocean and the Atmosphere

Spatially averaged coarse-grained wind work estimations for the reference simulation
and Obslike and ODYSEA datasets are depicted in Figure 9a, while their spatial distribution
at the 150 km scale is depicted in Figure 9b—e. In the reference simulation, energy fluxes from
the ocean to the atmosphere (negative wind work) dominate on scales up to 300 km, with
peak intensities (—1.1 mW/m?) observed at about 150 km (Figure 9a). Negative wind work
energy fluxes at these scales are mainly related to the geostrophic eddy wind work, e.g., the
sink of energy from the oceanic eddies to the atmosphere [5,7,9,11]. However, because the
wind work in the reference simulation is computed as a function of total currents, it includes
the contribution of both geostrophic and ageostrophic currents. Ageostrophic eddy wind
work fluxes around the 150 km scale are characterized by the interaction of winds and
wind-driven currents with similar directions, resulting in positive energy fluxes [5,75], i.e.,
energy fluxes from the atmosphere to the ocean. This relationship can be observed by
comparing the wind work maps in Figure 9b and the EKE maps in Figure 5, which shows
that positive wind work in the reference simulation occurs mainly over regions of weak
(sub)mesoscale activity.

In contrast, and in agreement with [72], Obslike shows the most negative energy fluxes
(1.3 mW/m?) at scales between 300 and 350 km (Figure 9a). The shift of peak energy
fluxes to large scales in altimetric gridded products is mainly due to the ability of altimeter
constellations to reproduce mesoscale fluxes. This phenomenon was demonstrated by [25],
who found that applying time and space filters to high-resolution numerical simulations to
mimic altimetric gridded products results in a shift of energy flux peaks to larger scales. In
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particular, the peak wind work estimate from Obslike is about 13% of that from the reference
simulation, despite heavily smoothed surface flows. This is because, unlike the reference
simulation, Obslike does not take into account ageotrophic currents. Consequently, as
shown in Figure 9¢, Obslike lacks the positive wind work energy fluxes needed to balance
the energy fluxes from (sub)mesoscale eddies into the atmosphere.

Although, to a lesser extent, negative energy flux peaks are shifted to larger scales in
the ODYSEA datasets with respect to the original data, occurring at scales around 200 km
in ODL2 54,y and 250 in ODL234,, (Figure 9a), a comparison of wind work estimations for
the ODYSEA datasets suggests that energy flux peaks are more sensitive to the sampling
capacities of ODYSEA and the applied time filters than to measurement noise and the
spatial filters used to address it. As a result, the spatially averaged energy fluxes in the
ODL2 545y and ODL234,, datasets are about 1.9 and 2.3 times larger, respectively, than
those in the reference simulation. This overestimation results from the reduced sampling
capabilities of ODYSEA, and the applied time filters diminish the strength of ageostrophic
wind work energy fluxes (Figure 9b,d,e), which counterbalance negative energy fluxes
from (sub)mesoscale eddies to the atmosphere. However, despite these limitations, the
scale and spatial distribution of the wind work energy flux peak are improved compared
to contemporaneous satellite estimates.

3.5. s¢ Coupling Coefficients

A comparison of s; coupling coefficients from the reference simulation and the
ODYSEA and Obslike datasets is depicted in Figure 10. Consistent with [5,8,23], the
reference simulation shows predominantly negative s values over the Gulf Stream region
(Figure 10a). Negative s; estimations mainly oscillate around —2.8 x 10~# N's m~3, with the

-3

strongest values reaching up to —4 x 10~* N's m 3 over the Gulf Stream (black contour in

Figure 10a). By considering positive and negative s; values over the region depicted by the
black rectangle in Figure 10a, the s; spatial average corresponds to —1.8 x 10 N s m—3.
Interestingly, these coupling coefficient values are stronger than in, e.g., [5,23]. This could
be due to differences in the simulation and in the computation of s;. First, the simulation
used in this study spans only 1 year (vs. 5 years in [23]) and we consider both geostrophic
and ageostrophic currents, including some submesoscale currents in the computation of
s¢. As demonstrated by [76] for the Caribbean Sea, the eddy killing efficiency (estimated
through the s; coupling coefficient) can be 32% larger at the submesoscale than at the
mesoscale. Secondly, surface gravity waves, through a change of roughness, may also
impact the efficiency of CFB, which could be reflected in a stronger s.

In contrast, and in agreement with [13,23], negative s, estimations from Obslike are
mostly around 1.2 x 107* Ns m~3
Stream region (Figure 10b). On average, s; values in Obslike are about 20% lower than in the

, reaching values of up to 2 x 10~% N s m—2 over the Gulf

reference simulation over the Gulf Stream region (Figure 10i). This underestimation results
from the space and time filters applied to mimic Altimeter and QuikSCAT observations,
but also because s; estimations from altimeter gridded products lack the contribution of
ageostrophic motions.
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Figure 10. s; coupling coefficients for the reference simulation (a) and the Obslike (b) and ODYSEA
datasets (c—h). The mean Gulf Stream system signature, composed of the Gulf Stream and the
mesoscale eddies interacting with it, is depicted by the black contour in panel (b), which corresponds
to the 0.1 m? s~2 eddy kinetic energy level (Figure 5b). The black squared polygon delimits the
Loop Current region. Spatially averaged values over the polygon depicted in (a) are shown in the
bottom panel.

The ODYSEA datasets ODSL31 5 day and ODSL33 day” which do not include noise and spa-
tial filters, show predominantly negative coupling coefficients of about 2 x 107 N s m~3
(Figure 10c,d), reaching up to 4 x 10~* N s m~3 over the Gulf Stream (black contour in

Figure 10a). Compared to the reference simulation, ODSL31.54,y and ODSL334,y show



Remote Sens. 2025, 17, 302

21 of 27

s¢ values over the Gulf Stream region that are only 10% and 9.5% lower, respectively
(Figure 10i). The small difference between ODSL3 5 day and ODSL33 day suggests that the
s¢ estimates are more sensitive to ODYSEA’s sampling capabilities than to the temporal
averages used to construct the gridded datasets. In contrast, measurement noise has a
larger effect on the s; estimates. On the one hand, this results in strong and alternating
positive-negative noisy s; values outside the Gulf Stream in ODSL3, 5,, N (Figure 10e),
increasing the standard deviation by 69% compared to ODSL3; 5,, . However, these noisy
st values seem to cancel each other out, as there is only a 10% underestimation of s; from
ODSL3; 5 day 1O ODSL31 5 dayN over the Gulf Stream region (Figure 10i). On the other hand,
the amplitude of the noisy s; values seems to be reduced by the 3-day temporal filter in
ODSL33 OlayN (Figure 10e,f). As a consequence, the standard deviation of s; over the Gulf
Stream region is only 18% larger from ODSL33,, to ODSL33, N (Figure 10i), and also
results in a 22% underestimation of the s; mean (Figure 10i).

The results above demonstrate that sampling capabilities and measurement noise
prevent ODYSEA from improving s coupling coefficient estimation from contemporaneous
satellite missions. Sampling limitations restrain ODYSEA from accurately reconstructing
atmospheric features such as storms in L2 datasets, while measurement uncertainties
related to ocean currents result in strong noisy s; estimations. Nevertheless, the following
section will explore how halving the noise in surface ocean current estimations could
enhance the accuracy of ocean kinetic energy and s coupling coefficient estimations.

3.6. Consequences of Halving Measurement Noise

As shown in Sections 3, 3.1 and 3.5, the eddy kinetic energy and coupling coefficient
estimates from the ODYSEA L2 datasets are strongly affected by the measurement noise.
Spatial filters may assist in addressing this issue, although such filters also reduce the
effective resolution of the ODYSEA measurements (Figure 6). Nevertheless, halving the
measurement noise could improve the performance of ODYSEA and, consequently, the
eddy kinetic energy and coupling coefficient estimates. As shown in Figure 5i, ODSL2Nj 5
overestimates ODSL2 by only about 6%, a significant improvement over the 22% overes-
timation of ODSL2N. It is worth noting that applying a 15 km spatial filter to ODSL2N
(ODSL2NF;5, ) results in closer estimates of the spatially averaged eddy kinetic energy
over the Gulf Stream region of ODSL2, but at the cost of reducing its effective resolution
via the spatial filter.

For the ODYSEA L2 datasets, applying a 15 km spatial filter to noisy 1.5- and 3-day
temporally filtered gridded products (ODSL3; 5 dayN0‘5F15km and ODSL33 dayNOEFlSkm) does
not affect the eddy kinetic energy statistics over the Gulf Stream region (Figure 5i). In
addition, the application of the 15 km spatial filter enhances the effective resolution of the
products when compared to their counterparts with full noise and 25 km spatial averaging
(ODSL31 5 dayNF25km and ODSL33 dayNFZSkm ; Figure 6d,e). However, a co-spectral analysis
shows that 1.5-day averages cannot fully suppress measurement uncertainties on scales
between 20 and 50 km. At these scales, the kinetic energy density in ODSL3; 5 dayN0-5F15km
is about 30% larger than in ODSL3, 5 day (Figure 6e). These results indicate that halving the
measurement uncertainties in surface currents can be effectively handled by a combination
of 3-day temporal and 15 km spatial filters (Figures 5i and 6e).

The reduction in the measurement noise also improves the representation of the s;
coupling coefficients in the ODSL3 datasets. The occurrence of noisy s; coupling coeffi-
cients outside the Gulf Stream is largely reduced from ODSL3; 5 clayN to ODSL3 5 day Nos
(Figure 10e,g). Nevertheless, the averaged s coupling coefficient over the Gulf Stream
region is about 12% stronger in ODSL3; 5 day Ny 5 than in ODSL3 5 day” indicating that halved
measurement noise introduces a bias in s; when estimated from 1.5-day temporally aver-
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aged ODYSEA datasets. Instead, noisy s; coupling coefficients outside the Gulf Stream
are strongly reduced from ODSL3; 5 ClayN to ODSL3;3 ClayN. Therefore, the calculation of
st coupling coefficients from 3-day averaged datasets with halved measurement noise
(ODSL33 dayN 0.5) leads to less noisy s; values outside the Gulf Stream and thus to more
similar statistics over the Gulf Stream region compared to the ODSL33,, ~dataset.

Finally, although the measurement noise depends largely on the length of the ODYSEA
antenna [29], the antenna length must meet the NASA Earth Explorer-class mission specifica-
tions [28]. Therefore, a balance must be found between reducing the noise in the measurements
by increasing the antenna length and ensuring compliance with NASA requirements.

4. Discussion and Conclusions

In this study, we analyzed the capabilities of the future ODYSEA satellite mission to
estimate surface currents and wind stress, the cascade of surface kinetic energy, kinetic
energy fluxes between the ocean and the atmosphere, and the efficiency of the eddy
killing mechanism through the s; coupling coefficient. To this end, we generated synthetic
data from a high-spatial-resolution coupled ocean-atmosphere-wave simulation with the
ODYSIM simulator. Several datasets were developed from the ODYSIM along-track results.
These included gridded datasets generated by merging along-track data using 1.5- and
3-day time averages, and the inclusion of parametric measurement noise and spatial filters
to address it. These datasets were compared to the reference simulation to evaluate the
measurement capabilities of ODYSEA, as well as observation-like datasets that mimic
altimeter and scatterometer observations to evaluate the performance of ODYSEA relative
to contemporaneous satellite measurements.

The ODYSEA datasets effectively reproduce the spatial distribution and intensity of
the mean kinetic energy over the Gulf Stream. However, there are notable differences in
the EKE estimates in some of the ODYSEA datasets. While its sampling capabilities allow
ODYSEA to adequately estimate the EKE from along-track data, measurement noise leads
to significant discrepancies. The noise spuriously increases EKE estimates by 22% over
the Gulf Stream region. This can be mitigated by applying 15 km spatial filters, but at
the cost of reducing the effective resolution of the measurements. As expected, gridded
datasets from 1.5- and 3-day temporal averages diminish EKE estimations by 15 and 20%,
respectively. This underestimation mainly occurs over scales of around 50 km, where the
KE is underestimated by about 20%. Not surprisingly, measurement noise in gridded
products is more evident at scales smaller than 50 km. However, measurement noise can
be handled by 25 km spatial filters without significant impact on EKE estimates over the
Gulf Stream. However, this means that ODYSEA will not be able to capture submesoscale
currents. Despite the limitations, ODYSEA will be able to improve the representation of
mesoscale features compared to contemporaneous altimetric gridded products, which are
unable to capture features smaller than 100 km in diameter [24-27].

Forward and inverse energy cascade peaks are largely underestimated in ODYSEA
gridded products. The underestimation of the forward energy cascade, which occurs at
scales around 20 km, coincides with a similar underestimation of the KE energy density
at these scales. Measurement noise and temporal and spatial filters do not significantly
modulate ODYSEA estimates of the spatially averaged cascade of KE over the Gulf Stream
region. However, they do shift the inverse cascade peaks to larger scales. These results
highlight the critical importance of the measurement capabilities of ODYSEA, particularly
in terms of spatial resolution and sub-sampling accuracy, as these factors contribute to
the underestimation of forward and inverse energy cascade peaks. However, despite
the underestimation of forward and inverse energy cascade peaks, ODYSEA notably
improves on contemporaneous satellite measurements that largely underestimate the EKE
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and cascade of KE over the Gulf Stream region. In addition, ODYSEA’s 4-day repeat cycle
and 1700 km measurement swath would enhance the sampling capabilities of the recently
launched Surface Water and Ocean Topography (SWOT) satellite mission. SWOT is a nadir
altimeter capable of inferring surface geostrophic currents through the geostrophic balance,
with an effective resolution of 15 km. However, its 21-day repeat cycle and two 5 km wide
swaths limit its sampling capabilities, allowing it to measure 90% of the globe at least
once every 21 days [77]. These constraints prevent SWOT from effectively tracking rapidly
evolving mesoscale structures and inhibit it from measuring ageostrophic motions.

In terms of wind stress statistics, ODYSEA along-track datasets can properly reproduce
the spatial distribution of mean and standard deviation estimates from the reference
simulation. However, gridded products, which are essential for the calculation of coarse-
grained wind work and s; coupling coefficients, largely underestimate the variability of
wind stress. Temporal averaging over 1.5 and 3 days leads to underestimations of 30 and
40%, respectively, compared to the reference simulation. The underestimation of wind
stress variability in gridded products is mainly related to the reduced temporal sampling
of ODYSEA, which does not allow it to capture the propagation of atmospheric storms.
Nevertheless, efforts should be made to construct daily wind stress maps from ODYSEA
measurements by following approaches like those of [22,66], who successfully built daily
wind stress maps from the synergy between scatterometer observations and numerical
reanalysis data.

As reported by [28], ODYSEA effectively reproduces seasonal wind work estimates
from along-track measurements. However, the sensitivity of wind work to different spatial
scales has not been previously documented. Gridded products from ODYSEA, which
result from merging along-track measurements over 1.5- and 3-day periods, tend to un-
derestimate positive wind work energy fluxes, which represent the transfer of energy
from the atmosphere to the ocean. This underestimation is mainly due to the filtering of
wind-driven currents resulting from the merging of along-track measurements; the longer
the time periods used to construct the gridded dataset, the greater the underestimation of
positive wind energy fluxes. As the SWOT data may help estimation of the geostrophic
currents, future analysis should quantify the effects of ODYSEA’s measurement capabilities
on the representation of wind work associated with balanced and unbalanced motions,
allowing a deeper assessment of ODYSEA’s performance in estimating wind work over
(sub)mesoscale eddies and wind-driven motions.

Although ODYSEA should improve the representation of s; coupling coefficients
compared to contemporaneous satellite estimates, given that surface currents and stress
have the same effective resolution and are measured simultaneously and at the same
location, measurement capabilities and uncertainties prevent ODYSEA from improving the
estimation of coupling coefficients compared to current satellite missions. Nevertheless,
our study shows that halving the measurement uncertainties will allow ODYSEA not
only to improve the representation of surface currents but also, to a greater extent, to
improve the accuracy of the s; coupling coefficients. Blending the ODYSEA data with
other scatterometters and with a reanalysis (as in, e.g., [22]) may also help to improve their
representation. In addition, alternatives related to neural networks could be explored to
reduce the noise in sea surface current estimates [78].

Finally, additional noise sources, such as rainfall, sea surface temperature, and sea
state, should be accounted for in future studies to fully evaluate the performance of Ka-band
scatterometers such as ODYSEA [30-34].
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