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Abstract Western boundary currents (WBCs) are critical to Earth's climate. In the last decade,
mesoscale air-sea interactions emerged as an important factor of WBC dynamics. Recently, coupled
models including the feedback of surface oceanic currents to the atmosphere confirmed the existence of a
physical process called eddy killing, which may correct long-lasting biases in the representation of WBCs
by providing an unambiguous energy sink mechanism. Using ocean-atmosphere coupled simulations

of the Gulf Stream and the Agulhas Current, we show that eddy killing reduces the eddy-mean flow
interaction (both forward and inverse cascades) and leads to more realistic solutions. Model and data fluxes
are in good agreement when the same coarse grid is used for their computation, although in this case they
are underestimated. We conclude that the uncoupled approach is no longer suitable for continued ocean
model improvement and discuss new formulations that should better account for air-sea interactions.

Plain Language Summary Western boundary currents (WBCs), such as the Gulf Stream and
the Agulhas Current play a crucial role in global ocean circulation and in determining and stabilizing the
Earth's climate. In the last decade, mesoscale air-sea interactions emerged as important in WBC dynamics.
Recently, coupled models including the feedback of surface oceanic currents to the atmosphere revealed a
process called eddy killing, which potentially corrects long-lasting biases in the representation of WBCs. In
this study, using ocean-atmosphere coupled simulations of the Gulf Stream and Agulhas Current, we show
that eddy killing reduces the interactions between eddies and mean flow. The influence of the eddies on
the mean flow can be measured by the cascade of energy, and, in particular, the inverse cascade of energy.
The reduction of inverse energy flux by eddy killing leads to realistic solutions and, in particular, to the
observed stabilization of WBCs. Model and data fluxes are in good agreement when the same coarse grid
is used for their computation, although in this case they are underestimated. We conclude that uncoupled
models are no longer suitable for continuing our model improvement of ocean dynamics and discuss new
formulations that should better account for air-sea interactions.

1. Introduction

Western boundary currents (WBCs)—Gulf Stream (GS), Kuroshio, Agulhas Current (AC), East Australia,
Somalia Current, and Brazil Currents—are the strongest oceanic currents on Earth and major features
of the global ocean circulation that largely controls the Earth's climate. Understanding their equilibrium,
variability, and trend is critical to oceanic and climate research.

There are still major gaps in our knowledge of ocean dynamics, despite numerous international programs
of observation and modeling. The separation of WBCs was associated early on with coastal curvature and
the inertia needed to overcome topographic steering, with some control (for the GS) from counterflowing
deep WBCs (Spall, 1996). More recently, emblematic features of WBCs appeared tied in ocean models to the
resolution of mesoscale activity through eddy-mean flow interaction (McWilliams, 2008) and a spatial reso-
lution of 1/10° was suggested as a minimum for properly representing the GS separation (Bryan et al., 2007;
Chassignet & Marshall, 2008). Therefore, large improvements were expected from the increase of comput-
ing power and grid resolution. If this was verified to an extent, the simulated eddy energy has now become
excessive in WBCs. Specifically, according to Ozgskmen and Chassignet (2002), an excess of mesoscale activ-
ity at the separation point leads to unrealistic WBC separation from the coastline. An energy sink is thus
needed in high-resolution, mesoscale resolving models. This can be provided by dissipation terms used as
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turbulence closure models (e.g., Bryan et al., 1995, 2007; Chassignet & Marshall, 2008; Chassignet & Xu,
2017). However, this approach disagrees with quasi-geostrophic theory that predicts an inverse cascade of
energy toward larger scales. A direct energy transfer toward dissipation is still possible due to loss of balance
at submesoscale (see Gula et al., 2016 for the GS), but theoretically limited.

In parallel to improved resolution and more accurate numerical techniques, supercomputers also favored
the emergence of regional coupled models, and a growing interest in fine-scale air-sea interactions. At first,
attention was essentially given to the feedback of sea surface temperature (SST) on the air flow (e.g., Chelton
et al., 2004; Ma et al., 2016; Minobe et al., 2008). Progressively, the issue of stress interaction has emerged,
that is, the feedback effect of surface currents on the stress and overlying winds (process called current
feedback or top drag; see Bye, 1985; Dewar & Flierl, 1987; Duhaut & Straub, 2006; Eden & Dietze, 2009; Luo
et al., 2005; McClean et al., 2011; Renault, Molemaker, Mcwilliams, et al., 2016). Quite unexpectedly, the
latter happens to correct some long-standing modeling biases in eddy-mean flow interaction, providing an
undeniable energy sink mechanism with no need for large internal dissipation.

There are two main effects of current feedback on the ocean circulation: a large-scale and a mesoscale
effect. At the larger scales neglecting current feedback leads to an overestimation of wind work, lead-
ing to overly strong currents (Luo et al., 2005; Pacanowski, 1987; Renault, Molemaker, Gula, et al., 2016,
Renault, McWilliams, Penven, et al., 2017; Scott & Xu, 2009). The local effect is less intuitive. It was first
suggested by Bye (1985) but largely ignored, then confirmed more recently by the advent of eddy-rich cou-
pled models. This eddy-wind interaction process consists of a drastic reduction by roughly 30% of oceanic
mesoscale and submesoscale activity (Seo et al., 2015; Renault, Molemaker, Mcwilliams, et al., 2016, Renault,
Molemaker, Gula, et al., 2016, Renault, McWilliams, Penven, et al., 2017, 2018; Seo, 2017; Oerder et al.,
2018). This dampening effect, called eddy killing, is caused by a negative eddy wind work, that is, a sink of
energy from mesoscale currents to the atmosphere (Renault, Molemaker, Mcwilliams, et al., 2016, Renault,
McWilliams, Masson, et al., 2017; Scott & Xu, 2009; Xu & Scott, 2008). Renault, Molemaker, Gula, et al.
(2016) and Renault, McWilliams, and Penven (2017) show that in numerical models eddy killing improves
the representation of the GS path and the location of AC retroflection where the current returns eastward
to the South Indian Ocean.

In this study, a set of eddy-rich ocean-atmosphere coupled simulations, with or without including current
feedback (CFB or NOCFB simulations) are carried out over the North Atlantic Basin and the Greater Agul-
has regions for the period 2000-2005. Our main objective is to extend the results of Renault, Molemaker,
Gula, et al. (2016) and Renault, McWilliams, and Penven (2017) by investigating the control mechanisms by
which eddy killing affects WBCs and to quantify oceanic eddy-mean energy transfers.

2. Model, Data, and Methods

The numerical models and configurations used in this study are presented in Renault, Molemaker, Gula,
et al. (2016) and Renault, McWilliams, and Penven (2017). The material in this section comes from these
references, with minor variations.

2.1. The CROCO Model

The oceanic simulations were performed with the Coastal and Regional Ocean Community Model (CROCO;
Debreu et al., 2012), developed around the kernel of the Regional Oceanic Modeling System (Shchepetkin
& McWilliams, 2005). CROCO is a free-surface, terrain-following coordinate model with split-explicit time
stepping and with Boussinesq and hydrostatic approximations (in this application). The North Atlantic grid
covers the North Atlantic subtropical and subpolar gyres, extending from 133.7°W to 21.7°W and from 0.4°N
to 73.2°N; its grid size is 1,152 X 1,059 points and grid resolution 6-7 km. The Greater Agulhas grid covers
the South African region, including the Mozambique Channel, Madagascar, AC retroflection, and Benguela
upwelling system, extending from 11.5°W to 50.0°E and from 44.4°S to 5.0°S; its grid size is 1,031 x 749
points and grid resolution between 4.5 and 6 km (4.8 km over the Agulhas Basin region). Both simulations
have 50 vertical levels; the vertical grid is stretched for increased resolution in the boundary layers, using
stretching surface and bottom parameters §, = 7 and 6, = 2; high resolution in the thermocline is also

provided with stretching parameter hy;,. = 300 m.

The model is initialized using January climatology from the Simple Ocean Data Assimilation (Carton &
Giese, 2008) and is spun up for 5.5 years using seasonal atmospheric surface fluxes and oceanic boundary
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conditions, until the model reaches an equilibrium state. It is then run for an additional period, from June
1999 to 2004, using interannual surface fluxes and oceanic forcing from monthly Simple Ocean Data Assim-
ilation analyses, introduced through mixed active-passive open boundary conditions (Marchesiello et al.,
2001). Vertical mixing of tracers and momentum is given by the K-profile parameterization (Large et al.,
1994), and the diffusive part of the lateral advection scheme for tracers is rotated along isopycnal surfaces
to avoid spurious diapycnal mixing (Lemarié et al., 2012; Marchesiello et al., 2009).

2.2. The WRF model

For both domains, as in Renault, Molemaker, Gula, et al. (2016) and Renault, McWilliams, and Penven
(2017), Weather Research and Forecast (WRF) model (Skamarock et al., 2008), version 3.7.1, is implemented
in a single-grid configuration. It is run as a regional downscaling of the Climate Forecast System Reanaly-
sis (Saha et al., 2010). Climate Forecast System Reanalysis is available with a resolution of about 40 km and
is used for initialization on 1 June 1999 and boundary forcing for 5.5 years. WRF computational domain
encompasses that of the ocean model domain to avoid the effect of WRF sponges (four-point wide) with
horizontal resolution of about 18 km. For parameterizations (boundary layer, convection, microphysics,
radiation, etc.), the reader is referred to Renault, McWilliams, and Penven (2017). More importantly here,
a bulk formula (Fairall et al., 2003) is used in the boundary layer model to estimate the surface turbulent
freshwater and momentum fluxes, which are subsequently provided to CROCO.

2.3. Coupling Experiments

The OASIS3 coupler is used to exchange data fields every hour between CROCO and WRF (Valcke, 2013).
In this study, we consider some of the experiments described in Renault, Molemaker, Gula, et al. (2016) and
Renault, McWilliams, and Penven (2017). For both the North Atlantic and Greater Agulhas domains, we
use two experiments: in the first one (called NOCFB for no current feedback) WRF forces CROCO every
hour with hourly averages of freshwater, heat, and momentum fluxes; at the end of each cycle CROCO
provides WRF with an updated hourly (mean) SST. The surface stress is estimated using the absolute wind
U, (computed at the first vertical level in WRF). The second experiment with current feedback (CFB) is
similar, but this time CROCO provides WRF not only with SST but also with the updated surface current U,
(computed at the upper vertical level in CROCO). In this case, the surface stress is estimated from the wind
U relative to the moving ocean surface:

- Uo (1)

2.4. AVISO Altimetry

Daily absolute dynamic topography fields are obtained from the Archiving, Validation, and Interpretation
of Satellite Oceanographic data (AVISO) product (Ducet et al., 2000). Maps of sea level anomaly are con-
structed on a grid of 0.25° resolution by space-time optimal interpolation from combined and intercalibrated
altimeter missions (Le Traon et al., 1998). Then, absolute dynamic topography is produced by adding to the
sea level anomaly a mean dynamic topography computed from a combination of oceanic observations and
an ocean general circulation model solution (Rio et al., 2014).

3. Results

The sink of mesoscale energy to the atmosphere is naturally ignored in uncoupled WBC model simulations.
These simulations suffer from two enduring biases concerning WBC patterns: AC retroflection and GS sep-
aration and penetration into the North Atlantic basin (Loveday et al., 2014; Schoonover et al., 2016; Renault,
Molemaker, Gula, et al., 2016; Renault, McWilliams, Penven, et al., 2017). Eddy killing was shown to con-
trol essential characteristics of these features, partially correcting model biases. Figures 1a-1c illustrate the
GS case. From satellite observation, the GS presents a unique, very stable mode of separation at Cape Hat-
teras and a straight eastward penetration into the interior of the Atlantic Basin. By contrast, an excessive
number of eddies are generated in the NOCFB simulation without eddy killing effect, then detach from the
current path and interact with it, causing excessive GS meandering. Eddies can propagate back to the coast
where they interfere with the mean flow, causing a bimodal GS separation. With eddy killing (CFB simu-
lation), eddy activity and lifetime are reduced by ~30%, which brings it to more realistic levels (Renault,
McWilliams, Penven, et al., 2017). Eddies have less interaction with the mean flow and fewer propagate back
to the coast. Concurrently, GS separation and penetration is more stable and very similar to observations.
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Figure 1. Eddy killing improves the Gulf Stream (GS) and Agulhas Current (AC) retroflection position in simulations.
The color field presents a typical snapshot of surface relative vorticity (E) from (a, d) coupled simulations without
current feedback to the wind (NOCFB) and (b,e) coupled simulations with current feedback (CFB). Black contour lines
represent the simulated long-term mean GS path (contour of 0.6 m/s and mean AC retroflection (contour of 0.35 m).
The yellow contour lines shows the observed GS path (contour of 0.6 m/s) and AC retroflection (contour of 0.35 m).
(c) Probability density function of sea level anomaly around the diamond box (indicated in panel a) from AVISO
(yellow), NOCFB (blue), and CFB (red). (f) Modes of the AC retroflection zonal position as estimated by Renault,
McWilliams, and Penven (2017) and represented by the Gaussian fits of the significant Zonal probability density
function peaks of the AC retroflection location from AVISO (2000-2004), (g) NOCFB, and (h) CFB. The eddy-resolving
coupled model with CFB rectifies long-standing biases in oceanic models of bimodal and unsteady GS separation and
for the AC, overrepresentation of its upstream mode of retroflection. AVISO = Archiving, Validation, and
Interpretation of Satellite Oceanographic.

Similar positive results are found for the AC retroflection (Figures 1d-1h). Here as well, eddy-wind inter-
action induces a large sink of energy from the mesoscale currents to the atmosphere, reducing mesoscale
activity by ~27% (Renault, McWilliams, Penven, et al., 2017). Satellite detection of mean sea surface height
is a good indicator of the mean longitudinal position of AC retroflection, which is around 18°E (Figures 1d
and le; Loveday et al., 2014). The position of AC retroflection is usually stable, although at times it shifts
upstream to the east. A simulation without current feedback overestimates the frequency of upstream
retroflection (Figure 1g), resulting in a mean position located too far east. Eddy killing significantly reduces
this bias (Figure 1h), shifting the distribution of locations to the west in better agreement with observations.

In the ocean, mesoscale energy feeds back to the large-scale circulation through eddy-mean flow
interaction—the inverse energy cascade (e.g., Arbic et al., 2013; Capet et al., 2008; LaCasce, 2012). Because
mesoscale eddies compose a huge reservoir of oceanic energy, the inverse cascade operates a tight control on
the general circulation. Stabilization of the GS and improvement of the AC retroflection may be explained
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Figure 2. Spectral flux 7y (k) of surface oceanic geostrophic kinetic energy in (a) the Gulf Stream and (b) the Agulhas Current, for coupled simulations with
current feedback (CFB, red) and without current feedback (NOCFB, blue). The shaded curves represent the associated error as estimated using a bootstrap
method. Eddy killing induces a large reduction of the inverse energy cascade, responsible for Gulf Stream stabilization and for the observed Agulhas

retroflection position.

by a reduction of the inverse energy cascade, as we now show. As in Marchesiello et al. (2011) and Arbic et
al. (2013), the spectral kinetic energy flux I1(k), that is, the energy transfer rate in k space, is computed from
the surface geostrophic flow obtained from the coupled simulations and from AVISO gridded altimeter data
(Ducet et al., 2000). Specifically, I1(k) is the integral in k of the KE advection term A(k), assuming that the
flux vanishes at the highest wavenumber k.. A(k) is given by

—~ — e /a\
Ak) = AH(k) +AV(k) =R —u; - (uy, - V)uh _ u;rl . Waizh )

where the caret denotes a horizontal Fourier transform after removing the areal mean and performing sym-
metrization, to avoid edge effects in the periodization process. The asterisk notation * indicates the complex
conjugate operator; the symbol R represents the real part operator; the overbar represents an average in
time over the whole period of the simulation (5 years). Then I1(k) is computed as

kmax
(k) = / A dk 3
k

The error associated with the computation of TI(k) is assessed using a bootstrap method; I1(k) is computed
10,000 times using random samples from the distribution. The error bars are defined as plus or minus the
standard deviation of the obtained Il(k). Fluxes for the GS are assessed over the subregion: [76.2-38°W;
31.8°N 41.7°N] and for the AC over the subregion:[2.5°W to 48°E; 43.2°S 37.6°S] (Figure 2). From a wave-
length of about 100 km, both forward and inverse energy transfers are identified by positive and negative
lobes, respectively. Following, for example, Arbic et al. (2013), the relative size of the forward and inverse
cascades is measured by F/I defined as follows:
maximum positive value of T1(k) at small scales

F/I =- 4
/ minimum negative value of TI(k) at large scales “

A small value of F/I'indicates an inverse cascade larger than the forward cascade. In the simulations without
current feedback, F/I = 0.26 and 0.05 for the GS and AC, respectively (Figure 2). Both WBCs are charac-
terized by an inverse energy cascade much larger than the forward energy cascade starting at the injection
scale. Therefore, most of the large reservoir of mesoscale energy injected by baroclinic and barotropic insta-
bilities feeds back to large scale currents, while a smaller part is lost to small dissipative scales. This is the
tight control exerted by eddies on WBCs (McWilliams, 2008). Eddy killing, by damping mesoscale activity,
has an indirect effect on energy pathways: it somewhat reduces the forward cascade by 12% and 25% over
GS and AC, respectively; but more importantly here, it largely reduces the inverse energy cascade (by 30%
and 43%, respectively). As a result, F/I slightly increases from 0.26 to 0.29 for GS and from 0.05 to 0.06 for
AC. In coupled simulations without current feedback (or fully uncoupled simulations), the sink of energy
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Figure 3. Spectral flux 7y (k) of surface ocean geostrophic kinetic energy over the Agulhas Current (same box as
Figure 2) from AVISO (yellow), and filtered coupled simulations with current feedback (CFB, red) and without current
feedback (NOCFB, blue; see text for more details). The shaded curves represent the associated error as estimated using
a bootstrap method. Fully coupled simulations (CFB) have a more realistic energy flux 7y (k) with respect to AVISO.
AVISO = Archiving, Validation, and Interpretation of Satellite Oceanographic.

from mesoscale eddies to the atmosphere is missing, resulting in excessive mesoscale energy that boosts the
inverse energy transfer in both WBCs.

The spectral energy flux can also be computed from satellite sea surface height data, which provides a val-
idation for our analysis of WBC dynamics. However, AVISO has a coarse spatial resolution and, due to the
interpolation procedure, is only able to resolve eddies with radius longer than about 40 km and lifetime
longer than a week (Chelton et al., 2011). Arbic et al. (2013) show that this limitation strongly affects the
computation of I1(k). Therefore, a fair model-data comparison requires smoothing the model solutions to
the same level as the data. We use a 7-day time averaging and a spatial Gaussian filter with a cutoff of ~40
km. TI(k) is computed from the filtered model solutions and compared with AVISO (Figure 3). Consistent
with Arbic et al. (2013), the forward energy cascade is shifted to lower wavenumbers compared with fluxes
computed from the original solution, and the negative lobe of I1(k) at large scales is drastically weakened
by ~75%. This is a clear indication that the inverse energy cascade estimated from AVISO data is largely
underestimated. (We checked that the smoothing procedure used for the model solution does not affect the
AVISO estimation when the same procedure is applied to this data.) Over the AC, the inverse cascade for
the filtered CFB solution (fully coupled) is much closer to that of AVISO than the filtered NOCFB solution.
F/Ireaches values of 0.23, 0.40, and 0.66 for AVISO, filtered CFB and NOCFB solutions, respectively. Simi-
lar results are found for the GS (not shown). Therefore, when accounting for eddy killing and its associated
sink of energy, coupled simulations show better agreement of energy fluxes with AVISO data.

4. Discussion

We conclude that a poor representation of GS separation/penetration and AC retroflection position in uncou-
pled models can be explained by the missing eddy killing process. Most research studies in the recent past
have relied on dissipation processes to correct simulation biases, but only few improvements were reported
on other missing dynamical processes. One relevant finding in the last two decades is the key role played
by topographic steering in WBC dynamics (Couvelard et al., 2008; Gula et al., 2015), which goes far beyond
the idealized representation of western boundaries as solid walls.

However, higher resolution and improved topographic treatment did not solve the energy budget issue
because oceanic mesoscale energy was then produced in excess and requires an energy sink to stabilize and
accurately position the mean current paths. In Chassignet and Xu (2017), a subgrid-scale eddy viscosity is
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added to numerical hyperviscosity (used for selective damping of numerical dispersion generated by cen-
tered advection schemes, akin to the implicit diffusion part of the third-order upstream-biased advection
scheme in CROCO; see Marchesiello et al., 2009). The added dissipation is rationalized by mesoscale damp-
ing processes that are not resolved by the model (Chassignet & Garraffo, 2001). It allows to produce a correct
mean GS path with an uncoupled 1/50° resolution Hybrid Coordinate Ocean Model setup. However, even
though the simulated mesoscale variability at the separation point (Cape Hatteras) compares favorably with
AVISO data, there is still too large a spread of mesoscale activity after separation (Figure 14 in Chassignet &
Xu, 2017), reflecting excessive meandering similar to our NOCFB simulation. The added dissipation helps
but appears as an ad hoc fix for processes that are not represented in the model, such as eddy killing. The
challenge here is to justify a forward route to dissipation when geostrophic turbulence is characterized by an
inverse cascade. Looking into it with a submesoscale resolving model (200-m resolution), Gula et al. (2016)
recently found that GS interaction with topography can generate submesoscale centrifugal instability and
some amount of energy dissipation, but only near the continental slope. An interior route to dissipation asso-
ciated with submesoscale instabilities at the ocean surface is also proposed (Capet et al., 2008; Molemaker et
al., 2010) but cannot account for large offshore dissipation past the separation point, where even numerical
dissipation needed to damp numerical dispersion errors appears to be in excess (Marchesiello et al., 2011;
Soufflet et al., 2016). While the route to dissipation in the ocean is being debated, mesoscale air-sea cou-
pling offers a unambiguous physical process for the required sink of energy to achieve proper equilibrium
in WBC systems and elsewhere.

The role of fine-scale ocean-atmosphere coupling modifies the usual conception of wind-driven currents.
The wind is not just a large-scale energy source that initiates a turbulent cascade; it also interacts at fine
scale and directly affects the entire oceanic spectrum. High-resolution coupled models have thus become
essential tools that are now more easily accessible—at least regional models. Alternatively, for uncoupled
ocean models, new formalisms should be designed to account for atmospheric adjustments and provide
accurate oceanic energy sink. A major step will then be expected in the representation of currents, water
masses, overturning circulation, oceanic ventilation, carbon uptake, etc. In particular, the boosting effect
of oceanic eddies on marine productivity in nutrient-poor regions should be revisited through the lenses of
eddy-wind interaction, as initiated by McGillicuddy et al. (2007). Anticyclonic eddies could sustain primary
production over long distances due to surface Ekman pumping induced by the same eddy-wind interaction
that dampens the eddy energy. This effect is again missing in usual oceanic model simulations.

Overall, the results presented here call for a change of paradigm in our representation of the ocean inter-
face. The uncoupled approach is no longer suitable for continued ocean model improvement, unless new
formulations can be devised that better account for air-sea interactions. Those should replicate a partial
re-energization of the ocean by winds that are modified by surface currents—avoiding redundant energy
sink in uncoupled models if fully using equation (1). Different approaches are possible. One consists of cor-
recting the relative wind using a current-wind coupling coefficient s,, defined by U = U, — (1 — s,)U,
(Renault, Molemaker, Mcwilliams, et al., 2016), or the surface stress using a current-stress coupling coeffi-
cient s, defined by = = 7, + s,.U, (Renault, McWilliams, Masson, et al., 2017); s,, and s, can be estimated
from a coupled simulation although s, can also be parameterized as a function of the large-scale wind. Yet
another approach would be based on the coupling of a simple atmospheric boundary layer model (a slab
model for the lower atmosphere; e.g., Lemarié et al., 2017), in place of a full atmospheric model. In all cases,
the results should be compared with fully coupled simulations, specifically looking at the sink of energy
from eddy-wind interaction, and more generally at mesoscale activity and large scale currents.
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