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Coupled ocean-atmosphere interaction mediated by mesoscale 
SST and current: Distinctive impacts and scale dependence

Objective: Energetic surface current and SST in the ocean 
mesoscales modulate the wind stress. Effects of the eddy-forced 

wind stress via the ocean current and SST are highly distinctive and 
scale-dependent. Our goal is to tease out and better understand the 
effects of the two coupled feedback effects and explore their scale 

dependence and impacts on mixed layer depth.
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• SST-wind coupling has no 
impact on time-mean EKE

•  Current-wind coupling reduces 
the EKE by 40% → EKE 
damping is largely at the 
oceanic eddy-scales.

Changes in energy conversion and source terms

currents and attenuates the strength of eddies. This
damping effect by the current–wind interaction appears
to take place mostly on large scales (i.e., defined to be
greater than the 38 3 38 averages, which include the SC
and much of the GW; Fig. 3), rather than on small scales,
although this distinction is somewhat arbitrary, as it de-
pends on the chosen filtering scales. The following sec-
tions look into each process in greater detail.
It is worthwhile to note that, over the southeastern part

of the GW, the CTL and the QuikSCAT climatologies
both exhibit a narrow and elongated band of negative
wind stress curl extending southwestward along the
southern limb of the GW (Figs. 4g,f). Vecchi et al. (2004)
also observed this bandofEkman downwelling from their
climatology (their Figs. 1 and 3), suggesting that this is
because of SST–wind coupling. The comparison of wind
stress curl climatologies in Fig. 4, however, implies that
the enhanced and narrow negative wind stress curl there
should be also more strongly attributed to current–wind
coupling, in particular on the oceanic mesoscale. This is
because the negative wind stress curl in noTe (Fig. 4h)
remains comparable to that in CTL but is weakened no-
ticeably in noUe (Fig. 4i). This negative wind stress curl
appears to be enhanced when the total current effect is
removed (Fig. 4j); however, this enhancement is taking
place farther west over the GW as opposed to the limb of
it and is due to a lack of negative surface vorticity re-
ducing the negative wind stress curl. A careful inspection
of the climatologies (Figs. 4i,j) indeed indicates that the
negative wind stress curl is further reduced in noUtot

compared to noUe along the thin southern limb of the
GW. The relative importance of surface current com-
pared to the SST in the negative wind stress curl in this
region is expected because the SST gradient is generally
weaker, being far from the influence of CF (Figs. 4f–j,
contours), yet the intensity of the surface current is
maintained there with the Rossby number reaching 1
(Vic et al. 2014). That Vecchi et al. (2004) observed the
negative wind stress curl in this region from QuikSCAT
scatterometers is perhaps because the QuikSCAT mea-
sures the wind relative to the moving ocean in addition to
the SST influence on the wind.

4. Further analysis of the AS circulation responses

a. Energy sources and conversions

To further quantify causes of the modeled responses
to two types of air–sea coupling, three diagnostic
quantities that represent energy sources and depth-
integrated energy conversions are derived from the
equations of motion:
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Here, r0 is the density of seawater, and (U,V) is the JJAS
climatological velocity fields. The overbars are the time
mean, and the primes are the deviation from it. Terms in
(2)–(4) are integrated from the surface to the bottom of
the ocean (2h). Equation (2) is the correlation between
current and wind stress (i.e., work done by the wind on
the ocean). The total wind work (P) is decomposed into
mean wind work (Pm) affecting theMKE, and eddy wind
work (Pe), which enters the EKEbudget. If positive, wind
energy is supplied to the ocean, amplifying the EKE,
while, if negative, the wind slows down the mean and
eddy current through friction. Equation (3) denotes the
energy conversion from potential energy to kinetic en-
ergy. The term involving r0w0 represents the eddy con-
version from potential to kinetic energy, particularly
important during baroclinic instability (BC). Equation
(4) represents the conversion from MKE to EKE, which
is dominated by two processes; the horizontal and vertical
Reynolds stresses indicative of barotropic instability
(BT) and vertical shear instability.
Figure 7 shows the JJAS climatologies of each of these

terms calculated from CTL. The superposed contour in
each subplot is an isotach of 1.0ms21 surface current,
marking the location of the SC. The wind workPm stands
out as the primary energy source term, showing the
maximum positive all along the SC. There is negative Pm

over the eastern edge of the GW because its southward
flow is against the southerly wind there. The positive Pm

suggests that acceleration of the SC is a linear, scale-to-
scale response to wind stress. The decomposition of Pm

into Pmx and Pmy confirms this scale-to-scale momentum
transfer, showing that the positive Pmy coincides with the
SC, accelerating it along the coast up to 108N. The wind
work in the x direction Pmx takes over wind energy input
to the ocean north of 88–108N,where the SC departs from
the continental slope to flow eastward. The Pe is by an
order of magnitude smaller than Pm but is comparable in
size to other energy conversion processes. In CTL, Pex is
weakly negative over the CF because of the decline of
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motion following Masina et al. (1999) for the TIWs and
Marchesiello et al. (2003) for the CCS eddies and are
evaluated with the result from the model:
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Here, the capital letters (U, V) denote the summer-
time (JAS) climatology, and the primes are the de-
viation from the mean. The BC term represents an
energy conversion process during baroclinic instability,
whereby mean available potential energy is converted
into EKE. The BT term represents the conversion of
the mean kinetic energy to EKE, which is typically
dominated by two processes: the horizontal and verti-
cal Reynolds stresses indicative of (equivalent) baro-
tropic instability and Kelvin–Helmholtz instability.
The P term is the work done by the wind on the ocean,
representing eddy–wind interactions. If positive, it
supplies wind energy to the ocean and increases the
EKE, thus serving as the wind work; if negative, it is
part of the dissipation of the EKE. Assuming the length
scale of the eddies to be the internal Rossby radius of
deformation L, the depth H to which the terms (4)–(6)
are to be averaged is determined byH5 fL/N; using f5
1024, L 5 104, and N 5 1022, a characteristic depth
scale of H 5 100m is obtained. Averaging over dif-
ferent depth ranges does not change the results con-
siderably due to the similarity of the vertical structure
in the EKE (Fig. 5).

Figure 7 shows the three energy conversion terms
from CTL. Strongest near the coast north of San Fran-
cisco, P is the dominant source term for EKE. BC is of
secondary importance over the shelf. The sum of the
effects of barotropic and Kelvin–Helmholtz instabilities
(BT) is small, perhaps because the model does not fully
resolve the small-scale shear of the currents (Brink 2016;
Brink and Seo 2016). Decomposition of P into the zonal
[Px 5 (1/r0)u

0t0x] and the meridional [Py 5 (1/r0)y
0t0y]

components suggests that, not surprisingly, most of the
EKE increase is via the positive correlation between y0

and ty
0; that is, the alongshore current anomalies are

generated as a response to the alongshore wind stress
anomalies.
The zonal component Px is weak but negative in the

upwelling zone, which acts to dissipate the EKE. The
negative correlation between u0 and tx

0 is explained by
the fact that the zonal current at the surface u0 is in part a
wind-driven Ekman response to southward ty

0 (Fig. 2);
that is, when ty

0 is negative (upwelling favorable), the
portion of u0 that is driven by the Ekman transport is
directed offshore. During typical upwelling conditions,
tx
0 is weakly eastward since the large-scale wind stress is
southeastward (Fig. 2). Thus, u0 and tx

0 should be in the
opposite direction during the upwelling conditions. This
is evidenced by the fact that negative Px is strong over
the upwelling zone south of Cape Blanco, where the
eastward component of the wind stress emerges in
the lee of capes and with the southeastward bend of the
coastline (Dorman and Kora!cin 2008). This implies that
the inclusion of the surface current effect reflects not
only the small-scale eddies (internal variability), but also
the linear wind-driven Ekman component that is char-
acteristic of summertime eastern boundary current sys-
tems. Therefore, some of the Ue effects discussed in this

FIG. 6. Monthly time series of the simulated surface EKE (cm2 s22) averaged over the up-
welling zone (328–458N, 1308–1208W; Fig. 4b).
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 BC:  A small reduction in noUe 
→ Can’t explain the higher EKE

Current-wind coupling reduces the 
eddy wind work

Introduction

Approach: Scripps Coupled Ocean-Atmosphere Regional (SCOAR, 
WRF-ROMS) with an online 2-D smoothing (Seo et al. 2007; 2014)

τ formulation
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M
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online 2-D smoothing 
applied to SST and current

California Current System (Seo et al. 2016, JPO)

Summary: SST-wind coupling shifts the eddy fields while current-wind 
coupling damps the eddy activity. This damping effect is most effective on 
length scales equivalent to the first baroclinic Rossby deformation radius 
but also touches the oceanic submesoscale regime of Ro~O(1). In the 

anticyclonic regime, current-induced Ekman pumping increases the 
upper ocean stratification, shoaling the mixed layer depth.

Introduction
An anticyclonic warm-core eddy

in the Bay of Bengal

Ekman pumping velocity over 
a gaussian warm-core eddy

Smoothing
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Scale dependence, Bay of Bengal (Seo et al. DSR Submitted)
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The largest reduction in EKE and eddy wind work (Pe) in the 
wavelengths of 100-200 km.

Current-wind coupling stabilizes the anticyclonic flows and is most 
efficient at Ro~0.75 up to Ro~1.

Current-wind coupling reduces the wind work and (also BT near coast) 
and EKE.

Current-
wind 

coupling 
shifts SC 
and GW 

position by 
~1° latitude 
downstream

Somali Current (Seo 2017, JCLI)
Confirming two distinct influences of air-sea coupling

~1° latitude

1 m/s current: Somali Current (SC) SSH 15cm: Great Whirl (GW)
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Increased stratification and shoaled mixed layer in the anticyclonic 
eddies due to doming of isopycnals.
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