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Abstract 

The surface ocean current’s imprint on the wind stress (known as the current feedback) has a significant influence 
on the wind power input to the ocean. In this study, we investigate the effect of the current feedback on mesoscale 
eddy energetics in the Kuroshio extension region using a high-resolution (9 km) coupled regional climate model. 
We perform three sets of simulations: one calculates the wind stress without the surface current, one includes only 
the mesoscale eddy’s current and another includes the entire current in the computation. In this way, the mesoscale 
eddy’s current feedback can be isolated and its contribution to the entire current feedback can be assessed. The simu-
lation results show that the mesoscale eddy’s current feedback results in negative wind power input to mesoscale 
eddies and reduces the surface eddy kinetic energy (EKE) by ~ 20% in the Kuroshio extension region. This negative 
wind power is compensated primarily by the enhanced conversion from mean flow kinetic energy (MKE) and eddy 
potential energy (EPE) to EKE and secondarily by the reduced pressure flux divergence and horizontal dissipation. 
Compared to the mesoscale eddy’s current feedback, the entire current feedback has a similar impact on EKE and the 
wind power on mesoscale eddies, while it affects the EKE budget differently. It weakens the MKE to EKE conversion 
partly due to the reduced kinetic energy input to background flows by wind. Correspondingly, the negative wind 
power on mesoscale eddies is primarily compensated by the enhanced EPE to EKE conversion.

Keywords: Current feedback, Mesoscale eddy energetics, Kuroshio extension

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Introduction
Ocean mesoscale eddies interact strongly with the over-
lying atmosphere. The impact of such interactions on 
eddies themselves has been extensively analyzed in the 
past decade. Sea surface temperature anomalies (SSTAs) 
associated with mesoscale eddies are the dominant driver 
of surface heat flux anomalies at mesoscale, with cold 
and warm eddies inducing anomalous heat into and out 
of the ocean, respectively (e.g., Kirtman et  al. 2012; Ma 
et al. 2016; Bishop et al. 2017; Li et al. 2017; Yang et al. 
2018). These processes act to damp the mesoscale SSTAs 
and thus result in the destruction of the eddy available 

potential energy (EPE) (Ma et al. 2016; Shan et al. 2020). 
Moreover, the mesoscale eddy-induced heat anomalies 
affect the stability of the atmospheric boundary layer 
and the vertical turbulent momentum transfer, acceler-
ating (decelerating) the surface wind over warm (cold) 
eddies (e.g., Park and Cornillon 2002; Vecchi et al. 2004; 
Xie 2004; Chelton and Xie 2010; O’Neill et al. 2010, 2012; 
Frenger et  al. 2013). Such SSTA-driven wind anomalies 
lead to a dipole structure in the wind stress curls over 
mesoscale eddies, influencing the eddy propagation 
through Ekman pumping (e.g., Dewar and Flierl 1987; 
Gaube et al. 2015; Seo et al. 2016).

In addition to SSTAs, the ocean surface current is 
another signature felt by the overlying atmosphere 
as the surface wind stress is determined by the vector 
difference between wind and current instead of wind 
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itself. With the advent of radar scatterometers, small-
scale features in the wind stress induced by the ocean 
current can be seen clearly (Cornillon and Park 2001; 
Kelly et  al. 2001; Chelton et  al. 2004). Including the 
ocean current in the wind stress formulation (known as 
the current feedback; e.g., Dawe and Thompson 2006; 
Renault et al. 2016) leaves a significant influence on the 
wind power input to the ocean. Plenty of literatures 
using both observations and model simulations reveal 
that the current feedback reduces the wind power input 
to the ocean by 20–35% (e.g., Dawe and Thompson 
2006; Duhaut and Straub 2006; Zhai and Greatbatch 
2007; Hughes and Wilson 2008; Xu and Scott 2008). 
This reduction is attributed to the decreased positive 
wind power input to large-scale background flows and 
the negative wind power input to mesoscale eddies, 
with the latter more dominant (e.g., Xu and Scott 2008; 
Renault et al. 2016; Seo et al. 2016).

It has been well recognized that the eddy kinetic 
energy (EKE) is weakened in response to the current 
feedback. Numerical simulations suggest that includ-
ing ocean currents in the wind stress computation 
results in a 10–55% reduction of the surface EKE com-
pared to that of not (Zhai and Greatbatch 2007; Renault 
et al. 2016; Seo et al. 2016; Oerder et al. 2018). Yet it is 
barely known how the EKE budget responds to the cur-
rent feedback to rebuild the equilibrium state of EKE. 
Should the eddy–mean flow energy exchange and/or 
other EKE destruction processes adjust to compensate 
the EKE loss through the current feedback? Insight into 
this question is important as it does not only help in 
understanding the influence of the current feedback on 
EKE, but also on the eddy–mean flow interaction that 
is crucial for shaping ocean circulations and the ocean 
stratification.

The Kuroshio extension region is featured by ener-
getic mesoscale eddies and strong atmospheric storms. 
Despite a hotspot for mesoscale ocean–atmosphere 
interactions, the impact of the current feedback on 
eddy energetics, to the best of our knowledge, has not 
be assessed and will be evaluated in this study based on 
a high-resolution coupled regional climate model. We 
remark that it is necessary to use a coupled model, as 
ocean alone simulations are not capable of representing 
the ocean current’s imprint on the surface wind (Renault 
et  al. 2016) and thus tend to overestimate the current 
feedback. The remainder of the paper is organized as fol-
lows: “Method” section provides the detailed description 
of the methodology. Comparisons of EKE and its budget 
in simulations with and without the current feedback 
will be made in “Results and discussion” section. “Con-
clusions” section summaries the main results in this 
study.

Method
Model description
The Coupled Regional Climate Model (CRCM) devel-
oped at Texas A&M University and implemented at Pilot 
National Laboratory for Marine Science and Technol-
ogy (Qingdao) is used to assess the impact of the current 
feedback on eddy energetics in the Kuroshio extension 
region. The model includes the Regional Oceanic Mod-
eling System (ROMS) as the ocean component, the 
Weather Research and Forecasting Model (WRF) as the 
atmosphere component, and a coupler that allows the 
exchanges of heat, freshwater and momentum between 
ocean and atmosphere components.

The model covers the entire North Pacific from 3.6° N 
to 66° N, 99° E to 270° E, with a horizontal resolution of 
9  km for WRF and ROMS. In our configuration, WRF 
and ROMS are coupled hourly. WRF gives heat fluxes, 
freshwater fluxes as well as wind stresses to ROMS, 
while ROMS provides SST and surface current veloc-
ity for WRF. The WRF initial condition is obtained from 
NCEP-II reanalysis, whereas the ROMS initial condition 
is obtained from a 6-year spin-up run using CORE-II 
dataset as the atmospheric forcing. WRF has 32 vertical 
levels, using YSU scheme for planetary boundary layer 
(Hong and Pan 1996), RRTMG and Goddard scheme 
for longwave and shortwave radiation (Chou and Suarez 
1994; Mlawer et  al. 1997), Lin et  al. (1983)’s scheme 
for microphysics, Smagorinsky scheme for calculating 
eddy coefficient (Smagorinsky 1963), Kain–Fritsch (KF) 
scheme for cumulus parameterization (Kain 2004) and 
Noah scheme for land surface. ROMS has 50 levels in a 
vertical terrain-following coordinate with the vertical 
grid size in the upper 100 m finer than 25 m. We use a 
K-profile parameterization (KPP) turbulent mixing clo-
sure scheme for vertical mixing (Large et  al. 1994) and 
a bi-harmonic Smagorinsky-like mixing for momen-
tum (Griffies and Hallberg 2000). No horizontal mixing 
parameterization for tracers is applied.

Experiment design
Three sets of simulations are performed in this study. The 
only difference among them is the calculation of the wind 
stress. CTRL is a fully coupled simulation in which the 
wind stress is calculated based on the relative motion of 
the surface wind and the ocean current:

where τ is the wind stress, ρa is the air density, Cd is the 
drag coefficient, W is the 10-m wind and U is the surface 
current. In  noUtot, the entire surface current is excluded 
in the wind stress calculation, as was usually done in 
previous studies concerning the current feedback (e.g., 
Duhaut and Straub 2006; Zhai and Greatbatch 2007; 

(1)τ = ρaCd(W −U)|W −U|,
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Renault et al. 2016, 2019). The results of Seo et al. (2016) 
show that the current feedback-induced EKE reduction 
can be largely ascribed to the influence of the mesoscale 
eddy’s current feedback in the California Current system. 
In order to test to what extent the impacts of the current 
feedback on eddy energetics can be explained by the mes-
oscale current’s effects in the Kuroshio extension region, 
we perform the  noUe experiment to isolate the mesoscale 
eddy’s current feedback. In  noUe, a low-pass Loess filter 
with a 15° (longitude) × 5° (latitude) half width is imple-
mented to the ROMS simulated surface current before 
given to WRF at each coupling step. Thus the mesoscale 
eddy’s current is removed in the wind stress calculation, 
whereas the background flow’s current is retained. All the 
three sets of experiments consist of an ensemble of five 
half-year simulations. They are initialized on 1 October 
2003, 2004, 2005, 2006 and 2007, respectively, then inte-
grated for 6 months. The winter season is chosen due to 
the intense air–sea interactions during that time.

EKE budget
Decomposing motions into large-scale background flows 
(denoted by overbars) and mesoscale eddies (denoted by 
primes), the budget of EKE can be expressed as:

where <⋯> denotes the time and area-mean, 
u = (u, v,w) is the three-dimensional ocean cur-
rent, EKE = 1
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is the reference density, g = 9.8 m s−2 is the gravitational 
acceleration, KV is the vertical viscosity coefficient, and 
KH (K4) is the horizonal viscosity coefficient. The large-
scale and mesoscale motions in the subsequent analyses 
are separated by a 2-D Gaussian filter. This filter performs 
similarly with the 15° (longitude) × 5° (latitude) Loess fil-
ter by choosing suitable parameters but carries a much 
smaller computational burden (see Additional file 1: Fig-
ure S1).

The term on the left-hand side of Eq.  (2) corre-
sponds to the tendency of EKE (referred to as  TKe). 
The first term on the right-hand side (RHS) describes 
the advection of EKE. The second term denotes the 
eddy-induced momentum flux acting on the velocity 
gradient of background flows. These two terms tend to 
cancel each other locally with a net effect of the con-
version from kinetic energy of mean flows (MKE) to 
EKE (referred to as KmKe). The third term shows the 
energy divergence through the pressure flux (referred 
to as PWork). The fourth term represents the conver-
sion from EPE to EKE (referred to as PeKe). The fifth 
and sixth terms denote the vertical and horizontal 
dissipation of EKE, referred to as  VDKe and  HDKe, 
respectively. The last term is the residue due to the 

non-orthogonality of the Gaussian filter, which is 
found to have a minor impact.

The current feedback contributes to the EKE budget 
through  VDKe. This can be shown by integrating  VDKe 
from an arbitrary depth of zb to the sea surface:
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where u′s and v′s are the mesoscale zonal and meridional 
surface current, τ ′x and τ ′y are the mesoscale zonal and 
meridional surface wind stress. The first term on the RHS 
represents the wind power input to mesoscale eddies 
(referred to as  WPe) that is affected by the current feed-
back and the remaining denotes vertical interior dissipa-
tion (referred to as  VIDKe).

In the following analysis, we choose zb = − 3000  m 
rather than the depth of sea floor due to its unevenness. 
As the shallowest sea floor in this region is at − 3893 m, 
the bottom friction is not included in  VIDKe but affects 
the EKE budget indirectly via PWork (Pedloski 1987).

Results and discussion
Influences of the current feedback on EKE
Figure  1a, b displays the 5-year wintertime (October–
March) mean surface EKE in CTRL and that derived 
from the Estimating the Circulation and Climate of the 
Ocean, Phase II (ECCO2) dataset as a benchmark. The 
simulation results of CRCM and ECCO2 are generally 
consistent with each other. Both are featured by high 
EKE values along the Kuroshio extension, although there 
is an acceptable northward displacement of the Kuro-
shio extension in CRCM that is a common problem for 
regional modeling (e.g., Kang 2008; Seo et  al. 2010). In 
addition, the EKE simulated by CRCM is slightly higher. 
This may be attributed to the discrepancy of resolution, 
sampling rate and data processing procedure.

Fig. 1 The 5-year wintertime mean surface EKE based on a ECCO2, b CTRL, c  noUe and d  noUtot. Contour shows the mean SSH filed in the same 
period. The box in b denotes the Kuroshio extension region (34°–40° N, 144°–155° E)

Fig. 2 The 5-year wintertime mean EKE averaged within the Kuroshio 
extension region in CTRL (black line),  noUe (blue line) and  noUtot (red 
line)



Page 5 of 8Shan et al. Geosci. Lett.             (2020) 7:3  

Both of the EKE in  noUtot and  noUe exhibit similar 
spatial distribution, but have evidently higher values 
compared to that in CTRL (Fig.  1b–d). Figure  2 shows 
the area-mean EKE in the Kuroshio extension region at 
different depths. The EKE is surface intensified with an 
e-folding decaying depth of about 400 m, consistent with 
the observed eddy structures in this region (Dong et al. 
2017). The reduction of EKE in CTRL to those in  noUtot 
and  noUe is most evident at the sea surface and dimin-
ishes gradually as the depth increases. This is expected 
given that the difference among these experiments origi-
nates from the surface wind power. Consistent with the 
findings reported by Seo et  al. (2016), the mesoscale 
eddy’s current feedback is the main factor resulting in the 
EKE reduction, as evidenced by the similar EKE values in 
 noUtot and  noUe.

Influences of the current feedback on the EKE budget
In order to figure out how ocean internal dynamics 
responds to the current feedback to rebuild the equi-
librium, the EKE budget within the Kuroshio exten-
sion region is analyzed. The EKE in CTRL is generated 
through KmKe and PeKe while destructed mainly through 
 VDKe,  HDKe and PWork (Table 1). The EKE divergence 
through the pressure flux is partially due to the horizon-
tal propagation of mesoscale eddies out of the Kuroshio 
extension region and partly attributed to the downward 
EKE radiation into the bottom boundary layer to balance 
the bottom friction. The EKE tendency is an order of 
magnitude smaller compared to other terms, suggesting 
that the mesoscale eddies in the Kuroshio extension are 
almost at the forced–dissipated equilibrium state.

In CTRL,  WPe is negative as a result of the mesoscale 
eddy’s current feedback (Fig.  3a), whereas the values in 
 noUe and  noUtot are close to zero due to the absence of 
this feedback (Fig.  3b, c). The responses of EKE budget 
to the negative  WPe in CTRL are complicated, involving 
several terms. Compared to  noUe, the EKE destruction 
via  HDKe and PWork weakens due to the reduced EKE 
in CTRL. But this is not enough to make the EKE budget 
reach a new equilibrium. As the main sources of EKE, 
KmKe and PeKe strengthen evidently. They compensate 

25% and 30% of the EKE deflection through  WPe, 
respectively.

However, the change of the EKE budget in response to 
the entire current feedback is different from that to the 
mesoscale eddy’s current feedback. The most notice-
able discrepancy between the two feedbacks, DIFF1 
(CTRL-noUe) and DIFF2 (CTRL-noUtot), comes from 
KmKe. Specifically, KmKe is weakened rather than inten-
sified with the entire current feedback. The influences 

Table 1 The upper-3000 m integrated EKE budget (mW m−2) in the Kuroshio extension region

DIFF1 (CTRL-noUe) shows the mesoscale eddy’s current feedback only. DIFF2 (CTRL-noUtot) represents the entire current feedback. All values shown here are the 5-year 
wintertime mean. The values in the brackets represent  WPe and  VIDKe

TKe PWork KmKe PeKe VDKe  (WPe/VIDKe) HDKe Residue

CTRL 0.26 − 9.82 24.01 13.64 − 17.27 (− 13.17/− 4.10) − 6.15 − 4.15

noUe 1.98 − 12.50 20.41 9.33 − 2.73 (1.39/− 4.12) − 7.29 − 5.24

noUtot 2.31 − 13.81 26.21 5.79 − 2.22 (1.98/− 4.20) − 7.70 − 5.96

DIFF1 − 1.72 2.68 3.60 4.31 − 14.54 (− 14.56/0.02) 1.14 1.09

DIFF2 − 2.05 3.99 − 2.20 7.85 − 15.05 (− 15.15/0.10) 1.55 1.81

Fig. 3 The 5-year wintertime mean wind power input to mesoscale 
eddies in a CTRL, b  noUe and c  noUtot. The boxes denote the Kuroshio 
extension region
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of the entire current feedback on eddy energetics come 
from two parts: the mesoscale eddy’s current feedback 
on wind power and the large-scale current feedback on 
wind power (e.g., Duhaut and Straub 2006; Hughes and 
Wilson 2008). Since wind aligns with large-scale flows 
in the Kuroshio extension region, the wind power input 
to large-scale flows is evidently reduced in CTRL than 
 noUtot. Specifically, the wind power input to the geos-
trophic large-scale flows decreases from 21.25 mW m−2 
in  noUtot to 19.71 mW m−2 in CTRL, comparable to the 
change of KmKe between these two experiments (Table 1). 
The reduced MKE injection by wind partly explains the 
weakening of KmKe in CTRL than  noUtot. As a response 
to the reduced KmKe, the intensification of PeKe in DIFF2 
is much more pronounced than that in DIFF1. The value 
of PeKe in CTRL is 1.5 times as large as that in  noUe while 
2.4 times as large as that in  noUtot.

Conclusions
Based on high-resolution coupled regional climate mod-
els, we assess the impacts of the current feedback on 
eddy energetics in the Kuroshio extension region. The 
major findings of our study are as follows:

1. The current feedback reduces the upper-1000 m EKE 
in the Kuroshio extension region with the reduction 
most evident at the sea surface (~ 20%). The reduced 
EKE is mainly attributed to the negative wind power 

input to mesoscale eddies due to the mesoscale 
eddy’s current imprint on the wind stress.

2. When only the mesoscale eddy’s current imprint on 
the wind stress is present, its resultant negative wind 
power on mesoscale eddies is compensated primar-
ily by the enhanced conversion from MKE and EPE 
to EKE and secondarily by the reduced pressure flux 
divergence and horizontal dissipation.

3. Although both the mesoscale eddy’s and the entire 
current feedbacks result in similar EKE variations, 
their effects on the EKE budget is different. The most 
noticeable discrepancy is that the MKE to EKE con-
version is weakened rather than strengthened in 
response to the entire current feedback. This is partly 
because the reduced kinetic energy input to back-
ground flows by wind.

The enhanced EPE–EKE conversion [expressed as 
− < w′ρ′g > in Eq.  (2)] by the current feedback cor-
responds to an intensified upward eddy buoyancy flux 
(defined as < w′b′ > , Fig.  4a). In the Kuroshio exten-
sion region, the variation of buoyancy is dominated by 
that of temperature. Thus, the upward eddy heat flux 
(defined as < ρ0Cpw

′T ′ > , Fig.  4b) is strengthened as 
well, transporting more heat stored in the abyss into the 
upper ocean and may have potentially important influ-
ences on the ocean thermal structure. Due to the short 
integration time of our model simulations, such a con-
jecture cannot be examined but deserves further study 

Fig. 4 The difference of 5-year wintertime mean vertical eddy fluxes averaged within the Kuroshio extension region. a Shows the difference of 
eddy buoyancy fluxes ( w′

b
′ ) between CTRL and  noUe (blue line) and that between CTRL and  noUtot (red line). b Is similar to a but for eddy heat 

fluxes ( ρ0Cpw′
T
′ , Cp = 4000 J kg−1 °C−1 is the ocean heat capacity). The grey lines represent zero
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in the future. Moreover, although EKE is a widely used 
measurement for mesoscale eddy activities (Stammer 
and Wunsch 1999; Qiu and Chen 2004; Jia et al. 2011), 
results in this study suggest that it is not necessarily 
related to the intensity of eddy transports. For instance, 
EKE is reduced as a response to the current feedback, 
whereas the opposite is true for the vertical eddy buoy-
ancy/heat flux; EKE remains similar with and without 
the background flow’s current feedback, but the vertical 
eddy buoyancy/heat flux differs substantially between 
the two situations. Thus there is no one-to-one corre-
spondence between EKE level and the intensity of eddy 
transports.
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org/10.1186/s4056 2-020-00152 -w.

Additional file 1: Figure S1. The isolation of mesoscale variabilities. (a) A 
snapshot of EKE isolated by a Loess filter with a 15° (longitude) × 5° (lati-
tude) half width in the Kuroshio extension region (34°–40° N, 144°–155° E); 
(b) is similar to (a) but for the alternative filter we use in the paper. (c) The 
wavenumber spectrum of (a) and (b) denoted by the blue and red lines 
respectively.
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