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Abstract
Western boundary currents are well known to exhibit a strong eddy field and
meandering on subseasonal timescales and wavelengths of a few hundreds of
kilometers. However, the extent to which the ocean mesoscale activity associ-
ated with these motions can enhance the turbulent air–sea heat flux averaged
over a large spatial domain has not been fully characterized. This study aims
to do so during the cold season using reanalysis data and simplified air–sea
interaction models. The correlation between sea-surface height anomaly and the
wintertime mean heat fluxes does not indicate any significant relations between
eddy activity and large-scale surface heat flux in the Kuroshio Extension during
winter over the 2003–2018 period. The results from simple models designed to
isolate the contributions from the eddies suggest that the eddy enhancement of
the heat flux via a rectified effect (a bit more anomalous cooling over a warm
mesoscale feature than anomalous heating over a cold one) is small compared
with the long-time, large-spatial scale mean in the reanalysis data, especially
along the Kuroshio Extension. It is found larger north of it, where it can reach
5 W⋅m−2. Although different datasets might disagree about the level of energy
of the sea-surface temperature field at the mesoscale, a simple scaling analysis
gives confidence in the relatively small values of the rectified effect found here.
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1 INTRODUCTION

The western boundary currents of the World Ocean
provide an important heat source for the atmospheric
storm-track (Hoskins and Valdes, 1990). Regions with
strong currents, like the Kuroshio Extension (KE) or Gulf

Stream, can be expected to modify the wind stress by
as much as 20%, which has significant implications for
the air–sea heat flux in those regions (Chelton et al.,
2004). This study focuses on the North Pacific, and specifi-
cally the Kuroshio, in winter, when the atmospheric eddy-
driven jet is closest to the path of the Kuroshio and its
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extension into the interior of the Pacific (Nakamura et al.,
2004).

Though large-scale (>1,000 km) correlations between
sea-surface temperature (SST) and surface winds are gen-
erally negative, observations and simulations have con-
firmed a strong positive correlation at the mesoscale (Chel-
ton and Xie, 2010). Chelton et al. (2004), and subsequent
studies including O’Neill et al. (2010), identified persis-
tent, small-scale structures from high-resolution (25 km)
satellite measurements of surface winds and found that
there were many features with characteristic wavelengths
less than 30◦ in longitude and 10◦ in latitude that could
be attributed to SST variations. The authors showed how
the curl and divergence of the 4-year averaged wind field
were directly proportional to the downwind and crosswind
gradient of the SST field, respectively.

Putrasahan et al. (2013) isolated the influence of ocean
mesoscale eddies on surface winds in the KE region by
conducting companion simulations with a regional model
where eddies are either resolved or filtered out. Their
results showed that the eddies play an important role in
driving the surface wind through two mechanisms: verti-
cal mixing from alternating regions of boundary layer sta-
bility and sea-level pressure anomalies. The strength of the
former mechanism, which is measured by the magnitude
of the linear scaling between the wind stress divergence
(curl) and downwind (crosswind) SST gradient, was found
to exhibit a strong seasonality, being much larger in the
winter, when the atmosphere is generally less stable, than
in the summer. The simulations exhibited a steeper linear
relationship than was calculated from satellite observa-
tions, but the findings strongly supported the conclusion
that the mesoscale eddies are an important driver of sur-
face wind stress. With regard to the latter pressure-driven
mechanism, which is measured by the linear scaling of the
wind convergence and the sea-level pressure Laplacian,
the authors found that the presence of eddies significantly
strengthened the ocean–atmosphere coupling compared
with the eddy-free simulation.

It has recently been suggested that the meanders or
eddies that develop on western boundary currents with
characteristic length scales of a few hundred kilometers
have a so-called rectified effect on the turbulent air–sea
heat flux Q because a little bit more heat is lost over
a warm anticyclone than is gained over a cold cyclone
(Small et al., 2008; Foussard et al., 2019). This then
was suggested to have a significant effect on the storm
track, at least in the North Pacific (X. Ma et al., 2015;
2017; Zhang et al., 2020) and South Atlantic (Villas Bôas
et al., 2015). Small et al. (2008) reviewed various physical
mechanisms that facilitate air–sea heat flux from ocean
eddies and fronts, including the destabilizing effect of air

traveling over SST gradients, large eddies increasing the
boundary-layer depth, secondary circulations associated
with spatial changes in the pressure-gradient force, and
the way changes in ocean surface velocities can locally
increase the surface stress. The source of SST anomalies
near strong SST frontal regions like the Kuroshio–Oyashio
Extension region is thought to be oceanic weather rather
than atmospheric forcing (Frankignoul, 1985; Bishop et al.,
2017).

Isolating the effect of ocean mesoscale eddies on
the turbulent heat fluxes from observations is difficult
because, unlike in an atmospheric general circulation
model, one cannot separately analyze a time history of the
heat flux with and without eddies, as was done in Putrasa-
han et al. (2013) or Foussard et al. (2019), for example. In
this article, we propose a new methodology that attempts
to do so by developing simplified models of air–sea interac-
tions tuned to realistic air–sea heat fluxes. The models use
just one or two eddy coupling coefficients, so it is straight-
forward to evaluate the effect of the eddies on the time
mean and spatially averaged Q. The first model represents
the eddy enhancement as an increase in the surface wind
speed and is based on the work from O’Neill et al. (2010),
who used wind vector and SST observations to estimate the
wind vector magnitude and direction response to the per-
sistent mesoscale eddies near western boundary currents.
The authors found that air flow along a positive (nega-
tive) SST gradient led to an acceleration (deceleration) and
anticyclonic (cyclonic) changes in the wind velocity; the
magnitudes of changes in the wind velocity and direc-
tion were about 1–2 m⋅s−1 and 4◦–8◦. The second model
adds a mechanism to the first model such that the eddy
enhancement can also be represented through an increase
in the sea-surface drag following Behringer et al. (1979).
Small et al. (2008) discuss several studies that consider the
mechanism by which warmer SSTs lead to atmospheric
instabilities that increase the local sea-surface drag coef-
ficient and, therefore, the stress. The emerging consensus
appears to be that an increase in the sea-surface drag
with SST is a much smaller contribution to the increase
in surface stress compared with other mechanisms, like
a pressure-gradient-driven increase in the surface wind
speed.

This article is structured as follows. We introduce the
data used for the air–sea interaction analysis in Section 2
and discuss the impact of the mesoscale ocean eddy activ-
ity on the time and spatial mean Q in Section 3. Section 4
introduces the interaction models and shows that the
models are able to well represent the time mean air–sea
turbulent heat flux over the KE in winter. Discussion
and conclusion sections are offered in Sections 5 and 6,
respectively.

 1477870x, 2022, 747, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4333 by Im
perial C

ollege L
ondon, W

iley O
nline L

ibrary on [21/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2744 SROKA et al.

2 DATA AND METHODS

The ERA5 reanalysis data (Hersbach et al., 2018; 2020;
downloaded from the Copernicus Climate Change Service
Climate Data Store) was extracted at a 0.25◦ spatial resolu-
tion and at a 6-hr temporal resolution for the boreal winter
months December through March (DJFM) over the period
2003–2018. The region considered is a patch of the North-
west Pacific Ocean (30◦ N to 41.5◦ N, 142.5◦ E to 169◦ E)
that captures the major features of the KE. The reanaly-
sis fields include the SST To, the temperature at 2 m Ta,
the surface pressure p0, the dew-point temperature at 2 m
Td, the surface wind vector [u, v], the surface sensible heat
flux Qs, and the surface latent heat flux QL. In addition,
daily absolute topography (hereafter simply denoted as
“sea-surface height anomaly”, SSHA) from the E.U. Coper-
nicus Marine Service Information (Drévillon et al., 2018;
Global Monitoring and Forecasting Center, 2018) was used
for the analysis in Section 3.

A two-dimensional fast Fourier transform (FFT) filter
was used to separate the high from the low wave numbers
in the field variables from the reanalysis data for each of
the models. The filtering scheme used here is similar to
the one used in Scott and Wang (2005). First, a bilinear
plane is calculated with a least-squares fit to c0 + c1x + c2y,
where ci variables are constants and x and y are the zonal
and meridional directions, respectively. This plane is sub-
tracted from the field to spatially de-mean and de-trend the
data. Next, a two-dimensional FFT is applied. The cutoff
wave number is the radius of a circle centered on the ori-
gin of the transformed field, and the low-pass (high-pass)
field is recovered by removing all the wave numbers out-
side (inside) of this circle and then inverting the transform.
A filter length scale of 500 km, or wave number equal
to 0.002 km−1, was used for all field variables to separate
the eddy length scales from the large scales. The filter
is applied to each time step before any time averaging is
done. The bilinear plane is added to the low-pass field after
the inverse transform step. High-pass fields are denoted
with primes (•′), and low-pass fields are denoted with
overbars (•).

This filtering procedure leads to several important
properties of the filtered output. It ensures that the origi-
nal signal is equal to the sum of its low-pass and high-pass
components (• = • + •′), that low-pass filtering a single
high-pass filtered field vanishes (•′ = 0), and that low-pass
filtering a field that was already low-pass filtered does not
change the output ((•) = •). However, it is important to
note that low-pass filtering the product of a low-pass fil-
tered field and a high-pass filtered field does not guarantee
the result vanishes (••′ ≠ 0); this can be illustrated with a
simple, one-dimensional example. If a signal s(x), where
x measures horizontal distance, is the sum of two cosine

functions with wave numbers k1 and k2, and the cutoff
wave number kc is such that k1 > kc > k2, then

s(x) = cos(k1x) + cos(k2x). (1)

After applying the spectral filter described earlier, we
obtain

s(x) = cos(k2x) and s′(x) = cos(k1x), (2)

and as a result

s(x)s′(x) = cos(k2x) cos(k1x)

= cos[(k1 + k2)x] + cos[(k1 − k2)x]
2

. (3)

Since k1 + k2 is guaranteed to be greater than kc,
whether ss′ vanishes depends on whether |k1 − k2| is
greater than or less than kc. In an atmospheric context,
extinguishing ss′ is guaranteed by considering the zonal
mean (i.e., kc = 0). For the regional reanalysis datasets
considered here, however, no products of high-passed and
low-passed fields are expected to vanish after low-pass
filtering due to the broad range of wave-number content
around the eddy scale (Scott and Wang, 2005; Tulloch
et al., 2011).

The procedure is illustrated for the SST field on a
random winter day in Figure 1. The raw data is shown
in Figure 1a and its decomposition into high-pass and

(a)

(b)

(c)

F I G U R E 1 The sea-surface temperature (SST, ◦ C) field and
its spectral decomposition on December 2, 2010, at 0600 UTC. (a)
Raw data; (b) low-pass and (c) high-pass components. The contour
interval in (a) and (b) is 1◦ C [Colour figure can be viewed at
wileyonlinelibrary.com]
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low-pass components (including the bilinear plane) are
shown in Figure 1b and Figure 1c, respectively. The sharp
front associated with the Oyashio current is clearly seen in
the northwest corner of the domain around 40◦ N, as is the
weaker imprint of the Kuroshio on the SST gradient just
north of it along 36◦ N in Figure 1a. The low-pass field in
Figure 1b somewhat merges these two fronts, but it cap-
tures the long wavelength meanders along the Kuroshio
observed between 152◦ E and 160◦ E. The high-pass field in
Figure 1c displays more energy north of 35◦ N, with some
features clearly associated with a sharpening the Oyashio
and Kuroshio SST fronts (the two dipoles seen north of 38◦
N and the zonally elongated dipole along approximately
36◦ N), and some other features tentatively interpreted
as being detached mesoscale eddies (e.g., the “cold eddy”
seen at 144◦ E, 33◦ N with an amplitude of 1.5◦ C).

3 CORRELATIONS BETWEEN
THE SSHA CONTOUR LENGTH AND
THE TURBULENT HEAT FLUX

This analysis uses the length of the SSHA contours as a
proxy for the amount of eddy activity along the KE. As
shown by Qui and co-workers (Qiu and Chen, 2005; Qiu
et al., 2020), the SSHA contours indicate the Kuroshio’s
path. Qiu et al. (2020) labels the Kuroshio’s path for all
years from 1992 through 2019 as either stable, when there
was very little change in the contours’ locations, or unsta-
ble, when there were large fluctuations in the SSHA con-
tours throughout the year. In unstable years, the contours’
large fluctuations result in a longer average length and
much more curvature than those from stable years, as seen
in Qiu et al. (2020, fig. 2). Years where the trajectories of
the contours are more dynamic are also associated with
increased eddy activity, as the scale and locations of the

mesoscale SST anomalies are reflected in the curvature of
the SSHA contours.

The results of a correlation analysis do not suggest
that increased eddy activity leads to a greater wintertime
mean heat flux in the reanalysis data through the recti-
fied effect discussed in Section 1. A representative contour
plot of SSHA is shown in Figure 2a. The 0.4 m contour,
highlighted in white in Figure 2a, was chosen for its prox-
imity to the largest SST gradient, which indicates the main
path of the Kuroshio. Figure 2b shows a scatterplot of the
winter time mean turbulent heat flux (raw data, no spatial
filtering applied) as a function of the length of the 0.4 m
contour. The length of the contour level was calculated at
daily intervals and then averaged over each DJFM winter.
The time mean heat flux for each winter in the region is
computed from the reanalysis sensible and latent surface
heat flux fields. As expected, the lengths of the 0.4 m con-
tour in unstable years (blue crosses) are nearly all longer
than those of stable years (red crosses), these years having
been selected based on Qiu et al. (2020). The Pearson cor-
relation coefficients between the contour length and the
wintertime mean heat fluxes for the stable years, unstable
years, and all years are −0.33, −0.11, and −0.18, respec-
tively. The correlation coefficients are all slightly negative,
which is reflected in the linear fits shown in Figure 2b, but
none are found to be statistically significant. Though not
statistically significant, a negative correlation would sug-
gest that an increase in eddy activity decreases the heat flux
rather than enhances it, as the rectified effect hypothesis
would predict (Ma et al., 2016; 2017).

We have repeated this analysis with different choices of
SSHA contours (0.3 m and 0.5 m) as well as with the north-
ern and southern halves of the domain, their difference,
and also with a box centered on the middle of the domain,
rather than the full domain (Table 1). In no cases were
we able to find a statistically significant relation between

5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 9,000 9,500
230

240

250

260

270

280

290

2003

2004
2005

2010

2011

2012

2013

2014

2015

2018

2006

2007

20082009
2016

2017

(a) (b)

(W·m−2)

 (W·m−2·km−1)
 (W·m−2·km−1)
 (W·m−2·km−1)

F I G U R E 2 (a) Sea-surface height anomaly on January 1st 2003 (m). (b) Scatterplot of the average wintertime mean turbulent heat flux
(in W/m2) of the region shown in (a) as a function of the length of the 0.4 m contour in the same region. The slopes m of the linear fits for the
stable (red), unstable (blue), and all (black) years are indicated in the legend [Colour figure can be viewed at wileyonlinelibrary.com]
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T A B L E 1 Results of linear regression analyses between the
length of the sea-surface height anomaly (SSHA) contours
(columns, in meters) and spatially averaged surface turbulent heat
flux (positive upward). The values of the slopes are given in units of
W⋅m−2⋅km−1 with the associated P-value in parentheses. The
domains are defined as follows: N is (142.5◦–169◦ E, 37.67◦–41.5◦

N), M is (142.5◦–169◦ E, 33.8◦–37.67◦ N), and S is (142.5◦–169◦

E, 30◦–33.8◦ N)

Domain versus
SSHA contour 0.3 m 0.4 m 0.5 m

N + S −40 (0.16) −21 (0.49) −3 (0.93)

N −19 (0.47) −7 (0.8) 19 (0.59)

M −56 (0.15) −26 (0.54) 2 (0.97)

S −44 (0.27) −30 (0.48) −31 (0.56)

N − S 45 (0.4) 23 (0.66) 50 (0.43)

the length of the SSHA contour and the spatially aver-
aged turbulent heat flux (large P-values; see the numbers
in parentheses in Table 1).

These results suggest that there is little relation
between the dynamical state of the KE and surface turbu-
lent cooling in the Northwest Pacific. Even the intuitive
association between more meandering and possibly warm
(cold) eddies crossing northward (southward) across the
Kuroshio front, leading to more cooling north of the KE
front and less cooling south of it (Ma et al., 2016), is not
supported by our analysis (the slope of the regression is
positive for the “N–S box” in Table 1 but the P-value is
large). A similar decoupling between the state of the KE
system and regional surface turbulent cooling was sug-
gested by Qiu and Chen (2006) in their analysis of the
decadal variability of subtropical mode water formation.

This negative result does not, however, rule out the pos-
sibility that the mesoscale structures, either in the form
of isolated eddies or quasi-stationary fronts north of the
KE, have an impact on the surface turbulent heat flux
over this region through the rectified effect discussed in
Section 1. Indeed, as found in other western boundary cur-
rents, the largest SST gradients are found north of the KE
and the stirring of the SST contours by geostrophic tur-
bulence there might be unrelated to the dynamical state
of the KE to the south. In addition, as is well known
from previous studies of turbulent heat flux variability
(e.g., Cayan, 1992), there is a significant control on the
variability of the surface cooling by atmospheric dynam-
ics through changes in wind speed, air temperature, and
moisture. These would also obscure any links between the
state of the KE and the surface turbulent heat flux in the
Northwest Pacific.

To help in isolating the oceanic mesoscale contribution
to surface turbulent cooling in the Northwest Pacific, we

next construct simplified models of the latter, which we
test against reanalysis data.

4 MODEL RESULTS

4.1 The 𝜷-model

The first model, the 𝛽-model, solely accounts for the obser-
vations by Chelton et al. (2004) and O’Neill et al. (2010) that
perturbations of surface wind speed and SST are positively
correlated on the oceanic mesoscale. If 𝛽 is the coupling
coefficient measuring the strength of this relation, we
write U′ = 𝛽T′o where U′ is the perturbation wind speed,
T′o is the high-pass-filtered SST from the reanalysis data,
and 𝛽 > 0 is a constant. Accordingly, our first model is

Q𝛽 = 𝜌aCE(U + 𝛽T′o)Δh, (4)

where Q𝛽 is the sum of the surface sensible heat flux and
surface latent heat flux, CE is a constant exchange coeffi-
cient, 𝜌a is the density of air, and U is the low-pass-filtered
magnitude of the horizontal surface wind vector ||(u, v)||.
The moist enthalpy potential Δh is cp(To − Ta) + Lv(q∗o −
qa), where cp is the specific heat of air, To is the SST, Lv is
the latent heat of vaporization, q∗o is the saturation specific
humidity at To, and qa is the specific humidity at Ta and Td.

An interior-point optimization scheme is used to solve
for the exchange coefficient CE and the eddy coupling
coefficient 𝛽. The optimization is performed separately
for each DJFM winter, yielding wintertime time series for
the parameters CE and 𝛽. Specifically, we minimize the
magnitude of the objective function J:

J([𝛽,CE]) = QERA5(x, y, t) − Q𝛽(x, y, t; [𝛽,CE]), (5)

where QERA5(x, y, t) is the sum of the surface sensible and
latent heat flux fields from the reanalysis data. An analo-
gous objective function is used for the subsequent model.
The mean and standard deviation of 𝛽 across all win-
ters is found to be 0.25 ± 0.03 m⋅s−1⋅K−1. The values of
the exchange coefficient CE are very consistent between
winters, with a mean and standard deviation of 1.4 ±
0.01 × 10−3.

The simple 𝛽-model is successful at representing
the wintertime mean (denoted with angle brackets ⟨•⟩)
turbulent heat flux, as shown in Figure 3, especially in
the center of the selected domain where the heat flux is
largest. The results are only shown here for two distinct
winters (2003 in the top row and 2007 in the bottom row)
but are consistent across all years. These two years are
excellent examples of when the path of the Kuroshio did
not change much (2003) and when the path exhibited
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F I G U R E 3 (a, e) The time mean turbulent heat flux from ERA5, (b, f) the time-averaged turbulent heat flux from the 𝛽-model, (c, g)
their difference, and (d, h) pointwise relative error for the winters of (a–d) 2003 and (e–h) 2007. Heat fluxes are expressed in W⋅m−2 [Colour
figure can be viewed at wileyonlinelibrary.com]

many large fluctuations (2007) throughout the year. Con-
sistent with Figure 2, the larger surface turbulent cooling
of the ocean in 2003 is associated with a meridionally nar-
rower structure and less meandering of the Kuroshio than
in 2007. Note that the absolute errors (center right panels)
are less than 20 W⋅m−2 (relative errors less than 10% seen
in the right panels) over most of the domain, except in the
northwestern and southeastern corners where they reach
about 20%.

The time dependence of the model within a given win-
ter is further illustrated in Figure 4, which displays the
time series of Q𝛽 (continuous green) and the actual Q from
ERA5 (blue) at 148.5◦ E, 41◦ N. The agreement between
the two curves is excellent and, anticipating slightly on the
results below, arise because the bulk of the surface cool-
ing is controlled by the large scale fields which are used as
input into the model. Accordingly, very similar results are
found if different locations are used (not shown).

To study the sensitivity of the model’s results to
changes in the 𝛽 parameter, the root-mean-squared error
(RMSE) is calculated between the time mean heat flux
from ERA5 and the time mean heat flux from the model
using a scaled value for 𝛽. For each year the RMSE is

RMSE =

√
√
√
√ 1

N

N∑

i=1
(⟨QERA5⟩i − ⟨Q𝛽(𝛾𝛽)⟩i)2, (6)

where N is the total number of spatial points in the region
of interest (the model is evaluated on the ERA5 grid, which
recall has a resolution of 0.25◦) and the scaling parameter

𝛾 varies from −10 to +10. The RMSEs between the reanal-
ysis and the model as a function of the scaled 𝛽 are shown
in Figure 5a, and each curve corresponds to a separate
winter. The RMSE of the unscaled model (𝛾 = 1) is shown
with a filled black circle for each year. For these sensitiv-
ity tests, CE is held at its optimized value for each winter,
although, as previously mentioned, the variance in CE
among winters is quite small.

These results show a clear optimality near a value of
𝛽 = +0.25 m⋅s−1⋅◦ C−1 which falls in between the observa-
tional estimate by O’Neill et al. (2010) of +0.3 m⋅s−1⋅◦ C−1

(see their fig. 3a) and the model results by Zhang et al.
(2020) of +0.21 m⋅s−1⋅◦ C−1. J. Ma et al. (2015) quote even
higher values in their observational study of up to 𝛽 =
+0.39 m⋅s−1⋅◦ C−1, but we are nevertheless encouraged
that our optimization provides a consistent and physically
plausible value.

To provide further support for the model, we have
repeated the calculation with a coarser reanalysis dataset,
namely the National Centers for Environmental Predic-
tion (NCEP)–National Center for Atmospheric Research
(NCAR) reanalysis project (Kalnay et al., 1996). This
dataset is provided on a Gaussian grid with approximately
1.8◦ (1.9◦) resolution in longitude (latitude); that is, almost
an order of magnitude coarser than ERA5. The results,
displayed in Figure 5b, show that a similar skill is found,
with RMSEs on the order of 10–20 W⋅m−2. Interestingly,
however, the parabolas are much flatter, which indicate
that there is less “leverage” from T′o to reduce errors in this
dataset compared with ERA5. The optimized value of 𝛽 is
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F I G U R E 4 Time series of six-hourly surface turbulent heat flux at 148.5◦ E, 41◦ N for (continuous blue) ERA5 and (continuous green)
Q𝛽 . The dashed green curve displays the modeled time series when 𝛽 is set to zero [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 5 The root-mean-squared-error (RMSE) between the time mean turbulent heat flux from reanalysis data and the 𝛽-model
with scaled values of 𝛽. The RMSEs from years when the Kuroshio was stable are connected with red lines, and those from unstable years are
connected with blue lines. The RMSE using the optimal value of 𝛽 (i.e., 𝛾 = 1) is shown with a filled black circle for each year. (a) ERA5 and
(b) National Centers for Environmental Prediction (NCEP)–National Center for Atmospheric Research (NCAR) calculation [Colour figure
can be viewed at wileyonlinelibrary.com]

also less consistent between winters in NCEP–NCAR than
in ERA5. Both results are consistent with our expectations
that at the coarser spatial resolution there is little energy
in T′o such that we would not expect as great an impact of
the mesoscale signals in modulating the surface turbulent
heat flux. This result and the consistency and physically
plausible values of 𝛽 found using ERA5 give us confidence
in the model and motivate us to further use it to isolate
the mesoscale contribution to wintertime surface cooling
over the Kuroshio.

The years where the Kuroshio is considered sta-
ble and unstable are again shown in red and blue,

respectively, in Figure 5. There is no clear relationship
between the RMSE and the stability, reinforcing the con-
clusion from Section 3 that there is little connection
between the wintertime turbulent air–sea heat flux and
the level of mesoscale eddy activity over the Kuroshio
in the ERA5 dataset. To isolate the contribution of
mesoscale features to surface cooling more quantitatively,
we decompose the spatially averaged (low-pass-filtered)
surface turbulent heat flux as (following the notation in
Section 2)

Q𝛽 = 𝜌aCE(U + 𝛽T′o)(Δh + Δh′)
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F I G U R E 6 The wintertime mean of the 𝛽-model terms for 2007: (a) the long-time, large spatial-scale term ⟨Q𝛽

1⟩, (b) the persistent

temperature anomaly term ⟨Q𝛽

2⟩, and the two rectified effect terms (c) ⟨Q𝛽

3⟩ and (d) ⟨Q𝛽

4⟩. Note the different scales of the color bar in (a)
compared with (b)–(d) [Colour figure can be viewed at wileyonlinelibrary.com]

= 𝜌aCE(U Δh + UΔh′ + 𝛽T′oΔh + 𝛽T′oΔh′)

= 𝜌aCEU Δh
⏟⏞⏞⏞⏟⏞⏞⏞⏟

Q𝛽

1

+ 𝜌aCEUΔh′
⏟⏞⏞⏞⏟⏞⏞⏞⏟

Q𝛽

2

+ 𝜌aCE𝛽T′oΔh
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

Q𝛽

3

+ 𝜌aCE𝛽T′oΔh′
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

Q𝛽

4

. (7)

Contour plots of the wintertime mean for each of the
terms in Equation 7 from 2007, which was a particularly
unstable year, are shown in Figure 6. These results show
that the long-time, large spatial-scale term ⟨Q𝛽

1⟩ is the

dominant contributor. The eddy-enhancement terms ⟨Q𝛽

3⟩

and ⟨Q𝛽

4⟩ (both proportional to 𝛽) are largest on the west
side of the domain where the eddy activity is most pro-
nounced, but the magnitude of the flux from these terms
is much smaller than that from ⟨Q𝛽

1⟩. Recall that ⟨Q𝛽

2⟩

and ⟨Q𝛽

3⟩ do not vanish because the spatial frequency con-
tent of the product of a low-pass field and a high-pass
field includes frequencies below the cutoff. The term ⟨Q𝛽

4⟩

is the most intuitively connected to the rectified effect
as it is proportional to T′oΔh′. Figure 6 indicates, nev-
ertheless, that the other term proportional to 𝛽, namely
⟨Q𝛽

3⟩, is adding to ⟨Q𝛽

4⟩ with a similar magnitude. As

emphasized in Section 2, this term arises out of the fil-
tering procedure. Together, their sum represents the total
rectified effect of mesoscale eddies on the turbulent heat
flux. The sum is shown in Figure 7a and is seen to be
only about 1% of ⟨Q𝛽

1⟩, with maximum value on the order
of 5 W⋅m−2.

The dynamic term of the 𝛽-model in Equation (4) is
𝜌aCE𝛽T′oΔh, and the thermodynamic term1 is 𝜌aCEUΔh.
The ratio of these terms, which is a measure of the turbu-
lent heat flux that is attributable to the mesoscale eddies,
is then 𝛽T′o∕U. Since U is close to 10 m⋅s−1 throughout
the domain across all years, T′o is generally less than
2 K, and the average 𝛽 is 0.25, the ratio of the dynamic
term to the thermodynamic term 𝛽T′o∕U is expected to be
<(0.25 × 2)∕10 = 5%. The time mean of this ratio is shown
in Figure 7b for the winter of 2007; as expected, it gen-
erally does not exceed 5%. In order for the dynamic term
to be 10% of the thermodynamic term in the 𝛽-model, T′o
would need to be at least 4 K. We return in Section 5 to a
discussion of the magnitude of the high-pass-filtered SST
anomalies in ERA5.

1We use this nomenclature to emphasize the difference between
changes in winds (“dynamic”) and changes in moisture and
temperature fields (“thermodynamic”), but we acknowledge that both
terms are shaped by dynamical adjustments of the marine boundary
layer to mesoscale SST anomalies.
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F I G U R E 7 (a) The sum of the rectified effect terms ⟨Q𝛽

3 + Q𝛽

4⟩ and (b) the ratio of the time mean of the dynamic term ⟨𝛽T′oΔh⟩ to the
time mean of the thermodynamic term ⟨UΔh⟩ of the 𝛽-model for the winter (DJFM) of 2007 [Colour figure can be viewed at
wileyonlinelibrary.com]

4.2 The 𝜶𝜷-model

The effect of mesoscale SST fluctuations on stability is now
included by writing

CE = C(ref)
E (1 + 𝛼T′o), (8)

where 𝛼 is another coupling coefficient capturing the effect
of T′o on the exchange coefficient CE. Continuing with
Equation (4), we obtain

Q𝛼𝛽 = 𝜌aC(ref)
E (1 + 𝛼T′o)(U + 𝛽T′o)Δh. (9)

In this new model, the three optimized parameters are 𝛽

(as in the first model), C(ref)
E (which is a reference or “back-

ground” value for the exchange coefficient), and the eddy
coupling coefficient 𝛼 (which when positive indicates an
enhancement of the surface heat exchange over a warm
mesoscale eddy).

This model also shows good agreement with the ERA5
data (see Figure S2). The mean and standard devia-
tions of the three model parameters 𝛼, 𝛽, and CE across
all years considered are 𝛼 = −3.3 × 10−4 ± 0.01 K−1, 𝛽 =
0.29 ± 0.09 m⋅s−1⋅K−1, and C(ref)

E = (1.4 ± 0.01) × 10−3. In
this model it appears that the 𝛽 term is sufficient to charac-
terize the eddy-enhanced flux, as the optimized 𝛼 coupling
coefficient varies between positive and negative values in
different years such that it effectively vanishes in the time
mean across 2003–2018. As in the previous model, the
long-time, large spatial-scale term dominates the other
terms. The ratio of the dynamic terms to the thermody-
namic terms in this model is (U𝛼T′o + 𝛽T′o + 𝛼𝛽(T′o)2)∕U.
Using the average values of the model parameters, U =
10 m⋅s−1, and T′o <2 K again, the expected upper bound for
this ratio is approximately 5.8%. This bound is very similar
to that from the 𝛽-model due to the small time-averaged
value of 𝛼, and the plot of this ratio for the winter of 2007
is shown in Figure S4.

5 DISCUSSION

The two models presented in Section 4 are successful
at representing the air–sea turbulent heat flux from the
reanalysis fields, and each isolates eddy contributions
through different mechanisms using only one or two eddy
coupling coefficients. The optimized values for all param-
eters and all the models, shown in Figure S1, are found to
be relatively stable from winter to winter. Neither the val-
ues of the eddy coupling coefficients (Figure S1) nor the
RMSEs (Figures 5 and S3) appear to be sensitive to the
degree of stability of the Kuroshio’s path over a winter.
The RMSEs calculated between the model and the ERA5
fields using the optimal value of the coupling coefficients
are less than 20 W⋅m−2 for all models and all years con-
sidered. The goal of the 𝛼𝛽-model was to understand the
relative importance of the different eddy coupling coeffi-
cients 𝛼 and 𝛽, and the results suggest that the 𝛽 coefficient
alone is able to capture the signal from the eddies. This
roughly agrees with the findings reviewed by Small et al.
(2008), in which the sea-surface drag enhancement of the
surface wind stress was a smaller effect than the changes in
atmospheric stability from the warm and cold eddies that
drive near-surface winds.

A more difficult issue to address is that of the mag-
nitude of the mesoscale SST signals T′o, which we have
estimated using an FFT-based high-pass filter with a cutoff
wavelength of 500 km. Figure 8 shows a histogram of the
normalized frequency of the time mean high-pass-filtered
SST ⟨T′o⟩ from each winter overlaid with a normalized his-
togram of the six-hourly high-pass-filtered SST from all
winters. The minimum and maximum values in the ⟨T′o⟩
distribution are −3.6 K and 3.0 K, and in the synoptic dis-
tribution they are −7.9 K and 6.2 K. Although there are a
few outliers, and the synoptic set has a slightly broader
distribution, more than 98% of the points in the ⟨T′o⟩ dis-
tribution and more than 97% of the points in the synoptic
distribution are within ±2 K. As a result of these weak
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F I G U R E 8 The blue histogram shows the normalized
frequency of the time mean ⟨T′o⟩ of each winter (DJFM), and the
orange histogram shows the normalized frequency of the six-hourly
T′o for all winters [Colour figure can be viewed at
wileyonlinelibrary.com]

values of T′o, the contribution of the rectified effect to the
time series of the turbulent heat flux is difficult to see.
Figure 4 demonstrates this difficulty; the resultant heat
flux when 𝛽 is set to zero (dashed green line) can be com-
pared with the full calculation (𝛽 = 0.25 m⋅s−1⋅◦ C−1 as
discussed previously in Section 4.1 and displayed as the
continuous green curve). Even though the time series was
chosen to be in the region where the rectified effect is max-
imized (148.5◦ E, 41◦ N), the two simulated time series are
barely distinguishable from one another.

The small values of T′o appear to explain the smaller
influence of the eddies from ERA5 compared with those
found in other studies (Ma et al., 2017; Foussard et al.,
2019). The SST anomalies in Ma et al. (2017) are approx-
imately 3 K, whereas many of the anomalies in Foussard
et al. (2019, fig. 3) are nearly 6 K, resulting in turbulent heat
fluxes attributable to the mesoscale eddies on the order
of 10 W⋅m−2. Indeed, the asymmetry between anomalous
cooling of a warm mesoscale SST feature and the anoma-
lous warming of a cold one increases with the absolute
value of the SST (equal to unperturbed+ perturbation).
This can be seen in the 𝛽-model by considering the limit
case in which atmospheric dynamics efficiently remove
any temperature and moisture anomalies arising in the
marine boundary layer in response to a mesoscale SST fluc-
tuation. Denoting the latter by 𝛿T′o, the thermodynamic
contrast Δh between air and water in Equation (4) then
changes, in this limit, in direct proportion to the change in
the oceanic state:

𝛿(Δh) ≈
(

dho

dTo

)

𝛿T′o. (10)

F I G U R E 9 Upper bound on the turbulent heat flux in
response to a positive (continuous black) and negative (dashed
black) mesoscale sea-surface off temperature (SST) anomaly, as
given by Equation (11) with a large-scale wind speed U = 10 m⋅s−1

and unperturbed SST of 15◦ C (other parameters are
CE = 1.4 × 10−3 and 𝛽 = 0.25 m⋅s−1⋅◦ C−1). The residual, the sum of
the continuous and dashed curve divided by two, is shown in
orange. The case when 𝛽 is set to zero is shown in magenta [Colour
figure can be viewed at wileyonlinelibrary.com]

In this expression, we have introduced ho = cpTo + lvq⋆

o ,
which is a monotonically increasing function of SST (both
linearly through the cpTo term and nonlinearly through
the Clausius–Clapeyron relation included in q⋆

o ). Because
the adjustment of the marine boundary layer is ignored in
Equation (10), and that the latter would tend to weaken the
thermodynamic contrast between air and seawater (Δh →
0), the resulting change in the magnitude |𝛿Q𝛽| of the
turbulent heat flux is bounded by

|𝛿Q𝛽| ≤ 𝜌aCE(U + 𝛽𝛿T′o)
(

dho

dTo

)

|𝛿T′o|. (11)

The right-hand side of Equation (11) is plotted in Figure 9
for positive (continuous black) and negative (dashed
black) 𝛿T′o, and the residual (half the sum) is shown by
the orange curve. For a value U = 10 m ⋅ s−1 and an unper-
turbed SST of 15◦ C, the residual is found to be on the
order of 3 W⋅m−2 for T′o = 1◦ C, 11 W⋅m−2 for T′o = 2◦ C,
and 25 W⋅m−2 for T′o = 3◦ C. Note that the residual com-
puted here is enhanced significantly beyond that predicted
by Clausius–Clapeyron by the presence of the dynamical
coupling 𝛽 (see the case 𝛽 = 0 plotted in magenta, which
thus only includes the Clausius–Clapeyron nonlinearity).
The values of a few watts per square meter found in our
analysis (Figure 6) are thus consistent with the small range
of SST anomaly displayed in Figure 8.

The key issue revealed by our analysis is thus the mag-
nitude of the SST fluctuations brought about by either
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F I G U R E 10 Amplitude of high-pass sea-surface temperature
(SST) fields T′o for (a) the ERA5 and (b) the NOAA–Reynolds SST
fields. The amplitude is shown in color, and the mean SST field is
shown by white contours, with a contour interval of 1◦ C (18◦ C
isotherm in black for reference). The analysis was performed for
DJFM winters from 2003 to 2018, and the amplitude was computed
using the fast Fourier transform-based filter described in Section 2.
Daily data were used for NOAA–Reynolds and six-hourly data were
used for ERA5 [Colour figure can be viewed at
wileyonlinelibrary.com]

traveling eddies or quasi-steady meanders of the Kuroshio
and Oyashio currents. To test how sensitive figures like
Figure 8 are to the particular SST datasets considered in
this region, we have compared the variance of T′o in the
ERA5 data with another dataset of similar resolution, the
so-called NOAA–Reynolds SST dataset (Reynolds et al.,
2007). The result, shown in Figure 10, suggests that the
mesoscale SST anomalies are indeed weaker in ERA5,
especially along the KE (they span the range 1.25–1.75◦
C in the NOAA–Reynolds product but only 1–1.25◦ C in
ERA5), whereas the amplitudes in the northwestern cor-
ner of our domain, associated with the Oyashio SST front,
are more comparable (1.75–2.25◦ C). The implication is
that our estimate of the rectified contribution to the tur-
bulent surface cooling might be underestimated along the
KE and that this contributes to the lack of correlation seen
in Section 3. Despite the higher variability seen in the
NOAA–Reynolds SST product, Equation (11) and Figure 9
suggest that the residual heat flux is, however, unlikely
to exceed 10 W⋅m−2 there (using the range of amplitude
mentioned earlier; i.e., 1.25–1.75◦ C).

A couple of recent studies have indeed suggested
that ERA5 may struggle to accurately estimate SST near
western boundary currents. Yang et al. (2021) conducted
a detailed comparison of eight SST products, including
ERA5 and OSTIA (Donlon et al., 2012), which is used
within ERA5, for the years 2003–2018. Their results of the
time-averaged difference of monthly SSTs between each
product and the median of all the products showed that
ERA5 generally agreed well with the ensemble median
except for a few locations, including regions near western
boundary currents. Near the KE in particular, they found
that, on average, ERA5 underestimated the SST by a small
fraction of a degree Celsius compared with the ensemble
median. Though that study considered the total SST rather
than the mean and anomaly separately, and compared
ERA5 with other SST products rather than observations,
the notable discrepancies in western boundary current
regions that exhibit higher mesoscale eddy activity might
indicate that ERA5 underestimates the magnitude of the
SST fluctuations in this region. Luo and Minnett (2020)
compared the SST from ERA5 with ship-based radiomet-
ric measurements and found that, though the two datasets
generally agreed well, large air–sea temperature differ-
ences, such as those that are present near the Gulf Stream,
tend to increase the error between ERA5 and observations.
Though that study was focused on the Atlantic, the results
show that near the Gulf Stream the discrepancy between
the observations and ERA5 was as large as 1.5 K.

6 SUMMARY AND CONCLUSIONS

The main results of our study can be summarized as
follows:

• A two-parameter model for the surface turbulent heat
flux (the “𝛽-model”) is able to simulate accurately its
spatial structure and time variability over the KE region
in winter.

• The model allows for separation of the impact of
mesoscale structures present in the SST field, defined
here as smaller than 500 km, on the larger scale aver-
aged surface cooling, an effect that we have referred to
as the “rectified effect.”

• Using ERA5 data, the rectified effect was estimated
to be on the order of a few watts per square meter
for the wintertime mean, peaking in the region of the
Oyashio front. This order of magnitude can be under-
stood from the strength of the large-scale winds, the
strength of the coupling coefficient 𝛽, the unperturbed
value of the SST, and the amplitude of the mesoscale SST
fluctuations—see Equation (11).
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• Of these controlling factors, the latter is probably the
most uncertain, and our estimate is likely biased low
because of the weaker amplitude of mesoscale SST vari-
ability in ERA5 compared with other SST products.
Nevertheless, it is unlikely that the rectified effect would
increase beyond 10 W⋅m−2 even considering the larger
amplitude of this (high-pass) variability in other SST
products.

• The weak value of the rectified effect over the KE, in
addition to atmospheric variability, can explain the lack
of a robust relationship between the state of this current
and the turbulent surface heat flux in the Northwest
Pacific in wintertime.

Although the overall magnitude of the rectified effect
might appear quite small (a few percent at most of the
wintertime mean surface turbulence in this region), it has
been shown in idealized models, regional climate mod-
els, and global models (Ma et al., 2017; Foussard et al.,
2019; Zhang et al., 2020) to be able to shift the North
Pacific storm track with a magnitude, depending on the
metric chosen, on the order of a few tens of percent—that
is, a large sensitivity. This suggests that a better under-
standing of what controls the amplitude of the mesoscale
SST variability, and the timescale on which it varies, is an
important avenue of future research. For example, we note
that the analysis carried out with the time mean T′o for each
winter yielded very similar results to that using the full
SST field (not shown), suggesting a weaker effect of tran-
sient features, such as traveling or detached eddies, than
of quasi-stationary meanders of the Oyashio and Kuroshio
on the rectified effect in ERA5.

Finally, although our motivation came from an atmo-
spheric perspective, the idealized models of air–sea inter-
action developed here might be useful to understand the
role of mesoscale features present in the SST field and
the surface turbulent heat fluxes on the general circula-
tion of the ocean. Recent work has indeed shown a role
for these interactions in the oceanic energy cycle and the
mixed-layer heat budget that goes well beyond the small
numbers highlighted in our study (Bishop et al., 2020; Shan
et al., 2020).
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