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Abstract
Interaction between mesoscale perturbations of sea surface temperature (SSTmeso) and wind
stress (WSmeso) has great inﬂuences on the ocean upwelling system and turbulent mixing in the atmospheric
boundary layer. Using daily Quik-SCAT wind speed data and AMSR-E SST data, SSTmeso and WSmeso ﬁelds
in the western coast of South America are extracted by using a locally weighted regression method (LOESS).
The spatial patterns of SSTmeso and WSmeso indicate strong mesoscale SST-wind stress coupling in the region.
The coupling coeﬃcient between SSTmeso and WSmeso is about 0.009 5 N/(m2∙°C) in winter and 0.008 2 N/
(m2∙°C) in summer. Based on mesoscale coupling relationships, the mesoscale perturbations of wind stress
divergence (Div(WSmeso)) and curl (Curl (WSmeso)) can be obtained from the SST gradient perturbations,
which can be further used to derive wind stress vector perturbations using the Tikhonov regularization
method. The computational examples are presented in the western coast of South America and the patterns
of the reconstructed WSmeso are highly consistent with SSTmeso, but the amplitude can be underestimated
signiﬁcantly. By matching the spatially averaged maximum standard deviations of reconstructed WSmeso
magnitude and observations, a reasonable magnitude of WSmeso can be obtained when a rescaling factor of
2.2 is used. As current ocean models forced by prescribed wind cannot adequately capture the mesoscale
wind stress response, the empirical wind stress perturbation model developed in this study can be used to
take into account the feedback eﬀects of the mesoscale wind stress-SST coupling in ocean modeling. Further
applications are discussed for taking into account the feedback eﬀects of the mesoscale coupling in largescale climate models and the uncoupled ocean models.
Keyword: mesoscale air-sea coupling; Tikhonov’s regularization method; western coast of South America

1 INTRODUCTION
Wind stress is a main driver of the ocean circulation
and plays an important role in the ocean-atmosphere
interaction. Many previous studies often concentrated
on the large-scale ocean-atmosphere interaction
(Zhang and Gao, 2016, 2017), and have found that a
high wind stress magnitude leads to cold sea surface
temperature (SST) through the enhanced latent heat
ﬂux (Xie and Philander, 1994), suggesting that there
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was a negative correlation between the large-scale
wind stress and SST. As high-resolution measurements
became available, mesoscale air-sea interactions can
be studied. It is found that there is signiﬁcant coupling
between the ocean and atmosphere at a mesoscale
scale of about 10–100 km, with mesoscale
perturbations of wind stress (WSmeso) magnitude being
positively correlated with those of sea surface
temperature (SSTmeso).
The mesoscale coupling between wind stress and
SST has been examined for several decades. For
example, Sweet et al. (1981) found that the magnitude
of cross-front wind stress was increased when wind
was passing from cold to warm waters in the Gulf
Stream. More observations in other regions also
veriﬁed that the wind stress magnitude was enhanced
(weakened) when the wind ﬂowed over the warm
(cold) waters (Businger and Shaw, 1984; Giordani et
al., 1998). Furthermore, the satellite data conﬁrmed
that there was a positively linear relationship between
WSmeso magnitude and SSTmeso (Chelton et al., 2001;
Bourras et al., 2004). Based on the spatial derivation
of the positive relationship between SSTmeso and
WSmeso magnitude, Chelton et al. (2004) demonstrated
that mesoscale perturbations of wind stress curl
(Curl(WSmeso)) and divergence (Div(WSmeso)) were
linearly proportional to the crosswind (crossSSTmeso)
and downwind (downSSTmeso) components of SST
gradient perturbations, respectively. These relations
have been veriﬁed by observations and model
simulations (O’Neill et al., 2005, 2010b, 2012;
Chelton et al., 2007; Castelao, 2012; O’Neill, 2012;
Frenger et al., 2013).
There are two mechanisms which can explain
WSmeso response to SSTmeso (Small et al., 2008;
Chelton and Xie, 2010; Gao et al., 2018). One is the
downward momentum transport in the atmosphere.
When wind ﬂows from cold to warm water, warm
SSTmeso can aﬀect turbulent heat ﬂux and lead to an
intensiﬁcation of turbulence within the atmospheric
boundary layer, and thus there is an increased
downward momentum transport. Subsequently, an
increased WSmeso magnitude is induced over the warm
ﬂank of fronts and eddies. The second mechanism is
the horizontal pressure adjustment. This mechanism
is related to the changes of sea level pressure.
According to observations, the negative sea level
pressure perturbations are induced over the warm
SSTmeso. Then, WSmeso in the upstream (downstream)
of warm SSTmeso is accelerated (decelerated). Note
that the spatial patterns of Div(WSmeso) corresponding
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to the SSTmeso are diﬀerent in the two mechanisms. In
the case of the downward momentum transport
mechanism, a dipole pattern of the Div(WSmeso) is
expected (Chelton et al., 2004). This is because when
WSmeso increases over the warm SSTmeso, WSmeso
diverge (converge) in the upstream (downstream) of
warm SSTmeso. In contrast, a monopole pattern of the
Div(WSmeso) is seen in the context of the horizontal
pressure adjustment mechanism as WSmeso converge
over the whole warm SSTmeso (Minobe et al., 2008).
The diﬀerences in the spatial patterns of Div(WSmeso)
between the two mechanisms have been the standard
metric to measure which mechanism is dominant in
the mesoscale SST-wind stress coupling.
Previous studies indicated that the mesoscale SSTwind stress coupling had signiﬁcant eﬀect on the
atmosphere and ocean dynamics. On one hand,
SSTmeso can aﬀect the wind and cloud activity in the
atmospheric boundary layer. Piazza et al. (2016)
showed that the SSTmeso had an upscaling impact on
the tropospheric wind and storm tracks in the Gulf
Stream region. Renault et al. (2016) showed that the
nearshore wind shape could be modulated by SSTmeso.
On the other hand, WSmeso can aﬀect the SSTmeso in
return. Wei et al. (2017) showed that WSmeso had a
negative feedback on SSTmeso by the means of surface
heat ﬂux in the Kuroshio Extension. In addition, the
mesoscale SST-wind stress coupling also has great
inﬂuence on the Ekman pumping. For example,
Gaube et al. (2015) showed that the eddy-induced
spatially variability of SST could aﬀect the wind
stress curl which was an important factor to drive the
wind forced upwelling. Thus, Ekman upwelling could
be inﬂuenced by the mesoscale SST-wind stress
coupling in the regions with strong SSTmeso. This
conclusion was veriﬁed by other studies. Seo et al.
(2016) also showed that the Ekman pumping was
modiﬁed by SSTmeso in the California Sea. The similar
results were also found in the Arabian Sea (Seo,
2017). Furthermore, mesoscale eddy activities can
also be aﬀected by the mesoscale SST-wind stress
coupling. Ma et al. (2016) showed that the eddy
potential energy dissipation was strongly aﬀected by
the mesoscale SST-wind stress coupling and the
Kuroshio Extension Jet could be weakened by about
20%–40% if the mesoscale SST-wind stress coupling
was neglected in the eddy-resolving coupled climate
model. Jin et al. (2009) applied an empirical air-sea
coupled model that was constructed by the observed
SST-wind stress relationship to a geographically
idealized coastal upwelling system. They showed that
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if the mesoscale SST-wind stress coupling was
included in the model, wind stress was weakened in
the coastal sea area because of the cold coastal SST
eﬀect. The oﬀshore Ekman upwelling was
strengthened through the SST-induced wind stress
curl. Besides, the eddy kinetic energy was reduced by
about 25%.
The previous studies indicated that the coupling
coeﬃcients between WSmeso and SSTmeso derived from
high spatial resolution models were weaker than
observations (Bryan et al., 2010; Chelton and Xie,
2010). In particular, the correlation between WSmeso
and SSTmeso from low spatial resolution models was
opposite to observations (Bryan et al., 2010). The
reason why the climate models cannot simulate the
mesoscale SST-wind coupling well is that depicting
WSmeso requires not only the high resolution but also
accurate parameterizations of relevant physical
processes in the marine atmospheric boundary layer.
Therefore, it is necessary to represent mesoscale wind
stress-induced feedback in the regions where
mesoscale air-sea interactions are strong.
For example, Zhang and Busalacchi (2009)
developed an empirical model to depict wind stress
induced by tropical instability waves (TIW)-related
SST perturbations in the eastern tropical Paciﬁc
Ocean. Using the observed data, they applied a
combined singular value decomposition (SVD)
analysis to the zonal high pass ﬁltered TIW-related
SST and wind stress ﬁelds. They found the SVDbased analysis technique could eﬀectively extract
TIW-induced covariability patterns in the atmosphere
and ocean. However, the magnitude of reconstructed
TIW-related wind stress ﬁelds was dependent on the
number of SVD modes which were included in the
statistical model-based simulation. Wei et al. (2017)
studied the eﬀects of the mesoscale wind stress-SST
coupling on the Kuroshio extension. In their method,
WSmeso was obtained directly from SSTmeso using
observed coupling coeﬃcient between WSmeso and
SSTmeso and the direction of WSmeso was taken the
same as the wind stress climatology. O’Neill et al.
(2010a) showed that SSTmeso could modify surface
wind direction signiﬁcantly and the maximum of the
changed direction could reach about 4°–8° in the
strong boundary current regions. This means the wind
direction is also a factor to be considered in
approximating the wind stress vector perturbations.
The main goal of our study is to ﬁnd a useful way
to represent WSmeso in response to SSTmeso in the
western coast of South America. The western coast of
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South America is a strong boundary upwelling system
and hosts intense eddy and biological activity due to
the complicated hydrography structure (Strub et al.,
1998; Capet et al., 2008). Satellite observations have
proved that there is strong mesoscale SST-wind stress
coupling in this area (Oerder et al., 2016). On one
hand, because SSTmeso can inﬂuence wind stress curl
that is the dominant factor to generate the Ekman
pumping (Bakun, 1990; Albert et al., 2010), the
mesoscale SST-wind stress coupling has a great
inﬂuence on the current dynamic system in this
region. On the other hand, the mesoscale SST-wind
stress coupling can aﬀect the ocean mesoscale eddies
which can inﬂuence the intense biological activity
(Spall, 2007; Gruber et al., 2011; Gaube et al, 2015),
so that the mesoscale SST-wind stress coupling
feedback also has important ecosystem implication in
this region. However, the mesoscale SST-wind stress
coupling cannot be well simulated in the most current
climate models and the regional ocean models when
they are forced by prescribed wind and heat ﬂux
(Bryan et al., 2010). Subsequently, the feedback
eﬀects of the mesoscale coupling onto the ocean are
not taken into account in these models adequately.
This may be one of the reasons why there is a
consistent warm SST bias in this region in the climate
model simulations (Zuidema et al., 2016; Zhu and
Zhang, 2018, 2019). To improve the model
performances, it is necessary to develop a useful way
to represent WSmeso that is related to SSTmeso.
Speciﬁcally, we exploit an empirical way to depict
WSmeso based on the Tikhonov regularization. It can
be useful to represent the mesoscale SST-Wind
coupling and shed light on a better understanding of
mesoscale SST-wind stress coupling feedback on the
ocean dynamics. Details about the data and methods
are given in Section 2. The observed characteristics of
the mesoscale SST-Wind coupling in the western
coast of South America are investigated in Section
3.1. The computational examples of reconstructed
WSmeso are discussed in Section 3.2. We summarize
our ﬁndings in Section 4.

2 DATA AND METHOD
2.1 Data
The wind stress data used in this study are obtained
from Quik Scatterometer (Quik-SCAT, Version4).
The SST ﬁelds are derived from the AMSR-E SST
data (Version 7). The Quik-SCAT Scatterometer was
launched in June 1999 and operated until November
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12

coeﬃcient obtained by the least square ﬁtting of
SSTmeso and WSmeso reaches its maximum when the
half span parameters is taken as 10° (not shown).
Hence, the half-span parameter is taken as 10° in the
LOESS method in this study.
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2.3 Tikhonov’s regularization method
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The purpose of this study is to calculate the WSmeso
from the Curl(WSmeso) and Div(WSmeso). To solve this
problem, the Tikhonov regularization method is used.
According to the Helmholtz theorem, the wind stress
ﬁelds can be decomposed to:
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τ=k×ψ+χ,
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0
0.5
Perturbation SST

1

1.5

Fig.1 The probability distributions of the mesoscale
magnitude of SST perturbations as a function of
the diﬀerent half span parameters calculated in the
western coast of South America
The perturbation ﬁelds are derived by using the LOESS method and
averaged from daily AMSR-E data during 2003–2008.

2009 (Hoﬀman and Leidner, 2005). The AMSR-E
SST data are available from June 2002 to September
2011. In this study, we use the 3-day averaged data
during 2003–2008 period. All of the data are obtained
from the Asia-Paciﬁc Data-Research Center (APDRC)
of the University of Hawaii, with the spatial resolution
of 0.25°×0.25°.
2.2 LOESS method
The mesoscale air/sea perturbations in the western
coast of South America are extracted using a locally
weighted regression (LOESS) method (Cleveland
and Devlin, 1988). In the LOESS method, the weight
equation is a tri-cubic function, and the weight
increases as the two points get closer. The maximum
intensity of the perturbation ﬁelds depends on the
half-span parameter. Generally, the larger the halfspan parameter is, the larger perturbations we can get.
In order to extract the mesoscale perturbation
eﬀectively in the western coast of South America, we
conduct three sensitive experiments with diﬀerent
half-span parameters in the LOESS method. Figure 1
shows the mean probability distributions of SSTmeso
during 2003–2008 from the outputs of the sensitive
experiments. The results show that the maximum
intensity of SSTmeso increases with the half-span
parameter. However, when the half-span parameter is
larger than 10°, the probability distribution of SSTmeso
is almost the same as that with the half span parameter
of 10°. Furthermore, it is found that the coupling

(1)

in which ψ and χ are the stream function and divergent
wind stress potential ﬁeld, respectively; k is the
vertical unit vector. Thus, the curl and divergence of
the wind stress ﬁelds can be reorganized to:
(2)
Z=k∙×τ= 2ψ,
Δ=∙τ= 2χ.
The discrete version of the Eqs.2 and 3 is:

(3)

y=Ax,

(4)

 x 
Z 
in which y    , x    ; τx and τy are zonal and

 y 
meridional wind stress, respectively. The matrix A
depends on the spatial discretization scheme. The
standard approach to solving this discrete problem is
the ordinary least squares linear regression. We can
obtain the solution by the equation:
(5)
x=(ATA)-1ATy,

in which AT is the transpose of A. Note that for the
limited irregular domain, the solution may be not
unique because the computation is complicated at the
boundaries (Lynch, 1989). Besides, the matrix A may
be ill conditioned or singular irreversible, leading to
an inﬁnite number of solutions for this problem. In
these cases, the ill-posed problem can be solved
eﬀectively with the Tikhonov’s regularization
(Tikhonov and Arsenin, 1977). Based on the
Tikhonov’s regularization, the solution is:
x=AT(AAT+α2I)-1y,

(6)

in which I is the unit matrix; α is the regularization
parameter. It has been found that the solution error
would be rather small and acceptable when α was
within the reasonable range. The α used in this study
is 1.0e-6.
Li et al. (2006) computed the ocean current stream
function and velocity potential from the velocity
vectors by applying the regularized Tikhonov
minimization procedure to the ROMS model. They
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found that the velocity vectors computed from the
reconstructed stream function and velocity potential
are almost the same as the observation. The diﬀerences
between the reconstructed velocity and observation
were smaller than 0.005 m/s, and the overall error was
less than 1% of the observed velocity and especially
small near the boundaries, which suggested that the
Tikhonov method worked well at the boundary. Wei
et al. (2019) also showed inverse method can produces
reasonably consistent solutions compared to the one
established based on the empirical relationship
between WSmeso and SSTmeso in the Kuroshio
Extension.
Figure 2 shows the calculation process of WSmeso
with the Tikhonov regularization method, which can
be summarized as follows. First, as indicated by
Chelton et al. (2004), the coupling coeﬃcient between
SST×τˆ = |SST|sinθ
Crosswind SST gradient

SST∙τˆ = |SST|cosθ
Downwind SST gradient

y=Ax, y=

Z

τx

() ()
'

, x=

τy

ˆ
Z=z∙×τ
'=∙τ

x=AT(AAT+a2I)-1y

Fig.2 A sketch of procedure in calculating wind stress
perturbation response to SST perturbations using
the Tikhonov regularization method
5°

3 RESULT

Figure 3a shows the spatial patterns of SSTmeso
(colors) in April 2007 which are derived from the
LOESS ﬁlter. It indicates that SSTmeso can be well
extracted by the LOESS ﬁlter. The SSTmeso ﬁelds are
characterized by the alternating positive and negative
bands, and the regions with high SSTmeso magnitude
are in the nearshore area. The horizontal distributions
of the standard deviation for high pass ﬁltered SST
are shown in Fig.4a & b. In winter (July–October),
the regions with high standard deviation for SSTmeso
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S
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Div(WSmeso) (Curl(WSmeso)) and downSSTmeso
(crossSSTmeso ) can be obtained by the least square
ﬁtting of them based on the satellite data (in this study,
the coupling coeﬃcients are varied with month).
Second, as long as we have the coupling coeﬃcients
and the SST gradient perturbations, Div(WSmeso) and
Curl(WSmeso) can be obtained from SST gradient
perturbations. Finally, WSmeso can be derived from
Div(WSmeso) and Curl(WSmeso) by using the Tikhonov
method.
Although Jin et al. (2009) calculated the wind
stress from the related SST using the Tikhonov
method, their computational example was in the
geographically idealized coastal upwelling system,
which did not provide the details of reconstructed
WSmeso separately. Therefore, our study focuses on the
computation of the WSmeso that is highly related to
SSTmeso.

3.1 The observed mesoscale SST-wind stress
coupling characteristics
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Fig.3 Spatially high pass ﬁltered wind stress and SST ﬁeld in April 2007
a. Quik-SCAT wind stress magnitude (contours) and AMSR-E SST (colors); b. wind stress divergence (contours) and downwind SST gradient (colors); c.
wind stress curl (contours) and crosswind SST gradient (colors). The crosswind and downwind SST gradient perturbations are in the unit of 0.1°C per 100 km.
The contour interval is 0.006 N/m2 in (a), 0.8 N/m2 per 10000 km in (b) and (c). The zero contours are omitted.
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Fig.4 Horizontal distributions of the standard deviation for the high pass ﬁltered AMSR-E SST ﬁelds in winter (a) and
summer (b) that averaged during 2003–2008; correlations between the spatially high-pass ﬁltered AMSR-E SST and
Quik-SCAT wind stress magnitude in winter (c) and summer (d)
The contour and shade are standard deviation for SSTmeso in (a) and (b), and correlations between SSTmeso and WSmeso in (c) and (d). The contour
interval is 0.15°C in (a) and (b), and 0.15 in (c) and (d).

cover the whole area and the magnitude of standard
deviation for SSTmeso in the Peru Sea is almost the
same as that in the Chile Sea (Fig.4a). In summer
(December–February), the regions with high standard
deviation for SSTmeso are only in the nearshore area
and the magnitude of standard deviation for SSTmeso in
the Chile Sea is stronger than that in the Peru Sea
(Fig.4b). In both seasons, the standard deviation for
SSTmeso is small in the south-western part of the study
area.
The high-pass ﬁltered wind stress (contours) also
exhibits large perturbation in the western coast of
South America (Fig.3a). The pattern of WSmeso

magnitude is highly consistent with that of SSTmeso. It
is evident that the wind slows down over cooler
waters and speeds up over warmer waters. These
relations indicate that WSmeso magnitude is positively
correlated with SSTmeso. Figure 5 illustrates the timelongitude sections of spatially high pass ﬁltered wind
stress magnitude (contours) and SST (colors) along
10°S and 11.5°S. It also shows that WSmeso magnitude
is positively correlated with SSTmeso. The regions with
strong SSTmeso and WSmeso can stretch for a few
hundred kilometers away from the shore. The
relationships between SSTmeso and WSmeso are further
quantiﬁed by the correlation analysis based on the
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Fig.5 Time-longitude sections of the Quik-SCAT high pass ﬁltered wind stress magnitude (contours) and AMSR-E SST
(colors) along 10°S and 11.5°S
The contour interval is 0.004 N/m2, with the zero contours omitted.

satellite data during 2003–2008 (Fig.4c & d). It shows
that there is strong correlation between SSTmeso and
WSmeso. The correlation patterns between SSTmeso and
WSmeso are highly consistent with the patterns of
standard deviation for SSTmeso (Fig.4a & b). The
regions where WSmeso and SSTmeso have high
correlation are in the nearshore area in winter and the
spatially averaged correlation in winter is higher than
that in summer. The reason why there is higher
correlation in winter may be that there is stronger
wind and upwelling in Peru Sea in winter (Colas et
al., 2012), which generates more mesoscale eddies.
In addition to WSmeso and SSTmeso, the Div(WSmeso)
(Curl(WSmeso)) is also positively correlated with
downSSTmeso (cross SSTmeso ) (Fig.3b & c). The regions
with large Div(WSmeso) and down SSTmeso are in the
nearshore area in April 2007 (Fig.3b). The patterns of
Div(WSmeso) and down SSTmeso do not match very well,
which may be caused by the downward momentum
transport in the atmosphere and the sea level pressure
adjustment. The downward momentum transport in
the atmosphere and the sea level pressure adjustment
are two mechanisms explaining the WSmeso response
to SSTmeso, but the two processes have diﬀerent eﬀects
on the distribution of Div(WSmeso) (Frenger et al.,
2013). Speciﬁcally, corresponding to a monopole
pattern of SSTmeso, a monopole pattern of Div(WSmeso)
is induced when the pressure adjustment mechanism
dominates. However, a dipole pattern of Div(WSmeso)
is induced when the downward momentum transport
mechanism dominates. Oerder et al. (2016) have
indicated that although the mesoscale coupling was
mainly forced by downward momentum transport
mechanism, the near-surface pressure gradient

anomalies also had a non-negligible contribution to
the mesoscale coupling in the western coast of South
America. Therefore, both the two mechanisms need
to be considered to explain the WSmeso response to
SSTmeso in the western coast of South America and
aﬀect the distribution of Div(WSmeso). As shown in
Fig.3c, the cross SSTmeso is strong in the nearshore area
of the Peru Sea. Because the wind stress curl is an
important factor to induce the upwelling and is
aﬀected by cross SSTmeso, the Ekman upwelling may
be strongly inﬂuenced by the mesoscale SST-wind
stress coupling in the western coast of South America.
Analyses have shown that there is strong mesoscale
coupling in the western coast of South America,
especially in the nearshore region. Figure 6 shows the
scatterplots of WSmeso magnitude, Div(WSmeso) and
Curl(WSmeso) binned by the ranges of SSTmeso,
down SSTmeso and cross SSTmeso, respectively. The
coupling coeﬃcients are obtained from the daily data
during 2003–2008. Because the mesoscale SST-wind
stress coupling is weak in the southwestern part
(20°S–30°S, 84°W–90°W) of the western coast of
South America, the coupling coeﬃcients in this region
are not included. In Fig.6, the top panels are the results
for winter and the bottom panels are for summer; S
means the coupling coeﬃcient; black dots and vertical
bars indicate the medians and interquartile ranges
(IQR) in each bin. IQR is deﬁned by diﬀerence
between the upper and lower quartiles of the perturbed
ﬁeld. As the coupling coeﬃcient is sensitive to some
extreme values, only the central 50% of the data are
speciﬁed to avoid the inﬂuences of the extreme
values. It shows that there is a linear relationship
between SSTmeso and WSmeso clearly (Fig.6), indicating
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The black dots and vertical bars indicate the medians and interquartile ranges in each bin.

that Div(WSmeso) and Curl(WSmeso) can be obtained
from down SSTmeso and cross SSTmeso, respectively. The
coupling coeﬃcient between SSTmeso and WSmeso is
about 0.009 5 N/(m2∙°C) in winter and 0.008 2 N/
(m2∙°C) in summer. The coupling coeﬃcients between
Div(WSmeso) and down SSTmeso are larger than those
between Curl(WSmeso) and cross SSTmeso. In all cases,
the coupling coeﬃcients in winter are larger than
those in summer. These results are similar to Oerder
et al. (2016). However, the coupling coeﬃcient
between Div(WSmeso) and down SSTmeso in summer is
larger than that in their results, which may be caused
by the diﬀerences in ﬁlter method, study area, and the
SST data used in the analyses.
The horizontal distributions of coupling coeﬃcients
between SSTmeso and WSmeso in summer and winter are
shown in Fig.7 (The unit of coupling coeﬃcients is
N/(m2∙100°C). The distributions of coupling
coeﬃcients are highly consistent with correlations
between the spatially high pass ﬁltered SST and wind
stress magnitude (Fig.4c & d). Both in winter and
summer, the regions with high coupling coeﬃcients
are in the nearshore area. There are also some special
regions with negative coupling coeﬃcients in summer
in the northern part of Peru Sea. Figure 8 displays the
time series of coupling coeﬃcients between the

spatially high pass ﬁltered Quik-SCAT wind stress
magnitude and AMSR-E SST, wind stress divergence
and downwind SST gradient, and wind stress curl and
crosswind SST gradient. It is clear that the three
coeﬃcients all exhibit the consistent seasonal
variability. The maximum coupling coeﬃcient
between SSTmeso and WSmeso appeared in autumn in
year 2003, 2006, and 2007 and winter in year 2004,
2005 and 2008.
Clearly, there is strong mesoscale SST-wind stress
coupling in the western coast of South America.
However, the mesoscale SST-wind stress coupling
processes in these regions cannot be well simulated in
most climate models, and the regional ocean models
when they are directly forced by prescribed wind and
heat ﬂux. Thus, the eﬀects of the mesoscale coupling
to the ocean may have not been taken into account
adequately in these models. It is necessary to develop
a method to represent WSmeso in response to SSTmeso
eﬀectively.
3.2 The computational examples
In order to calculate the zonal and meridional
components of WSmeso, the Tikhonov’s regularization
method is applied in this study with the computational
procedure summarized in Section 2.
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To verify the reliability of the Tikhonov’s
regularization method in the real cases, the WSmeso
calculated from Div(WSmeso) and Curl(WSmeso) is
compared with the WSmeso originally obtained from
the high pass ﬁltered wind stress. For convenience,

Div(WSmeso) and Curl(WSmeso) used in the veriﬁcation
are directly derived from the Quik-SCAT wind data.
An example is shown in Fig.9. The left panels are the
spatially high pass ﬁltered Quik-SCAT zonal and
meridional wind stress in April 2007. The right panels
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are the reconstructed zonal and meridional WSmeso
which are derived from the observed Div(WSmeso) and
Curl(WSmeso) in April 2007. It shows that the patterns
of reconstructed WSmeso are highly consistent with the
original WSmeso. The regions with relatively large
error are mainly in the nearshore area, but the overall
error is less than the 1% of the observed WSmeso,
indicating that the Tikhonov’s regularization method
is an accurate way to compute WSmeso from
Div(WSmeso) and Curl(WSmeso). We have also tried to
use the SVD method to represent WSmeso, but the

results (not show) are not as good as that of the
LOESS and Tikhonov regularization method in the
west coast of South America.
So far, the reliability of this Tikhonov regularization
method has been veriﬁed. Based on this method, we
reconstruct WSmeso from down SSTmeso and cross SSTmeso
in April 2007. The results (not shown) indicate that
the magnitude of reconstructed WSmeso is weaker than
the observed WSmeso. The error may be related to the
coupling relationships between Div(WSmeso)
(Curl(WSmeso)) and down SSTmeso (cross SSTmeso),
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which are gained from the observed data. As the
coupling coeﬃcients are obtained from the linear
regression method with daily data during years, the
coupling coeﬃcients may be underestimated in some
regions. Besides, the Tikhonov regularization
parameter may also induce small errors to the results.
Both reasons mentioned above may lead to the weak
magnitude of reconstructed WSmeso.
To reduce the error caused by the coupling
relationships, it is necessary to make a correction to
the reconstructed WSmeso. The standard deviations of
the observed and reconstructed WSmeso magnitudes
during 2003–2008 are calculated (Fig.10). The
regions where the standard deviations of the
reconstructed and observed WSmeso have high values
are both in the nearshore area of Peru Sea, and the
spatially averaged maximum standard deviation in
the observations is almost 2.2 times larger than that in
the reconstructed WSmeso. To rescale the reconstructed
50
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WSmeso magnitude back to the corresponding
observations, the magnitude of reconstructed WSmeso
is multiplied by 2.2. With this correction, the
magnitude of new reconstructed WSmeso derived from
down SSTmeso and cross SSTmeso is closer to the
observations. The probability distributions of the
original, rescaled reconstructed WSmeso and observed
WSmeso are calculated and averaged with daily data
from 2003 to 2008 (Fig.11). It shows that the
probability distributions of the rescaled reconstructed
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displayed in Fig.12. It shows that the magnitude of
reconstructed WSmeso is comparable to the observed
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WSmeso. By comparing with the patterns of SSTmeso in
April 2007 (shown in Fig.3a), it is found that the
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patterns of reconstructed WSmeso are highly consistent
with those of SSTmeso, indicating that WSmeso can be
well represented by the Tikhonov regularization
method. The regions with relative high diﬀerence
between reconstructed wind stress perturbations and
observation are mainly in the nearshore area.
Another example is shown for February 2005
(Fig.13). The results show that the patterns of
reconstructed WSmeso are almost consistent with those
of the observed WSmeso. Meanwhile, the main
characteristics of the observed WSmeso can also be
well represented by the Tikhonov regularization
method, especially in the nearshore regions. In
general, the Tikhonov regularization method is an
eﬀective way to represent WSmeso in response to
SSTmeso. Furthermore, the meridional and zonal
WSmeso can be separately calculated, which is another
important advantage of using this method.

4 DISCUSSION AND SUMMARY
In this work, the relationship between SSTmeso and
WSmeso in the western coast of South America is
quantiﬁed based on satellite data. To extract the

mesoscale perturbation ﬁeld, a locally weighted
regression (LOESS) method with the half-span
parameter of 10° is used. The results show that the
mesoscale perturbations of wind stress, wind stress
divergence, and wind stress curl are positively
correlated with the high pass ﬁltered SST, downwind
SST gradients, and crosswind SST gradients,
respectively. The coupling coeﬃcient between
SSTmeso and WSmeso is about 0.009 5 N/(m2∙°C) in
winter and 0.008 2 N/(m2∙°C) in summer. According
to the horizontal distributions of the coupling
coeﬃcient between SSTmeso and WSmeso, it is found
that the mesoscale coupling is strong in the nearshore
area. The time series of three mesoscale coupling
coeﬃcients show the consistent seasonal variability
and indicate that the stronger mesoscale SST-wind
stress coupling in winter and autumn. All the results
indicate that there is strong mesoscale SST-wind
stress coupling in the western coast of South America.
However, the mesoscale SST-wind stress coupling in
these regions cannot be well simulated in many
models currently used (Bryan et al., 2010). It is
necessary to develop an eﬀective method to represent
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Fig.13 The distributions of wind stress perturbations in February 2005
a, c. spatially high pass ﬁltered Quik-SCAT zonal and meridional wind stress; b, d. reconstructed zonal and meridional wind stress perturbations that derived
from the downwind and crosswind component of the SST gradient perturbations.

WSmeso in response to SSTmeso.
The Tikhonov regularization method is used to
compute WSmeso as a response to SSTmeso in this study.
Based on the observed coupling coeﬃcient between
Div(WSmeso) (Curl(WSmeso)) and down SSTmeso
(cross SSTmeso), Div(WSmeso) and Curl(WSmeso) can be
obtained from down SSTmeso and cross SSTmeso. Then,
WSmeso can be calculated from Div(WSmeso) and
Curl(WSmeso) with the Tikhonov regularization
method. Results indicate there is a large diﬀerence
between the magnitude of reconstructed WSmeso and
observations when the coupling coeﬃcients are
obtained with daily data during 2003–2008. By
comparing the spatially averaged standard deviations
of reconstructed WSmeso magnitude and observations,

it is found that a reasonable magnitude of WSmeso can
be obtained when a rescaling factor of 2.2 is used.
With the Tikhonov regularization method, the
meridional and zonal WSmeso can also be calculated
separately. Furthermore, the patterns of the
reconstructed WSmeso are highly consistent with
SSTmeso, indicating that the Tikhonov regularization
method is a useful way to represent WSmeso in response
to SSTmeso.
Although the computational applications of the
Tikhonov regularization method in this study are
located in the western coast of South America, this
method can be applicable to any regions and useful
for a variety of applications. One important application
is to improve large-scale ocean model simulation, a
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similar way used in the TIW-induced wind feedback
studies (Zhang and Busalacchi, 2008; Zhang, 2016).
By using the Tikhonov regularization method to
calculate WSmeso ﬁeld, ocean models can be forced by
the reconstructed WSmeso as well as the prescribed
wind stress and heat ﬂux. Thus, the feedback of the
mesoscale air-sea coupling on the ocean can be
included in the ocean model simulation, which would
improve the ocean model simulation skills. Other
applications include the studies on the mesoscale
SST-wind coupling in any region. As the atmospheric
processes are very complicated, it is diﬃcult to well
simulate the atmospheric wind response to SSTmeso in
the climate models. The Tikhonov regularization
method can be used to reconstruct the WSmeso in
response to SSTmeso eﬀectively. Thus, the feedback of
the mesoscale SST-wind stress coupling on the ocean
dynamics can be taken into account. Furthermore,
these applications can shed light on a better
understanding of the physical processes that are
involved in the mesoscale SST-wind coupling.
For example, in the western coast of South
America, there is a systematic warm SST bias in the
climate model (Zuidema et al., 2016; Zhu and Zhang,
2018, 2019). According to the previous work, it might
be caused by too little stratus cloud cover in the model
simulations, and so an excessive amount of solar
radiation reached the sea surface (Davey et al., 2002;
Meehl et al., 2005). Besides, the warm SST bias could
also be caused by the mesoscale interaction which is
not adequately represented in the model simulations
(Penven et al., 2005). All these studies do not take
into account the eﬀect of the mesoscale SST-wind
stress coupling on the ocean. As the wind stress curl is
an important factor inducing the upwelling and can be
modiﬁed by the mesoscale SST gradients, the Ekman
upwelling would be inﬂuenced by the mesoscale SSTwind stress coupling in the regions with strong SSTmeso
signals. As has been demonstrated before, the
simulated coupling coeﬃcient between WSmeso and
SSTmeso is weaker than observations in this region
(Bryan et al., 2010). Then, the magnitude of Ekman
pumping may be underestimated with less cold waters
being pumped to the sea surface. Therefore, it is
necessary to develop a way to represent mesoscale
SST-wind stress coupling in the models to reduce the
warm SST bias. With the Tikhonov regularization
method, we can adequately calculate WSmeso in
response to SSTmeso. This method allows us to study
the feedback of the mesoscale SST-wind stress
coupling on the ocean eﬀectively and helps us to
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improve the model simulations, which will be
examined in the future.
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