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a b s t r a c t
The Kuroshio Extension region is characterized by energetic oceanic
mesoscale and frontal variability that alters the air–sea ﬂuxes that
can inﬂuence large-scale climate variability in the North Paciﬁc. We
investigate this mesoscale air-sea coupling using a regional eddyresolving coupled ocean–atmosphere (OA) model that downscales
the observed large-scale climate variability from 2001 to 2007.
The model simulates many aspects of the observed seasonal cycle
of OA coupling strength for both momentum and turbulent heat
ﬂuxes. We introduce a new modeling approach to study the scaledependence of two well-known mechanisms for the surface wind
response to mesoscale sea surface temperatures (SSTs), namely,
the ‘vertical mixing mechanism’ (VMM) and the ‘pressure adjustment mechanism’ (PAM). We compare the fully coupled model to
the same model with an online, 2-D spatial smoother applied to
remove the mesoscale SST ﬁeld felt by the atmosphere. Both VMM
and PAM are found to be active during the strong wintertime peak
seen in the coupling strength in both the model and observations.
For VMM, large-scale SST gradients surprisingly generate coupling
between downwind SST gradient and wind stress divergence that
is often stronger than the coupling on the mesoscale, indicating
their joint importance in OA interaction in this region. In contrast,
VMM coupling between crosswind SST gradient and wind stress
curl occurs only on the mesoscale, and not over large-scale SST gradients, indicating the essential role of the ocean mesocale. For PAM,
the model results indicate that coupling between the Laplacian of
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sea level pressure and surface wind convergence occurs for both
mesoscale and large-scale processes, but inclusion of the mesoscale
roughly doubles the coupling strength. Coupling between latent
heat ﬂux and SST is found to be signiﬁcant throughout the entire
seasonal cycle in both fully coupled mode and large-scale coupled
mode, with peak coupling during winter months. The atmospheric
response to the oceanic mesoscale SST is also studied by comparing
the fully coupled run to an uncoupled atmospheric model forced
with smoothed SST prescribed from the coupled run. Precipitation
anomalies are found to be forced by surface wind convergence patterns that are driven by mesoscale SST gradients, indicating the
importance of the ocean forcing the atmosphere at this scale.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In the western North Paciﬁc Ocean, where major ocean currents meet along the eastern coast
of Japan, meandering sea surface temperature (SST) fronts form. From the south, a strong and warm
western boundary current hugs the Southeastern coast of Japan and separates around 35◦ N to form the
Kuroshio Extension (KE). Within the KE, pronounced SST fronts produce climatological SST gradients
steeper than 3 ◦ C/100 km (Tokinaga et al., 2009), with synoptic fronts that are much stronger, that
consequently impact the surface ﬂux exchanges with the atmosphere. The long-term variability of
these ﬂux anomalies in the KE region are known to be important in inﬂuencing large-scale decadal
North Paciﬁc climate feedback processes (Miller and Schneider, 2000; Latif, 2006; Kwon et al., 2010;
Frankignoul et al., 2011; Taguchi et al., 2012).
Satellite observation-based studies have shown the strong inﬂuence of the mesoscale SST distribution upon the overlying atmospheric wind and wind stress patterns (Xie, 2004; Small et al.,
2008; Chelton et al., 2004; Chelton and Xie, 2010). Observations have also indicated coupling between
SST and surface heat ﬂuxes (e.g. Thum et al., 2002; Vecchi et al., 2004; Liu et al., 2007; Seo et al.,
2008) and models have shown that latent and sensible heat ﬂuxes into the ocean have a negative
correlation with mesoscale SSTs in various parts of the World Ocean (e.g. Seo et al., 2007; Haack
et al., 2008; Bryan et al., 2010), which suggests SST forcing the atmosphere (Wu et al., 2006) as
opposed to the historical atmospheric role in driving large-scale SST anomalies (e.g. Cayan, 1992).
It is important to understand the character and mechanisms controlling these regional mesoscale
ﬂux anomalies in order to gain further insight into coupling processes controlling large-scale climate
variations.
In this study, we execute novel regional ocean–atmosphere coupled modeling experiments that
include and exclude the impact of oceanic mesoscale eddies, in order to isolate their effect on the
strength of ocean–atmosphere (OA) coupling and local atmospheric response. This is achieved using
an interactive 2-D spatial smoother of SST that removes the mesoscale SST structures felt by the
atmosphere, while leaving the ocean free to develop mesoscale eddies. The new modeling strategy allows us to quantify the spatial scale over which the coupling processes affect surface ﬂuxes
and atmospheric boundary layer ﬁelds of winds, vertical velocity, and precipitation. The modeling results are supported by a complementary analysis of observed SST, wind stress, and surface
heat ﬂux anomalies that together provide estimates of the seasonal air–sea coupling over the KE
region.
The model furthermore allows us to study two prominent mechanisms that have been proposed to
explain the response of wind in SST frontal regions, namely the ‘vertical mixing mechanism’ (VMM)
and the ‘pressure adjustment mechanism’ (PAM). The VMM suggests that warmer (colder) SST reduces
(enhances) the stability of the overlying atmosphere, which enhances (inhibits) the downward transfer
of momentum through mixing, that would thus increase (decrease) surface wind stress (Wallace et al.,
1989) over the SST anomalies. When winds blow parallel or perpendicular to an SST front, it can lead
to wind stress divergence along the downwind, or curl along the crosswind, SST gradients (Chelton
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et al., 2001, 2004). In contrast, the PAM suggests that warm (cold) SST anomalies induce low (high)
surface pressure anomalies that would promote convergence (divergence) of surface winds over the
SST anomalies (Lindzen and Nigam, 1987). The relative importance of these two processes (Takatama
et al., 2011) may potentially alter the way the atmosphere responds to oceanic variability in the KE
region.
In the next section, we explain the satellite observations. In Section 3, the modeling strategy is
introduced and the experiments delineated. Section 4 describes the results, and a summary is given
in Section 5.
2. Satellite observations
Satellite observations are used to identify OA coupling in the KE region and verify the model
output. For the satellite data, SST measurements are obtained from fusion of data from the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), which was launched in November
1997 (Wentz et al., 2000), and from the Advanced Microwave Scanning Radiometer on the Earth
Observing System (EOS) Aqua satellite (AMSR-E), that was launched in May 2002 (Chelton and
Wentz, 2005). We use the daily, 0.25◦ resolution, combined TMI and AMSRE data that are available
from Remote Sensing Systems (RSS). Wind stress products are derived from the Quick Scatterometer (QuikSCAT) satellite (Freilich et al., 1994), which was in operation from July 1999 till
November 2009. We use daily, 0.5◦ resolution wind stress products, which are also available through
RSS. The Woods Hole Oceanographic Institution (WHOI) Objectively Analyzed Air–Sea Heat Fluxes
(OAﬂux) project provides surface latent and sensible heat ﬂuxes constructed from observed satellite ﬁelds and three atmospheric reanalyzes, at 1◦ resolution from 1985 onwards (Yu and Weller,
2007).
3. Coupled model experiments
The Scripps Coupled Ocean–Atmosphere Regional (SCOAR) model is employed to perform the coupled air–sea interaction studies in the KE region. The model consists of the Experimental Climate
Prediction Center (ECPC) Regional Spectral Model (RSM, Juang and Kanamitsu, 1994) as the atmospheric component, the Regional Ocean Modeling System (ROMS, Shchepetkin and McWilliams, 2005;
Haidvogel et al., 2008) as the oceanic part, and a ﬂux-SST coupler built by Seo et al. (2007) to bridge
the two. Currently, the coupling works in a sequential manner, such that RSM and ROMS run individually and alternatively, exchanging forcing ﬁelds at speciﬁed increments. For this study, the ocean and
atmosphere are coupled on a daily timescale. The SCOAR model is chosen because it has been shown
to be effective in capturing mesoscale coupling in tropical and mid-latitudinal oceans (Seo et al., 2006,
2008).
The model domain chosen covers a regional grid of the western North Paciﬁc that includes Japan
and the Kuroshio Extension (125–165◦ E, 31–47◦ N). The atmospheric and ocean model have the
same horizontal grid with 25 km resolution and matching land-sea mask. The atmosphere has 28
vertical layers whilst the ocean has 30 layers. The vertical coordinates for the ocean model were
stretched to give higher resolution to the surface layers. The ocean spin up (in uncoupled mode)
is forced by National Centers of Environmental Prediction Reanalysis-2 (NCEP R2 (Kanamitsu et al.,
2002)) winds from 1980 to 2000 to allow equilibration before any runs are performed. NCEP R2 is used
as boundary conditions for the atmosphere, such that the model provides a dynamic downscaling of
observations. Oceanic boundary conditions are taken from monthly Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) Ocean General Circulation Model for the Earth Simulator (OFES)
dataset provided by The Earth Simulator Center, JAMSTEC (Sasaki et al., 2006). We run the coupled
model for 8 years (commencing in 2000), giving one year to allow the coupled system to equilibrate,
thereby providing a 7-year (2001–2007) daily output of the oceanic and atmospheric state. This model
run overlaps the satellite observed time period for 2003–2007.
In order to isolate the impact of mesoscale SST on the coupling, we employ a novel strategy.
We execute a ‘Smoothed SCOAR’ run, in which we interactively smooth the SST that is felt by the
atmosphere, over the same time period and same resolution as the fully coupled ‘Control SCOAR’ run.
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Note that the actual SST in the ocean model is left unchanged but evolves instead under the inﬂuence
of the atmosphere that has seen only the smoothed SST ﬁeld. In the experiments that remove the
mesoscale air–sea interactions, an online 2-D spatial, locally weighted scatterplot smoothing (lowess)
ﬁlter (Cleveland, 1979; Schlax et al., 2001) is applied to the SST ﬁeld that forces RSM at each coupling step. This procedure allows large-scale SST coupling to be preserved while extinguishing the
mesoscale eddy impacts on the atmospheric boundary layer. This technique allows us to separate the
spatial scales of air–sea coupling by comparing with the fully coupled run. Here we choose a 5-degree
lowess ﬁlter, which yields an effective cutoff wavelength of 3.0◦ (∼300 km) in latitude and longitude.
As such, features up to 300 km are considered mesoscale and greater than 300 km are referred to as
large scale.
Since the ocean mesoscale eddies in Control SCOAR and Smoothed SCOAR are random and uncorrelated, we also used a deterministic approach to further isolate the effects of these mesoscale SST
patterns on the atmosphere. This was achieved by applying the 2-D smoother upon the raw SST
ﬁelds from the fully coupled SCOAR run (Control SCOAR) and using these daily smoothed SST ﬁelds
as prescribed surface forcing for the uncoupled atmosphere (Smoothed RSM) to obtain an 8-year
(2000–2007) daily response of the atmospheric state. The deterministic difference in the two runs
highlights the inﬂuence of mesoscale SST on the overlying atmosphere, as well as isolating the
mesoscale coupling effects.
4. Results and discussion
The Control SCOAR produces a strong Kuroshio current and vigorous mesoscale eddy ﬁeld that
yields meandering SST fronts (Fig. 1a) similar to those observed in nature. The Smoothed SCOAR run
also produces a strong Kuroshio and a similarly energized mesoscale in the ocean (not shown). The
smoothed SST seen by the atmosphere in Smoothed SCOAR (Fig. 1b) however, while exhibiting broadscale SST anomalies, does not include the mesoscale features in SST, as expected by this strategy. For
our analysis, we focus on the strongly energetic open-ocean eddy region (34–40◦ N, 145–163◦ E, boxed
domain in Fig. 1a), which is far from the (physical) western boundary as well as the (speciﬁed) open
boundaries.
4.1. SST-wind stress coupling through vertical mixing mechanism
The strength of the VMM can be quantiﬁed following Chelton et al. (2001) by estimating the linear
relationship between wind stress divergence and downwind SST gradients, and represented as the
coupling coefﬁcient, sd . At each grid point in the box, we computed these ﬁelds, binned them, and
plotted the mean from each bin in a scatter diagram with error bars indicating plus-or-minus one
standard deviation. A regression coefﬁcient (hereafter called the coupling coefﬁcient) was then computed from the slope of the linear ﬁt to the mean values of each bin, along with the standard error
of the slope, a p-value, and a squared correlation coefﬁcient (r2 ). We consider a slope to be signiﬁcant if the p-value is less than 0.05 and at least 50% of the variance is explained by the linear relation
(equivalent to r2 greater than 0.5), the latter criterion being a measure of the physical usefulness of the
relation. Note that no spatial highpass ﬁltering of the observations or the model output was performed
in this procedure, unlike previous studies (Chelton et al., 2001, 2004; O’Neill et al., 2003). By retaining both large scale and mesoscale SSTs in VMM, we are able to assess their relative role in coupling
strength.
Fig. 2a shows an example of coupling between wind stress divergence and downwind SST gradients
for January 2006. Over the active mesoscale eddy region, the Control run, Smoothed run and observations all exhibit signiﬁcant coupling, with sd = 1.12 ± 0.02, sd = 1.71 ± 0.09, sd = 1.07 ± 0.11, respectively.
The rough comparability between model and observation is an indication that SCOAR is quantitatively
well representing the observed surface ﬂux coupling processes. Control SCOAR and Smoothed SCOAR
each produce coupling coefﬁcients that, surprisingly, are within 50% of each other. The range of SST
gradients in Smoothed SCOAR (±3 ◦ C/100 km) is smaller than in the Control SCOAR (±5 ◦ C/100 km), yet
even these weaker large-scale temperature gradients can have a signiﬁcant inﬂuence on the regional
wind stress divergence. Also, the scatter of points in Control SCOAR is much more than in Smoothed
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SCOAR, which is likely attributed to the presence of oceanic mesoscale eddies and its feedback onto
the atmosphere.
This analysis was repeated for every month of 2003–2007 and a time series of the coupling
coefﬁcients is plotted in Fig. 2b, along with the standard error of each coupling coefﬁcient represented by the error bars. All three cases, Control SCOAR, Smoothed SCOAR and observations,
indicate that the coupling has a seasonal cycle with a pronounced and signiﬁcant peak in the winter season (DJFM) when both the winds strengthen and the vertical stability of the atmosphere
is weaker than in summer. During summer months, the coupling is near zero and not signiﬁcant.
In winter months, however, the model exhibits coupling estimates that are higher than observations by roughly a factor of two. Possible reasons for this model-data mismatch are (i) model
errors, (ii) noise in the observations, (iii) systematic undersampling in the wind stress observations (50 km resolution) due to smoothing of the mesoscale features that may yield a stronger
coupling, or (iv) model-data differences in the random mesoscale SST distribution leading to potential biases in the scale or strength of model SST anomalies and their phasing with the ambient wind
ﬁeld.
To better understand the seasonal cycle of the coupling coefﬁcients, we plot the distribution of
wind stress and SST (Fig. 3) for a typical winter (January 2006) and summer month (July 2005), as
well as their corresponding wind stress divergence and downwind SST gradients patterns (Fig. 4).
Fig. 3 indicates prevailing westerlies in winter and southerlies in summer, with larger wind stresses in
winter compared to summer. In Fig. 4, the patterns co-locate similarly for summer and winter months,
indicating no preferential difference in response to the alteration of the prevailing wind direction. Also,
for a given SST gradient, the magnitude of the wind stress divergence is much weaker in summer than

Fig. 1. Averaged SST distribution during January 2006, over entire model domain for Control SCOAR (top) and Smoothed SCOAR
(bottom). Boxed region is the active eddy region (KE region [34–40◦ N, 145–163◦ E]) for which analysis are performed.
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Fig. 2. (a) Linear ﬁt to the bin-scatter plot of wind stress divergence (N/m2 per 10,000 km) against downwind SST gradients
(◦ C per 100 km) over the KE region (34–40◦ N, 145–163◦ E), averaged during January 2006, for Control SCOAR (left), Smoothed
SCOAR (middle) and observations (right), along with their coupling coefﬁcients (sd ). Error bars are one standard deviation
from the mean of each bin; (b) time series of monthly sd for 2003–2007, for Control SCOAR (red), Smoothed SCOAR (blue) and
observations (black). Error bars represent standard error of the slopes. Green dots indicate sd with r2 value smaller than 0.5 and
p-value greater than 0.05. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of the article.)

in winter. This suggests that the much weaker vertical stability of the atmosphere in winter, and not
the direction of winds, is the main controlling inﬂuence on the sensitivity of the atmosphere to SST
anomalies in this region. To further validate this interpretation, we compute the monthly low-level
thermal stability (not shown), based on the temperature difference between 925 hPa and the surface,
over the region and ﬁnd that the atmospheric stability is indeed weakest in January and strongest in
June–July.
The scale-dependence experiments indicate that the coupling coefﬁcient is not entirely attributable
to coupling at the oceanic mesoscale. Rather, even large-scale SST gradients can produce a potentially important impact on the regional atmospheric boundary layer (ABL) response. The magnitude
of the coupling coefﬁcient in Smoothed SCOAR is larger than in Control SCOAR, which is a surprisingly
result. This may be due to the presence of the large-scale Kuroshio SST front generating persistent
large-scale SST anomalies that imprint the ABL. On the other hand, the largest divergence anomalies
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Fig. 3. Colormap and vectors of wind stress (N/m2 ) for a winter (January 2006) and summer (July 2005) month, overlaid with
contours of SST (K).

occur in Control SCOAR, which is indicative of the strong impact of the local mesoscale SST anomalies
in inﬂuencing the ABL.
The crosswind SST gradient relationship with wind stress curl (Chelton et al., 2001, 2004) is also
investigated following the same procedure. Fig. 5a reveals signiﬁcant wintertime coupling of these
variables for Control SCOAR and observations. Again, the model tends to produce coupling coefﬁcients
(sc ) that are similar, or somewhat larger, in amplitude than the observations. However, the coupling
coefﬁcients from Smoothed SCOAR are either nearly zero, or indistinguishable from zero based on
the error bars, for all seasons (Fig. 5b). The smoothing has revealed the vital importance of mesoscale
SST on this relationship. Large-scale model SST gradients are incapable of imprinting their signature
on the large-scale wind stress curl ﬁeld. This may be due to the wind stress curl ﬁeld of synopticscale geostrophic winds obscuring the inﬂuence of the large-scale SST. This is in contrast to the result
for large-scale SST gradients affecting wind stress divergence. The divergence ﬁeld associated with
intrinsic synoptic-scale variability may be sufﬁciently small to allow even the large-scale SST imprint
to be detected.
4.2. SST-wind coupling through pressure adjustment mechanism
Studies have shown pressure adjustment mechanism (PAM) works in strong SST frontal regions
(Minobe et al., 2008, 2010; Takatama et al., 2011; Shimada and Minobe, 2011), for which SST anomalies
induce pressure anomalies accompanied with anomalies in wind convergence. Fig. 6 shows difference
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Fig. 4. Colormaps of wind stress divergence (N/m2 per 10,000 km) overlaid with contours of downwind SST gradients
(◦ C per 100 km) averaged for winter of January 2006 (top panel) and summer of July 2005 (bottom panel) for the KE
region. Solid (dashed) contours denote positive (negative) downwind SST gradients, with contour intervals of 1 ◦ C per
100 km.

in SLP overlaid with difference in SST between Control SCOAR and Smoothed SCOAR for the KE
region. Top panel is averaged over a typical winter month, January 2006, and the bottom panel is
averaged over a typical summer month, July 2005. In winter, SLP perturbations generally follow
SST perturbations, with cooler (warmer) SST inducing high (low) pressure anomalies by approximately −7 Pa/◦ C. In summer, the alignment is less clear, but the general distribution agrees well, in
that low (high) pressure changes correspond to positive (negative) SST changes by about −2 Pa/◦ C.
We also tested whether the SLP perturbations follow a linear hydrostatic response to SST anomalies be reconstructing the SLP using the hydrostatic equation with air density variations integrated
from surface to 925 hPa height and approximated by Eq. (2b) of Lindzen and Nigam (1987). The
reconstructed SLP strongly corresponds to the pattern of the model SLP, with magnitudes slightly
overestimated. These results suggest that the pressure adjustment mechanism is active in the simulations.
Typically, the SLP Laplacian, SST Laplacian and wind convergence are used to quantify the
pressure adjustment mechanism (Minobe et al., 2008; Shimada and Minobe, 2011). Fig. 7 reﬂects
PAM occurrence in the KE region via the collocation of SLP Laplacian with negative SST Laplacian and wind convergence. It reinforces the notion that warm (cool) SST anomalies concomitantly
induce low (high) pressure anomalies and low level wind convergence (divergence). For a more
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Fig. 5. (a) Time series of monthly coupling coefﬁcients between crosswind SST gradients (◦ C per 100 km) and wind stress curl
(N/m2 per 10,000 km), sc , for 2003–2007, for Control SCOAR (red) and observations (black). Error bars represent standard error
of the slopes. Green dots indicate sc with r2 value smaller than 0.5 and p-value greater than 0.05; (b) same as above except this
is for Smoothed SCOAR (blue). Error bars represent standard error of the slopes. Green dots indicate sc with r2 value smaller
than 0.5 and p-value greater than 0.05. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of the article.)

quantitative approach, we investigate PAM in the KE region by computing the linear relationship
of 10 m wind convergence and sea level pressure (SLP) Laplacian over the same active eddy region
as the previous SST-wind stress analysis. The strength of the coupling is measured by the slope of
the linear ﬁt to the bin-scatter plot of corresponding variables, and we designate the slope as the
coupling coefﬁcient, sp . Both Control SCOAR and Smoothed SCOAR exhibit a signiﬁcant linear relation of wind convergence to SLP Laplacian (Fig. 8a), with coupling coefﬁcients of sp = 2.38 ± 0.09 and
sp = 1.58 ± 0.07 respectively for the month of January 2006. A larger coupling coefﬁcient in Control
SCOAR suggests that the mesoscale coupling heightens the linear relationship of SLP Laplacian to
wind convergence.
For each month of 2003–2007, we computed the coupling coefﬁcient that reﬂects the PAM
and its time evolution. Fig. 8b illustrates the seasonal cycle of this coupling, with peaks
during winter seasons. The winter peaks are again likely due to the much weaker vertical
stability of the atmosphere in winter, which allows a higher sensitivity to SST anomaly forcing.

D.A. Putrasahan et al. / Dynamics of Atmospheres and Oceans 63 (2013) 60–78

69

Fig. 6. Top panel: Colormap of SLP (Pa) difference overlaid with contours of SST (◦ C) difference between Control SCOAR
and Smoothed SCOAR, averaged over January 2006. Contour intervals for SST difference are 0.5 ◦ C, with solid (dashed) lines
representing positive (negative) values. Bottom panel: Same as top panel, except averaged for July 2005.

Control SCOAR consistently produces higher coupling coefﬁcients than Smoothed SCOAR, suggesting that large-scale coupling through this mechanism is not as signiﬁcant as mesoscale
coupling, in contrast to the VMM divergence, where large-scale coupling plays a signiﬁcant
role.
It should be noted that PAM requires a change in the heat content of the entire ABL induced over
the SST front, for which this does not occur in an instantaneous fashion. As such, the spatio-temporal
evolution of the ABL over an SST front may be better understood with a Lagrangian approach, which
would allow identiﬁcation of equilibrium time-scale and lagged response of ABL over the SST front. In a
simpliﬁed case with the cross-equatorial ﬂow over the eastern Paciﬁc, a steady-state quasi-Lagrangian
LES modeling by De Szoeke and Bretherton (2004) suggests the dominance of the VMM mechanism
via a more rapid adjustment of static stability to air–sea temperature difference and heat ﬂux. It is
possible that the PAM mechanism may manifest more strongly in the downstream of the SST because
the short residence time of the air mass given the mean wind speed implies an insufﬁcient time for the
SST to inﬂuence the mass and moisture within the whole ABL to produce substantial SLP anomalies.
In KE region where the alignment of wind and SST front varies more dramatically, this type of steady
quasi-Lagrangian modeling may be difﬁcult unless existing sophisticated feature tracking algorithms
of vorticity and SST are employed. While this merits for further research, it is beyond the scope of this
study.
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Fig. 7. Top panel: Colormap of negative SST Laplacian (◦ C/m2 ) overlaid with contours of SLP Laplacian (1 × 10−9 Pa/m2 intervals),
for Control SCOAR over the KE region, averaged over January 2006. Solid (dashed) contours indicate positive (negative) SLP
Laplacian. Bottom panel: Colormap of 10 m wind convergence (s−1 ) overlaid with contours of SLP Laplacian that are the same
as top panel.

4.3. SST-latent heat ﬂux coupling
The latent heat ﬂux out of the ocean and into the atmosphere is a major source of energy for wintertime synoptic variability in the atmosphere (Konda et al., 2010). As such, the extent to which the
distribution of SST, rather than intrinsic atmospheric variability, alters the amount of heat exchange is
important. SST can affect the surface latent heat ﬂux by changing the saturation humidity, by altering
the stability of the ABL, and by the indirectly changing the wind speed variations via VMM. A warm sea
surface increases the saturation water vapor mixing ratio (qs ), hence enhances the humidity difference
between air and sea surface (qs − qa ), leading to the evaporative cooling. Increased winds over warmer
waters would also enhance evaporative cooling, thereby decreasing SST (negative feedback). We study
this impact of SST distribution on turbulent heat ﬂux by examining the linear relationship between
spatial derivatives of latent heat ﬂux (dLH = dLH/dx and dLH/dy) and SST (dSST = dSST/dx and dSST/dy)
over the same active eddy region as with the SST-wind stress analysis. We examine the derivative ﬁelds
because, on the oceanic mesoscale, SST and latent heat ﬂux have an in-phase relationship (Nonaka
and Xie, 2003; Tokinaga et al., 2009), and the spatial derivatives tend to focus on the effect of oceanic
mesoscale (Seo et al., 2007).
In the KE region, a signiﬁcant negative linear relationship between dLH and dSST is seen in Control
SCOAR, Smoothed SCOAR, as well as in observation (Fig. 9a), with associated coupling coefﬁcients
of sl = −16.2 ± 0.3, sl = −17.5 ± 0.9, sl = −13.1 ± 0.6 respectively for a typical winter month, January
2006. This reinforces the ability of SCOAR to simulate surface ﬂux coupling in this region. Control SCOAR and Smoothed SCOAR have similar coupling coefﬁcients, implying contributions of both
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Fig. 8. (a) Linear ﬁts to bin-scatter plot of 10 m wind convergence (10−6 s−1 against SLP Laplacian (10−9 Pa m−2 ), over the same
time period and domain of Fig. 2a, for Control SCOAR ((left) and Smoothed SCOAR (right), with coupling coefﬁcients (sp ). (b)
Time series of monthly sp for 2003–2007 for Control SCOAR (red) and Smoothed SCOAR (blue). Error bars represent standard
error of the slopes. Green dots indicate sp with r2 value smaller than 0.5 and p-value greater than 0.05. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

large-scale and mesoscale coupling to the surface heat ﬂux–SST relationship. The coupling between
surface heat ﬂuxes and SST is signiﬁcant year-round (Fig. 9b). There is also a clear seasonal cycle
to the coupling, with the steepest negative relation in winter and weak coupling in summer, due
to the seasonal differences in vertical stability of the atmosphere and possibly due to the deeper
ABL in winter months. A similar seasonal cycle is also found with the use of anomalous latent heat
ﬂux (LH ) and SST (not shown), which have peak intensity during the winter months. Based on
LH and SST , we ﬁnd averaged winter (DJF) coupling coefﬁcients of sl = −14 ± 3 and sl = −13 ± 4 for
Control and Smoothed SCOAR, respectively. This is similar to the corresponding winter-averaged
coupling coefﬁcients derived from the derivative ﬁelds, which are sl = −17 ± 4 and sl = −16 ± 4. This
indicates that both large-scale and mesoscale coupling are important to the relationship between
SST and latent heat ﬂux. From Fig. 9b, it is also noted that the amplitude of the variability of sl
in the observations is smaller than in the model, with weaker coupling (factor of 0.7) in winter
months and stronger coupling in summer months (factor of 2.0) for the observations, compared
to model output. Similar results are obtained for sensible heat ﬂux and SST gradient coupling (not
shown).
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Fig. 9. (a) Linear ﬁts of the bin-scatter plots of spatial derivatives of latent heat ﬂux (W/m2 per 100 km) and SST spatial derivatives
(◦ C per 100 km) over the same time period and domain of Fig. 2a, for Control SCOAR (left), Smoothed SCOAR (middle) and
observations (right), with coupling coefﬁcients (sl ). (b) Time series of monthly sl for 2003–2007, for Control SCOAR (red),
Smoothed SCOAR (blue) and observations (black). Solid dots indicate values that have r2 value greater than 0.5 and p-value less
than 0.05. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the
article.)

4.4. Mesoscale precipitation
Since mesoscale ocean–atmosphere interactions play a signiﬁcant role in the KE region, a deterministic approach is adopted by performing a comparative study between the Control SCOAR run and
the Smoothed RSM run to investigate the role of mesoscale SST on atmospheric processes, such as
precipitation. We focus on one month during winter when the signal is particularly strong, based on
an inspection of all the winter months that exhibited mesoscale precipitation anomalies. Fig. 10 gives
a picture of the SST difference between the two runs, as well as the percentage of precipitation (PPT)
difference for January 2001. The SST difference ranges between ±5 ◦ C within an intensiﬁed region
(KEPPT region; 144–156◦ E, 37–42◦ N; boxed domain in lower panel of Fig. 10) that corresponds to
±40% change in precipitation compared to the Control SCOAR. A transect at 40.5◦ N (black line in top
panel of Fig. 10) is chosen to study the vertical structure of the atmosphere and its relation to SST and
precipitation.
Precipitation is often associated with convection of moist air that reaches saturation and rains out.
Over open water, warmer SST sets up a low pressure anomaly and low level wind convergence, which in
turn induces convection and brings moist surface air to heights where it will cool and reach saturation,
and then rain out. Through such a mechanism, an alignment of SST, low-level wind convergence and
precipitation would be expected.
Fig. 11 (top) shows the vertical cross section of difference in wind divergence between Control
SCOAR and Smoothed RSM, overlaid with difference in precipitation (black) and difference in SST

D.A. Putrasahan et al. / Dynamics of Atmospheres and Oceans 63 (2013) 60–78

73

Fig. 10. Difference in SST [◦ C] distribution (top) of Control SCOAR – Smoothed RSM for January 2001. Corresponding distribution
of percentage difference in precipitation [mm/day] (bottom). Location of 40.5◦ transect and intensiﬁed mesoscale region [boxed
domain; 144–156◦ E, 37–42◦ N] marked on top and bottom ﬁgures respectively.

(red), averaged over January 2001. Mesoscale precipitation peaks at 146.5◦ E, 149.5◦ E and 154◦ E
align well with low-level wind convergence (negative divergence) zone, but not SST maxima. Instead,
peak precipitation coincides with negative gradients in SST. This can be attributed to the vertical
mixing mechanism, rather than PAM, that induces low-level wind convergence along negative SST
gradients (Fig. 2a), which in turn enhances the upward motion that allows for cloud formation and
precipitation. This is further illustrated by the bottom ﬁgure of Fig. 11 that shows the cross section
of the difference in vertical pressure velocity (Pa/s) for the same transect. Upward motion (negative
vertical pressure velocity) coincides with precipitation maxima and along negative SST gradients, so
as to suggest that convection is induced by low-level wind convergence that arose on the downwind
side of positive SST anomalies.
The top panel of Fig. 12 shows the distribution of precipitation difference between Control SCOAR and Smoothed RSM, overlaid with contours of SST difference, in the KEPPT region.
Peaks and troughs of precipitation difference are not well collocated with the mesoscale SST
features. Instead, precipitation peaks and troughs have some alignment with maxima and minima in 10 m wind convergence difference, as seen in the middle panel of Fig. 12. This suggests
that surface wind convergence, driven by the oceanic mesoscale SST, has an impact on precipitation. The lower panel on Fig. 12 is the difference in mesoscale 10 m wind convergence overlaid
with downwind SST gradient difference. Positive (negative) wind convergence generally collocates

74

D.A. Putrasahan et al. / Dynamics of Atmospheres and Oceans 63 (2013) 60–78

Fig. 11. Top: Vertical cross section of the difference in wind divergence [s−1 ] from Control SCOAR – Smoothed RSM, at (144–156◦
E, 40.5◦ N) for January 2001. There is an overlay with SST difference (◦ C; red) and precipitation difference (mm/day; black)
from Control SCOAR. Bottom: Same as top except colors reﬂect difference in vertical velocity (Pa/s). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

along downwind gradient of negative (positive) SST, suggesting that the mesoscale surface wind
convergence is driven by the gradients in mesoscale SST through vertical mixing.
Based on Fig. 12, scatterplots of precipitation difference against SST difference, and precipitation difference against 10 m wind convergence difference are made (Fig. 13). A linear regression
is performed on each scatterplot and their respective coupling coefﬁcients (slope to the linear ﬁt)
are computed, along with their corresponding r2 coefﬁcients. The coupling coefﬁcient for precipitation difference against SST difference is found to be 0.06 mm/day per ◦ C, but the large spread
of data points resulted in an associated r2 of only 0.13, indicating that the coupling is insigniﬁcant. As for precipitation difference against mesoscale 10 m wind convergence difference, the data
spreads less and the coupling coefﬁcient is found to be 0.21 mm/day per ◦ C, with r2 = 0.44. This
demonstrates that 44% of the variance in precipitation is explained by surface wind convergence
driven by the gradients in mesoscale SST, a remarkable result given the nonlinearity of atmospheric
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Fig. 12. Colormap of precipitation (PPT) difference [mm/day] of Control SCOAR – Smoothed RSM for January 2001, overlaid with
contours of 1 ◦ C SST difference (top panel). Solid (dashed) contours indicate positive (negative) SST difference. Middle panel
has the same colormap of PPT difference, but overlaid with contours of difference in 10 m wind convergence [s−1 ]. Similarly,
solid (dashed) contours represent positive (negative) wind convergence, with intervals of 5 × 10−6 s−1 . The bottom panel is a
colormap of difference in 10 m wind convergence [s−1 ] overlaid with contours of 1 ◦ C/km downwind SST gradient difference.
Solid (dashed) contours indicate positive (negative) downwind SST gradient difference.

processes that contribute to precipitation. We also computed the overall precipitation difference
in the KEPPT region between Control SCOAR and Smoothed RSM to get an estimate of the importance of SST anomaly rectiﬁcation of precipitation. The total precipitation increased by only 6% in
the presence of ocean eddies, indicating only minor potential impacts on larger-scale atmospheric
states.
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Fig. 13. Scatterplots of precipitation difference against SST difference (right panel) and precipitation difference against 10 m
wind convergence difference (left panel), with linear regressions performed on each plot.

5. Summary
Regional coupled OA interactions were explored in the KE region using both observations and a
coupled model. Within the KE region, the simulations reveal strong coupling between SST anomalies
and winds, wind stresses and surface heat ﬂuxes, with amplitudes, seasonal variations and wintertime
maxima that exhibit many similarities with observations. Exploration of the importance of spatial
scales on the strength and nature of the coupling was achieved by using a novel modeling strategy. A
2-D interactive spatial smoother, acting only on the SST seen by the atmosphere but not altering the
actual oceanic state in any direct way, allows a straightforward analysis of the scale of OA coupling by
comparing the output with a fully coupled run.
Two mechanisms of coupling were explored, the VMM and PAM. The Control SCOAR simulations
reveal that both mechanisms are active and signiﬁcant, especially in winter when the vertical stability
of the atmosphere is weak. Differences in the strength of coupling between the Control and Smoothed
SCOAR runs indicate how the spatial scale of SST fronts affects the OA coupling via these two mechanisms. Intuitively, one might expect that the VMM would be most active on the ocean mesoscale
and less signiﬁcant on the large scale. Instead, the models revealed that the VMM, as expressed in
the coupling between downwind SST gradients and wind stress divergence, acts strongly on both the
large scale and mesoscale. In this case, large-scale SST cannot be ignored. In contrast, the VMM, as
expressed in the coupling between crosswind SST gradients and wind stress curl, is extinguished over
large-scale SST gradients in Smoothed SCOAR. In this case, the ocean eddies are vital. For PAM, one
might expect the large-scale coupling to be dominant. Instead, the PAM is far more active on the ocean
mesoscale. For latent heat ﬂux-SST coupling, both mesoscale and large-scale features are found to be
important. More detailed study is in progress to explain the dynamics of these features.
The impact of mesoscale SST on precipitation was investigated for the month of January, 2001.
Mesoscale SST anomalies do not collocate with precipitation anomalies, nor is there any direct
coupling between SST and precipitation at the mesoscale. Rather, mesoscale downwind SST gradients
are imprinted on the 10 m wind convergence anomalies, which are collocated with vertical velocity
and precipitation anomalies. This suggests that mesoscale SST gradients induces surface wind
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convergence anomalies through the vertical mixing mechanism, which in turn provide changes
in vertical velocities that affect precipitation anomalies. However, we did not ﬁnd any large-scale
rectiﬁcation effect of the oceanic mesoscale eddies on precipitation.
The role of mesoscale coupling on the evolution of oceanic instabilities and large-scale circulations
has previously been explored using perturbation wind stress and wind stress curls (e.g. Spall, 2007;
Hogg et al., 2009). The new technique introduced here opens the door for further studies to isolate
the impact of ocean mesoscale eddies on the surface ﬂux coupling processes with the atmosphere in
other regions around the globe. It can also be extended to study the impact of the oceanic mesoscale
on tropospheric response (e.g. Liu et al., 2007; Minobe et al., 2010), examine any rectiﬁed effect of
precipitation or moisture ﬂuxes by the mesoscale eddies and oceanic fronts (e.g. Xu et al., 2010), and
consequent downstream ocean–atmosphere interactions (e.g. Taguchi et al., 2009; Frankignoul et al.,
2011; Nakamura et al., 2004). Simulations are currently in progress to address these issues and their
importance in decadal climate variability in the Paciﬁc. Finally, the interactive smoothing technique
can also be applied to the atmospheric forcing ﬁelds seen by the ocean to determine the feedback of
the SST-induced ﬂux anomalies on the ocean eddies themselves.
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