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ABSTRACT

This study examines the artificial influence of increasing the SST resolution on the storm track over the North Pacific
in ERA-Interim. Along with the mesoscale oceanic eddies and fronts resolved during the high-resolution-SST period, the
low-level storm track strengthens northward, reaching more than 30% of the maximum values in the low-resolution-SST
period after removing the influence of ENSO. The mesoscale structure firstly imprints on the marine atmospheric boundary
layer, which then leads to changes in turbulent heat flux and near-surface convergence, forcing a secondary circulation into
the free atmosphere, strengthening the vertical eddy heat, momentum and specific humidity fluxes, and contributing to the
enhancement of the storm track. Results from a high-resolution atmospheric model further indicate the changes in the storm

track due to the mesoscale SST and their relationship.
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Article Highlights:

¢ Artificially increasing the SST resolution in ERA-Interim results in a northward strengthening of the storm track.
* Due to resolving oceanic eddies, mesoscale imprints are found at the surface and the associated impact could penetrate

into the free atmosphere.

* The results have important implications for determining the influence of SST resolution on the storm track and climate.

1. Introduction

The European Centre for Medium-Range Weather Fore-
casts (ECMWF) interim reanalysis (ERA-Interim) dataset is
typically applied to detect climate change (Chang and Yau,
2016), assess interannual or decadal variability (O’Reilly
and Czaja, 2015; Wills and Thompson, 2018), or evaluate
against model results (Piazza et al., 2016; Ma et al., 2017;
Leeetal., 2018). However, the prescribed sea surface temper-
ature (SST) resolution for the ERA-Interim analysis system
has been increased twice since 1979, resulting in a signific-
ant impact on the marine atmospheric boundary layer
(MABL) (Masunaga et al., 2015, 2016; Parfitt et al., 2017).
Masunaga et al. (2015) noted that mesoscale features, such
as surface wind convergence and cloudiness, can only be
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seen during the period with high-resolution SST. Parfitt et
al. (2017) showed the sensitivity to the SST resolution of
the frontal air-sea interaction in the Gulf Stream region.
The authors found that the occurrence of atmospheric cold
fronts and precipitation increased up to 30% during the
high-resolution period, along with strengthening of the sur-
face storm track.

The increased spatial resolution of the prescribed SST
translates to better resolved mesoscale features of the ocean,
especially in some eddy-rich regions such as the Kuroshio
Extension area or Gulf Stream area. Different from the
large-scale air—sea interaction, the atmosphere is forced by
the ocean at the meso scale (Bishop et al., 2017). Recent stud-
ies have further suggested the important role of oceanic meso-
scale eddies (Ma et al., 2015b, 2017) and fronts (Nakamura
et al.,, 2008; Small et al., 2008; Kuwano-Yoshida and
Minobe, 2017) on the storm track. Comparing twin experi-
ments in a regional atmospheric model, one with realistic
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SST and another with spatial smoothing SST, Ma et al.
(2017) showed that removing the mesoscale SST not only
led to a reduction in the local storm track intensity, but also
forced a significant southward shift in the storm track over
the eastern North Pacific. Similar results were also found
over the North Atlantic (Piazza et al., 2016). In addition,
Woollings et al. (2010) showed that the storm track intens-
ity in the model was overestimated along the coast of North
America when the SST resolution was low, which was later
confirmed by Small et al. (2014). A recent study by Small et
al. (2019b) also pointed out that the storm track location
improved in the coupled model with an eddy-resolving
ocean model.

According to the aforementioned studies, the meso-
scale SST signals resolved by high-resolution SST could
play an important role in the intensity and location of the
storm track. Therefore, the increases in SST resolution in
ERA-Interim may be able to change the storm track character-
istics and introduce artificial signals. Meanwhile, the storm
track, which is known to serve as a bridge of air—sea interac-
tion at midlatitudes, could greatly influence weather and cli-
mate processes. Such an artificial effect would be very
likely to introduce uncertainties and mislead us into reach-
ing inaccurate or wrong conclusions. For example, if we
ignore this effect, the long-term trend may be overestim-
ated or underestimated, especially considering global warm-
ing.

In the present study, we attempt to identify and
quantify the signals of the storm track due to the increase in
the prescribed SST resolution in ERA-Interim. How does its
pattern change due to the increased SST resolution? The res-
ults will help us to clarify the uncertainties of the ERA-
Interim dataset in terms of both the spatial pattern and tem-
poral variability of the storm track in the North Pacific, as
well as benefit studies of climate change.

2. Data and methods

ERA-Interim is available on a 0.75° grid for the period
January 1979 to December 2018 (Dee et al., 2011). We
mainly use the daily fields, such as SST, sea level pressure
(SLP), horizontal wind, specific humidity, and air temperat-
ure. In addition, the surface heat fluxes are taken from the
forecasting system. The prescribed SST resolution in ERA-
Interim has increased twice, from 1.0° to 0.5° on 1 January
2002, and from 0.5° to 0.05° on 1 February 2009. The SST
dataset with a resolution of 0.5° was from NCEP Real-Time
Global SST, and then the Operational Sea Surface Temperat-
ure and Sea-Ice Analysis (OSTIA) from February 2009
(Dee et al., 2011). Despite the oversampling of the OSTIA
product, all of these SST datasets were interpolated to the
same model grid, which was the same as the atmospheric
model. The latter has remained at the same resolution from
1979 to the present day (ECMWEF, 2019). It is also import-
ant to note that, except for the SST datasets, the atmo-
spheric physical processes do not change. Here, the period
of January 1979 to December 2001 is referred to as the low-
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resolution (LR) period, while the period of February 2009
to December 2018 is the high-resolution (HR) period.
Although the prescribed horizontal resolution of ERA-
Interim is 0.75°, Masunaga et al. (2015) suggested that meso-
scale features were well represented during the ERA-
Interim HR period, and were overall consistent with high-res-
olution satellite observations (see their Fig. 1).

To separate the mesoscale signals, a 5° x 5° spatial box-
car filter was employed (Small et al., 2019a; Zhang et al.,
2019). First, we calculated the area average in the 5° x 5°
box for the original field (X) at every grid point. Then, the
smoothed field was obtained, referred to as <X>. Next, the
mesoscale anomalies (X*) were defined as the original field
minus the smoothed one. This procedure is denoted as a
high-pass boxcar filter and can be expressed as X* = X —
<X>, where < > represents the low-pass spatial filter. We
examined our boxcar filter carefully and compared it with
other methods, such as the Loess spatial filter used in Ma et
al. (2017). The results demonstrated that the mesoscale sig-
nals with wavelength less than 500 km could be well separ-
ated by this boxcar filter (not shown).

The storm track in the present study is represented by
the meridional eddy heat flux (v'T’; Nakamura et al., 2002;
Taguchi et al.,2009; Yao etal., 2018), the synoptic-scale vari-
ance in meridional wind (v'v'; Hoskins and Hodges, 2002),
and eddy kinetic energy at 850 hPa. The prime here denotes
the synoptic-scale eddies, which were derived by a 2—8-day
Lanczos bandpass filter (Duchon, 1979). The focus of this
paper is on midlatitude air—sea interaction, and so the influ-
ence of ENSO on the storm track was reduced by the
removal of the linear regression on the Nifio3.4 index (Qiu
et al., 2014; Small et al., 2019b). This process can be
expressed as follows:

X =X0-X), (D
X.()=aN@t-1)+b, 2

where X(¢) is the atmospheric variable, X.(f) is the ENSO sig-
nal, and X, (¢) stands for the part not influenced by ENSO.
N, o, and b are the Nifio3.4 series, regression coefficient,
and residual, respectively. Czaja and Frankignoul (2002)
showed that the covariance between the atmosphere and
SST anomalies reached a maximum after two months in the
observation, indicating that the atmospheric response may
take a few months to fully develop (Ferreira and Frankignoul,
2005). Following previous studies (Frankignoul et al., 2011;
Gan and Wu, 2013; Révelard et al., 2016), two-month
lagged regression was applied (r = 2). Figure 1 shows an
example of the storm track before and after linearly remov-
ing the ENSO impacts.

To identify the response to the increase in SST resolu-
tion in ERA-Interim, we directly computed the difference in
the climatological winter mean variables between the HR
and LR periods (HR minus LR). To avoid the influences of
interannual variabilities in the LR period, the differences
were further computed following the method of Parfitt et al.
(2017), in which the winter means of the randomly selected
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eight years during the LR period were also used, denoted as
“LRi”, where “i” is the identifier of the different samples.
Here, 1000 random samples during the LR period were selec-
ted to compute the differences. The average (AVE) and stand-
ard deviation (STD) of these differences can be used to meas-
ure the effects of the SST resolution and the interannual vari-
ability, respectively.
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Fig. 1. (a) Winter-mean storm track measured by the
meridional eddy heat flux (v'T"; units: m s~! K) in the LR
period. (b) As in (a) but for the storm track with the influence
of ENSO linearly removed.
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Two simulations using the high-resolution Community
Atmosphere Model, version 4 (CAM4; Neale et al., 2013)
were conducted to further confirm the impact of mesoscale
SST on the storm track: one with the eddy-resolving pre-
scribed SST, and the other with the smoothed SST, referred
to as the control run (CTRL) and mesoscale-SST-filtered
run (MSFR), respectively. In MSFR, the mesoscale SST
was filtered out by the low-pass spatial boxcar filter with
scales of 5° x 5°. CAM4 was configured on the finite-
volume dynamical core with an approximately 25-km hori-
zontal resolution and 26 vertical levels. A five-year integra-
tion with the “present-day” greenhouse gas conditions and
the monthly climatological SST boundary condition (climato-
logical mean around 2000) was first conducted as a spin-up
run. The results of the final day of the spin-up integration
were then used as the initial condition of CTRL and MSFR.
Meanwhile, the SST boundary condition was taken from a
high-resolution coupled model output with a horizontal resolu-
tion of 0.1° x 0.1° (Lin et al., 2019). As the horizontal resolu-
tion of the daily SST is higher than that of CAM4, it was
then interpolated to the CAM4 grid based on the areal conser-
vative remapping method. Next, the remapped daily SST
was used to force the atmospheric model. The two simula-
tions were run for six model-years.

3. Results

3.1. Changes in SST and its impact on the storm track

Figure 2a shows the differences in the climatological
winter mean SST between the HR and LR periods, which
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Fig. 2. (a) Differences (colors; unit: °C) in the wintertime climatology of the SST between the HR and LR periods
(HR minus LR) and the climatological SST (CI = 3°C, CI means contour interval.) during the HR period. (b)
Average (colors; unit: °C) and STD (CI = 0.05°C) of the differences between the HR and LRi periods. (c)
Climatological mesoscale SST (unit: °C) during the HR period. (d) As in (c) but for the LR period. The red box

defines the KOCR.
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shows significant positive and negative anomalies across
the Kuroshio and Oyashio confluence region (KOCR;
33°-45°N, 142°-175°E), where the oceanic mesoscale
eddies are active (Chelton et al., 2011). The maximum and
minimum of the differences over KOCR are 1.96°C and
—1.93°C, respectively, while the positive and negative anom-
alies over the eastern North Pacific between 180°E and
130°W can only reach values of about 0.91°C and —0.66°C.

The average of the differences between the HR and
each LRi period is shown in Fig. 2b, which is similar to that
in Fig. la, with the pattern correlation coefficient reaching
0.99 for the whole region. In addition, the maximum and min-
imum of the mean values (shaded) over KOCR are 2.01°C
and —1.93°C, which are also very close to those in Fig. 2a.
This result indicates that the pattern of SST differences is
barely affected by the period we selected during LR, and the
effects of interannual variability in the LR period are negli-
gible.

The contours in Fig. 2b show the STD of the differ-
ences between the HR and LRi periods. The large values
occur in KOCR, indicating a relatively strong natural variabil-
ity there. Moreover, the value of the maximum STD is only
0.32°C, which is less than the values of the differences in
Fig. 2a (maximum of 1.96°C). This result confirms the robust-
ness of the differences against interannual variability. The res-
ults of more random samples also show a similar pattern
(not shown).

To separate the mesoscale SST, we applied the high-
pass 5° x 5° spatial boxcar filter mentioned above to the
SST field in both the LR and HR periods, the results of
which are shown in Figs. 2c and d, respectively. The high-
pass-filtered SST anomalies are confined within KOCR,
while anomalies of SST over the eastern North Pacific disap-
pear. The pattern of SST differences in KOCR in Fig. 2a is
similar to the mesoscale SST during the HR period (Fig. 2c¢),
with the pattern correlation coefficient reaching 0.71. The
maximum and minimum of mesoscale SST during the HR
period are 1.90°C and —1.83°C, respectively—only slightly
less than the SST differences between the HR and LR
period. However, there is almost no mesoscale signal in the
high-pass-filtered SST during the LR period (Fig. 2d), with
the positive and negative values reaching 0.58°C and
—0.67°C in KOCR, respectively. Therefore, we speculate
that the SST differences between the HR and LR period
over KOCR arose from the increase in the SST horizontal res-
olution and are mainly dominated by mesoscale SST, while
the anomalies in the eastern North Pacific are at a large
scale and probably induced by the climate variabilities
between the HR and LR periods, such as the Pacific
Decadal Oscillation and global warming.

Compared to that of the LR period, the pattern of the
storm track during the HR period, measured by the meridi-
onal eddy heat flux (v'T’) at 850 hPa, shows a northward
strengthening. The differences of the storm track show an
enhancement over KOCR and extend northeast to the Aleut-
ian Islands (Fig. 3a), while it decreases over the northwest-
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ern North Pacific as well as the Gulf of Alaska. The max-
imum and minimum of the differences in the meridional
eddy heat flux are 1.16 m s~! K and —1.12 m s~! K, respect-
ively, while the maximum of the climatological mean storm
track (ENSO influence linearly removed) is 2.95 m s~! K,
nearly 30%—-40% of the maximum climatology. In addition,
the maximum and minimum of the AVE values (shaded)
over the North Pacific are 1.15 ms~! K and -1.12 m s7! K,
which are very close to those in Fig. 3a. However, the value
of the maximum STD is 0.93 m s~! K, which is comparable
to the AVE maximum. This result suggests a subtle influ-
ence of the increased SST resolution on the low-level storm
track.

The differences of other storm-track metrics, such as
the variance of meridional eddy wind (v'v’) and eddy kin-
etic energy [EKE=(u"> +v'?)/2], between the HR and LR peri-
ods were also investigated (Figs. 3c—f). The changes of v'v/
resemble the pattern of v'7” in Fig. 3a, but with a broader pos-
itive-anomaly band showing the storm track strengthening
across KOCR and in the downstream region. The pattern of
the differences barely changes in the AVE (Fig. 3d), indicat-
ing a robustness of the difference in the storm track between
the HR and LR periods. Although the pattern of EKE differ-
ences seems to differ little with that in Figs. 3a and c, it also
shows an enhancement near Japan and a positive anomaly
to the north of the climatology of EKE near the Gulf of
Alaska in the LR period. Besides, we examined the
response of the high-level storm track, which was meas-
ured by the variance of meridional eddy wind at 300 hPa
(not shown). It showed a similar pattern as that at 850 hPa,
indicating a deep and significant effect of SST anomalies in
the troposphere. These results agree with previous studies
revealed by Chen et al. (2019) and Tao et al. (2019). There-
fore, the response of the storm track can be independent
from the metrics. Particularly, it should be noted that the
method used to calculate the difference could not fully
remove the influence of decadal climate variability.

3.2. Local response

Masunaga et al. (2015) suggested that the mesoscale
SST anomalies could imprint on the MABL. Figure 4 shows
the mesoscale SST and surface heat flux differences
between the HR and LR periods. The turbulent heat flux
anomalies (Fig. 4c), defined as the sum of latent heat flux
and sensible heat flux, are in phase with the mesoscale SST
anomalies, with the pattern correlation coefficient reaching
0.89 over KOCR. Indeed, the changes of turbulent heat flux
are dominated by the latent heat flux, accounting for more
than 50% over KOCR (Fig. 4). This result suggests that
more (less) heat fluxes out of the ocean over the warm
(cold) mesoscale SST anomalies. Small et al. (2019a)
revealed that, in midlatitude ocean frontal zones, the variabil-
ity of surface heat fluxes is driven by small-scale SST on
monthly time scales. The ocean forcing of heat flux further
leads to the changes in the MABL thermal structure, represen-
ted by the in-phase variation of the meridional SST gradi-
ent and surface temperature gradient, with the pattern correla-



CLIMATOLOGY, NUMERICAL MODELS AND MODELING FOR ATMOSPHERIC SCIENCES VOLUME 37

(a) v'T’ DIFF (b) AVE&STD of DIFF
= L @ ‘
60N L 0.8 60N
0.4
0
40N oq 2N
-0.8
20N T T — 20N
150E 180 150W 120W
(c) v'v’ DIFF
60N 7 60N
40N 40N
20N 20N
60N 60N
40N 40N
20N T T S 20N 7 T =

150E 180 150W  120W 150E 180 150W 120w

Fig. 3. (a) Differences (colors; units: m s~! K) of the wintertime climatology of the storm track represented by the
meridional eddy heat flux (v'7”) at 850 hPa between the HR and LR periods; the contours represent the climatology
of the storm track during the LR period (CI = 0.5 m s~! K). (b) Average (colors; units: m s~! K) and STD (contours;
CI = 0.1 m s! K) of the differences between the HR and LRi periods. (c, d) As in (a, b) but for synoptic-scale
variance of meridional wind (v/v') at 850 hPa [colors; units: m? s2; CI = 2 m? s=2 in (c) and CI = 0.5 m? s~2 in (d)].
(e, ) As in (a, b) but for EKE at 850 hPa [colors; units: m? s72; CI = 1 m? s~2in (e) and CI = 0.3 m? s~2 in (f)].
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Fig. 4. Differences (colors) between the HR and LR periods for (a) sensible heat flux (units: W m=2), (b) latent heat
flux (units: W m~2), (c) turbulent heat flux (units: W m~2), and (d) meridional SST gradient [colors; units: °C (100
km)~!]. Contours represent mesoscale SST (CI = 0.2°C) in (a—c) and the meridional air temperature gradient [CI =
0.05°C (100 km)~'] in (d). For clarity, the zero contour is omitted in all plots.

tion coefficient reaching 0.88 (Fig. 4d). Changes can then described below.

be found in near-surface convergence/divergence, as Two mechanisms are usually applied to explain the
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local atmospheric response to frontal-scale or mesoscale
SST. One is the “pressure adjustment mechanism” (PAM;
Lindzen and Nigam, 1987), which suggests in-phase spatial
coherence among the sign-reversed SST Laplacian, the Lapla-
cian of SLP, and near-surface wind convergence. Minobe et
al. (2008) showed that the wind speed convergence is propor-
tional to the SLP Laplacian as follows:

&
—(ux +vy)po ~ gz—vzp, 3)

+ f?
where pg, u, v, P and f are the air density, zonal wind, meridi-
onal wind, SLP, and Coriolis parameters, respectively. ¢ is the
constant damping coefficient, and its value is 2.0 x 10~4 s~!
(Takatama et al., 2012; Piazza et al., 2016). Across KOCR,
the spatial pattern of the SLP Laplacian difference between
the HR and LR periods is close to that of the SST Lapla-
cian, with the pattern correlation coefficient reaching —0.62
(Fig. 5a). Meanwhile, there is a high resemblance between
the SLP Laplacian and wind convergence (correlation coeffi-
cient of 0.67; Fig. 5b). The significant correlation among
them indicates that the PAM is operative.

The other mechanism is vertical momentum mixing
(VMM; Wallace et al., 1989), which attributes the changes
of surface wind speed to atmospheric instability. The
strength can be measured by the linear relationship between
wind stress divergence and downwind SST gradients (Ma et
al., 2015a; Piazza et al., 2016). Figure 5c shows the differ-
ences of downwind SST gradients and wind stress diver-
gence. Here, the downwind SST gradient is calculated by
k-VSST = (V/|V])- VSST, where V is the 10-m wind vec-
tor and k the wind direction. As shown, the shape of the down-
wind SST gradient is very similar to the wind stress diver-
gence, with a correlation coefficient of 0.79, which demon-
strates the VMM. In fact, the relative contributions of the
two mechanisms has long been debated (Small et al., 2008).
Using a high-resolution atmospheric general circulation
model, Koseki and Watanabe (2010) suggested that these
two mechanisms make almost equal contributions in the Kur-
oshio Extension in January. In contrast, the results reported
by Chen et al. (2017) showed VMM to be dominant, occupy-
ing 60% in the winter Kuroshio Extension region. On the
other hand, considering the different atmospheric back-
ground wind direction, Schneider and Qiu (2015) and Bai et
al. (2019) indicated that the response to SST in the MABL
is quietly different, suggesting that the relative importance
of PAM and VMM should be studied under different wind
conditions.

The imprints on the MABL suggest that the improved
prescribed SST resolution does exert a significant influence
on the near-surface atmosphere. But how does the impact pen-
etrate into the free atmosphere and force the storm track in
the troposphere? Figure 6a plots the cross-section of ver-
tical motion and convergence at pressure levels along 42°N,
and Fig. 6¢ shows the profiles of the SLP Laplacian and meso-
scale SST at the same latitude. It is clear that an upward
(downward) motion is induced over the convergence (diver-
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Fig. 5. Differences (colors) between the HR and LR periods
for (a) the Laplacian of SST (units: 107 K m2), (b) near-
surface convergence (units: 107 s71), and (c) the downwind
SST gradient [units: 10-%°C (100 km)~!]. The contours
represent the Laplacian of SLP (CI =8 x 10~7 Pa m~2) in (a, b)
and wind stress divergence (CI = 0.1 N m=3) in (c). For clarity,
the zero contour is omitted in all plots.
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gence), forcing a secondary circulation above the oceanic
eddies. Moreover, the vertical velocity anomalies are not con-
fined within the MABL and could penetrate into the free
atmosphere (above 700 hPa). Also, Fig. 6a implies that the
VMM can be operative since the convergence and diver-
gence patches straddle the peaks of high-pass-filtered SST.

As a consequence, the vertical eddy fluxes strengthen
over KOCR (Fig. 6b). Cai et al. (2007) suggested that the ver-
tical eddy heat flux is closely related with the baroclinic con-
version (BC) between the eddy available potential energy
and EKE, which is expressed as follows:

BC=-C,(w'T", 4

where o is vertical velocity and C; = (Po/P)*"/»(R/g). R
and C, (C,) represent the gas constant for dry air and the spe-
cific heat capacity of dry air at constant pressure (volume),
respectively. Figure 6d shows the difference in BC at 850 hPa
between the HR and LR periods. The positive anomaly east
of Japan further indicates the strengthening of the storm
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Fig. 6. (a) Longitude—pressure section along 42°N of differences in vertical velocity (colors; positive upward; units:
10-2 Pa s7!) and convergence (CI = 5 x 107 s71) at pressure levels. The magenta and green lines denote the boundary
layer height during the HR and LR periods, respectively. (b) As in (a) but for differences in vertical eddy heat flux
(w'T’; colors; units: 102 Pa K s71), vertical eddy momentum flux (w’v'; gray contours; CI = 2 x 102 Pa m s72) and
vertical eddy specific humidity flux (w’q’; purple contours; CI = 4 x 1076 Pa s~! kg kg™1). (¢) The black and red lines
denote the mesoscale SST anomalies (unit: °C) and Laplacian SLP (units: 10~7 Pa m2) along 42°N, respectively. (d)
Differences in the baroclinic energy conversion of the eddy available potential energy to EKE (colors; units: W m=2)
and the storm track measured by EKE (CI = 0.5 m? s~1) at 850 hPa between the HR and LR periods. For clarity, the

zero contour is omitted in (a, d).

track during the HR period. Besides, the enhancement of ver-
tical eddy specific humidity flux over KOCR, which is associ-
ated with latent heat fluxes, can also significantly wetten the
atmosphere. As shown in Ma et al. (2017), the moist atmo-
sphere could reduce the static stability and strengthen the
baroclinicity in the atmosphere, ultimately leading to the
enhanced storm track.

3.3. Response of the storm track in model results

Due to the method for calculating the differences in the
storm track, changes may be induced by both the influence
of the increase in SST resolution and/or the long-term cli-
mate variability between the HR and LR periods, most
likely on the decadal time scale. As shown in Fig. 2, increas-
ing the SST resolution results in the differences dominating
at the meso scale over KOCR. To investigate the role of meso-
scale SST in the storm track and to exclude the effects of
the climate variability on the decadal time scale, we conduc-
ted two experiments using a high-resolution model, CAM4.
One was forced by the eddy-resolving prescribed SST and
the other by the smoothed SST, denoted as CTRL and
MSER, respectively. The potential differences between the

two simulations suggest the influence of mesoscale SST
without the long-term climate variability. However, these
mesoscale SSTs may be induced by oceanic eddies and
fronts. To determine the components of these mesoscale
SSTs, the meridional SST gradient was then calculated to rep-
resent the oceanic fronts. The climatological mean SST gradi-
ent magnitudes for the two simulations were averaged
within KOCR to provide a single representative value. The
magnitude of the oceanic front decreased only 4% in MSFR
compared to that in CTRL. We suspect that the mesoscale
structure of the differences in the SST in our case may be
mainly induced by the oceanic eddies, rather than the SST
front. The influence of SST fronts is beyond the scope of
this paper, but is worthy of further investigation in the
future.

Therefore, the response of the storm track to mesoscale
SST was examined. Similarly, the influence of ENSO on
the storm track was removed. Here, the ENSO signal is
defined by the first principal component of monthly SST
anomalies in the tropical Pacific between 12.5°N and
12.5°S. Figure 7e shows the differences of winter mean SST
in CTRL and MSFR. Across KOCR, the mesoscale SST
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anomalies dominate, which agrees with the situation during
the HR period in ERA-Interim (Fig. 2c). The differences of
meridional eddy heat flux between CTRL and MSFR show
that the storm track is significantly enhanced across KOCR
(Fig. 7f). Moreover, the positive anomalies extend north-
east from KOCR to the Gulf of Alaska, while the negative
anomalies occur over the eastern and northwestern North
Pacific, which shows a similar pattern to the differences in
Figs. 3a and c. These results further indicate that the differ-
ences in the storm track between the HR and LR periods
can be induced by the increase in the prescribed SST resolu-
tion in ERA-Interim. However, it should be noted that the spe-
cific location and value of the response are not closely consist-
ent with the observation. This may be explained by the fact
that the climatology of the storm track in the model is not
identical to that in the observation. Also, the shorter period
of model results may be another contributory factor for the
inconsistency.

To quantify the magnitude of the changes in storm
track, a metric following Small et al. (2014) is introduced,
M = max|Spr — S rl/max(S;r)x 100 (unit: %), which is
expressed as the percentage of the maximum absolute differ-
ence between the HR and LR periods to the maximum value
of the storm track during the LR period. The S and () stand
for the variables representing the storm track and the tem-
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poral mean during winter. The M is calculated over the
domain of the North Pacific (30°-60°N, 140°-240°E). The
M value of the meridional eddy heat flux and the variance
of the synoptic-scale meridional wind is 39% and 32%,
respectively. Then, we calculated the value of M for CAM4,
which was roughly 42% of the maximum value in MSFR.

4. Conclusion and discussion

This study investigated the artificial changes of storm
track induced by the increase in the SST resolution in the
ERA-Interim dataset over the North Pacific. Along with the
signals of resolved mesoscale oceanic eddies and fronts, the
storm track strengthens northward across KOCR during the
HR period. The positive anomalies of meridional eddy heat
flux or meridional momentum flux extend from east of
Japan to the northeastern North Pacific. The differences of
storm track between the HR and LR periods reach more
than 30%—-40% of the maximum values during the LR
period after removing the influence of ENSO. In addition, a
set of experiments using a high-resolution atmospheric
model were used to further examine whether the changes of
the North Pacific storm track can be due to the resolved meso-
scale SST. The results also indicated that the changes in
SST horizontal resolution possibly affect the long-term variab-
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Fig. 7. (a) Winter mean SST (unit: °C) in CTRL. (¢) Winter mean SST (units: °C) in MSFR. (e) Differences (colors)
of SST between CTRL and MSFR, with the winter mean of SST in MSFR overlaid. (b, d, f) As in (a, c, e) but for the
storm track represented by the transient eddy heat flux at 850 hPa (units: m s~! K). Statistically significant
differences at the 95% confidence level according to the bootstrapping test are stippled.



1264

ility amplitude of the storm track. Therefore, the artificial
influence induced by the changes in SST resolution should
be considered when analyzing the long-term variability
using the ERA-Interim dataset.

The mechanism by which the mesoscale SST impacts
the storm track can be summarized as follows. The meso-
scale imprints were first found in the turbulent heat flux
with more (less) heat fluxed out of the ocean over the warm
(cold) SST. That will further change the thermal structure in
the MABL, and lead to anomalous convergence/divergence
at the surface, forcing a secondary circulation above the meso-
scale SST anomalies over KOCR. The PAM and VMM are
both operative to the response of near-surface convergence.
However, our results from reanalysis data could not fully sep-
arate the respective contributions of the PAM and VMM.
The impact can penetrate into the free atmosphere, enhance
the vertical eddy heat, momentum and specific humidity
fluxes, and finally strengthen the storm track intensity in the
free atmosphere both locally and remotely.

Note also there is a large-scale positive anomaly of SST
in the subtropical North Pacific. Wang et al. (2017) showed
that when there is a North Pacific Gyre Oscillation-like posit-
ive SST anomaly in the subtropical North Pacific, the intens-
ity of the subarctic frontal zone (SAFZ) gets stronger. This
stronger SAFZ tends to lead a northward shift of the baro-
clinic zone and westerly jet, which also indicates the north-
ward strengthening of the storm track. Recently, studies
have also revealed that an intensified subtropical frontal
zone (STFZ) would lead to stronger transient eddy activity
(Wang et al., 2017, 2019; Chen et al., 2019; Wen et al.,,
2020). The impact of the STFZ on the intensity of the storm
track seems comparable with that to the SAFZ (Yao et al.,
2016; Wang et al., 2019). Hence, the relative contribution of
the STFZ to the storm track should also be studied in the
future. Indeed, based on our model experiments, we have con-
firmed that only the mesoscale SST anomalies can lead to a
similar pattern of changes in the storm track, which indic-
ates that the influences of large-scale SST anomalies may
not be as important as the mesoscale SST in this case.
Besides, the numerical experiments of Sun et al. (2018) also
illustrated that oceanic stochastic forcing due to small-scale
SST variability is crucial to the atmospheric circulation
above, which can organize well the atmospheric transient
eddies and improve the simulated storm track.

In addition, the differences shown in the model experi-
ments might be due to internal climate variability. Further-
more, the atmosphere is highly chaotic and variable in the
midlatitudes, and our limited samples may not be sufficient
to capture the internal climate variability. However, previ-
ous studies have highlighted oceanic mesoscale structures
other than internal climate variability that result in changes
of the storm track. Ma et al. (2017) conducted twin
ensemble simulations using a regional model, each of which
contained 10 members. Their results also showed a similar
result to ours. They found a significant weakening of the
storm track across KOCR after removing the mesoscale
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SST, indicating a robust influence of mesoscale SST on the
atmosphere rather than the climate variability (see their Fig.
5a). In addition, more ensemble simulations using an atmo-
spheric model coupled with a slab-ocean model indicated
the ocean mesoscale feedback to the enhancement of the
storm track (Jia et al., 2019). Small et al. (2019b) also demon-
strated the important role of ocean mesoscale structures on
the extratropical storm track using a global coupled model.
Based on these valuable works, we focused mainly on the
impact of mesoscale SST. Nevertheless, we are planning to
investigate the effect of model internal variability in our
future work.

Overall, our analysis and experiments, to some extent,
show evidence and an indication that the changes in storm
track can be due to the resolved mesoscale SST. However,
more experiments are needed to prove that part of the
changes in the period mean pattern and the climate variabil-
ity in the ERA-Interim dataset between LR and HR can be
attributed to the resolved ocean mesoscale eddies.

Acknowledgements. This study was supported by National
Key R&D Program for Developing Basic Sciences
(2018YFA0605703, 2016 YFC1401401), the National Natural Sci-
ence Foundation of China (Grant Nos. 41490642, 41776030,
41806034, 4160501) and the research project of the National Uni-
versity of Defense Technology (ZK20-45 and ZK17-02-010). HL
and PL acknowledge the technical support from the National Key
Scientific and Technological Infrastructure project “Earth System
Science Numerical Simulator Facility ” (EarthLab). The ERA-
Interim data were obtained from the ECMWEF at http://apps.ecmwf.
int/datasets/data/interim-full-daily/.

REFERENCES

Bai, H. K., H. B. Hu, X. Q. Yang, X. J. Ren, H. M. Xu, and G. Q.
Liu, 2019: Modeled MABL responses to the winter Kur-
oshio SST front in the East China Sea and Yellow Sea. J. Geo-
phys. Res., 124, 6069-6092, https://doi.org/10.1029/2018
JD029570.

Bishop, S. P., R. J. Small, F. O. Bryan, and R. A. Tomas, 2017:
Scale dependence of midlatitude air—sea interaction. J. Cli-
mate, 30, 8207-8221, https://doi.org/10.1175/JCLI-D-17-
0159.1.

Cai, M., S. Yang, H. M. van den Dool, and V. E. Kousky, 2007:
Dynamical implications of the orientation of atmospheric
eddies: A local energetics perspective. Tellus A, 59,
127-140, https://doi.org/10.1111/.1600-0870.2006.00213.x.

Chang, E. K. M., and A. M. W. Yau, 2016: Northern Hemi-
sphere winter storm track trends since 1959 derived from mul-
tiple reanalysis datasets. Climate Dyn., 47, 1435-1454,
https://doi.org/10.1007/s00382-015-2911-8.

Chelton, D. B., M. G. Schlax, and R. M. Samelson, 2011: Global
observations of nonlinear mesoscale eddies. Progress in
Oceanography, 91, 167-216, https://doi.org/10.1016/].
pocean.2011.01.002.

Chen, L. J., Y. L. Jia, and Q. Y. Liu, 2017: Oceanic eddy-driven
atmospheric secondary circulation in the winter Kuroshio
Extension region. Journal of Oceanography, 73, 295-307,
https://doi.org/10.1007/s10872-016-0403-z.


http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://apps.ecmwf.int/datasets/data/interim-full-daily/
https://doi.org/10.1029/2018JD029570
https://doi.org/10.1029/2018JD029570
https://doi.org/10.1175/JCLI-D-17-0159.1
https://doi.org/10.1175/JCLI-D-17-0159.1
https://doi.org/10.1111/j.1600-0870.2006.00213.x
https://doi.org/10.1007/s00382-015-2911-8
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1007/s10872-016-0403-z
http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://apps.ecmwf.int/datasets/data/interim-full-daily/
https://doi.org/10.1029/2018JD029570
https://doi.org/10.1029/2018JD029570
https://doi.org/10.1175/JCLI-D-17-0159.1
https://doi.org/10.1175/JCLI-D-17-0159.1
https://doi.org/10.1111/j.1600-0870.2006.00213.x
https://doi.org/10.1007/s00382-015-2911-8
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1007/s10872-016-0403-z

NOVEMBER 2020

Chen, Q. Y., H. B. Hu, X. J. Ren, and X. Q. Yang, 2019: Numer-
ical simulation of midlatitude upper-level zonal wind
response to the change of North Pacific subtropical front
strength. J. Geophys. Res., 124, 4891-4912, https://doi.org/
10.1029/2018JD029589.

Czaja, A., and C. Frankignoul, 2002: Observed impact of Atlantic
SST anomalies on the North Atlantic Oscillation. J. Climate,
15, 606-623, https://doi.org/10.1175/1520-0442(2002)015
<0606:0I0ASA>2.0.CO;2.

Dee, D. P., and Coauthors, 2011: The ERA-interim reanalysis: Con-
figuration and performance of the data assimilation system.
Quart. J. Roy. Meteor. Soc., 137, 553-597, https://doi.org/
10.1002/q;.828.

Duchon, C. E., 1979: Lanczos filtering in one and two dimen-
sions. J. Appl. Meteorol.,18,1016-1022, https://doi.org/10.11
75/1520-0450(1979)018<1016:LFIOAT>2.0.CO;2.

ECMWEF, 2019: Part II: Data Assimilation. IFS Documentation
CY46R1, ECMWF.

Ferreira, D., and C. Frankignoul, 2005: The transient atmo-
spheric response to midlatitude SST anomalies. J. Climate,
18, 1049-1067, https://doi.org/10.1175/JCLI-3313.1.

Frankignoul, C., N. Sennéchael, Y.-O. Kwon, and M. A. Alexan-
der, 2011: Influence of the meridional shifts of the Kur-
oshio and the Oyashio Extensions on the atmospheric circula-
tion. J. Climate, 24, 762-777, https://doi.org/10.1175/2010
JCLI3731.1.

Gan, B. L., and L. X. Wu, 2013: Seasonal and long-term coup-
ling between wintertime storm tracks and sea surface temperat-
ure in the North Pacific. J. Climate, 26, 6123-6136,
https://doi.org/10.1175/JCLI-D-12-00724.1.

Hoskins, B. J., and K. I. Hodges, 2002: New perspectives on the
northern hemisphere winter storm tracks. J. Atmos. Sci., 59,
1041-1061,  https://doi.org/10.1175/1520-0469(2002)059
<1041:NPOTNH>2.0.CO;2.

Jia, Y. L., P. Chang, 1. Szunyogh, R. Saravanan, and J. T.
Bacmeister, 2019: A modeling strategy for the investigation
of the effect of mesoscale SST variability on atmospheric
dynamics.  Geophys. Res. Lett., 46, 3982-3989,
https://doi.org/10.1029/2019GL081960.

Koseki, S., and M. Watanabe, 2010: Atmospheric boundary layer
response to mesoscale SST anomalies in the Kuroshio Exten-
sion. J. Climate, 23,2492-2507, https://doi.org/10.1175/2009
JCLI2915.1.

Kuwano-Yoshida, A., and S. Minobe, 2017: Storm-track respon-
se to SST fronts in the Northwestern Pacific region in an
AGCM. J. Climate, 30, 1081-1102, https://doi.org/10.11
75/JCLI-D-16-0331.1.

Lee, R. W., T. J. Woollings, B. J. Hoskins, K. D. Williams, C. H.
O’Reilly, and G. Masato, 2018: Impact of Gulf Stream SST
biases on the global atmospheric circulation. Climate Dyn.,
51, 3369-3387, https://doi.org/10.1007/s00382-018-4083-9.

Lin, P. F., H. L. Liu, J. Ma, and Y. W. Li, 2019: Ocean meso-
scale structure—induced air—sea interaction in a high-resolu-
tion coupled model. Afmos. Ocean. Sci. Lett., 12, 98-106,
https://doi.org/10.1080/16742834.2019.1569454.

Lindzen, R. S., and S. Nigam, 1987: On the role of sea surface tem-
perature gradients in forcing low-level winds and conver-
gence in the tropics. J. Ammos. Sci., 44, 2418-2436,
https://doi.org/10.1175/1520-0469(1987)044<2418:0OTROSS>
2.0.CO;2.

Ma,J., H. M. Xu, C. M. Dong, P. F. Lin, and Y. Liu, 2015a: Atmo-
spheric responses to oceanic eddies in the Kuroshio Exten-

ZHANG ET AL.

1265

sionregion. J. Geophys. Res., 120, 6313—-6330, https://doi.org/
10.1002/2014JD022930.

Ma, X. H., and Coauthors, 2015b: Distant influence of Kuroshio
Eddies on North Pacific weather patterns? Sci. Rep., S,
17785, https://doi.org/10.1038/srep17785.

Ma, X. H., and Coauthors, 2017: Importance of resolving Kur-
oshio front and eddy influence in simulating the North
Pacific storm track. J. Climate, 30, 1861-1880,
https://doi.org/10.1175/JCLI-D-16-0154.1.

Masunaga, R., H. Nakamura, T. Miyasaka, K. Nishii, and Y. Tan-
imoto, 2015: Separation of climatological imprints of the Kur-
oshio Extension and Oyashio fronts on the wintertime atmo-
spheric boundary layer: Their sensitivity to SST resolution pre-
scribed for atmospheric reanalysis. J. Climate, 28,
1764-1787, https://doi.org/10.1175/JCLI-D-14-00314.1.

Masunaga, R., H. Nakamura, T. Miyasaka, K. Nishii, and B. Qiu,
2016: Interannual modulations of oceanic imprints on the win-
tertime atmospheric boundary layer under the changing
dynamical regimes of the Kuroshio Extension. J. Climate,
29, 3273-3296, https://doi.org/10.1175/JCLI-D-15-0545.1.

Minobe, S., A. Kuwano-Yoshida, N. Komori, S.-P. Xie, and R. J.
Small, 2008: Influence of the Gulf Stream on the tropo-
sphere. Nature, 452, 206—209, https://doi.org/10.1038/nature
06690.

Nakamura, H., T. Izumi, and T. Sampe, 2002: Interannual and
decadal modulations recently observed in the Pacific storm
track activity and East Asian winter monsoon. J. Climate,
15, 1855-1874, https://doi.org/10.1175/1520-0442(2002)
015<1855:JADMRO0O>2.0.CO;2.

Nakamura, H., T. Sampe, A. Goto, W. Ohfuchi, and S.-P. Xie,
2008: On the importance of midlatitude oceanic frontal
zones for the mean state and dominant variability in the tropo-
spheric circulation. Geophys. Res. Lett., 35, L15709,
https://doi.org/10.1029/2008 GL034010.

Neale, R. B., J. Richter, S. Park, P. H. Lauritzen, S. J. Vavrus, P.
J. Rasch, and M. H. Zhang, 2013: The mean climate of the
community atmosphere model (CAM4) in forced SST and
fully coupled experiments. J. Climate, 26, 5150-5168,
https://doi.org/10.1175/JCLI-D-12-00236.1.

O'Reilly, C. H., and A. Czaja, 2015: The response of the Pacific
storm track and atmospheric circulation to Kuroshio Exten-
sion variability. Quart. J. Roy. Meteor. Soc., 141, 5266,
https://doi.org/10.1002/qj.2334.

Parfitt, R., A. Czaja, and Y.-O. Kwon, 2017: The impact of SST
resolution change in the ERA-Interim reanalysis on winter-
time Gulf Stream frontal air—sea interaction. Geophys. Res.
Lett., 44, 3246-3254, https://doi.org/10.1002/2017GL0O73
028.

Piazza, M., L. Terray, J. Boé, E. Maisonnave, and E. Sanchez-
Gomez, 2016: Influence of small-scale North Atlantic sea sur-
face temperature patterns on the marine boundary layer and
free troposphere: A study using the atmospheric ARPEGE
model. Climate Dyn.,46,1699-1717, https://doi.org/10.1007/
$00382-015-2669-z.

Qiu, B., S. M. Chen, N. Schneider, and B. Taguchi, 2014: A
coupled decadal prediction of the dynamic state of the Kur-
oshio Extension System. J. Climate, 27, 1751-1764,
https://doi.org/10.1175/JCLI-D-13-00318.1.

Révelard, A., C. Frankignoul, N. Sennéchael, Y.-O. Kwon, and
B. Qiu, 2016: Influence of the decadal variability of the Kur-
oshio Extension on the atmospheric circulation in the cold sea-
son. J. Climate, 29, 2123-2144, https://doi.org/10.1175/


https://doi.org/10.1029/2018JD029589
https://doi.org/10.1029/2018JD029589
https://doi.org/10.1175/1520-0442(2002)015%3C0606:OIOASA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C0606:OIOASA%3E2.0.CO;2
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.1175/JCLI-3313.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/JCLI-D-12-00724.1
https://doi.org/10.1175/1520-0469(2002)059%3C1041:NPOTNH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059%3C1041:NPOTNH%3E2.0.CO;2
https://doi.org/10.1029/2019GL081960
https://doi.org/10.1175/2009JCLI2915.1
https://doi.org/10.1175/2009JCLI2915.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1007/s00382-018-4083-9
https://doi.org/10.1080/16742834.2019.1569454
https://doi.org/10.1175/1520-0469(1987)044%3C2418:OTROSS%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C2418:OTROSS%3E2.0.CO;2
https://doi.org/10.1002/2014JD022930
https://doi.org/10.1002/2014JD022930
https://doi.org/10.1038/srep17785
https://doi.org/10.1175/JCLI-D-16-0154.1
https://doi.org/10.1175/JCLI-D-14-00314.1
https://doi.org/10.1175/JCLI-D-15-0545.1
https://doi.org/10.1038/nature06690
https://doi.org/10.1038/nature06690
https://doi.org/10.1175/1520-0442(2002)015%3C1855:IADMRO%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C1855:IADMRO%3E2.0.CO;2
https://doi.org/10.1029/2008GL034010
https://doi.org/10.1175/JCLI-D-12-00236.1
https://doi.org/10.1002/qj.2334
https://doi.org/10.1002/2017GL073028
https://doi.org/10.1002/2017GL073028
https://doi.org/10.1007/s00382-015-2669-z
https://doi.org/10.1007/s00382-015-2669-z
https://doi.org/10.1175/JCLI-D-13-00318.1
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1029/2018JD029589
https://doi.org/10.1029/2018JD029589
https://doi.org/10.1175/1520-0442(2002)015%3C0606:OIOASA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C0606:OIOASA%3E2.0.CO;2
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1979)018%3C1016:LFIOAT%3E2.0.CO;2
https://doi.org/10.1175/JCLI-3313.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/JCLI-D-12-00724.1
https://doi.org/10.1175/1520-0469(2002)059%3C1041:NPOTNH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059%3C1041:NPOTNH%3E2.0.CO;2
https://doi.org/10.1029/2019GL081960
https://doi.org/10.1175/2009JCLI2915.1
https://doi.org/10.1175/2009JCLI2915.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1007/s00382-018-4083-9
https://doi.org/10.1080/16742834.2019.1569454
https://doi.org/10.1175/1520-0469(1987)044%3C2418:OTROSS%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C2418:OTROSS%3E2.0.CO;2
https://doi.org/10.1002/2014JD022930
https://doi.org/10.1002/2014JD022930
https://doi.org/10.1038/srep17785
https://doi.org/10.1175/JCLI-D-16-0154.1
https://doi.org/10.1175/JCLI-D-14-00314.1
https://doi.org/10.1175/JCLI-D-15-0545.1
https://doi.org/10.1038/nature06690
https://doi.org/10.1038/nature06690
https://doi.org/10.1175/1520-0442(2002)015%3C1855:IADMRO%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C1855:IADMRO%3E2.0.CO;2
https://doi.org/10.1029/2008GL034010
https://doi.org/10.1175/JCLI-D-12-00236.1
https://doi.org/10.1002/qj.2334
https://doi.org/10.1002/2017GL073028
https://doi.org/10.1002/2017GL073028
https://doi.org/10.1007/s00382-015-2669-z
https://doi.org/10.1007/s00382-015-2669-z
https://doi.org/10.1175/JCLI-D-13-00318.1
https://doi.org/10.1175/JCLI-D-15-0511.1

1266

JCLI-D-15-0511.1.

Schneider, N., and B. Qiu, 2015: The atmospheric response to
weak sea surface temperature fronts. J. Atmos. Sci., 72,
3356-3377, https://doi.org/10.1175/JAS-D-14-0212.1.

Small, R. J., and Coauthors, 2008: Air—sea interaction over ocean
fronts and eddies. Dynamics of Atmospheres and Oceans,
45, 274-319, https://doi.org/10.1016/j.dynatmoce.2008.
01.001.

Small, R. J., R. A. Tomas, and F. O. Bryan, 2014: Storm track
response to ocean fronts in a global high-resolution climate
model. Climate Dyn., 43, 805-828, https://doi.org/10.1007/
s00382-013-1980-9.

Small, R. J., F. O. Bryan, S. P. Bishop, and R. A. Tomas, 2019a:
Air—sea turbulent heat fluxes in climate models and observa-
tional analyses: What drives their variability? J. Climate, 32,
2397-2421, https://doi.org/10.1175/JCLI-D-18-0576.1.

Small, R. J., R. Msadek, Y.-O. Kwon, J. F. Booth, and C. Zar-
zycki, 2019b: Atmosphere surface storm track response to
resolved ocean mesoscale in two sets of global climate
model experiments. Climate Dyn., 52, 2067-2089,
https://doi.org/10.1007/s00382-018-4237-9.

Sun, X. G., L. F. Tao, and X.-Q. Yang, 2018: The influence of
oceanic stochastic forcing on the atmospheric response to mid-
latitude North Pacific SST anomalies. Geophys. Res. Lett.,
45, 9297-9304, https://doi.org/10.1029/2018GL0O78860.

Taguchi, B., H. Nakamura, M. Nonaka, and S.-P. Xie, 2009: Influ-
ences of the Kuroshio/Oyashio Extensions on air—sea heat
exchanges and storm-track activity as revealed in regional
atmospheric model simulations for the 2003/04 cold season.
J. Climate, 22, 6536—6560, https://doi.org/10.1175/2009JCLI
2910.1.

Takatama, K., S. Minobe, M. Inatsu, and R. J. Small, 2012: Dia-
gnostics for near-surface wind convergence/divergence re-
sponse to the Gulf Stream in a regional atmospheric model.
Atmospheric Science Letters, 13, 16-21, https://doi.org/
10.1002/as1.355.

Tao, L. F., X. G. Sun, and X.-Q. Yang, 2019: The asymmetric
atmospheric response to the midlatitude North Pacific SST
anomalies. J. Geophys. Res., 124, 9222-9240, https://doi.org/
10.1029/2019JD030500.

Wallace, J. M., T. P. Mitchell, and C. Deser, 1989: The influence

CLIMATOLOGY, NUMERICAL MODELS AND MODELING FOR ATMOSPHERIC SCIENCES

VOLUME 37

of sea-surface temperature on surface wind in the eastern
equatorial pacific: Seasonal and interannual variability. J. Cli-
mate, 2, 1492-1499, https://doi.org/10.1175/1520-0442
(1989)002<1492:TIOSST>2.0.CO:;2.

Wang, L. Y., X.-Q. Yang, D. J. Yang, Q. Xie, J. B. Fang, and X.
G. Sun, 2017: Two typical modes in the variabilities of winter-
time North Pacific basin-scale oceanic fronts and associated
atmospheric eddy-driven jet. Atmospheric Science Letters,
18, 373-380, https://doi.org/10.1002/as1.766.

Wang, L. Y., H. B. Hu, and X. Q. Yang, 2019: The atmospheric
responses to the intensity variability of subtropical front in
the wintertime North Pacific. Climate Dyn., 52, 5623-5639,
https://doi.org/10.1007/s00382-018-4468-9.

Wen, Z. B., H. B. Hu, Z. Y. Song, H. K. Bai, and Z. Y. Wang,
2020: Different influences of mesoscale oceanic eddies on
the North Pacific subsurface low potential vorticity water
mass between winter and summer. J. Geophys. Res., 125,
€2019JC015333, https://doi.org/10.1029/2019JC015333.

Wills, S. M., and D. W. J. Thompson, 2018: On the observed rela-
tionships between wintertime variability in Kuroshio—
Oyashio Extension Sea surface temperatures and the atmo-
spheric circulation over the North Pacific. J. Climate, 31,
4669-4681, https://doi.org/10.1175/JCLI-D-17-0343.1.

Woollings, T., B. Hoskins, M. Blackburn, D. Hassell, and K.
Hodges, 2010: Storm track sensitivity to sea surface temperat-
ure resolution in a regional atmosphere model. Climate
Dyn., 35, 341-353, https://doi.org/10.1007/s00382-009-
0554-3.

Yao, Y., Z. Zhong, and X.-Q. Yang, 2016: Numerical experi-
ments of the storm track sensitivity to oceanic frontal
strength within the Kuroshio/Oyashio Extensions. J Geo-
phys. Res., 121, 2888-2900.

Yao, Y., Z. Zhong, and X.-Q. Yang, 2018: Impacts of the subarc-
tic frontal zone on the North Pacific storm track in the cold
season: An observational study. International Journal of Cli-
matology, 38, 2554-2564, https://doi.org/10.1002/joc.5429.

Zhang, C., H. L. Liu, C. Y. Li, and P. F. Lin, 2019: Impacts of
mesoscale sea surface temperature anomalies on the meridi-
onal shift of North Pacific storm track. International Journal
of Climatology, 39, 5124-5139, https://doi.org/10.1002/
joc.6130.


https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JAS-D-14-0212.1
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.1007/s00382-018-4237-9
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1002/asl.355
https://doi.org/10.1002/asl.355
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1002/asl.766
https://doi.org/10.1007/s00382-018-4468-9
https://doi.org/10.1029/2019JC015333
https://doi.org/10.1175/JCLI-D-17-0343.1
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1002/joc.5429
https://doi.org/10.1002/joc.6130
https://doi.org/10.1002/joc.6130
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JAS-D-14-0212.1
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.1007/s00382-018-4237-9
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1002/asl.355
https://doi.org/10.1002/asl.355
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1002/asl.766
https://doi.org/10.1007/s00382-018-4468-9
https://doi.org/10.1029/2019JC015333
https://doi.org/10.1175/JCLI-D-17-0343.1
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1002/joc.5429
https://doi.org/10.1002/joc.6130
https://doi.org/10.1002/joc.6130
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JAS-D-14-0212.1
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.1007/s00382-018-4237-9
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1002/asl.355
https://doi.org/10.1002/asl.355
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1002/asl.766
https://doi.org/10.1007/s00382-018-4468-9
https://doi.org/10.1029/2019JC015333
https://doi.org/10.1175/JCLI-D-17-0343.1
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1002/joc.5429
https://doi.org/10.1002/joc.6130
https://doi.org/10.1002/joc.6130
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JAS-D-14-0212.1
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.1007/s00382-018-4237-9
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1002/asl.355
https://doi.org/10.1002/asl.355
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1002/asl.766
https://doi.org/10.1007/s00382-018-4468-9
https://doi.org/10.1029/2019JC015333
https://doi.org/10.1175/JCLI-D-17-0343.1
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1007/s00382-009-0554-3
https://doi.org/10.1002/joc.5429
https://doi.org/10.1002/joc.6130
https://doi.org/10.1002/joc.6130

