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Abstract  The response of atmospheric circulation to sea surface temperature anomaly (SSTA) of different scales in extra-
tropical oceans has always been a popular issue in air-sea interactions, especially regarding the influence of widely active, small-
scale ocean eddies on the atmosphere. Based on the regional climate model RegCM4.6, three sets of ensemble experiments with
different initial values were designed, and the response of atmospheric circulation and possible mechanisms to Kuroshio
Extension Decadal Variability SSTA with different scales (KEDV-induced SSTA) during winter were discussed. The response of
atmospheric circulation to the KEDV-induced mesoscale SSTA presents a broadly tripolar pattern, while the response to the
KEDV-induced large-scale SSTA presents a baroclinic structure in the central Pacific and a dipole-type response with a
barotropic structure in the eastern Pacific. Further diagnostic analysis shows that under the influence of mesoscale SSTA,
transient eddy activity is strengthened, and feedback of transient eddy plays a major role in the large-scale circulation anomaly in
the central-eastern Pacific. The associated barotropic energy conversion also plays an important role in maintaining the large-
scale circulation anomaly in the northwestern Pacific Ocean. Under the influence of large-scale SSTA, diabatic heating is

stronger, and the feedback of diabatic heating plays a major role in the large-scale circulation anomaly.
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1. Introduction

For a long time, the response of the atmosphere to the ex-
tratropical sea surface temperature anomaly (SSTA) has been
considered insignificant, and the forcing of the atmosphere
on the ocean is predominant in extratropical regions (Fran-
kignoul et al., 1997; Alexander et al., 2002). However, the
results of numerical simulation and observation data in re-
cent years show that the SSTA in extratropical regions can
also significantly affect the atmosphere on the interdecadal
time scale (Peng and Whitaker, 1999; Liu et al., 2006; Fang
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and Yang, 2016; Révelard et al., 2018), especially because
different scales of SSTA can force an atmospheric response
(Ma et al., 2015, 2017; Zhang et al., 2020). The Kuroshio
Extension (KE) is the most active area of air-sea interaction
in the North Pacific Ocean, and the KE jet has interdecadal
variability from a stable state to an unstable state (Qiu and
Chen, 2005; Taguchi et al., 2007; Qiu et al., 2014). At the
same time, SSTA of different scales coexist in this sea area.
The atmosphere has a significant response to KE inter-
decadal variability-induced SSTA (KEDV-IS). The ob-
servation results show that the North Pacific storm track will
move along with the interdecadal variability of the KE, and
its intensity will also change (Joyce et al., 2009; O’Reilly and
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Czaja, 2015). This change is directly related to the bar-
oclinicity of the lower atmosphere, and strong baroclinicity
is often associated with an anchored storm track near the
ocean front (Sampe et al., 2010; Yao et al., 2016). The re-
sponse of large-scale circulation to KEDV-IS shows a wide
range of tripolar pattern responses, similar to NPO/WP
(North Pacific oscillation/West Pacific teleconnection) (Ré-
velard et al., 2016), in which the nonlinear feedback of
transient eddies plays an important role. Whether the nu-
merical model can correctly reproduce the barotropic struc-
tural response of the atmosphere to SSTA in the extratropical
region depends on whether the model can better simulate the
response of synoptic transient eddy anomalies, which is di-
rectly related to the baroclinicity in the lower atmosphere.
The basin-scale ocean front in KEDV-IS is the key to in-
fluencing the baroclinicity in the lower atmosphere, which
can anchor the storm track significantly near the ocean front
(Nakamura et al., 2004; Minobe et al., 2008; Taguchi et al.,
2012). In addition, it is also noted that KEDV-IS are ac-
companied not only by large-scale SSTA (KEDV-L and
KEDV induced large-scale SSTA) but also by abundant
mesoscale SSTA (KEDV-M and KEDV induced mesoscale
SSTA) (Qiu and Chen, 2005; Cheng et al., 2014; Liu et al.,
2020), where the most active mesoscale ocean eddies exist in
the North Pacific Ocean. Mesoscale SSTA can influence the
atmospheric boundary layer by influencing SST. Satellite
observation data and sea surface wind field data show that
the wind speed on the warm mesoscale SSTA increases and
that on the surface of the cold mesoscale SSTA decreases,
which is explained by the “vertical mixing mechanism”
(Wallace et al., 1989). It can also be observed that there is
strong convergence of the wind field on the surface of the
warm mesoscale SSTA and divergence of the wind field on
the surface of the cold mesoscale SSTA. Therefore, there is
also an explanation of the “air pressure adjustment me-
chanism” (Lindzen and Nigam, 1987). In addition, the
mesoscale SSTA can enhance the water vapor content in the
atmosphere and can influence the upper atmosphere
through latent heat release. Mesoscale SSTA can also have
an obvious influence on storm tracks and large-scale cir-
culation (Foussard et al., 2018). Using numerical models
with different resolutions, it is found that the high-resolu-
tion numerical model can better reflect the mesoscale
SSTA, thus enhancing the storm track and large-scale cir-
culation response (Ma et al., 2015, 2017; Zhang et al.,
2020). Mesoscale oceanic stochastic forcing can improve
the simulated atmospheric response by generating more
organized atmospheric transient eddies (Sun et al., 2018).
Mesoscale SSTA can have a significant influence on
weather and climate. In the past, attention has been given to
the influence of KEDV-IS on large-scale atmospheric cir-
culation, but the effect of different-scale SSTA of the KE on
atmospheric circulation, especially the widely active me-
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soscale SSTA, is not understood. Therefore, its influence on
the interdecadal atmospheric circulation anomaly urgently
needs to be revealed.

2. Data, method, and numerical experiment

2.1 Data

(1) The SST data used in this paper come from the monthly
mean optimal interpolation dataset provided by the National
Oceanic and Atmospheric Administration (NOAA), with a
resolution of 0.25°%0.25°. The time period is from 1993 to
2012.

(2) Sea surface height anomaly (SSHA) provided by the
AVISO (Archiving Validation and Interpretation of Satellite
Oceanographic) Center in France is used to calculate the
monthly mean Kuroshio Extension index, with a resolution
0f 0.25°x0.25° (Ducet et al., 2000). The time period is from
January 1993 to December 2012.

(3) The data of initial values and boundaries used in
RegCM4.6 are from the National Centers for Environmental
Prediction-National Center for Atmospheric Research
(NCEP/NCAR), and the resolution is 0.25°x0.25° (Kalnay et
al., 1996).

2.2 Method

(1) In this paper, the KE index (KEI) defined by Qiu et al.
(2014) is used, which is obtained by the monthly average
SSHA in the interval (31°N-36°N, 140°E—-165°E) as the
monthly average KEI. The monthly average and normalized
KEI during the winter periods in a 20-year interval (1993—
2012) are shown in Figure la, and it can be found that the
KEI shows obvious interdecadal variation characteristics.
Because the interaction between sea and air is most intense in
early winter and deep winter, winter in this paper is defined
as occurring from October to January of the following year
(October, November, December, and January, ONDJ). The
SST regressed by the monthly average KEI in winter is
shown in Figure 1b. In the KE stable state, there is large-
scale SSTA warming in the central part of the North Pacific
Ocean, and the SSTA in the northern and eastern parts of the
North Pacific Ocean becomes significantly colder. This
SSTA type represents the KEDV-IS. At the same time, there
is abundant mesoscale SSTA.

(2) We use the Loess spatial filter to separate the SSTA
warming region (30°N—40°N, 140°E—170°W), where the KE
has the most significant influence on the mesoscale and
large-scale parts. The results are shown in Figure 1c and 1d.
The mesoscale SSTA separated by the Loess spatial filter is
characterized by the alternating distribution of cold eddies
and warm eddies, which is the KE mesoscale SSTA (KEDV-
M). The large-scale SSTA separated by the spatial filter
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Figure 1 (a) Cold season (ONDJ) KEI from 1993 to 2012; (b) the SST field is regressed onto the KEI; (¢) KEDV-M (°C, shading); (d) KEDV-L (°C,
shading). Statistically significant differences at 90% according to Student’s 7 test are stippled.

shows large-scale SSTA warming east of 150°E.

2.3 Numerical experiment

The regional climate model RegCM4.6 (Giorgi et al., 2012)
is used in this paper, which has been widely used in regional
climate simulation and prediction after many years of de-
velopment. The model uses the Zeng scheme of sea surface
flux (Zeng et al., 1998). The boundary layer uses the non-
local diffusion Holtslag boundary layer scheme (Holtslag
and Boville, 1993), and the cumulus convection para-
meterization scheme adopts the convective mass flux Tiedtke
scheme. The horizontal resolution of the model is 0.3°x0.3°,
and it is divided into 23 layers vertically. The model simu-
lation area covers the entire North Pacific (120°E—140°W,
20°N-80°N), and the central grid point is located at (45°N,
180°).

There are three groups of experiments with different initial
values, and each group contains 16 members (Table 1). The
difference between the three groups of tests is the different
forcing of SSTA on the surface. The first group of experi-
ments is the control test (named the CTRL test), and the SST
field used is the monthly average climatological SSTA of
multiple years (1993-2012) as the underlying surface SSTA
field. The second test is sensitivity test 1 (named the KSTS
test), and the underlying surface SST is based on the monthly
average SST field in the climatic state for many years. The
warming part of the KEDV-IS (140°E-160°W, 32°N-40°N)
is superimposed on the climatological SSTA as the under-
lying surface forcing in the second experiment. The third test
is sensitivity test 2 (MEFS). Based on the monthly average
SST in the climatic state, the large-scale SSTA with the
KEDV-L in the interval (140°E-160°W, 32°N—40°N) is su-
perimposed on the climatological SSTA, which is used as the
underlying surface SST field in the third test. In the above
experiments, when the SSTA is superimposed, the false

discontinuity at the boundary is processed by a smoothing
function many times, which causes it to be closer to the real
SST field. The numerical test time integral is from 00:00 on
September 1st to 18:00 on February 2nd of the following
year, and the first month is the spin-up time. The initial
conditions of each set member are from September 1st in
1981, 1982, 1985, 1986, 1989, 1990, 1997, 1998, 2000,
2001, 2002, 2003, 2004, 2005, 2006, and 2007. The
boundary condition of all tests is the boundary condition of
the climate state every 6 h, which is the atmospheric re-
analysis data with an average interval of 6 h in 30 years
(1981-2010). The results of the differences between the two
groups represent different meanings. For example, the
KSTS-CTRL represents the response of the atmosphere to
the KEDV-IS, KSTS-MEFS represents the response of the
mesoscale SST anomaly KEDV-M, and MEFS-CTRL re-
presents the response of the atmosphere to the large-scale
SST anomaly KEDV-L.

Additionally, we used Student’s ¢ test to test for sig-
nificance. The hypothesis of the significance test was that
sensitivity experiment 1 using the climatology SST super-
imposed on the KE-related SSTA would not significantly
differ from control experiment 2 using the climatology SST.
A total of 16 members of each ensemble experiment were
used.

There are n,=16 winter cold seasons in experiment 1 and
n,=16 winter cold seasons in experiment 2. The numbers 7,
and n, are used as the independent sample sizes. The mean
values of the meteorological element x of the two sample
groups we calculated are x" and x°. The null hypothesis is
that the average of the two samples has no significant dif-
ferences, and the statistic ¢ follows a ¢ distribution with n,
+n,—2 degrees of freedom. s* denotes the unbiased esti-
mator of the variance of the difference. x¢ and x* denote the
winter mean value of each of the two winter experiments,
respectively.
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For a given significance level and degrees of freedom #,
+n,—2, we can find the corresponding critical value ¢,. Ac-
cording to Student’s f-distribution table, if |f|<¢,, we accept
the hypothesis; if not, we reject the hypothesis. The statistical
significance of the differences between each pair of simu-
lations was estimated with Student’s ¢ test at a 90% con-
fidence level.

2.4 Verification of numerical model

The results of previous statistical analysis show that the re-
sponse of large-scale atmospheric circulation to the KEDV-
IS presents a wide range of tripolar structures. For example,
Révelard et al. (2016) used the KEI, which was 1-2 months
ahead of the atmosphere, and after removing the influence of
ENSO, they demonstrated that the response showed a tri-
polar structure with an equivalent barotropic structure. There
are significant positive geopotential height anomalies in the
northwestern North Pacific and the eastern North Pacific
near the west coast of the North American continent, while
there are extensive negative geopotential height anomalies in
the Gulf of Alaska and in the north. Numerical test results
show that the response of the atmosphere to the KEDV-IS
also shows a similar tripolar structure response, as shown in
Figure 2. In the upper troposphere, a positive geopotential
height anomaly appeared in the western North Pacific and
the eastern North Pacific near 40°N, while a negative geo-
potential height anomaly appeared over Alaska. The re-
sponse of the lower atmosphere also presents a tripolar
structure. The difference is that the positive anomaly center
of the geopotential height in the western North Pacific is near
the Kamchatka Peninsula; therefore, the geopotential height
response of the western North Pacific shows a baroclinic
structure westward and southward tilt with height. These
results are also more consistent with the results of a previous
analysis (Révelard et al., 2016). This confirms that the
KEDV can indeed have a profound impact on large-scale
atmospheric circulation and confirms that the numerical
model can simulate this response more accurately.

3. The response of the atmosphere to large-
scale SSTA

3.1 The response of large-scale circulation

We mainly focus on the response of atmospheric circulation
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to different scales of the KEDV, as shown in Figure 3. The
geopotential height of 250 hPa manifests as a dipolar pattern
in the eastern North Pacific, which is positive in the south
and negative in the north. The geopotential height of 850 hPa
has a similar pattern, but the positive geopotential height
anomaly in the south is much weaker. There are some po-
sitive geopotential height anomalies in the upper level but
some negative anomalies in the lower level near 180° in the
central North Pacific, which presents a weak baroclinic
structure.

3.2 Possible mechanisms

3.2.1 The feedback of the high frequency of symnoptic
transient eddies

For the response of atmospheric circulation to the KEDV-L,
the SSTA impacts the large-scale SSTA by inducing more
diabetic heating, and the meridional gradient of the SSTA
can alter the baroclinicity in the lower atmosphere, which
can induce more synoptic transient eddies. The feedback of
transient eddies may be the main factor that maintains the
response of atmospheric large-scale circulation to the
KEDV-L (Nakamura et al., 1987; Lau, 1988; Lau and Nath,
1991). The feedback of synoptic eddies can transform the
baroclinic structure of the atmosphere into a barotropic
structure (Peng and Whitaker, 1999; Fang and Yang, 2016).
However, we can also note that the response of the vertical
gradient of diabetic heating to the KEDV-L can also maintain
the baroclinic structure (Tao et al., 2020). The quasi-geos-
trophic potential vorticity (QGPV) equation can provide
some analysis, which consists of diabetic heating and tran-
sient eddy forcing as follows (Fang and Yang, 2016):

0 v f o9

§+Vh ]f ¢+f OP[UIOPJ

_ 0 OCQd 0 OCchd =

A 717] e 7 | * Feaays 3)

where ¢ is the geopotential height, f is the Coriolis force
parameter, o is the reciprocal of air density, and g, is the
static stability parameter. 7 is the temperature, V,, is the
geostrophic wind, and the overbar denotes the winter mean.

0, is winter-mean diabatic heating. O, dy is winter-mean
transient eddy heating, which is as follows:

~ ow'T |, R —
Qeddy -

S + WwT 4)

In the equation, the prime denotes synoptic-scale (2—8
days) disturbances by the Lanzcos bandpass filter. w is the
vertical velocity in the p coordinate, R is the gas constant for
dry air, and C, is the specific heat of dry air at a constant
pressure. Fqq, is the transient eddy vorticity forcing; that is,

Fla4, ==V - V,{', and ( is the relative vorticity. Feqq in-

-V-V, T -
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Table 1 Three sets of ensemble numerical experiments (16 members) using the RegCM4.6 model”

Experiment name

Initial field

Lateral boundary condition

Control simulation (CTRL)

KEDV-induced SSTA simulation (KSTS)

Climatology of each month (but KE-related large-scale
SSTA in the KE region) and atmospheric initial field
from 1 September in 16 different years

Mesoscale filtered simulation (MEFS)

Climatology SST of each month and atmospheric initial
field from 1 September in 16 different years

Climatology of each month (but KE-related SSTA in the
KE region) and atmospheric initial field from 1
September in 16 different years

Climatological (1981-2010) 6-hour NCEP2
reanalysis data

Climatological (1981-2010) 6-hour NCEP2
reanalysis data

Climatological (1981-2010) 6-hour NCEP2
reanalysis data

a) The integration time is (00 UTC 01 September to 18 UTC 2 February), and the atmospheric (oceanic) resolution is 0.3°x0.3° (0.25°%0.25°)
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Figure 2 The response of geopotential height to the KEDV-IS (shaded, unit: m) (KSTS-CTRL). (a) Response of geopotential height to the KEDV-IS at
250 hPa; (b) response of geopotential height to the KEDV-IS at 925 hPa. Statistically significant differences at 90% according to Student’s # test are stippled.

dicates the transportation of divergence of transient eddy
flux. Regarding the tendency of geopotential height, which
consists of the above terms as eq. (5), inverting
[}V2+%%22] by using successive overrelaxation (SOR)
on eq. (5) (Hadjidimos, 2000), we can obtain the tendency of
geopotential height forcing by terms of transient eddy heat-
ing F1, terms of transient eddy vorticity forcing F2, and
terms of diabatic heating F3:

Loa, £ 02 \(200
[fV T o
A
__0|a Q_eddy +AF,,
op|or T —
72
F1
.0 (xAQd
% ET]’ ®)
; 73

where A denotes the winter-mean response to the KEDV-L.
In the process of numerical solution, the boundary condi-
tion is set according to Lau and Holopainen (1984). Under
the influence of the KEDV-L, the SOR method is applied to
eq. (5), and the results are shown in Figure 4. We find that
the feedback of F1 on geopotential height is mainly in the
eastern North Pacific. As shown in Figure 4a and 4b, there
are some positive anomalies south of 40°N in the eastern
North Pacific, which have a positive contribution to the
positive geopotential height anomaly. The feedback of F'1

on the geopotential height anomaly is much weaker in the
lower atmosphere in the eastern North Pacific. The feed-
back of F2 on the geopotential height anomaly manifests as
a saddle field with a barotropic structure. As shown in
Figure 4c and 4d, the feedback with positive feedback in the
south and negative feedback in the north structure is con-
sistent with the geopotential height anomaly in the eastern
North Pacific. This indicates that the feedback of terms F2
makes a positive contribution to the geopotential height
anomaly in the eastern North Pacific. We can also notice
that the feedback of 2 on the geopotential height anomaly
is a negative anomaly in the central North Pacific, while the
geopotential height anomaly in the central North Pacific is a
weak positive anomaly; therefore, the feedback of F2 is not
the main forcing in the central North Pacific. The feedback
of F3 on the geopotential height anomaly is shown in Figure
4e and 4f. Diabatic heating consists of latent heat induced
by cumulus convection and large-scale condensation pre-
cipitation, vertical eddy diffusion heating and radiation
heating, and vertical eddy diffusion heating contains sen-
sible heating. The feedback of 3 on the geopotential height
anomaly is a much stronger positive anomaly in the KE
region and central North Pacific in the upper level, while it
is a much weaker anomaly in the lower atmosphere, which
manifests as a baroclinic structure. This may be the main
contribution to the geopotential height anomaly with a
weak baroclinic structure in the central North Pacific,
which indicates that diabatic heating is very important un-
der the influence of the KEDV-L.
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Figure 3 Response of the geopotential height field to the KEDV-L (shading, unit: m) (MEFS-CTRL). (a) Responses of 250 hPa geopotential height to the
KEDV-L; (b) the response of 850 hPa geopotential height to the KEDV-L. Statistically significant differences at 90% according to Student’s # test are stippled.
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Figure 4 Response of transient eddy heating to KEDV-L feedback on the geopotential height field at 250 hPa (a) and 850 hPa (b) (shading, unit:
10° m’ 573). Response of transient eddy vorticity to KEDV-L feedback on the geopotential height field at 250 hPa (c) and 850 hPa (d). Response of diabatic

heating to KEDV-L feedback on the geopotential height field at 250 hPa (e) and 850 hPa (f) (shading, unit: 10°m

at 90% according to Student’s ¢ test are stippled.

3.2.2  Barotropic energy and baroclinic energy conversion
From the above, we mainly focus on the feedback of high-
frequency synoptic transient eddies on atmospheric circu-
lation. The winter-mean response of the atmospheric cir-
culation anomaly can be considered a seasonal-scale, low-
frequency disturbance. This low-frequency disturbance can
be maintained by absorbing energy through interactions

" s7). Statistically significant differences

with the basic climatological flow. Many studies have
shown that the similar NPO/WP pattern can be sustained by
absorbing energy through barotropic energy or baroclinic
energy conversion from basic climatological flow (Hoskins
et al., 1985; Nakamura et al., 1987). The calculations of
barotropic energy and baroclinic energy conversion are as
follows:
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where u represents zonal wind, v represents meridional wind,
and S, = (R /p)[(RTC/pCP)— (d7./ dp)] The prime in the

above equation represents the low frequency of seasonal
scale disturbance, and the lower corner marker ¢ represents
the climatological seasonal mean, which is the result of the
climatological ensemble experiment CTRL.

In the above equation, when the TE is positive, it re-
presents the transformation of kinetic energy from basic
climatological flow to low-frequency mode, and vice versa.
When the TP is positive, it represents the transformation of
available potential energy from basic climatological flow to
low-frequency mode, and vice versa. Under the influence of
the KEDV-L, the results of barotropic energy conversion are
shown in Figure 5a and 5b, and we find that the barotropic
energy conversion at 250 hPa mainly lies south of 40°N in
the central North Pacific. In this region, the kinetic energy is
from basic climatological flow to low-frequency mode,
which has a weak contribution to the low-frequency mode in
the eastern North Pacific. The barotropic energy conversion
at 850 hPa has a nonsignificant signal. The baroclinic energy
conversion is calculated as Figure Sc and 5d, and we find that
the baroclinic energy conversion at 850 or 250 hPa mainly
lies in the central North Pacific, which has a weak con-
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tribution to the low frequency in the eastern North Pacific.

3.2.3 Energy conversion efficiency evaluation
To evaluate the importance of feedback of a high-frequency
transient eddy, diabatic heating, and energy conversion be-
tween basic climatological flow and low-frequency mode,
according to Okajima et al. (2018), the energy conversion
efficiency R is calculated, which denotes the relative energy
divided by the total energy:
E

APE +KE" (®)

The total energy consists of eddy available potential en-
ergy (APE) and eddy kinetic energy (KE):

R=

2
APE = }%[TT]
P
)
KE= 0"
=72

The kinetic energy CKy and available potential energy
CPy induced by feedback of a high-frequency transient eddy
in the low-frequency mode are calculated as follows:
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Figure S Response of barotropic and baroclinic energy conversion (shaded, unit: 10 m’ 573) to the KEDV-L. (a) Barotropic energy conversion at 250 hPa
and (b) barotropic energy conversion at 850 hPa; (c) and (d) same as (a) and (b) but for baroclinic energy conversion. The black isoline is the climatological
zonal wind (unit: m sfl), and the green isoline is the response of geopotential height to mesoscale the SSTA (unit: m); statistically significant differences at

90% according to Student’s ¢ test are stippled.
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The lower corner marker A denotes the energy induced by
feedback of a high-frequency transient eddy and diabatic
heating. The prime denotes seasonal scale, low-frequency
disturbance. In eq. (10), the tendency of the geopotential
og'
ot

height anomaly is from feedback of high-frequency

transient eddy forcing and transient eddy heating, which
denotes the kinetic energy of the low-frequency mode in-
duced by feedback of the high-frequency synoptic transient
eddy. The relative energy conversion is calculated as CK_en
and CP_en. The tendency of the geopotential height anomaly
og’
ot
which represents the available potential energy of the low-
frequency mode induced by diabatic heating. The relative
energy conversion efficiency is calculated as CP_dh.

The simulation area is divided into three parts, namely, the
western North Pacific (25°N—60°N, 120°E—160°E), central
North Pacific (25°N-60°N, 160°E-160°W) and eastern
North Pacific (25°N-60°N, 60°W-120°W). After calculat-
ing the energy conversion efficiency, regional integration is
performed, and the energy conversion efficiency is shown in
Figure 6. CK is the energy conversion efficiency induced by
barotropic energy conversion between the low-frequency
mode and basic climatological flow through eq. (6), and CP
is the energy conversion efficiency induced by baroclinic
energy conversion between the low-frequency mode and
basic climatological flow through eq. (7). Under the influ-
ence of the KEDV-L, there is little difference in every term of
energy conversion efficiency in the western North Pacific,
but the energy conversion efficiency of diabatic heating is
much stronger in the central North Pacific. The energy
conversion efficiency of synoptic transient eddies still oc-
cupies a dominant position in the eastern North Pacific.
Therefore, under the influence of the KEDV-L, feedback of
diabatic heating and transient eddies plays an important role

in eq. (11) is the result of feedback of diabatic heating,
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in regulating atmospheric circulation.

3.3 Diagnosis of secondary circulation in the latitude-
altitude section

The meridional propagation of synoptic waves can induce
positive feedback on atmospheric circulation, which can
maintain the jet through meridional convergence of synoptic
eddy momentum flux (Robinson, 2006; Gerber and Vallis,
2007). The synoptic eddy heat flux drives the baroclinicity
shift to pole with secondary circulation in altitude-latitude
sections (Vallis, 2006).

Under the influence of the KEDV-L, the feedback of
transient eddies plays an important role in the eastern North
Pacific, but has feedback of diabatic heating in the central
North Pacific. From the perspective of potential vorticity,
diabatic heating can cause anticyclonic potential vorticity in
the upper troposphere but has cyclonic potential vorticity in
the lower troposphere, thus exerting an influence on atmo-
spheric large-scale circulation (Hoskins et al., 1985; Ahma-
di-Givi, 2002). Furthermore, we can consider the baroclinic
instability as the interaction between potential vorticity in the
upper troposphere and lower troposphere (Hoskins et al.,
1985). The above two processes can lead to different char-
acteristics of secondary circulation in latitude-altitude sec-
tions. Under the influence of the KEDV-L, the secondary
circulation in the altitude-latitude section is shown in Figure
7. We find that the cyclonic secondary circulation near peak
diabatic heating occurs in the interval (30°N—40°N). North of
40°N, there is northerly wind and cold advection, which may
be caused by diabatic heating.

To diagnose the possible reason for secondary circulation
and to compare the difference in feedback of synoptic tran-
sient eddies and diabatic heating on large-scale circulation,
we use the tendency of the zonal wind equation and con-
tinuity equation. We divide the variables into climatological
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Figure 6 Energy conversion efficiency R. The figure shows the barotropic energy conversion efficiency (CK), baroclinic energy conversion efficiency
(CP), energy conversion efficiency caused by transient eddy vorticity feedback (CK_ev), energy conversion efficiency caused by transient eddy heating
feedback (CK_eh) and energy conversion efficiency caused by diabatic heating (CP_dh) under the influence of the KEDV-L in the western Pacific, central

Pacific and eastern Pacific regions.
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means and disturbances to obtain the diagnostic equation:

10% . [0
Soy? o10p?
100 (— f ) R 0,
71 op [ ”V’ae‘/apgv] ofpC, Oy (12)
1 2
P P
e A (13)

In the above equation, the prime denotes a synoptic scale
(2-8 d) by filter bandpass, and the overbar denotes the winter
mean. y is the stream function, 6 is the potential temperature,
(v, @) is the meridional and vertical wind, respectively, and
0, 1s diabatic heating. Eq. (12) contains the transportation of
momentum flux and heat flux by synoptic eddies, which
reflect the function of the EP flux (Eliassen-Palim flux)
(Eliassen and Palm, 1960); it is a vector representing the
transportation of heat and momentum by synoptic eddies.

The numerical solution of nonlinear Poisson equations
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with boundary conditions (v = 0 in the northern and southern
boundaries and @ = 0 in the upper and lower boundaries) is
shown in Figure 8. We find that under the influence of the
KEDV-L, the vertical gradient of divergence of the EP flux
can induce weak anticlockwise secondary circulation, as
shown in Figure 8a, but also especially clockwise secondary
circulation and northerly wind north of 40°N induced by
diabatic heating, as shown in Figure 8b, which resemble the
secondary circulation in the altitude-latitude section.
Therefore, the feedback of diabatic heating may be the main
reason for the clockwise secondary circulation in the alti-
tude-latitude section, which plays a more important role
under the influence of the KEDV-L.

4. The response of the atmosphere to mesoscale
SSTA

4.1 The response of large-scale circulation

The response of atmospheric circulation to the KEDV-M is
shown in Figure 9. We find that the response of the geopo-
tential height anomaly to the KEDV-M resembles the re-
sponse of the geopotential height anomaly to the KEDV-IS;
that is, the positive geopotential height anomaly in the
western North Pacific and eastern North Pacific near the west
coast of the North American continent at 250 hPa. At
850 hPa, there is a positive geopotential height anomaly in
the eastern North Pacific, but the positive anomaly is much
weaker in the western North Pacific and manifests as a
baroclinic structure from the lower troposphere to the upper
troposphere.

4.2 Possible mechanisms

4.2.1 The feedback of the high-frequency synoptic tran-
sient eddy
Using the SOR method on eq. (5), the feedback of synoptic
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Figure 8 Latitude-altitude section secondary circulation (meridional velocity (unit: 10 m sfl) and vertical velocity (unit: 10 °m sfl)) caused by eddy
momentum and eddy heat flux (a) and diabatic heating (b) under the influence of the KEDV-L.
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transient eddies on geopotential height anomalies is shown in
Figure 10. We find that the feedback of F1 on geopotential
height is negative in the central-eastern North Pacific north
of 40°N and the Gulf of Alaska, but it is positive in the
eastern North Pacific near 40°N and south of 40°N, which
contributes to the geopotential height anomaly in the eastern
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North Pacific. However, in the lower troposphere, especially
in the KE region, the feedback of F1 is positive and man-
ifests as a baroclinic structure. The feedback of F2 on geo-
potential height is positive with a barotropic structure in the
KE region, central-eastern North Pacific and west coast of
the North American continent, but the stronger signal is

o 1 1 1 1 1 o 1 1 I} 1 1
= =- ) =o= N —=— e —
= =
A
60°N  60°N L

40°N

40°N

20°N £ T . T
120°E 150°E 180°  150°W 120°W 90°W
NN [ [ [ [ [ [T [T
32 16 0 16 32

20°N T T | T
120°E 150°E 180° 150°W 120°W 90°W
NN T 771111 T T
-32 -16 0 16 32

Figure 9 Response of the geopotential height field to the KEDV-M (shading, unit: m) (KSTS-MEFS). (a) Responses of 250 hPa geopotential height to the

KEDV-M; (b) the response of 850 hPa geopotential height to the KEDV-M. Statistically significant differences at 90% according to Student’s ¢ test
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mainly in the central-eastern North Pacific (Figure 10c and
10d), and the magnitude is much stronger than the feedback
of F1. Therefore, the feedback of F2 makes a considerable
contribution to the geopotential height anomaly, mainly in
the central-eastern North Pacific. The feedback of 3 on the
geopotential height anomaly is shown in Figure 10e and 10f.
F3 has a very weak feedback on the upper troposphere, and it
has weak feedback on the lower troposphere north of 55°N.

4.2.2 Barotropic energy and baroclinic energy conversion
From the above analysis, it can be seen that under the in-
fluence of the KEDV-M, the synoptic transient eddy feed-
back mainly produces a strong signal response in the central
and eastern North Pacific and may be the main contribution
to the geopotential height field in the central and eastern
North Pacific. However, the feedback of synoptic transient
eddies is weak in the western North Pacific; therefore, the
feedback of synoptic transient eddies may not be the main
cause of the response of the geopotential height in the wes-
tern North Pacific. We still analyze the possibility that sea-
sonal-scale, low-frequency anomalies absorb energy from
the basic climatological mean flow and become self-sus-
taining through barotropic energy or baroclinic energy con-
version. Under the influence of the KEDV-M, the barotropic
energy conversion at 250 hPa in the upper troposphere is
shown in Figure 1la. There is a strong barotropic energy
conversion on the right side of the jet stream in the western
North Pacific, which also indicates that the seasonal low-
frequency mode anomaly can continuously absorb kinetic
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energy from the basic climatological flow and can have
self-maintenance. Therefore, the barotropic energy con-
version may be one of the reasons for the maintenance of
the geopotential height in the western north Pacific. A
strong negative anomaly of barotropic energy conversion is
found at the outlet of the jet stream in the eastern North
Pacific, which indicates that the kinetic energy of the low-
frequency mode is continuously converted to the kinetic
energy of basic climatological mean flow, and the basic
climatological mean flow can be self-maintained, while the
low-frequency mode loses its kinetic energy continuously;
therefore, other processes must supply the energy of the
low-frequency mode, which may be the feedback of sy-
noptic transient eddies. The barotropic energy conversion at
850 hPa in the lower troposphere is almost weak (Figure
11b). The influence of baroclinic energy conversion on the
upper troposphere is relatively weak, as shown in Figure
11c. It mainly exists in the eastern North Pacific near the
west coast of North America, but its intensity is also rela-
tively weak. Baroclinic energy conversion has significant
signals in the lower troposphere, as shown in Figure 11d,
which mainly exists in the western and central North Pa-
cific, and there is a significant negative anomaly in the
western North Pacific north of 40°N, which indicates that
the low-frequency mode can continuously lose its potential
energy and convert it to basic climatological mean flow,
thus making the low-frequency mode anomaly very weak in
the lower troposphere. This may be the main reason why the
geopotential height anomaly in the lower troposphere is
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Figure 11 Response of barotropic and baroclinic energy conversion (shaded, unit: 10" m? 573) to the KEDV-M. (a) Barotropic energy conversion at
250 hPa and (b) barotropic energy conversion at 850 hPa; (c) and (d) same as (a) and (b) but for baroclinic energy conversion. The black isoline is the
climatological zonal wind (unit: m sfl), and the green isoline is the response of geopotential height to the mesoscale SSTA (unit: m); statistically significant

differences at 90% according to Student’s ¢ test are stippled.
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weak in the western North Pacific. In general, the barotropic
energy conversion in the upper troposphere and baroclinic
energy conversion in the lower troposphere are the main
factors leading to the geopotential height anomaly in the
western North Pacific, which can cause the geopotential
height anomaly to have a baroclinic structure with a west-
ward and southward phase tilt with height.

4.2.3 Energy conversion efficiency evaluation

We still need to understand the relative importance of high-
frequency synoptic transient eddy feedback and the interac-
tion between the low-frequency mode and climatological
mean flow using energy conversion efficiency. The evalua-
tion results are shown in Figure 12. The barotropic energy
conversion has high efficiency in the western North Pacific.
The central North Pacific and the eastern North Pacific have
high energy conversion efficiency caused by synoptic tran-
sient eddies. From the perspective of energy conversion,
barotropic energy conversion plays an important role in
maintaining large-scale, low-frequency circulation modes in
the western North Pacific, while the feedback of synoptic
transient eddies in the central and eastern North Pacific plays
an important role.

4.3 Diagnosis of secondary circulation in the latitude-
altitude section

As mentioned above, the meridional propagation of synoptic
waves can usually cause the positive feedback of synoptic
transient eddies, which can maintain eddy-driven jets by
strengthening the meridional convergence of eddy mo-
mentum flux (Robinson, 2006; Gerber and Vallis, 2007). In
this process, the eddy heat flux drives the baroclinicity shift
to the pole, which is accompanied by the formation of sec-
ondary circulation in the altitude-latitude section (Vallis,
2006). Under the influence of the KEDV-M, the feedback of
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the synoptic transient eddy plays an important role. Here, we
calculate the secondary circulation in altitude-latitude sec-
tion caused by the KEDV-M, as shown in Figure 13. Under
the influence of the KEDV-M, the counterclockwise sec-
ondary circulation in the altitude-latitude section similar to
Ferrel circulation is different from that under the influence of
the KEDV-L, which may be caused by the feedback of sy-
noptic transient eddy momentum and heat. Under the influ-
ence of the KEDV-M, the strong meridional propagation of
transient eddy heat flux and momentum flux may induce
counterclockwise secondary circulation in the altitude-lati-
tude section with a poleward shift of baroclinicity.

To further diagnose the causes of secondary circulation in
the altitude-latitude section and to compare the differences
and similarities between the feedback of synoptic transient
eddy feedback and diabatic heating on large-scale circulation
anomalies, the nonlinear Poisson equation with boundary
condition problems of eq. (12) is solved numerically (v =0
at the north-south boundary, and @ =0 at the upper and
lower boundaries), and the solution results are shown in
Figure 14. Under the influence of the KEDV-M, the vertical
gradient of EP flux divergence leads to counterclockwise
secondary circulation (the first item at the right end of eq.
(12)), which is similar to the secondary circulation in the
altitude-latitude section under the influence of the KEDV-M;
therefore, it may be the main contribution. However, the
meridional gradient of diabatic heating has a weak con-
tribution to the secondary circulation in the altitude-latitude
section (the second item at the right end of eq. (12)), which
indicates the positive feedback of synoptic transient eddies
under the influence of the KEDV-M.

5. Conclusions

To further explore the influence of different scale SSTA in
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Figure 12 Energy conversion efficiency R. The figure shows the barotropic energy conversion efficiency (CK), baroclinic energy conversion efficiency
(CP), energy conversion efficiency caused by transient eddy vorticity feedback (CK_ev), energy conversion efficiency caused by transient eddy heating
feedback (CK_eh), and energy conversion efficiency caused by diabatic heating (CP_dh) under the influence of the KEDV-M in the western Pacific, central
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the KEDV-IS on large-scale circulation anomalies and pos-
sible mechanisms, this paper uses the regional climate model
RegCM4.6 to design three sets of ensemble experiments with
different initial values and to obtain the following conclu-
sions.

(1) The response of large-scale circulation in the North
Pacific to the KEDV-IS in winter manifests an extensive
tripolar structure, which is consistent with the results of a
previous analysis. By studying the response of large-scale
circulation to different scale SSTA of the KE, it is found that
the response of geopotential height with extensive tripolar
structure is mainly induced by the KEDV-M, while the
geopotential height shows a baroclinic structure under the
influence of the KEDV-L in central North Pacific. Using the
quasi-geostrophic potential vorticity equation and energy
conversion to diagnose and analyze the reasons for main-
taining large-scale circulation anomalies, it is found that the
large-scale circulation anomalies caused by the KEDV-M are
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mainly induced by the feedback of synoptic high-frequency
transient eddies in the central and eastern North Pacific,
while the large-scale circulation anomalies in the western
North Pacific can be self-sustained by absorbing kinetic
energy from the basic climatological mean flow through
barotropic energy conversion. The weak baroclinic atmo-
spheric circulation with weak baroclinic structure in the
central North Pacific is mainly caused by diabatic heating
under the influence of the KEDV-L, while the feedback of
synoptic transient eddies still plays a major role in main-
taining atmospheric circulation anomalies in the eastern
North Pacific.

(2) The secondary circulation in the altitude-latitude sec-
tion caused by different scales of the KEDV-IS is obviously
different. It can force counterclockwise secondary circula-
tion in the altitude-latitude section similar to Ferrel circula-
tion under the influence of the KEDV-M. While it can force
clockwise circulation in the altitude-latitude section, and
there is a strong northerly wind anomaly north of 40°N.
Through the diagnostic equation of secondary circulation in
the altitude-latitude section, it can be found that it strength-
ens the transportation of momentum and heat by synoptic
transient eddies, thus triggering counterclockwise secondary
circulation in the altitude-latitude section. However, under
the influence of the KEDV-L, the action of diabatic heating
can induce clockwise circulation and northerly winds north
of 40°N. The above analysis shows that different scales of
the KEDV-IS have different influential processes on large-
scale atmospheric circulation.

Generally, the feedback of synoptic transient eddies on
large-scale circulation (Foussard et al., 2018; Wang et al.,
2019) is more important under the influence of the KEDV-M.
The feedback of diabatic heating on large-scale atmospheric
circulation is more important under the influence of the
KEDV-L. Furthermore, it is also noted that the feedback of
transient eddies also has some effect on atmospheric circu-
lation under the influence of the KEDV-L, but the reasons for
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the enhancement of transient eddies need to be further dis-
cussed. Some studies have found that in addition to the ocean
front affecting the storm track by changing the baroclinicity
in the lower atmosphere, the latent heat provided by large-
scale SSTA may still affect the development of the storm
track (Businger et al., 2005; Booth et al., 2012; Wang et al.,
2019). In this paper, under the influence of the KEDV-L, the
enhanced synoptic transient eddy may be the result of sen-
sible and latent heat anomalies caused by large-scale SSTA,
which needs to be further studied.
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