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In the present study, the response of North Pacific storm tracks to spatial

multiscale (large-scale and mesoscale) sea surface temperature anomalies

(SSTAs) in stable state of Kuroshio Extension (KE-related SSTAs) system are

investigated. The results show that storm tracks are significantly strengthened

with local enhanced rainfall in the central North Pacific and near the west coast

of the North American continent in response to KE-related large-scale SSTAs,

while they shift to the north and are significantly strengthened in the central-

eastern North Pacific and Gulf of Alaska with remote impact on precipitation

along west coast of North America continent in response to KE-related

mesoscale SSTAs. The anomalous storm tracks influenced by KE-related

SSTAs at different spatial scales are closely related to the locations of low-

level baroclinicity. The response of horizontal advection of temperature to

different scales of KE-related SSTAs in the lower atmosphere plays an important

role in resulting baroclinicity anomalies.
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Introduction

The Kuroshio Extension (KE) system is characterized by pronounced variations

between stable and unstable states (Qiu et al., 2014). In the stable state, the KE jet is

strengthened and shifts northward, with weakened regional mesoscale eddy activity and

an intensified southern recirculation gyre. The opposite occurs in the unstable state.

Variations of KE accompanying multiscale sea surface temperature anomalies (SSTAs)

can often affect the storm tracks, and especially KE-related mesoscale SSTAs are still

understudied but remain very important for storm track variability.

Previous work indicates that decadal fluctuations of the KE large-scale dynamic state

are the primary cause of local SST changes (Qiu 2000; Vivier et al., 2002), which strongly

affects the air‒sea heat flux exchange over the KE region (Tanimoto et al., 2003;Wang and

Liu, 2015). This heat flux plays an important role in maintaining surface baroclinicity,
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which both anchors and energizes storm tracks (Nakamura et al., 2004).

Therefore, changes in the KE dynamic state may exert a significant

impact on the North Pacific storm tracks. Révelard et al. (2016, 2018)

found that in the stable state ofKE system, the storm track activity in the

northeast Pacific Ocean and Alaska is significantly strengthened. Qiu

et al. (2014) indicated that changes in the KE state can result in large-

scale uniform warming or cooling over the western and central North

Pacific (see their Figure 6A) and can alter the position of storm tracks.

However, the KE is also a region with abundant mesoscale features,

including the oceanic front (Chen and Zurita-Gotor, 2008; Kida et al.,

2015) and eddies (Qiu andChen, 2005;Qiu andChen2010). Therefore,

changes in the dynamic state of KE also expected to be manifest in

mesoscale SSTAs. Wang and Liu (2015) determined that KE-related

mesoscale SSTAs are aligned zonally and collocatewith the troughs and

ridges of KE meanders. Mesoscale KE SSTAs can also induce

pronounced changes in storm tracks, and the change in the storm

track anomaly is influenced by both mesoscale ocean front and

mesoscale ocean eddy. The oceanic baroclinic adjustment proposed

by Nakamura et al. (2008) suggests that the near-surface baroclinicity is

sustained by a cross-frontal sensible heat flux, contributing to the

intensity of a storm track. Taguchi et al. (2009) found that the

weakening of KE fronts would weaken the low-level storm track

and shift it to the south. The meridional shift of the KE oceanic

front significantly modulates the intensity of the storm tracks (Kwon

and Joyce. 2013). Using an idealized model, Foussard et al.(2018)

indicated the meridional shift of the storm track following the oceanic

fronts. As mentioned above, in addition to a mesoscale ocean front, a

mesoscale ocean eddy can also affect the storm track anomaly (Ma et al.,

2015). Ma et al. (2017) showed that the mesoscale SSTA variability in

the KE could enhance storm tracks over north-eastern Pacific, and the

intensity of storm track would decrease 15% after removing the

mesoscale KE SSTA. Zhang et al. (2020) conducted similar

experiments to those of Ma et al. (2015) using an AGCM and

found the low level storm track decreased by about 20%.

In other numerical experiments, randomly adding somemesoscale

SSTA disturbances can make the westerly jet shift northward with a

northward-strengthened storm track (Foussard et al., 2018; Sun et al.,

2018); these mesoscale SSTAs usually affect the storm track by

enhancing baroclinicity and latent heat in the lower atmosphere.

Due to the nonlinear nature of the Clapeyron-Clausius function,

the positive and negative diabatic heating associated with warm

eddies and cold eddies cannot cancel each other, which leads to

positive net water vapor flux and diabatic heating after adding cold

eddies and warm eddies randomly. The ensemble numerical

experiment in Zhang et al. (2021) mainly investigated the feedback

effects of mesoscale SSTAs and large-scale warming SSTAs on large-

scale low-frequency atmospheric circulation. It was found that

mesoscale SSTAs could strengthen the westerly jet with a shift to

northward, and at the same time, mesoscale SSTAs could stimulate a

remarkable counterclockwise circulation, similar to a Ferrell cell.

Diagnostics show that the feedback of synoptic transient eddy

stimulated by mesoscale SSTAs are the largest reason for low-

frequency atmospheric circulation anomaly, but the accompanying

diabatic heating was weak. However, under the influence of large-scale

warming SSTAs, diabatic heating is stronger and can stimulate a

significant clockwise secondary circulation in the altitude-latitude

section. Diagnostic analysis shows that diabatic heating is the main

factor affecting large-scale low-frequency circulation in the central

North Pacific.

From the above, KE-related SSTAs present obvious multispatial

scale characteristics, and all of them have significant impacts on storm

track anomalies. Because storm tracks are important factors that

modulate the atmospheric response to mid-latitude SSTAs (Peng and

Whitaker 1999; Kushnir et al., 2002; Taguchi et al., 2012; Okajima

et al., 2018; Zhang et al., 2021), clarifying the impacts of KE-related

multiscale SSTAs, especially KE-related mesoscale SSTAs, on storm

tracks is critical to deepening our understanding of the climatological

effects of the KE system. Therefore, our objective is to highlight the

differential responses of North Pacific storm tracks to the large-scale

and mesoscale SSTAs in the KE. We use ensemble numerical

experiments to diagnose the fundamental mechanisms involving

this air-sea interaction (Zhang et al., 2021). The remainder of this

article is organized as follows: The datasets and methods used in this

study are briefly introduced in the next section. The following section

evaluates the performance of model on storm tracks. After this, the

next section investigates the response of storm tracks to large-scale

and mesoscale SSTAs induced by KE dynamic state. The possible

reasons for the formation of the anomalous storm tracks under the

influence of SSTA at different scales are discussed in the penultimate

section. A summary and discussion of our findings are given in the

final section.

Data and methods

The SST data, i.e., data on the initial values and boundaries used

in model experiments, are the same as in work (Zhang et al., 2021).

The scheme of numerical ensemble experiments is also consistent

with work (Zhang et al., 2021). A total of three sets of ensemble

numerical experiments with different initial values are designed, and

each group has 16 members with different initial values. The

integration scheme and the initial and boundary conditions are

the same for each group of experiments, but the difference between

the three groups of experiments is the different forcing of SSTA. The

first group of experiments is called the control test (CTRL), forced by

the climatological monthly mean SST [20-year average

(1993–2012)] in the North Pacific.

The second set of ensemble experiments uses a KE-related SSTA

superimposed on climatological monthly mean SST to force the

model, which is called KSTS. This KE-related SSTA is obtained

from the monthly mean SSTA regression onto the KE index

(KEI) (Qiu and Chen, 2005) in the area (140°E–160°W,

32°N–40°N). The third experiment is mesoscale filtered

simulations (MEFS). The 2-D spatial Loess filter was used to

separate mesoscale SST from KE-related SSTAs, and the

remaining large-scale SSTAs were superimposed on the
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climatological monthly mean SST as the boundary SST condition in

MEFS. The initial conditions for 16 members are those of September

1 of the different years 1981, 1982, 1985, 1986, 1989, 1990, 1997, 1998,

2000, 2001, 2002, 2003, 2004, 2005, 2006, and 2007. The lateral

boundary conditions were climatological (1981–2010)

6 h NCEP2 reanalysis data. The three sets of ensemble

experiments were integrated from September 1 to February 2 of

the following year, and the first month was the spin-up time. The

results of differences between the two groups represent different

meanings. KSTS-MEFS represents the response of storm track to

mesoscale SSTA.MEFS-CTRL represents the response of storm track

to large-scale SSTA. The detailed design of the numerical experiments

scheme and the significance test method are drawn from those of

Zhang et al. (2021). The storm tracks are represented by the variance

or covariance of synoptic disturbances (Chang et al., 2002).

Specifically, we chose the variance of synoptic-scale meridional

wind velocity (v′v′) at 250 hPa and the synoptic-scale transient

eddy meridional heat flux v′T′ at 850 hPa. The prime stands for

the 2–8-day Lancozs bandpass filter. In addition, the cold season

refers to the average from October to January in the following year.

Evaluation of model performance in
reproducing atmospheric responses
to the KE dynamic state changes

The storm tracks of v′v′ are significantly strengthened in the

central-eastern Pacific Ocean (Figure 1), consistent with the results

of previous work (Peng and Whitaker 1999; Liu and Wu 2004;

Révelard et al., 2016, Révelard et al., 2018). RegCM4.6 well simulates

the response of storm tracks to KE-related SSTAs. We also assessed

the ability of the model to simulate atmospheric response to

mesoscale SSTAs. Observational studies show that the surface

wind speed usually increase over warm eddies and decreases over

cold eddies (Chelton et al., 2004, 2007; Bryan et al., 2010), and the

boundary layer is also higher over warm eddies and lower over cold

eddies (Ma et al., 2015). The response of the boundary layer to the

KE-related mesoscale SSTAs is shown in Figure 2. We followed the

Holtslag planetary boundary-layer scheme to calculate the height of

the boundary layer (Holtslag et al., 1990). The 10 m winds

strengthen (weaken) and the boundary-layer height increases

(decreases) over the warm (cold) mesoscale SSTAs. This indicates

that RegCM4.6 can reproduce the atmospheric boundary-layer

response to the KE-related mesoscale SSTA field.

Response of the storm tracks to KE-
related large-scale and mesoscale
SSTAs

The intensity and location of the storm tracks under the

influence of KE-related SSTAs at different scales are shown in

Figures 3A,B. KE-related mesoscale SSTAs significantly

strengthen the storm tracks over the central-eastern Pacific

and Gulf of Alaska, while KE-related large-scale SSTAs

significantly enhance storm track activity over the eastern

North Pacific and near the west coast of the North American

continent. Compared with the storm tracks influenced by the

large-scale SSTAs, the storm tracks influenced by the mesoscale

SSTAs are located slightly northward, as shown in Figure 3C.

The 850 hPa synoptic meridional heat flux v’t’ was calculated as

shown in Figure 4. Under the influence of large-scale SSTAs, there is

strong enhancement near 45°N over the central Pacific, while under

the influence of mesoscale SSTAs, there is strong enhancement in

the area north of 45°N, and its distribution is more northward than

that influenced by large-scale SSTAs. The difference between them

presents a dipole structure as shown in Figure 4C.

The activity of the storm tracks plays an important role in

modulating precipitation at middle and high latitudes (Adler, et al.,

2003; Hawkroft et al., 2015). Therefore, the anomalous storm tracks’

activity is usually accompanied by precipitation anomalies. As shown

in Figure 5, under the influence of KE-related mesoscale SSTAs, there

is a positive precipitation anomaly over the central-eastern Pacific

Ocean, Gulf of Alaska, andwest coast ofNorthAmerica north of 45°N

where the storm tracks are active. This conclusion is similar to that of

Liu et al. (2021), and their results indicate that the mesoscale SSTAs

can exert a remote influence on a landfalling AR (Atmospheric River)

on the sub-seasonal to seasonal time scales and related heavy

precipitation along the west coast of North America. By contrast,

under the influence of KE-related large-scale SSTAs (Figure 5B), there

is a heavy precipitation anomaly over the KE large-scale warm SSTAs.

In addition, we compare the precipitation under the influence of

KE-related large-scale SSTAs and mesoscale SSTAs, and we find that

most of the precipitation inKE area is caused byKE-related large-scale

SSTAs, and KE-related mesoscale SSTAs do not cause too much

precipitation in KE region. Although mesoscale SSTAs only increase

the precipitable water in the atmosphere (Jia et al., 2019), they enhance

the precipitation along theNorthAmerican continental coast far away

from KE region. This requires further study on the response of the

storm track and precipitation to the scale-dependence of SSTAs.

FIGURE 1
250 hPa storm track response to KE-related SSTAs (m2 s−2,
shading). The isoline is the climatological storm track simulated by
the model (CTRL). Statistically significant differences at 90%
according to Student’s t test are stippled.
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Possible mechanism for responses of
storm tracks

The baroclinic structure in the lower atmosphere has

an important influence on the baroclinic growth of

synoptic-scale eddies. The growth rate is usually

indicated by the maximum Eady growth rate σ (Lindzen

and Farrel 1980):

FIGURE 2
Boundary-layer response to KE-related SSTAs in the cold season (KSTS-MEFS). (A) KE-related mesoscale SSTAs (°C, shading) and 10 m wind
speed (m s−1, contours); (B) KE-related mesoscale SSTAs (°C, shading) and boundary-layer thickness anomalies (m, contours).

FIGURE 3
Response of storm tracks (m2 s−2, shading) at 250 hPa to
different scales of KE-related SSTAs in KE in the cold season: (A)
KE-related mesoscale SSTAs (KSTS-MEFS) and (B) KE-related
large-scale SSTA background (MEFS-CTRL). (C) Differences
in the response of storm tracks to KE-relatedmesoscale SSTAs and
the response of storm tracks to KE-related large-scale SSTAs. The
isoline is the climatological storm track simulated by the model
(CTRL). Statistically significant differences at 90% according to
Student’s t test are stippled.

FIGURE 4
Numerical simulations of 850 hPa meridional transient eddy
heat flux (K m s−1, shading) in the cold season. (A) Response of
850 hPa meridional eddy heat flux to KE-related mesoscale SSTAs
(KSTS-MEFS). (B) The same as (A) but for KE-related large-
scale SSTAs (MEFS-CTRL). (C) The differences in the response of
transient eddy heat flux to KE-related mesoscale SSTAs and the
response of transient eddy heat flux to KE-related large-scale
SSTAs. The isoline is the climatological meridional transient eddy
heat flux simulated by the model (CTRL). Statistically significant
differences at 90% according to Student’s t test are stippled.
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σ � 0.31
g

Nθ

∣∣∣∣∣∣∣∣
zθ

zy

∣∣∣∣∣∣∣∣ (1)

where N is the Brunt-Väisälä frequency and θ is the potential

temperature. A KE-related mesoscale SSTA field leads to

strengthened atmospheric baroclinicity over the north of

the KE jet axis and the central-eastern North Pacific. We

find that atmospheric baroclinicity at 850 hPa caused by KE-

related mesoscale SSTAs is significantly enhanced in the

western Pacific Ocean north of 40°N and in the central-

eastern Pacific Ocean north of 50°N, as shown in

Figure 6A. The baroclinicity at 850 hPa is significantly

enhanced in the central-eastern Pacific between 40°N and

50°N under the influence of large-scale SSTAs, as shown in

Figure 6D. We further decomposed the atmospheric

baroclinicity response into the changes caused by

atmospheric static stability N and the meridional gradient

of potential temperature (Gan 2014), as shown in Eq. (2)

σ ≈ 0.31gΔ(N−1)θ−1∣∣∣∣zθ/zy∣∣∣∣︸����������︷︷����������︸
(a)

+ 0.31gN−1Δ(θ−1∣∣∣∣zθ/zy∣∣∣∣)︸����������︷︷����������︸
(b)

(2)

As shown in Figure 6, under the influence of KE-related

mesoscale SSTAs, baroclinicity is mainly caused by changes in the

meridional gradient of potential temperature (Figure 6B). Under the

influence of KE-related large-scale SSTAs, the enhancement of

baroclinicity is also mainly caused by the increased meridional

gradient of potential temperature (Figure 6E). According to Tao

et al. (2019) and Zhang et al. (2020), this change in potential

temperature can be explained as the surface heat flux forcing

induced by the KE-induced SSTAs. SSTAs can effectively maintain

atmospheric baroclinicity through a significant meridional difference

in heat flux in the lower atmosphere (Nakamura et al., 2004;

Nakamura et al., 2008; Yao et al., 2016). Therefore, we studied the

difference in heat flux in the lower atmosphere under the influence of

different scales of SSTAs. As shown in Figure 7, the turbulent heat flux

(latent heat flux and sensible heat flux, THF) in the lower atmosphere

caused bymesoscale SSTAs is wellmatchedwith the SSTAs. TheTHF

above the warmmesoscale eddy is stronger, while that above the cold

mesoscale eddy is weak. Large-scale SSTAs can cause strong THF in

the central Pacific Ocean, and there is a maximum value of the

meridional gradient near 40°N, which is larger than that caused by

mesoscale SSTAs. It should be noted that this large-scale SSTA

warming is accompanied by the stable period of KE. SSTAs

(especially at the basin scale) can be forced by atmospheric

circulation anomalies, while many data analyses in recent decades

have examined the impact of the SST changes in the KE region on the

atmospheric circulation across the mid-latitude North Pacific basin

(Qiu et al., 2007; Frankignpul et al., 2011; Taguchi et al., 2012; Smirnov

et al., 2015; Qiu et al., 2017). A consistent feature resulting from these

analyses is that when the KE dynamic state is stable, increased surface

turbulent (i.e., sensible + latent) heat fluxes tend to be emitted from

ocean to atmosphere. Additionally, we do not find that the

baroclinicity region is accompanied by the enhancement of THF

under the influence ofmesoscale SSTAs, sowe need to further explore

the possible reasons for the enhancement of atmospheric baroclinicity

under the influence of mesoscale SSTAs.

The atmospheric response to low-level thermal anomalies

usually shows a zonal movement of baroclinicity, the jet stream,

and storm tracks (Chen and Zurita-Gotor, 2008; Nie et al., 2016).

This process includes two mechanisms: one is the direct thermal

wind response, and the other is indirect transient eddy feedback

(Deser et al., 2004; Liu andWu, 2004). Generally, the convergence of

a transient eddy momentum flux acts to strengthen the upper-

tropospheric jet, while transient eddy heat flux acts to relax the lower

tropospheric baroclinicity, corresponding to a strengthened low-

level jet. Meanwhile, the feedback of a transient eddy can cause a

latitudinal shift of the lower-level baroclinicity which is responsible

for the latitudinal shift of the jet and storm track (Zhang et al., 2012;

Nie et al., 2013). Under the influence of mesoscale SSTAs, the

northward shift of intensified storm track and baroclinicity may be

the feedback of transient eddy (Vallis, 2006), an obvious

counterclockwise circulation anomaly, driven by a transient eddy

(Zhang et al., 2021), similar to the eddy-driven Ferrel Cell, which can

demonstrate this result.

FIGURE 5
Winter mean precipitation (10–4 kg m−2 s−1, shading) for (A) KE-related mesoscale SSTAs (KSTS-MEFS) and (B) KE-related large-scale SSTAs
(MEFS-CTRL). The isoline is the climatological precipitation simulated by the model (CTRL). Statistically significant differences at 90% according to
Student’s t test are stippled.
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We speculate that KE-related mesoscale SSTAs can

contribute more to the enhancement of transient eddies,

while large-scale warm SSTAs cause more diabatic heating

in the central North Pacific, affecting atmospheric circulation,

as has been proved by diagnosis in work (Zhang et al., 2021).

When transient eddy feedback plays a major role, it can cause

the polar movement of baroclinicity and the enhancement of

storm tracks. When diabatic heating plays a major role,

baroclinicity is maintained to a greater degree by the direct

role of thermal wind. Different characteristics of secondary

circulation in latitude–altitude sections may be accompanied

by different low-level cold and warm temperature advections,

which may be the main factor in maintaining baroclinicity

(Sun et al., 2018). We calculated horizontal temperature

advections under the influence of different scales of KE-

related SSTAs, as shown in Figure 8. We found that the

influence of mesoscale SSTAs leads to significant warm

temperature advections in the western Pacific north of 40°N

and in the central-eastern Pacific Ocean north of 50°N. This

FIGURE 6
Baroclinic growth rate anomaly (10–6 s–1, shading) to different scales of KE-related SSTAs at 700 hPa: (A) Baroclinicity growth rate in response to
KE-related mesoscale SSTAs (KSTS-MEFS). (B) Baroclinicity caused by meridional gradient of potential temperature in response to KE-related
mesoscale SSTAs (KSTS-MEFS). (C) Baroclinicity caused by atmospheric static stability N in response to KE-related mesoscale SSTAs (KSTS-MEFS).
(D–F) The same as (A–C) but for KE-related large-scale SSTAs (MEFS–CTRL). Statistically significant differences at 90% according to Student’s
t test are stippled.

FIGURE 7
Response of surface turbulent heat flux (sensible heat flux
and latent heat flux, unit: W m−2) and the average meridional
gradient (unit: W m−2 (30 km)−1) in the interval (150°E~160°W) to
different scales of KE-related SSTAs. (A) is turbulent heat flux
caused by mesoscale SST anomalies, and (B) is turbulent heat flux
caused by large-scale SST anomalies. Statistically significant
differences at 90% according to Student’s t test are stippled.
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enhances the meridional temperature gradient in the north of

warm advections and maintains baroclinicity. Under the

influence of large-scale SSTAs, we find that there are

significant cold temperature advections at approximately

40°N and north of 50°N. It can be found that this

baroclinicity affected by temperature advection is mainly

reflected in the eastern North Pacific east of 170°W.

There are several factors that affect the efficiency of energy

absorption by synoptic transient eddies. According to Cai et al.

(2007), these factors include the barotropic energy conversion

(BTEC) from mean flow kinetic energy (MKE) to eddy kinetic

energy (EKE) and baroclinic energy conversion terms from the

mean available potential energy (MAPE) to eddy available

potential energy (EAPE) (BCEC1). The energy conversion

terms can be expressed as follows:

BTEC � p0

g
{1
2
(v′2 − u′2)(z�u

zx
− z�v

zy
) − u′v′(z�v

zx
+ z�u

zy
)} (3)

BCEC1 � −C2(u′T′z�T
zx

+ v′T′z
�T

zy
) (4)

where C2 � C1(P0/P)R/Cp /(−dθ/dp), C1 � (P0/P)Cv/CpR/g, θ is

the potential temperature, g is gravitational acceleration, P0 is

1000 hPa, R is the dry-air-specific gas constant, and Cv and Cp

are the heat capacities at constant pressure and volume, respectively.

The primes denote the synoptic transient disturbances, and the

overbars represent averaging over the individual cold season

months. The energy conversion terms under the influences of

KE-related large-scale and mesoscale SSTAs are shown in

Figure 9. Here, we calculated the barotropic energy conversion

BTEC at 250 hPa in the upper troposphere and BCEC1 at 850 hPa

in the lower troposphere. The barotropic energy conversion is weak

in the lower troposphere which is not consistent with the storm

track in the lower troposphere, so we ignored the contribution of the

barotropic energy conversion in the lower troposphere to the storm

track.However, the conversion of barotropic energymainly exists in

the upper troposphere because low-frequency energy can be

converted to high-frequency energy at the exit of a

climatological low-frequency westerly jet stream. As shown in

Figure 9A, under the influence of the KE-related mesoscale

SSTAs, there are positive BTECs near 50°N located on the left

side of westerly jet stream exit, which is beneficial to the

strengthening of the storm track. However, under the influence

of large-scale SSTAs, as shown in Figure 9B, there are positive

BTECs on the right side of the westerly jet stream exit near 40°N,

which is conducive to the strengthening of the storm track.

BTEC contributes to the storm track of 250 hPa in the upper

troposphere. Under the influence of KE-related mesoscale

SSTAs, there are strong BCEC1s in the central Pacific and

north of approximately 40°N. The enhancement of BCEC1 is

beneficial to the transformation of more energy into the

available eddy potential energy, which shows good

correspondence with the synoptic meridional heat flux at

850 hPa. Under the influence of large-scale SSTAs, BCEC1 is

significantly enhanced near 40°N in the central Pacific Ocean,

but seems to be limited to approximately 40°N and significantly

enhance the synoptic heat flux only near 40°N in the central Pacific

Ocean. From the results above, we can argue that the baroclinicity

and BCEC play a key role inmodulating the storm track response to

mesoscale SSTAs and large-scale SSTAs.

Summary and discussion

In this study, we investigate the responses of differential

North Pacific storm tracks to multiscale KE-related SSTAs.

Different scales of KE-related SSTAs resulted in different

locations and intensities of the storm tracks. KE-related

mesoscale SSTAs usually led to significant enhancement of

the storm tracks in the central-eastern Pacific and Gulf of

Alaska north of 40°N, while KE-related large-scale SSTAs led

FIGURE 8
Response of air temperature advection at 850 hPa to different scales of KE-related SSTAs (shading, unit: 10–3 K s−1), where the isoline is the
corresponding atmospheric baroclinicity at 850 hPa (isoline, unit: 10−6 s−1), showing only the positive value. (A) Response of temperature advection
and atmospheric baroclinicity to mesoscale SSTAs; (B) response of temperature advection and atmospheric baroclinicity to large-scale SSTAs.
Statistically significant differences at 90% according to Student’s t test are stippled.
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to significant enhancement of the storm tracks over the central

Pacific and near the west coast of the North American continent.

Under the influence of different scales of KE-related SSTAs,

precipitation also shows some differences. Although some studies

show that mesoscale SSTAs enhances atmospheric precipitable

water (Jia et al., 2019; Zhou and Cheng, 2022; Liu et al., 2021), a

remote impact is also seen on precipitation along west coast of

North America continent, which may have some influence on the

sub-seasonal to seasonal scale. The large-scale SSTAs directly affect

precipitation over the local region, and the scale-dependence of this

precipitation still deserves further discussion.

Further analysis of the causes shows that the differences in

storm tracks are related to barotropic energy conversion and

anomalies of lower-level baroclinicity accompanying the

corresponding baroclinic energy conversion. Baroclinicity

anomalies are related to changes in potential temperature

in meridional gradients under the influences of KE-related

large-scale and mesoscale SSTAs. The response of the

horizontal warm advection of temperature in the lower

atmosphere to mesoscale SSTAs shifts the baroclinicity

anomaly northward, while under the influence of large-

scale SSTAs, the horizontal cold advection of temperature

anomaly in the lower atmosphere strengthens and inhibits the

northward movement of baroclinicity in the eastern North

Pacific. We also briefly discussed the similarities and

differences in the formation of baroclinicity corresponding

to storm tracks, which is mainly affected by temperature

advection. From the above conclusions, it should be noted

that different scales of SSTAs in KE region can contribute

some to storm track anomaly and precipitation anomaly,

showing the scale-dependence of the atmospheric response

to SSTAs, which is worthy of further discussion.
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FIGURE 9
Response of energy conversion terms to (A,B) KE-related mesoscale SSTAs (KSTS-MEFS) and (C,D) KE-related large-scale SSTAs (MEFS-CTRL)
at 850 hPa. (A,C) Energy conversion from mean available potential energy to eddy available potential energy (BCEC1, W m−2, shading). (B,D) Energy
conversion from eddy available potential energy to eddy kinetic energy (BCEC2,W m−2, shading). Statistically significant differences at 90% according
to Student’s t test are stippled.
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