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Abstract
The atmospheric responses to the intensity variability of subtropical front zone (STFZ) in the wintertime North Pacific are 
investigated in both observation and sensitivity experiments using weather research and forecasting model (version 3.4.1). 
The STFZ is artificially intensified by applying a sea surface temperature (SST) anomaly within STFZ in sensitivity experi-
ments. Results from observation and experiments indicate that the enhanced STFZ strengthens the meridional temperature 
gradient and thus the atmospheric baroclinicity, inducing more active transient eddies. The stronger transient eddy vorticity 
forcing accelerates the polar front jet with equivalent barotropic structure. The results of sensitivity experiments suggest the 
atmospheric responses are linear and symmetrical to the variation of STFZ intensity within its natural variability. However, 
the anomalies of atmospheric upstream condition and large-scale SST also have great impacts on the midlatitude atmosphere 
over North Pacific, in comparison with the effect of STFZ intensity variability. Therefore, It suggests carefully verification 
of the atmospheric responses found in the observations and numerical experiments.
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1 Introduction

Recent studies have suggested the intimate relationship 
between the sea surface temperature fronts and the storm 
tracks in the midlatitude atmosphere (Small et al. 2014; 
O’Reilly and Czaja 2015; Parfitt et al. 2016). SST fronts 
can restore the near-surface baroclinicity against the heat 
flux transport by transient eddies and thus maintain the 
storm tracks in the midlatitude atmosphere (Nakamura et al. 
2008). However, how the atmospheric circulation responds 
to the variability of SST fronts is still unclear. Frankignoul 
et al. (2011) suggested that the meridional shift of subarctic 

front zone (SAFZ) in the North Pacific generates a baro-
tropic atmospheric response after a two-month lag. Wills 
et al. (2016) indicated that the SST anomaly (SSTA) near the 
Gulf Stream front arouses a barotropic atmospheric response 
over North Atlantic within 2–3 weeks. When the SST in the 
SAFZ is abnormally warmer in previous autumn, Taguchi 
et al. (2012) suggest the wintertime storm tracks shift north-
ward as a response, but Gan and Wu (2013) indicated storm 
tracks in winter appear to be weakened. Small et al. (2014) 
pointed out that the atmospheric responses to the SST front 
variability depend on the spatial resolutions of atmospheric 
model. Therefore, it is still an open question that how and 
to what extent the atmosphere responds to the variability of 
SST front.

Many studies evaluated the impacts of SAFZ on the 
midlatitude atmosphere with a pair of smoothed and 
unsmoothed SST front experiments (Small et al. 2014; 
Kuwano-Yoshida and Minobe 2017). Nevertheless, an 
additional large-scale SST anomaly appears when the SST 
front is artificially smoothed. It is not clear whether the 
SST front variability or the large-scale SSTA is respon-
sible for the atmospheric responses. To testify the actual 
influence of SAFZ variability, Yao et al. (2016) changed 
the intensity of SAFZ by applying SSTA only around 
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SAFZ in sensitivity experiments and confirmed the storm 
tracks can be intensified as a response to the enhanced 
SAFZ. At present, more attention is paid to the impacts 
of SAFZ due to its striking intensity (Taguchi et al. 2012; 
O’Reilly and Czaja 2015), although there is a complicated 
distribution of SST fronts in wintertime North Pacific: the 
subtropical front zone (STFZ) around 28°N and SAFZ 
around 40°N (Nakamura et al. 1997).

Albeit the STFZ is weaker than SAFZ in the wintertime 
North Pacific, the variability of STFZ can induce a sig-
nificant atmospheric response (Kobashi et al. 2008; Wang 
et al. 2016; Zhang et al. 2017). Wang et al. (2016) and 
Zhang et al. (2017) investigated the relationship between 
the variability of STFZ intensity and the East Asian jet 
stream (EAJS) in winter and spring, respectively. Results 
from observation and sensitivity experiments suggest 
when STFZ is intensified, the lower-level temperature 
gradient and atmospheric baroclinicity are enhanced, 
resulting in more active transient eddy forcing and thus a 
reinforcement of the EAJS. Wang et al. (2016) also sug-
gested that the low-frequency eddy activities are weakened 
as a response to the stronger STFZ and attenuate the zonal 
homogenization of East Asian jet stream (EAJS). Zhang 
et al. (2017) implied that the intensified convection activi-
ties and thus the atmospheric heat source contribute to the 
acceleration of EAJS. Nevertheless, a large-scale SSTA 
appears in the sensitivity experiments of both Wang et al. 
(2016) and Zhang et al. (2017). Therefore, the variabil-
ity of STFZ intensity may be not the only contributor to 
the atmospheric responses. In addition, the variation of 
atmospheric lateral boundary also has influence on the 
model atmospheric responses (Peng et al. 1997; Msadek 
et al. 2001). To clarify the actual impact of STFZ inten-
sity variability on the overlying atmosphere, sensitivity 
experiments without large-scale SST anomalies or atmos-
pheric lateral boundary change are conducted in the pre-
sent study. Furthermore, the respective effect of the STFZ 
intensity variability, the large-scale SSTA and the atmos-
pheric lateral boundary change are evaluated with different 
sensitivity experiments. Section 2 describes the datasets 
and model used in this study. Section 3 demonstrates the 
anomalies of surface heat flux and midlatitude atmosphere 
associated with the variation of STFZ intensity in the 
observation. The particular introduction of experimental 
design is present in Sect. 4. Section 5 shows the model 
atmospheric responses to the intensified STFZ. Section 6 
investigates the relative impacts of the STFZ strength vari-
ation and atmospheric lateral boundary change. Section 7 
presents the conclusion and a briefly discussion about 
the linearity and symmetry of the atmospheric responses 
to the STFZ intensity change. Furthermore, a compari-
son between the atmospheric responses to the anomalies 

of STFZ intensity and large-scale SST is also shown in 
Sect. 7.

2  Datasets and model experiments

Two SST datasets with different spatial resolutions are 
used to describe the variability of STFZ intensity. One is 
the Hadley Centre Global Sea Ice and Sea Surface Tem-
perature (HadISST) monthly mean SST data, with relatively 
coarse spatial resolution of 1.0°. The other is the Optimum 
Interpolation SST Version 2 (OISST.V2) with relatively 
fine spatial resolution of 0.25° and temporal resolution of 
1 day. Atmospheric anomalies associated with STFZ inten-
sity variability are examined with the 6-hourly European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
Interim Reanalysis (ERA-Interim), with a global resolution 
of 1.5°×1.5°. All datasets are averaged over December, Janu-
ary and February (DJF) to represent wintertime mean during 
1982–2010.

The Weather Research and Forecasting Model version 
3.4.1 (WRF 3.4.1) is used in this study as the atmospheric 
regional model. The same model parameterizations are used 
as in Wang et al. (2016). The model domain is 5°N–60°N, 
117°E–117°W, with a relatively high horizontal resolution 
of 50 km and 28 sigma levels in the vertical. The 6-hourly 
National Centers for Environmental Prediction (NCEP) 
Operational Global Final Analyses (FNL) data was pre-
scribed as the model lateral boundaries. The NCEP/FNL 
reanalysis dataset (http://rda.ucar.edu/datas ets/ds083 .2) was 
with a spatial resolution of 1.0° × 1.0°and 26 vertical pres-
sure levels from 1000 to 10 hPa.

3  Atmospheric anomalies associated 
with STFZ intensity variability 
in observation

3.1  Definition of STFZ intensity index

The climatologies of wintertime SST and its meridional 
gradient in North Pacific are shown in Fig. 1a, b for Had-
ISST and OISST, respectively. Large values of SST merid-
ional gradient locate along two separated frontal zones, 
i.e. the STFZ near 28°N and the SAFZ near 40°N. The 
oceanic fronts from different SST datasets are of similar 
distribution, except that the gradient in the western SAFZ 
from OISST is larger than that from HadISST. The SST 
gradients are zonally-averaged over the North Pacific basin 
(145°E–145°W) in Fig. 1c. Two extremes exist at about 
28°N and 40°N, corresponding to the center locations of 
the STFZ and SAFZ, respectively. The zonally-averaged 
SST gradients based on HadISST and OISST datasets are 

http://rda.ucar.edu/datasets/ds083.2
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basically the same within STFZ (24°–32°N). Follow Wang 
et al. (2017), the index to quantify the intensity of the 
STFZ is defined with the zonally-averaged SST gradient 
within the STFZ. Given STFZ, its intensity for each winter 
is defined as ITS =

∑N

i=1
Gi∕N , where  Gi is the value of 

zonally-averaged SST meridional gradient that is no less 
than an empirically-given critical value (here, 0.45 × 10−5 
K  m−1 for STFZ) at the i-th latitudinal grid point within 
the zone, and N is the number of total grid points that 
satisfy the criteria above. The intensity index reflects an 
average of the SST meridional gradient within STFZ.

The time series of the intensity index of STFZ (Fig. 1d) 
characterizes the variability of STFZ strength, where a larger 
(smaller) index value represents a stronger (weaker) STFZ. 
The indexes based on two different SST datasets exhibit good 
consistency during the period 1982–2010.

Fig. 1  Climatological distribution of SST (contours, units: K) and its 
meridional gradient (color shading, units:  10−5  km−1) in the winter-
time North Pacific, based on a HadISST and b OISST during 1982–
2011. c The climatological SST meridional gradient (unit:  10−5  km−1) 
zonally-averaged over 145E–145W as plotted a function of latitude 
for HadISST (blue line) and OISST (red line). The horizontal line 

signifies the empirically-given critical value (0.45) for STFZ intensity 
index definition, and the vertical lines indicate the latitudinal range 
(24–32N) of STFZ for front index definition. d Time series of the 
intensity index of STFZ (units:  10−5  km−1) for HadISST (blue line) 
and OISST (red line) during 1982–2010
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3.2  Relationship between the intensity index 
of STFZ and the anomalies of SST as well 
as surface heat flux

The SST anomaly regressed upon the intensity index of 
STFZ (Fig. 2a) is positive south of 28°N and negative north 
of 28°N. The dipole distribution of SST anomaly is accom-
panied with a positive anomaly of SST gradient (Fig. 2b) 
around STFZ. The negative SST anomaly centers at about 
40°N, and the corresponding SST gradient anomaly is of 
dipole pattern with zero contour around 40°N. When a strong 
STFZ is present, the SST gradient is intensified south of 40°N 
and reduced north of 40°N. It tends to induce a southward 

shift of SAFZ (Wang et al. 2017). The component of zonally-
averaged SST gradient for strong STFZ years (red line in 
Fig. 2d) presents a weaker and southward shifted SAFZ than 
climatology (black line in Fig. 2d). The regressed anomaly 
of surface heat fluxes (sum of sensible and latent heat fluxes, 
Fig. 2c) is positive (negative) along the south (north) side of 
STFZ, implying the abnormally warmer (cooler) SST there 
enhances (weakens) the upward heat flux and forces the over-
lying atmosphere. At latitude 40°–50°N, another positive 
regressed anomaly of surface heat fluxes exists with nega-
tive SST anomaly. The stronger upward heat transport from 
ocean to atmosphere induces heat loss of ocean and leads to 
the colder SST there. The regression analysis of surface flux 

Fig. 2  Spatial distributions of the regressed. a SST anomaly (shading, 
units: K), b SST gradient (shading, units:  10−5  km−1), c total surface 
flux (shading, Units: W/m2) upon the intensity index of STFZ. d SST 
gradient zonally-averaged over 145°E–145°W for strong STFZ year 

component (red dotted line), weak STFZ year component (blue dot-
ted line) and climatology (black solid line) during 1982–2010. Areas 
with statistical significance no less than 90% level are dotted. The cli-
matological locations of STFZ and SAFZ are denoted by black lines
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in winter suggests that ocean forces the overlying atmosphere 
along STFZ, whereas the SST is affected by the atmosphere 
to the north side of SAFZ.

3.3  Associated atmospheric anomalies 
with the intensity index of STFZ

Figure 3 shows the atmospheric anomalies regressed upon 
the intensity index of STFZ, for the meridional air 

temperature gradient, atmospheric baroclinicity 
( �BI = 0.31

f

N

|
|
|
�u

�z

|
|
|
 , Hoskins and Valdes 1990), zonal wind 

veloci ty,  synopt ic-scale  eddy kinet ic  energy 
(EKE = (u�2 + v�2

/
2)) , Kosaka and Nakamura 2008), baro-

clinic energy conversion ( CP = −
R

𝜎0P

(
v�T � 𝜕T̄

𝜕y
+ u�T � 𝜕T̄
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)
 , 

Kosaka and Nakamura 2008), the thermal and vorticity forc-
ings of transient eddy, and the induced tendency of zonal 

Fig. 3  The horizontal distributions of the climatologies (contours) 
and the atmospheric anomalies (shading) regressed upon the intensity 
index of STFZ for a air temperature gradient (units:  10−5  km−1) at 
850 hPa, b atmospheric baroclinicity (units:  10−5  m−1) at 850 hPa, c 
Zonal wind velocity (units:  ms−1) at 250 hPa, d EKE (units:  m2s−2) at 
250 hPa, e CP (units:  10−4  m2s−2) at 700 hPa, k Qeddy (units:  10−5 K 
 s−1) at 250 hPa, l Feddy (units:  10−11 s−2) at 250 hPa, m �u

�t
 induced 

by eddy thermal forcing (units:  10−5  ms−2) at 250 hPa, n �u
�t

 induced 

by eddy vorticity forcing (units:  10−5  ms−2) at 250 hPa, o �u
�t

 induced 
by eddy total forcing (units:  10−5  ms−2) at 250 hPa. The longitudinal 
range is 60E–120W in c, d, while is 120E–130W in other panels. The 
Altitude-latitude distributions of the climatologies (contours) and the 
atmospheric anomalies (shading) zonally-averaged over 145E–145W 
regressed upon the intensity index of STFZ are shown in f–j, p–t, 
respectively. Areas with statistical significance no less than 90% level 
are dotted
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wind speed, respectively. Here prime denotes the synoptic-
scale (2.5–7 day) fluctuations, and overbar denotes the 
seasonal-mean.

�0 =
1

Cp

RT

p
−

�T

�p
 , gives the hydrostatic stability. The baro-

clinic energy converts from mean flow to transient eddy 
when CP is positive, and vise versa. According to the quasi-
geostrophic potential vorticity (QGPV) equation (Lau and 
Holopainen 1984), the tendency of zonal wind velocity can 
be written as

where Q̄d is the diabatic heating, Q̄eddy is the transient eddy 

thermal forcing, Q̄eddy = −∇ ⋅ (V⃗ �
h
T �) , F̄eddy is the transient 

eddy vorticity forcing, F̄eddy = ∇(��⃗V �
h
𝜁 �) . By calculating the 

3-D inverted Laplace operator 
([

1
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∇2 + f
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(
1
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)]−1)

 

with Successive over-relaxation (SOR) method, we get the 
zonal wind velocity tendency 

(
𝜕ū

𝜕t

)
 induced by each forcing 

term, respectively.
Climatologically, large values of the meridional tem-

perature gradient (Fig. 3a, f) and atmospheric baroclinic-
ity (Fig. 3b, g) appear in the lower- and mid-troposphere at 
midlatitudes. The westerly jet prevails over 30°–40°N with 
equivalent barotropic structure (Fig. 3c, h), which is a com-
bination of the subtropical jet over 32°N and the eddy-driven 
jet located around 40°N (Fang and Yang 2016). The striking 
CP in lower- and mid-troposphere over western North Pacific 
(Fig. 3e, j) suggests baroclinic energy conversion from mean 
flow to transient eddy and contributes to vigorous transient 
eddies downstream in higher-troposphere (Fig. 3d, i). The heat 
flux transport by transient eddies converges north of 40°N 
while diverges south of 40°N (Fig. 3k, p), acting to weaken 
the midlatitude temperature gradient. The dipole pattern of 
transient eddy vorticity forcing with equivalent barotropic 
structure (Fig. 3l, q) tends to maintain a deep westerly jet 
around 40°N (Fig. 3n, s). In contrast, the zonal wind speed 
tendency induced by eddy thermal forcing (Fig. 3m, r) is with 
a baroclinic structure, which accelerates the westerly jet in 
lower-troposphere and decelerates the jet in higher-tropo-
sphere (Fig. 3n, s). The total effect of transient eddy (Fig. 3o, 
t) is dominated by eddy vorticity forcing, and tends to produce 
a zonal wind velocity anomaly with barotropic structure.

Shadings in Fig. 3 present the atmospheric anomalies 
regressed upon the intensity index of STFZ. The atmos-
pheric anomalies are in phase with their corresponding 
climatologies, implying their variabilities only in intensity. 
When STFZ is stronger, the meridional temperature gradient 
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increases (Fig. 3a, f). The correspondingly stronger atmos-
pheric baroclinicity (Fig. 3b, g) favors for stronger baro-
clinic energy transformation (Fig. 3e, j) and more vigorous 
transient eddy activities (Fig. 3d, i), especially downstream 
of their climatological maximums. As a result, the tran-
sient eddy thermal forcing (Fig. 3k, p) and vorticity forcing 
(Fig. 3l, q) are intensified with barotropic structure, thus 
moderate the midlatitude temperature gradient and acceler-
ate the zonal wind velocity over 35°–45°N (Fig. 3o, t).

The results from observation are similar with those in 

Wang et al. (2016) and Zhang et al. (2017), indicating the 
intensified STFZ could enhance the low-level baroclinic-
ity and thus the transient eddy activities, resulting in the 
reinforcement of EAJS. However, as shown in Fig. 2a, the 
stronger STFZ is accompanied with a large-scale SST anom-
aly. Besides, the upstream jet (Fig. 3c) and eddies (Fig. 3d) 
are intensified, when STFZ is stronger. Therefore, the atmos-
pheric anomalies found in observation may not affected only 
by variability of STFZ intensify. When evaluating the influ-
ence of STFZ intensification in numerical experiments, both 
Wang et al. (2016) and Zhang et al. (2017) simply amplify 
the strength of STFZ, without considering the potential 
impacts of other distractions such as large-scale SSTA. In 
this study, different sensitivity experiments are designed to 
investigate the actual influence of STFZ intensity variability, 
and further evaluate the respective effects of STFZ intensity 
variation, the large-scale SST anomaly, and the atmospheric 
upstream condition.

4  Experimental design

The NCEP/FNL reanalysis dataset with relatively high spa-
tial resolution is used to reconstruct the SST field in model 
experiments. The climatology of NCEP/FNL SST field span-
ning 2000–2010 (Fig. 4a) is of similar distribution with that 
of OISST and HadISST in Fig. 1a, b. The climatological 
SST presents a significant zonal-distribution in midlatitude. 
Based on that, we artificially reconstruct the SST filed by 
extending the zonally-averaged SST over 145°E-145°W to 
the whole Pacific basin (Fig. 4b). The distribution of recon-
structed SST gradient (blue line in Fig. 4d) is basically con-
sistent with that of observation (black line in Fig. 4d). The 
reconstructed SST is used to conduct the control experi-
ments (hereafter CNTL). To strengthen the STFZ, SST 
anomalies (Fig. 4c), positive at the southern side of STFZ 
(18°N-28°N) with a maximum of 0.5K and the opposite at 
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north (28°N–38°N), are added to the reconstructed SST. 
The SSTs in other regions remain unchanged. The SST field 
with strengthened STFZ (the combination of SST in Fig. 4b 
and SSTA in Fig. 4c) is used as the SST boundary condi-
tion for strengthened STFZ experiments (hereafter STNG-
STFZ). When the SSTA is involved, the STFZ is intensified 
without large-scale SSTA in other region. Therefore, the 
difference between STNG-STFZ and CNTL experiments 
can be considered as the actual atmospheric responses to 
STFZ intensification. The artificially strengthened STFZ 
(red solid line in Fig. 4d) is comparable to the strongest 
STFZ appeared in OISST (purple dotted line in Fig. 4d). 

Therefore, the STNG-STFZ experiment can be treated as an 
extreme case of observation. Based on the intensity index on 
STFZ (Fig. 1d), the year 2002 is picked as a typical strong 
STFZ year, while the year 1992, 2008 and 2010 are picked 
as typical weak years. The 6-hourly NCEP/FNL reanalysis 
data during 01 December 2002 00:00:00 UTC to 28 Feb-
ruary 2003 18:00:00 UTC is used as the lateral boundary 
conditions for both CNTL and STNG-STFZ experiments, 
to introduce realistic signals of transient eddy activities. We 
perform a set of 20-ensemble-runs with different initial con-
ditions for each experiment and the ensemble mean is used 

Fig. 4  a The climatology of wintertime SST (units: K) based on 
NCEP/FNL during 2000–2010. b The distribution of reconstructed 
SST (units: K) in CNTL experiment. c The SST anomaly (units: K) 
between STNG-STFZ experiment and CNTL experiment. d The 
meridional gradient of SST zonally-averaged over 145°E–145°W 

(units:  10−5  km−1, black solid line: observed climatology in Had-
ISST, blue solid line: CNTL, red solid line: STNG-STFZ, green and 
gray dotted lines donate the strongest and weakest STFZ in HadISST, 
orange and purple dotted lines donate the strongest and weakest 
STFZ in OISST)
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Table 1  Introduction to experiment design. A set of 20-ensemble-runs with different initial conditions for each experiment

Experiment classification Specific experiment design Experiment name

Control experiments Reconstructed SST field + atmospheric lateral boundary during 00 
UTC 01 December 2002 to 18 UTC 28 February 2003

CTRL

Sensitive experiments Strengthened STFZ SST field + atmospheric lateral boundary during 
00 UTC 01 December 2002 to 18 UTC 28 February 2003

STNG-STFZ

Fig. 5  The horizontal distributions of the observed atmosphere at 
winter 2002 (contours) and the model atmosphere of CTNL experi-
ment (shading) for a air temperature gradient (units:  10−5  km−1) at 
850 hPa, b atmospheric baroclinicity (units:  10−5  m−1) at 850 hPa, c 
zonal wind velocity (units:  ms−1) at 250 hPa, d EKE (units:  m2s−2) at 
250 hPa, e CP (units:  10−4  m2  s−2) at 700 hPa, k Qeddy (units:  10−5 
K  s−1) at 250 hPa, l Feddy (units:  10−11 s−2) at 250 hPa, m �u

�t
 induced 

by eddy thermal forcing (units:  10−5  ms−2) at 250 hPa, n �u
�t

 induced 
by eddy vorticity forcing (units:  10−5  ms−2) at 250 hPa, o �u

�t
 induced 

by eddy total forcing (units:  10−5  ms−2) at 250 hPa. The altitude–lati-
tude distributions of the observed atmosphere at year 2002 (contours) 
and the model atmosphere of CTNL experiment (shading) zonally-
averaged over 145E∼ 145W are shown in f–j, p–t, respectively



5631The atmospheric responses to the intensity variability of subtropical front in the wintertime…

1 3

to eliminate the noises. The specific model design for each 
experiment is demonstrated in Table 1.

The atmospheric distributions in the CNTL experiment 
(shadings in Fig. 5) are of consistence with observations 
(contours in Fig. 5), except that the maximum core of air 
temperature gradient in lower-troposphere locates more 
southward (along STFZ) in the CNTL experiment (Fig. 5a). 
It allows us to investigate the atmospheric responses to the 
variation of STFZ intensity with model simulation in the 
following section.

5  Atmospheric responses 
to the strengthened STFZ

Shadings in Fig. 6 show the difference between STNG-
STFZ and CNTL experiments, representing the atmospheric 
responses to the intensification of STFZ. When the STFZ 
is strengthened, meridional gradient of near-surface tem-
perature is enhanced above the STFZ (Fig. 6f). The positive 
anomaly of meridional temperature gradient is more obvious 

Fig. 6  The horizontal distributions of the atmospheric anomalies 
(shadings) between the STNG-STFZ and CNTL experiments for a air 
temperature gradient (units:  10−5  km−1) at 850  hPa, b Atmospheric 
baroclinicity (units:  10−5  m−1) at 850  hPa, c zonal wind velocity 
(units:  ms−1) at 250 hPa, d EKE (units:  m2s−2) at 250 hPa, e CP (units: 
 10−4  m2s−2) at 700  hPa, k Qeddy (units:  10−5 K  s−1) at 250  hPa, l 
Feddy (units:  10−11  s−2) at 250  hPa, m �u

�t
 induced by eddy thermal 

forcing (units:  10−5  ms−2) at 250 hPa, n �u
�t

 induced by eddy vorticity 
forcing (units:  10−5  ms−2) at 250 hPa, o �u

�t
 induced by eddy total forc-

ing (units:  10−5  ms−2) at 250 hPa. The Altitude-latitude distributions 
of the atmospheric anomalies zonally-averaged over 145E–145W are 
shown in f–j, p–t, respectively. The distributions of wintertime-mean 
atmosphere in CNTL experiment are shown with contours. Areas with 
statistical significance no less than 90% level are dotted
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Fig. 7  Altitude-latitude distribu-
tions of the wintertime-mean 
atmosphere in CNTL experi-
ment (shading) and in SNTV-
BDY experiment (contour) 
at model western boundary 
(117.5°E) for a zonal wind 
velocity (units: m  s−1), and b 
EKE (units:  m2  s−2)

Fig. 8  As in Fig. 6, but for shadings show the atmospheric anomalies between CNTL and SNTV-BDY experiments
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in central and eastern North Pacific around STFZ (Fig. 6a), 
and tilts northward from the lower- to the mid-troposphere 
(Fig. 6f). The corresponding anomaly of atmospheric baro-
clinicity (Fig.  6b, g) contributes to stronger baroclinic 
growth of transient eddies, as implied by the positive anom-
aly of CP over STFZ in mid- and lower-troposphere (Fig. 6j). 
The positive response of CP is more evident at central North 

Pacific (Fig. 6e), contributing to more vigorous transient 
eddy eddies farther downstream (Fig. 6d). The anomalous 
response of eddy thermal forcing exhibits a meridional 
dipole pattern near surface with zero contour around STFZ 
(Fig. 6p) and tilts northwards to its maximum center in 
mid- and higher-troposphere (Fig. 6k, p). The strengthened 
eddy thermal forcing tends to moderate the air temperature 

Table 2  Introduction to sensitive experiments design

A set of 20-ensemble-runs with different initial conditions for each experiment

Specific experiment design Experiment name

Reconstructed SST field + atmospheric lateral boundary during 00 UTC 01 December 1992 to 18 UTC 28 February 1993, 
00 UTC 01 December 2008 to 18 UTC 28 February 2009, 00 UTC 01 December 2010 to 18 UTC 28 February 2011, 
respectively

SNTV-BDY

Mid strengthened STFZ SST field + atmospheric lateral boundary during 00 UTC 01 December 2002 to 18 UTC 28 February 
2003

Mid-strong-STFZ

Weakened STFZ SST field + atmospheric lateral boundary during 00 UTC 01 December 2002 to 18 UTC 28 February 2003 Weak-STFZ
Mid weakened STFZ SST field + atmospheric lateral boundary during 00 UTC 01 December 2002 to 18 UTC 28 February 

2003
Mid-weak-STFZ

Smoothed SST field + atmospheric lateral boundary during 00 UTC 01 December 2002 to 18 UTC 28 February 2003 SMTH-STFZ

Fig. 9  Distributions of SST 
differences (units: K) between 
sensitive experiments and 
CNTL experiment, a midstrong-
STFZ experimen, b SMTH-
STFZ experiment, c weak-STFZ 
experiment, d Midweak-STFZ 
experiment
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gradient above STFZ and induce a baroclinic zonal wind 
speed anomaly (Fig. 6m, r). The transient eddy vorticity 
forcing (Fig. 6l, q) and the induced zonal wind velocity ten-
dency (Fig. 6n, s) get stronger with equivalent barotropic 
structure over 35°–45°N. The zonal wind speed tendency 
induced by total eddy forcing (Fig. 6o, t) is dominated by 
eddy vorticity forcing, and is of barotropic structure. As a 
result, a positive anomaly of zonal wind velocity appears 
north and downstream of jet core (Fig. 6c), with equivalent 
barotropic structure (Fig. 6h). The distributions of atmos-
pheric responses to the intensified STFZ in numerical exper-
iment are similar with the atmospheric anomalies regressed 
upon the intensity index of STFZ in observation (Fig. 3). 
The regression coefficients in Fig. 3 represent the amplitude 
of atmospheric anomalies when the intensity index of STFZ 
is enhanced to 1.07 times of climatology in observation. 
The intensity index of STFZ in STNG-STFZ experiment 
is reinforced to about 1.09 times of that in CNTL experi-
ment, while the amplitudes of model atmospheric anomalies 
(Fig. 6) are weaker than that in observation (Fig. 3). The 
results of STNG-STFZ experiment manifest that the stronger 
STFZ reinforces the eddy-driven jet via strengthening the 
low-level baroclinicity and transient eddy vorticity forcing. 
In the following section, we further investigate the potential 
reason for the amplitude difference of atmospheric responses 
between sensitivity experiments and observation.

6  The influence of model lateral boundary 
condition

When investigating the atmospheric anomalies accompa-
nied with stronger STFZ in observation, significant positive 
anomalies of jet and eddies appear upstream of North Pacific 
(Fig. 3c, d), probably inducing atmospheric responses down-
stream. We wonder whether the anomaly of atmospheric 
upstream condition contributes to the amplitude difference 
of atmospheric anomalies between observation and STNG-
STFZ experiment. To investigate the potential influence 
of atmospheric upstream condition, a set of experiments 
(dubbed as SNTV-BDY experiment) are conducted with 
the atmospheric lateral boundary of typical weak STFZ 
years (1992, 2008 and 2010), and the average of simulated 
results is used. The SNTV-BDY experiments are conducted 
with the reconstructed SST filed of CNTL experiment. A 
set of 20-ensemble-runs with different initial conditions 
is performed for SNTV-BDY experiment. The difference 
between CNTL and SNTV-BDY experiments indicates the 
effect of atmospheric lateral boundary variability on the 
model atmosphere.

Figure 7 demonstrates the contrasts of the zonal wind 
velocity and EKE at model western boundary from CNTL 
and SNTV-BDY experiments, respectively. The inflow 

westerly jet in SNTV-BDY is stronger, with a maximum 
about 67  ms−1, and the location of jet core is further north-
ward (Fig. 7a). Figure 7b shows that the introduced transient 
eddy activities from upstream are more energetic in CNTL 
experiment than SNTV-BDY experiment.

The differences between CNTL and SNVT-BDY experi-
ments (Fig. 8) imply the atmospheric responses to the varia-
tion of atmospheric lateral boundary. The obviously stronger 
meridional temperature gradient (Fig. 8a, f) and atmospheric 
baroclinicity (Fig. 8b, g) contribute to energetic transient 
eddy activities downstream. Together with the stronger 
eddies introduced from upstream, the EKE is more promi-
nent over the whole basin in CNTL experiment (Fig. 8d, i), 
leading to an evident acceleration of polar front jet (Fig. 8o, 
t). Although the jet of CNTL experiment is weaker over 
30°–40°N at the model western boundary, the westerly jet 
downstream is stronger (Fig. 8c), probably due to the strik-
ing transient eddy forcings. The atmospheric responses to 
the lateral boundary change (Fig. 8) are consistent with 
observation (Fig. 3), and are stronger in comparison with 
the atmospheric responses to the variation of STFZ inten-
sity (Fig. 6). The effect of intensified STFZ could be easily 
covered by the change of atmospheric upstream condition. 
Therefore, it is not easy to figure out the actual effect of 
STFZ intensity in the observation.

Fig. 10  The meridional gradients of SST zonally-averaged over 
145°E–145°W (units:  10−5  km−1, black line: CNTL, orange line: 
SMTH-STFZ, purple line: midstrong_STFZ, green line: midweak_
STFZ, red line: STNG_STFZ, grey line: weak_STFZ)
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7  Summary and discussion

Based on the intensity index of STFZ, the atmospheric 
responses to the variation of STFZ intensity are investi-
gated in both observation and numerical experiments. The 
intensified STFZ in sensitivity experiments is performed 
with a dipole pattern of SST anomaly only around STFZ, in 
order to avoid the distraction of large-scale SST anomaly. 
When STFZ is intensified, the meridional air temperature 
gradient and atmospheric baroclinicity are significantly 
increased, devoting to a stronger transient eddy activity 
and eddy forcings, thus an acceleration of westerly jet with 
equivalent barotropic structure. The potential effects of 
atmospheric upstream condition are further discussed with 
sensitivity experiments. The atmospheric responses to the 
anomaly of atmospheric lateral boundary are in phase with 
but stronger than the atmospheric anomaly to the variation 
of STFZ intensity. The effect of intensified STFZ could 
be easily covered by the change of atmospheric upstream 

condition. Although the effects of STFZ intensity variabil-
ity and atmospheric upstream condition are investigated 
separately from numerical experiments, the potential inter-
action between these two factors is not discussed in the 
present study. The upstream eddy variability could arouse 
an anomaly in STFZ, via altering the surface wind speed 
and air-sea heat flux around STFZ and hence moderate the 
SST, and then the anomalous STFZ could give feedback to 
the overlying atmosphere. We will further investigate the 
interaction between upstream eddy variability and STFZ 
variation in the future study.

When investigating the atmospheric responses to 
intensified STFZ in SNTG-STFZ experiment, we wonder 
whether the atmospheric responses are linear to differ-
ent STFZ strength, and whether the atmosphere responds 
symmetrically to a weakened STFZ? The linearity and 
symmetry of the atmospheric responses to the variation 
of STFZ intensity are investigated with sensitivity experi-
ments shown in Table 2. The SST anomaly (Fig. 9a) with 
half amplitude of the SSTA in STNG-STFZ experiment 

Fig. 11  The horizontal distributions of the atmospheric anomalies 
(shadings) between the Midstrong-STFZ and CNTL experiments for 
(a) air temperature gradient (units:  10−5  km−1) at 850  hPa, b zonal 
wind velocity (units:  ms−1) at 250  hPa, c EKE (units:  m2s−2) at 

250 hPa. The Altitude-latitude distributions of the atmospheric anom-
alies zonally-averaged over 145E–145W are shown in d–f, respec-
tively. The distributions of wintertime-mean atmosphere in CNTL 
experiment are shown with contours
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is used in Mid-strong-STFZ experiment (purple line in 
Fig. 10). The atmospheric responses in Mid-strong-STFZ 
experiment (Fig. 11) are of the same distribution with 
STNG-STFZ experiments (Fig. 6) but weaker (about a 
half) in amplitude, suggesting the midlatitude atmosphere 
responds linearly to the variability of STFZ intensity.

When an exactly opposite SSTA (Fig. 9c) is involved, the 
SST gradient is reduced at the center of STFZ but stronger 
at the north and south sides in Weak-STFZ experiment (gray 
line in Fig. 10). The anomaly of air temperature gradient 
is negative south and downstream of its maximum center 
(Fig. 12a, d), leading to a negative anomaly of EKE down-
stream (Fig. 12c, f). The westerly jet is reduced with equiv-
alent barotropic structure (Fig. 12b, e). The atmospheric 
responses of Weak-STFZ are roughly opposite to the results 
of STNG-STFZ experiment. In Mid-weak-STFZ experi-
ment, the SSTA (Fig. 9d) is half of the SSTA in Weak-STFZ 
experiment. The atmospheric anomalies of Mid-weak-STFZ 
experiment (Fig. 13) are of similar distribution and weaker 
than those in Weak-STFZ experiment. The sensitive experi-
ments imply that the atmospheric responses to the variation 
of STFZ intensity are linear and symmetrical. Therefore, the 

exaggerated intense of STFZ in STNG-STFZ experiment 
merely amplifies the realistic responses in observation and 
makes them more visible.

One more set of sensitive experiment is conducted with 
the smoothed STFZ by meridionally smoothing the SST 
filed and is dubbed as SMTH-STFZ. This method is widely 
used when investigating the influence of SAFZ in the past 
studies. When STFZ is smoothed, the SSTA is of large scale 
and is much stronger than the SSTA in other experiments 
(Fig. 9b). The difference between CNTL and SMTH-STFZ 
experiments (Fig. 14) includes the atmospheric responses to 
the weakened STFZ as well as the large-scale SST anomaly. 
The amplitudes of atmospheric responses in SMTH-STFZ 
experiment are stronger in comparison with the result of 
Weak-STFZ experiment, implying the obvious influence 
of large-scale SST anomaly beyond the range of STFZ. 
Therefore, it is more reasonable to inquire the actual effect 
of SST front by applying SSTA within finite area around 
oceanic front zone. The atmospheric anomalies associated 
with STFZ intensity variability in observation are probably 
the combination of atmospheric responses to the variation 

Fig. 12  As in Fig. 10, but for shadings show the atmospheric anomalies between Weak-STFZ and CNTL experiments
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of STFZ intensity, the anomalies of atmospheric upstream 
condition and large-scale SST.

The regression coefficient between the surface heat 
fluxes and the intensity index of SAFZ implies the ocean 
forces the overlying atmosphere along SAFZ in the cen-
tral and eastern North Pacific, but the opposite in western 
North Pacific. The more significant relationship between 
surface heat fluxes and the intensity index of STFZ implies 
that the ocean to atmosphere forcing may be more obvious 
along STFZ than SAFZ. When the SAFZ is intensified 
with similar method as for STFZ in simulation, the air 
temperature gradient and thus atmospheric baroclinic-
ity are intensified along the north side of their maximum 
core, contributing to the northward shift of the atmos-
pheric front, baroclinic zone, and thus the eddy-driven 
jet. The simulated results of stronger SAFZ are consistent 
with the results found in observation (Wang et al. 2017). 
The intensified SAFZ tends to induce a meridional shift of 
atmospheric response, whereas the stronger STFZ acts to 
arouse an atmospheric variability in intensity. Therefore, 
we think the atmospheric response to the variability of 

STFZ intensity in this study is independent of the SAFZ 
intensity variation.

Yao et al. (2016) intensified the SAFZ in sensitivity 
experiments and found that the storm tracks are strengthened 
and northward shifted as response. When the SAFZ strength 
is reinforce to 1.5 times in Yao et al. (2016), the overlying 
storm tracks (37°–42°N) increases about 8%. In this study, 
the maximum SST gradient of STFZ is enhanced to about 
1.4 times (the maximum of STFZ in CNTL experiment is 
0.7 × 10−5 K  m−1, and in STNG-STFZ is 1.0 × 10−5 K  m−1), 
the storm track response above STFZ increases about 6%. 
The strength of local storm track response to the strength-
ened STFZ is comparable with that to the intensified SAFZ 
in Yao et al. (2016). Therefore, the influence of STFZ inten-
sity anomaly should not be neglected when investigating 
the impact of North Pacific SST front variability. Further 
numerical experiments will be conducted to understand the 
influence of the synergic variability of SST fronts in North 
Pacific.

Fig. 13  As in Fig. 10, but for shadings show the atmospheric anomalies between Midweak-STFZ and CNTL experiments
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