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Abstract Using Climate Forecast System Reanalysis (CFSR) data and numerical simulations, the

impacts of the multi-scale sea surface temperature (SST) anomalies in the North Pacific on the boreal winter
atmospheric circulations are investigated. The basin-scale SST anomaly as the Pacific Decadal Oscillation
(PDO) pattern, a narrow meridional band of frontal-scale smoothed SST anomaly in the subtropical front zone
(STFZ) and the spatial dispersed eddy-scale SST anomalies within the STFZ are the three types of forcings.
The results of statistical methods find that all three oceanic forcings may correspond to the winter North Pacific
jet changing with the similar pattern. Furthermore, several atmospheric general circulation model simulations
are used to reveal the differences and detail processes of the three forcings. The basin-scale cold PDO-pattern
SST anomaly first causes negative turbulent heat flux anomalies, atmospheric cooling, and wind deceleration
in the lower atmosphere. Subsequently, the cooling temperature with an amplified southern lower temperature
gradient and baroclinity brings a lagging middle warming because of the enhanced atmospheric eddy heat
transport. The poleward and upward development of baroclinic fluctuations eventually causes the acceleration
of the upper jet. The smoothed frontal- and eddy-scales SST anomalies in the STFZ cause comparable
anomalous jet as the basin-scale by changing the upward baroclinic energy and Eliassen-Palm fluxes. The
forcing effects of multi-scales SST anomalies coexist simultaneously in the mid-latitude North Pacific, which
can cause similar anomalous upper atmospheric circulations. This is probably why it is tricky to define the
certain oceanic forcing to the specific observed atmospheric circulation variation.

Plain Language Summary The impacts of multi-scale interannual oceanic forcings on the winter
North Pacific upper jet are studied such as the basin-scale Pacific Decadal Oscillation pattern SST anomaly, a
narrow meridional band of frontal-scale smoothed SST anomaly in the subtropical front zone (STFZ) and the
spatial dispersed eddy-scale SST anomalies within the STFZ. Using Liang-Kleeman information flow method,
it is found that the above three oceanic forcings may change the upper jet over the North Pacific with the
similar intensity and location characteristics. Further Community Atmosphere Model Version 5.3 simulations
reveal that the basin-scale PDO-pattern cold SST anomaly first forces the lower atmosphere by the anomalous
surface turbulent heat flux, which quickly brings air cooling and wind deceleration. After that, northward

and upward eddy heat transports induced by temperature gradient south to SST anomaly cause atmospheric
baroclinic variation and eventually lead to the acceleration of westerly upper jet over the cold SST. Differing
the basin-scale anomaly, frontal- and eddy-scale SST anomalies in the STFZ directly change the uploading
baroclinic waves and E-P fluxes divergence resulting in comparable atmospheric responses. This study will be
beneficial to the weather and climate forecasts over the North Pacific and North America.

1. Introduction

Sea surface temperature (SST) anomalies of various spatial-temporal scales exist in the entire Pacific
ocean-atmosphere system, such as the El Nifio Southern Oscillation (ENSO) interannual event with temperature
anomaly centered in the tropical Pacific (Bjerknes, 1969), and the Pacific Decadal Oscillation (PDO) event with
interannual to decadal temperature anomalies centered in the North Pacific (Mantua et al., 1997). These two
representative anomalous events are considered to have important impacts on global climate (Jin, 1997; Larkin &
Harrison, 2002; Mantua & Hare, 2002; Philander, 1983), and both are closely related to local ocean-atmosphere
interactions (Wu & Liu, 2003). Different from the tropical Pacific, the ocean-atmosphere coupling process is
more complicated in the mid-latitudes of the North Pacific (Namias, 1969). The complexity is mainly due to
the fact that besides the large-scale SST anomaly mode like the PDO pattern (Mantua et al., 1997), two banded
SST gradient fronts (Chen et al., 2019; Nakamura et al., 1997; Wang et al., 2019) and widespread oceanic eddies
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(Chelton et al., 2007; Hu et al., 2021) can not be ignored for the effects on the upper mid-latitude atmosphere. At
present, the similarities and differences of these multi-scale SST anomalies in the North Pacific and their connec-
tions have not been fully understood.

The most representative large-scale SST anomaly mode in the North Pacific is the PDO. It may be called the
spatially ENSO-like mode of Pacific climate variability with longer period (Latif & Barnett, 1996; Rasmusson &
Wallace, 1983). The PDO manifests as a large-scale cold (warm) SST anomaly in the mid-latitude North Pacific
in winter, and the positive (cold SST anomaly) PDO phase corresponds to the intensification of the westerly jet in
the upper atmosphere (Mantua et al., 1997; Mantua & Hare, 2002). Some studies have pointed out that it is more
like the mid-latitude westerly winds changing the latent heat flux of the sea surface, resulting in the basin-scale
SST anomalies (Deser & Timlin, 1997; Miller & Schneider, 2000; Namias, 1969; Palmer & Zhaobo, 1985). The
mechanism of the PDO events has always been a research hotspot in mid-latitude ocean-atmosphere interaction.
Many numerical experiments have emphasized that the PDO is the product of mid-latitude air-sea coupling
(Hoskins & Karoly, 1981; Kushnir & Held, 1996; Newman et al., 2016; Wu & Liu, 2003). However, the direct
observational evidence is vague (Mantua & Hare, 2002). Atmospheric forcing on the ocean has received much
attention (Battisti et al., 1995; Frankignoul et al., 1997; Hasselmann, 1976), but which kind of mid-latitude SST
anomalies leading to the large-scale anomalous atmospheric circulation remains an open question.

In addition to the basin-scale SST anomalies, there are two SST meridional gradient fronts zonally distributed
in the North Pacific at least. One is the subarctic oceanic front with a great temperature gradient, the other is the
Subtropical Frontal Zone (STFZ) locating near 28° to 32°N (Nakamura et al., 1997). The mid-latitude atmos-
phere has strong baroclinic properties, accompanied by the active development of synoptic eddies along the
storm tracks and the generation of the Western Pacific Jet Stream (WPJS) (Chu et al., 2013; Ren et al., 2010).
Various model simulations show that the forcing of frontal-scale SST anomalies in the oceanic frontal zones can
propagate from the lower troposphere to the upper, and has indirect effects on atmospheric upper layer circula-
tion (Feliks et al., 2004, 2007; Guan et al., 2019; Nakamura et al., 1997, 2004, 2008; Sampe et al., 2010; Wang
et al., 2016, 2019; Yao et al., 2016, 2017). In particular, increment of the subtropical oceanic front intensity in
winter will lead to the enhancement of the atmospheric storm tracks and WPJS in the mid-latitudes by altering the
vertical propagation of baroclinic Rossby waves and the occurrence of barotropic Rossby wave breaking events
(Chen et al., 2019; Wang et al., 2016, 2019).

Meanwhile, numerous mesoscale oceanic eddies are distributed in the North Pacific. Previous studies have empha-
sized the impacts of isolated strong oceanic eddies on the local lower atmosphere, with regard to sea surface
wind speed, boundary layer height, sensible and latent heat fluxes, and local precipitation (Ma, Xu et al., 2015;
Small et al., 2008; Xu et al., 2016). Some studies have also pointed out that the mesoscale SST anomalies, alike
the distribution of oceanic eddies, has an influence on the atmospheric storm tracks and produces the remote
basin-scale atmospheric response (Ma, Chang et al., 2015; Ma, Xu et al., 2015; Sun et al., 2018). Since Wen
et al. (2020) showed that oceanic eddies in the North Pacific do not exist in isolation, but often appear in the form
of eddy pairs. Hu et al. (2021) used reanalysis data to give the difference between the effects of isolated oceanic
eddies and eddy pairs on the upper atmospheric boundary layer. Subsequently, their work revealed that there is
a close relationship between the spatial distributions of multiple oceanic eddies in the STFZ and the interannual
variation of the observed STFZ intensity by changing the abnormal fluctuations of the upward baroclinic Rossby
wave and baroclinic energy transport from the lower atmosphere to the middle and upper layers. However, in the
mid-latitude North Pacific air-sea coupling system, the multiple oceanic eddies exist simultaneously with the
basin- and frontal-scale SST anomalies. The differences and connections between them are worth discussing.

In the observed North Pacific ocean-atmosphere system, due to the simultaneous oceanic anomalies of various
temporal and spatial scales and the possible feedback processes with the upper atmosphere, it is difficult to deter-
mine the certain forcing source only by diagnosing the observational data. Numerical experiments have been
used in previous studies on the North Pacific air-sea interaction (Kushnir & Held, 1996; Kushnir & Lau, 1992;
Peng & Whitaker, 1999). However, different atmospheric general circulation model (AGCM) numerical experi-
ments have found the inconsistent forcing results of the basin-scale PDO-pattern cold SST anomaly in the North
Pacific on the WPJS (Liu, 2012). Some found linear baroclinic response with a sea surface low downstream of
the warm SST anomaly (Sutton & Mathieu, 2002; Yulaeva et al., 2001), while others produced an equivalent
barotropic high downstream of the warm SST anomaly (Liu & Wu, 2004). The variability of the North Pacific jet
exerts crucial influences on weather and climate of North America associated with the Pacific—-North American
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pattern, synoptic features and the structure and evolution of the large-scale circulation (Griffin & Martin, 2017,
Jaffe et al., 2011; Otkin & Martin, 2004; Yu et al., 2021). Previous studies have shown that by enhancing the
simulation capabilities of ocean eddies in numerical models, the forecast of extratropical cyclones and storm
systems over the North Pacific in winter can be improved (Ma, Chang et al., 2015; Ma et al., 2017; Szunyogh
et al., 2021), but the specific mechanism remains to be revealed. From the review, in the mid-latitude North
Pacific Ocean, there are complex phenomena of multi-scale SST anomalies, such as the basin-scale PDO-pattern
SST anomaly, the frontal-scale smoothed SST with STFZ intensity anomalies, and the eddy-scale SST anomalies
with the spatial distribution of oceanic eddies. It is difficult to obtain their respective direct forcing effects on
the upper atmospheric circulation by observation and reanalysis, and the existing numerical research results are
inconsistent. In particular, similar to the studies that emphasized the effects of STFZ on baroclinity in the lower
atmosphere, the basin-scale PDO-pattern SST anomaly is also accompanied by a significant meridional SST
gradient. How to understand the atmospheric circulation responses considering the coexistence of SST and SST
gradient anomalies in PDO events? What role does the spatial distribution of oceanic eddies play during different
basin-scale PDO phase years? What are the differences and connections between the anomalies of basin-scale
SST, frontal-scale oceanic smoothed front intensity, and the eddy-scale spatial distribution of oceanic eddies forc-
ing on the upper atmosphere? To discuss the oceanic forcing of three types sea temperature anomalies, the PDO
pattern basin-scale, the narrow meridional frontal-scale, and the spatial distribution of numerous eddy-scale on
the wintertime atmospheric circulations, the respective effects of oceanic anomalies on the mid-level westerly jet
in the mid-latitude atmosphere in winter, and their possible connections are investigated.

Based on the above questions, this paper is organized as follows. Section 2 introduces the data, methods and
observations of North Pacific oceanic anomalies accompanied by atmospheric responses. Section 3 shows model
introduction and experiment designs. Section 4 examines the detail forcing establishment process of basin-scale
SST with obvious southern gradient anomalies on the upper atmosphere. Section 5 discusses the forcing mech-
anisms of smoothed frontal-scale subtropical oceanic front and eddy-scale oceanic eddy distributions on the
atmosphere in winter. Summary and discussion are presented in Section 6.

2. Data, Methods, and Observations of North Pacific Ocean Anomalies Accompanied
by Atmospheric Responses

In this study, we used atmosphere and ocean reanalysis outputs of Climate Forecast System Reanalysis (CFSR)
data in winter (DJF, i.e., December, January, and February) from 1979 to 2009 (Saha et al., 2010; Website: https://
doi.org/10.5065/D69K487]). This global, coupled and high-resolution product provided by the National Centers
for Environmental Prediction (NCEP) has long been credited for its accurate estimation of the atmosphere and the
ocean (Bai et al., 2019; Carvalho et al., 2012; Hu, Chen et al., 2022; Hu, Wang et al., 2022; Ma, Xu et al., 2015;
Xue et al., 2011). The CFSR has the 6-hourly time resolution and the 0.5° X 0.5° spatial horizontal resolution.
The CFSR oceanic outputs have 40 levels from 5- to 4478-m, in which top 20 levels are used in this study covered
from ocean surface (5-m) to 205-m. The CFSR atmospheric outputs have multiple vertical coordinates. 300 hPa
zonal wind is used in our study to investigate upper atmosphere. CFSR 6-hourly earth-system reanalysis outputs
with the 0.5° X 0.5° spatial resolution should be enough to detect oceanic eddies since the large eddies in this
region have a typical mean eddy diameter of 200 km (see Figure 3c in Chelton et al., 2007). Furthermore, to catch
more details of approximate oceanic eddy center and moving locus, the spatial horizontal resolution is bilinearly
interpolated to 0.25° X 0.25° in this study, such as the Wen et al. (2020), the interpolated CFSR data with resolu-
tion of 0.25° X 0.25° has comparable results with the finer data when dealt with the same eddy detection program.
All the correlation analysis and eddy composited analysis use daily mean of the 6-hourly outputs.

Liang—Kleeman information flow and time series causal analysis are used. In recent years, Liang (2014, 2021b)
has made a breakthrough in this issue using the Liang—Kleeman information flow theory. Information flow is
considered a measure of causality, and the exchange between two events as information not only indicates the
quantity, but also indicates the direction of the causal relationship (Liang, 2015, 2016). The formalism bridges
the gap between theory and real applications, and has been put to application with success to real world prob-
lems, such as the research on the relationship between carbon dioxide and global warming (Jiang et al., 2019;
Liang, 2013, 2018, 2021a; Stips et al., 2016).

To study the coupled air-sea interactions in the mid-latitudes of the North Pacific, it is important to reveal the
process by which the complex oceanic anomalies affect the atmosphere. Based on previous studies, Figure 1
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Figure 1. (a) North Pacific SST (contours, units: K) and meridional SST gradient (shadings, units: K-degree™") are in the climatological mean state. (b) The first
mode spatial pattern is from the EOF analysis of the North Pacific (10°N-50°N, 120°E—120°W) winter SST annual series (EOF1, contours) and its gradient given in
shadings. (c) Distribution of oceanic eddies is given in scatter plots (cyclonic eddies in blue and anticyclonic eddies in red) and mean meridional SST gradient (black,
units: K-degree™!) and eddy SST gradient within the STFZ (orange) are zonally averaged in line graph. (d) Line chart of standardized PC1 corresponding to EOF1 time

series (blue), eddy index time series (orange) and observed STFZ index time series (black). Among them, the STFZ region is marked with a black box in (a, b).
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shows three types of oceanic anomalies in the CFSR data, in which Figure 1a shows the climate-averaged merid-
ional SST gradient, while the subtropical SST front can be determined by the visible large values area (black
box) of SST gradient. Figure 1b shows the first mode spatial pattern (PDO-pattern SST) and meridional gradient
obtained from the empirical orthogonal function (EOF) analysis of the annual average SST field in boreal winter.
It can be seen that the basin-scale PDO-pattern SST is also accompanied by the large value of SST gradient, but
located further southly than the subtropical oceanic temperature front. Figure 1¢ shows the distribution of ocean
eddies in the STFZ. The eddy detection data set follows the study of Hu et al. (2021). From the zonally averaged
SST gradient in the STFZ and eddy temperature gradient zonal mean lines, it can be seen that the distribution
of ocean eddies has caused the same large SST gradients similar to subtropical SST gradient front. Therefore,
since the three types of ocean anomalies all have sea temperature gradients that can affect the upper atmos-
phere, it is necessary to discuss their accompanying atmospheric circulation anomalies separately. The EOF first
mode (EOF1, by which 23% of the variance can be explained) time series (PC1) characterizing the basin-scale
PDO-pattern SST change, the STFZ index (Chen et al., 2019; Wang et al., 2019) characterizing the frontal-scale
STFZ intensity change, and a newly defined ocean eddy index time series are respectively normalized and shown
in Figure 1d. Following the study of Hu et al. (2021), the uneven distribution of ocean eddies from north to
south can cause a spatial dispersed eddy-scale SST gradient and then affect the middle and upper atmosphere.
We define an ocean eddy index as the meridional deviation trend of anisotropic eddies from the main axis of
the STFZ (28°N), which can characterize the strength of SST gradient anomaly generated by oceanic eddies
(Nencioli et al., 2010; Wen et al., 2020). The definition is as follows

n m

Eddyindex = ) i+ (g = 28) + 3 &+ (o — 28)
=1

i=1

Among them, n and m are the number of cyclonic and anticyclonic eddies, respectively. { and {, are the vorticity
of the centers of cyclonic and anticyclonic eddies, respectively. And ¢_ and @, are the latitudes where the eddy
centers are located. To characterize the strength of the basin-scale SST gradient anomaly caused by oceanic
eddies, we define the oceanic eddy index as the trend of eddies with different polarities in the subtropical frontal
zone to the north or south away from the main axis of the STFZ, the selection of the central value of 28°N has
a good representativeness (details in Figure S1 in Supporting Information S1). When the eddy index is positive,
it means that the cyclonic (anticyclonic) eddies within the STFZ are more inclined to the north (south), which
is conducive to the positive anomaly of the SST gradient in STFZ. Figure 1d shows that the time series of the
three types of oceanic anomalies have obvious interannual intensity changes. The pairwise correlations of the
three indices are calculated as r (PC1, EDDY) = 0.05, r (PC1, STFZ) = 0.41, r (EDDY, STFZ) = 0.51. It can
be found that the basin-scale PDO-pattern and eddy-scale SST anomaly distributions are significantly (passed
95% confidence level) related to the frontal-scale STFZ intensity variation with significant positive correlations,
while the PDO-pattern SST has no correlation with the eddy distribution. It is also worth noting that the PDO,
generally described as inter-decadal cyclical variation, also exhibits significant inter-annual variation within the
selected 30 years.

In order to verify whether the ocean eddy index we defined can represent the strength of the spatial dispersed
eddy-scale SST gradient anomaly caused by oceanic eddies, we define the significant strong eddy years with the
eddy index higher than one standard deviation (1984, 1990, 1992, 1993, 1995, 1996), the significant weak eddy
index years below one standard deviation (1991, 1998, 1999, 2005, 2006, 2009), and the normal rest years (detail
years in Table S1 in Supporting Information S1). Figure 2 shows the characteristics of eddy distribution and SST
gradient in different years. Figure 2a shows that in strong eddy index years, more cyclonic eddies (70.2%) tend to
occur at the northern STFZ, and the zonally average SST gradient increases, that is, the intensity of the subtropi-
cal front strengthened. In the weak eddy index years, more anticyclonic eddies (70.8%) tend to occur to the north
of the STFZ. The zonal average SST gradient decreases, and the intensity of the subtropical front weakens. The
results show that the eddy index can well describe the anomaly of the SST gradient caused by the characteristics
of the multiple eddy distributions.

In the coupled air-sea interaction, the ocean temperature gradient plays an important role in the forcing on the
upper atmosphere. We found three types of ocean anomalies related to the SST gradient above, each of which has
an interannual-scale intensity variation. Therefore, it is necessary to discuss the relationship between the three
and their accompanying atmospheric circulation anomalies. Using the Liang—Kleeman information flow method,
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Figure 2. Ocean eddy distribution is given in scatter plots (cyclonic eddies in blue, anticyclonic eddies in red) and SST

gradients are zonally averaged in strong (a), normal (b), and weak (c) years of the eddy index (line chart, units: K-degree™!,
the black dashed lines are the climatological mean of the SST meridional gradient, and the orange solid lines are the zonal-
mean SST gradient values caused only by oceanic eddies in the corresponding years).

Figures 3a—-3c shows the causal relationship between PC1 corresponding to the basin-scale PDO-pattern SST,
frontal-scale STFZ intensity, the eddy index and the atmospheric 300 hPa zonal wind speed. The results show that
all three types of ocean anomalies can cause abnormal changes in the upper atmospheric circulation. Their regres-
sion analyses show similar results (Figures 3d—3f). All three oceanic forcings can affect the upper zonal wind
field. Especially the acceleration on the right side downstream of the jet axis, where the basin-scale PDO-pattern
SST has the most significant impact on the atmosphere. A relatively weak mathematical statistical relationship
exists between the upper wind and eddy index. The observed jet response obtained by composite analysis shows
similar results (Figure S2 in Supporting Information S1). However, in the real world ocean-atmospheric system,
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Figure 3. Liang-Kleeman information flow (a—c) and regression analysis (d—f, shadings) are conducted to the (a, d) PDO-pattern SST PC1 series, (b, ¢) STFZ index
and (c, f) eddy index with observed 300 hPa zonal wind. Climatological mean zonal wind field on 300 hPa is represented by contours (units: m-s~") in (d—f). The
shadings (a—c) and dotted areas (d—f) pass the 95% significance, respectively.
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Table 1

Experiment Designs

Experiment Description of the forcing fields

CTRL Excluding SST, all forcing fields are fixed to the values in year 2000. The SST forcing is taken from
the monthly CFSR reanalysis data, which has the interannual variability in the global ocean.

CTRL_NoNP All parameterization schemes and forcing are the same as CTRL, but the SST forcing is fixed to the
boreal winter climatological mean in the North Pacific (removing interannual variability in SST
of the North Pacific).

EXP_PDO Same as CTRL_NoNP, but the North Pacific SST forcing has the interannual variability of

PDO-pattern basin-scale SST anomaly (CTRL_NoNP adds the value of PDO-pattern EOF1
spatial mode of observed North Pacific SST anomalies in each year X PC1).

EXP_AIISTFZ Same as CTRL_NoNP, but the SST forcing adds the observed total interannual SST only in the
subtropical frontal zone (all interannual variability in the STFZ).

EXP_FrontSTFZ Same as CTRL_NoNP, but the SST forcing adds the interannual anomalous observed SST in the
STFZ after spatial smoothing (removing the oceanic eddies in the STFZ).

EXP_EddySTFZ Same as CTRL_NoNP, but the SST forcing adds the interannual spatial filtering anomalous
observed SST in the STFZ (the only interannual effect of oceanic eddies in the STFZ).

EXP_PDO + Eddy Same as CTRL_NoNP, but the SST forcing is the SST anomaly in EXP_PDO adds the anomalous
SST in EXP_EddySTFZ (the interannual eddy-scale effects during different PDO phases).

the three types of oceanic anomalies coexist. It is difficult to diagnose their respective atmospheric responses
through observational data. Whether these three types of ocean anomalies all have forcing on the upper atmos-
phere, and what are the differences and connections between them? It is necessary to use numerical models to
further reveal the above questions.

3. Model Introduction and Experiment Design

The Community Atmosphere Model Version 5.3 (CAMS5.3) of the National Center for Atmospheric Research
(NCAR) is used in this study (Gent et al., 2011; Neale et al., 2010). CAMS.3 is the latest in a series of global
atmosphere models and contains some notable improvements. In addition, CAM 5.3 also includes the Land
Surface Module CLM4.5, which provides atmospheric conditions with land boundary conditions and lower
boundary conditions such as energy, momentum and water vapor exchange between land and air (Oleson
et al., 2010). The horizontal resolution of the model used in this paper is T85 (128 x 256, about 1.5°). The o-p
hybrid coordinates are taken in the vertical direction. The o coordinates are used in the near ground layer. The
o-p transition coordinates are used in the middle, and the upper layer is the pure p coordinate, covering 26 layers
and the pressure of the model top is at 100 hPa. The deep convection process is processed using a parametric
scheme developed by Zhang and McFarlane (1995) and corrected by the increased flow transport of Richter
and Rasch (2008). Compared with previous version, the default power core of CAMS.3 has been changed from
the original spectral core to a finite volume core. CAMS5.3 has also significantly improved on deep convection
scheme, Arctic cloud simulation, radiated interface and computational scalability. It also improves simulation
capabilities for ENSO (Neale et al., 2008). Several control and sensitivity experiments are designed to understand
the effects of basin-scale PDO-pattern SST anomaly, total SST anomalies in STFZ, frontal-scale smoothed SST
anomaly and the spatial dispersed eddy-scale SST anomalies within the STFZ, which are listed in Table 1. The
CTRL Simulations run from 1 December 1979 to 28 February 2010 with output every 5 days for 31 consecutive
years. The CTRL output on December 1 of each simulation year provides the unified year-by-year winter initial
fields for all the subsequent sensitivity experiments.

The North Pacific is defined as 10°N-50°N, 140°E—140°W in CTRL_NoNP and EXP_PDO. Using climatology
to exclude interannual variability, the model runs a 30-year discrete winter simulation from 1 December 1980
to 28 February 2010. The initial of each CTRL_NoNP simulation was the output on the day of the CTRL. The
30 winters simulations were the responses of the mid-latitude atmosphere to the climatological North Pacific
temperature, which are used for the comparisons of the sensitivity experiments below. For EXP_PDO, the differ-
ence between the ensemble average of 17 PDO positive phase (cold SST) events (detail years in Table S1 in
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Figure 4. In response to the basin-scale PDO-pattern cold SST experiment,
(a—e) are the ensemble averaging (17 winters) simulations of day 0, 5, 10,
15 and winter mean of 300 hPa atmospheric zonal wind speed (units: m-s~!)
in EXP_PDO. Panels (f—j) are the 300 hPa atmospheric zonal wind speed
anomalies (units: m-s~!) distinguished from CTRL_NoNP. The dotted areas
passed the 95% significance #-test.

Supporting Information S1) and CTRL_NoNP is regarded as the impact of
the interannual basin-scale PDO-pattern cold sea temperature anomalies on
atmospheric circulation in mid-latitudes.

The subtropical frontal zone (STFZ) is defined as 24°N-32°N, 140°E—140°W
in EXP_AIISTFZ, EXP_FrontSTFZ and EXP_EddySTFZ. The difference
between the ensemble average of 15 events in EXP_AIISTFZ with a posi-
tive STFZ index in 30 years and CTRL_NoNP is regarded as the effects of
the overall STFZ meridional gradient enhancement (including frontal- and
eddy-scale anomalies) on the mid-latitude atmospheric circulation. For EXP_
FrontSTFZ (frontal-scale anomalies), the difference between the ensemble
average of 15 events with a positive smoothed (nine point local smoothing
for 100 times in the STFZ) meridional SST gradient index over 30 years
and CTRL_NoNP is the impact of only oceanic front enhancement without
eddy forcing in the STFZ on the mid-latitude atmospheric circulation. For
EXP_EddySTFZ (eddy-scale anomalies), the difference between the ensem-
ble average of 16 winters with a positive eddy index and CTRL_NoNP is the
impact of only spatial dispersed eddy-scale SST anomalies within the STFZ
on the mid-latitude atmospheric circulation. For EXP_PDO + Eddy, the
differences between 4 (1) eddy enhancement winters under the background
of positive (negative) PDO phase years and CTRL_NoNP show the effects of
eddy-scale SST anomalies within the STFZ on atmospheric circulation over
the North Pacific, considering the different basin-scale PDO phase back-
grounds. All detailed positive (negative) event years of each experiment are
listed in Table S1 in Supporting Information S1.

The amplitudes of all SST anomalies perform a cosine function that decreases
outward from the center of the region, ensuring the spatial continuity of the
overall temperature and temperature gradient in the Pacific Ocean (Chen
et al., 2019). We first verified and evaluated the validity and reliability of the
model for simulating the atmospheric circulation in winter through control
simulations (CTRL). The SST and SST gradient fields in the simulations and
the 300 hPa zonal wind response field are basically consistent with the obser-
vational results (Figure S3 in Supporting Information S1), which proves that
the CAMS.3 atmospheric general circulation model can be used to conduct
subsequent series of sensitivity experiments on the effects of basin-, frontal-,
and eddy-scale SST anomalies on atmospheric jets.

4. The Forcing Effects of Basin-Scale PDO-Pattern SST
and SST Gradient Anomalies on the Upper Atmosphere

The basin-scale PDO spatial pattern SST is the main mode of the North
Pacific SST anomaly, and the coupling relationship between the PDO-pattern
SST and the atmospheric circulation anomaly is also a research topic that has
received extensive attentions (Mantua et al., 1997; Mantua & Hare, 2002;
Newman et al., 2016). However, the existing simulation studies have not
been clear about the atmospheric response characteristics of PDO-pattern
SST anomaly forcing, especially the mechanism (Liu & Wu, 2004; Yulaeva
et al,, 2001). In order to compare the forcing differences between the
basin-scale SST anomalies and the subsequent frontal- and eddy-scale anom-

alies, we also conducted an experiment with interannual basin-scale SST variability associated with PDO pattern
(EXP_PDO in Table 1), the warm ocean surface in PDO negative phases forces the atmosphere in almost the
opposite way. The results of EXP_PDO show that the WPJS gradually builds up and strengthens from west to east
in the winters of positive PDO phase (Figures 4a—4d). The simulated upper-level jet response reaches equilibrium

after 15 days of simulation, and the location and intensity of the WPJS averaged in winter are consistent with the
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Figure 5. In response to basin-scale PDO-pattern cold SST anomalies, the ensemble averaging simulations of day 0, 5, 10, 15 and winter mean of (a—e) sea surface
temperature anomalies (units: K) are given in contours, and the sensible heat flux anomalies (units: W-m~2) are shown in shadings (f—j) distinguished from CTRL_
NoNP. The contours indicate atmospheric 850 hPa zonal wind anomalies (units: m-s~!), and shadings indicate latent heat flux anomalies (units: W-m~2). The dotted
areas passed the 95% significance #-test for heat flux anomalies.

observations (Figures 3d and 4e). To reflect the independent forcing process of the basin-scale PDO-pattern cold
SST (excluding the effects of interannual variability in other ocean areas), we define the difference between the
EXP_PDO and CTRL_NoNP experiments as the forcing effect of the basin-scale SST anomaly. From the winter
averaged response field, the upper atmosphere response to the cold PDO-pattern SST is mainly represented by
the increase of the jet stream on the downstream of the climatological WPJS (Figure 4j). Such a mean response
starts from the 10 days of oceanic forcing (Figure 4h), gradually intensifies northwestward (Figures 4h and 4i),
and finally stabilize to an equilibrium state in the third pentad (Figure 4i). Except for the notable differences in
wind fields over the North Pacific, the zonal wind in the middle and high latitudes of the entire northern hemi-
sphere has actually changed. At present, this paper only focuses on the changes of the mid-latitude jet in the North
Pacific region.

In order to clarify the forcing process that establish WPJS in the upper atmosphere in response to the basin-scale
PDO-pattern SST anomaly, we first focus on the air-sea interface that is initially forced by SST. The ensemble
averaging sensible heat flux (Figures 5a—5d, shadings) and latent heat flux (Figures 5f—5i, shadings) of the posi-
tive phase are anomalous in-phase responses. It can be found that with increasingly colder SST forcing, in the first
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pentad, the turbulent heat flux is a negative anomaly corresponded with the cold sea temperature and the zonal
wind deceleration in the lower atmosphere at 850 hPa (Figures 5b and 5g). However, a positive anomalous heat
flux opposite over the cold SST appeared in the second pentad, and there was a corresponding increase in the
low-level zonal wind (Figures 5c and 5h). Until the third pentad after the occurrence of SST forcing, a positive
anomaly of the heat flux presents at the air-sea interface in the large-scale cold SST center (Figures 5d and 5i),
which suggests that the heat flux anomaly is not only forced by the sea temperature, but also receives feedback
from the atmospheric temperature advection. The atmospheric 850 hPa zonal wind acceleration corresponding
to the positive flux anomalies are also present (Figure 5i, contours). Ultimately, the winter-averaged turbulent
heat flux anomaly at the air-sea interface manifests as a negative anomaly in the cold SST center and a positive
anomaly around it (Figures 5e and 5j). This is inconsistent with the abnormal upward turbulent heat flux at the
west and center of the PDO-pattern cold SST anomaly seen in our observations (Wang et al., 2019). The absence
of atmospheric feedback forcing on SST in the AGCM may be a possible reason for it. However, the current
spatial distribution of sea surface turbulent heat flux anomalies is corresponded with the simulated changes in the
intensity of the upper jet, which shows as acceleration (deceleration) in the increase (decrease) of the sea surface
turbulent heat flux under the cold (warm) advection. How the basin-scale cold PDO-pattern SST anomaly causes
the acceleration of the lower atmosphere and even the upper jet, the mechanism needs further discussion.

The response of the near surface atmospheric zonal wind at 850 hPa (Figure 5) and 10m wind speed (Figure S4 in
Supporting Information S1). As can be seen from the figure, the response of the near surface wind field is similar
to the physical process highlighted earlier in this paper. It is proved that the local air-sea coupling process of the
sea surface is the beginning of the anomalous response of the middle and upper atmospheric wind field caused
by the PDO-pattern cold sea temperature.

The zonally-averaged atmospheric response is shown to investigate the influence of the PDO-pattern SST anom-
aly forcing from the lower layers upward (Figure 6). Within 5 days, the lower atmospheric temperature cooling
rapidly appearing over the basin-scale PDO-pattern cold SST (Figure 6a, contours). Meanwhile, the zonal wind
speed decelerates in middle and lower layer over cold SST anomaly south to 40°N yet accelerates northward. This
is consistent with the response of the atmospheric thermal wind at the early stage of the SST anomaly emphasized
in previous studies (Chen et al., 2019). However, the responded atmospheric wind at this time in our simulations
shows a baroclinic structure with opposite results above and below 400 hPa (Figure 6e, contours). Also, at the fifth
day of simulation, due to the cooling of the atmosphere above the cold sea temperature, a relatively significant
positive atmospheric temperature gradient anomaly (20°N) appeared in the lower atmosphere south of the cold sea
temperature anomaly (Figure 6a, shadings). The positive anomaly of the atmospheric temperature gradient caused
the increase of baroclinity in the lower atmosphere (Figure 6e). Subsequently, the enhanced atmospheric eddy
activity caused the warming of the atmosphere centered at 700 hPa above the cold sea temperature anomaly (30°N)
in the second pentad (Figure 6b, contour) with a stronger temperature gradient (40°N) on its north side (Figure 6b,
shadings). The strong temperature gradient was accompanied by an increase in baroclinity and an acceleration
of zonal winds with an equivalent barotropic structure (Figure 6f). Further atmospheric warming and stronger
atmospheric baroclinity propagated to the upper atmosphere poleward (Figure 6¢, d, g, h). Meanwhile, the persis-
tent PDO-pattern cold SST is maintaining the lower baroclinic anomaly. The subsequent enhanced poleward and
upward atmospheric eddy heat transport and the intensified atmospheric warming complete a positive feedback.
Ultimately, the atmospheric responses in positive PDO phases are atmospheric cooling over the cold SST forcing
(Figure 6d) and an increase jet at the northeast of the climatological WPJS (Figures 5j and 6h). The key to the above
forcing process is the southern sea surface temperature gradient accompanied by large-scale cold sea temperature.

In order to verify the source of the abovementioned atmospheric warming that occurs over the cold SST after 10 days
of the simulations. We calculated the atmospheric temperature advection terms in Equations 1, 2, 3, where u and v

represent the zonal and meridional wind speed respectively, u’ represents the perturbation term, ' = u — u, u repre-
1

sents time-average of zonal wind velocity in winter, u = > u, and superscript of the v and T is similar to the u.

days

(5= (5 5) g
(T +T ofT+T
(§>h=‘ (E+u’)-¥+(5+v’)~%> @)
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Figure 6. In PDO positive phase years, the ensemble averaging atmospheric response to the basin-scale PDO-pattern

SST anomalies is given per 5 days and in winter mean, and the zonal averaging is applied to 120°E-180°. Among them,
(a—d) contours indicate temperature anomalies (units: K), and shadings indicates temperature gradient anomalies (units:
K-degree~!). Contours in (e-h) indicate atmospheric zonal wind anomalies (units: m-s~!), and shadings indicate anomalies in
the Eady growth rate (units: 10~ m-s~2). Shadings areas pass the 95% significance t-test.
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Figure 7. In response to the basin-scale PDO-pattern cold SST anomalies, the ensemble averaging anomalous temperature (contours, units: K) and temperature
advection terms (A-H, shadings, units: K-s~!) in Equation 3 are given from 900 to 400 hPa per 5 days.
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And the results are shown in Figure 7. Among them, the meridional temperature advection and the eddy advec-
tion have more significant contributions. 5 days after PDO cold SST forcing, the near-ocean surface atmosphere
is cooled by cold SST forcing, and there is no obvious temperature advection in the cooling center, but there are
significant temperature gradients and positive baroclinic anomalies on the south side of the negative near-ocean
surface air temperature anomaly (Figures 7al—7a4). After 10 days, the atmosphere warmed up over the cold SST
center at 700 hPa. This was due to the northward transfer and upload of heat brought about by the atmospheric
eddy activity caused by the baroclinicity of the lower atmosphere on the south side (Figures 7c1-7c4). At this
time, there was a significant meridional temperature advection v’ - T and a more pronounced atmospheric temper-
ature gradient and baroclinicity appear on the north side of the warmed atmosphere (Figure 7f1-7f4). After
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Figure 8. In response to the basin-scale PDO-pattern SST anomalies, the ensemble averaging anomalous atmospheric
temperature (X axis: T") and temperature advection terms (X axis: a—h) are spatially averaged in 20°N-35°N, 160°E—180°.
The normalization is applied for the total atmospheric temperature advection term T' and terms A-H in Equation 3 at the
specific (a) fifth, (b) tenth, and (c) fifteenth days, separately.

that, atmospheric warming was further transmitted northward and uploaded by similar atmospheric processes,
and at this time there was a significant zonal eddy temperature advection u’ - T’ in the high latitudes. Combined
with Figures 5 and 6, for the PDO basin-scale SST pattern and its southern sea surface temperature gradient, the
basin-scale cold SST forcing field of the PDO positive phases will first cause a negative mid-latitude turbulent
heat flux anomaly, atmospheric cooling, and deceleration of the wind field with a rather barotropic structure.
This is mainly due to the relationship between flux anomalies and thermal wind at the air-sea interface. At the
same time, there is a positive temperature gradient on the south side (20°N) of atmospheric cooling, which causes
atmospheric eddy heat transport and temperature advection through baroclinic energy conversion and atmospheric
fluctuations, which makes it happen in the atmosphere at 700 hPa above the cold sea surface on day 10 in winter.
The increase in temperature in turn led to a larger atmospheric temperature gradient of 40°N on its north side and
made the mid-layer atmospheric temperature on the north side of day 15 and the poleward upward development of
baroclinic fluctuations, which eventually led to the acceleration of the upper-level jet. So far, we can more clearly
explain the atmospheric forcing of the PDO basin-scale SST pattern accompanying the southern SST gradient.

Among the various temperature advection terms discussed in Figure 7, the F and H terms have the largest contri-
bution to the temperature anomaly. The normalization of T' and term A-H at a certain moment (fifth, tenth, and
fifteenth day) is shown in Figure 8, through the output of the model for 5-15 days, the above conclusions can be
verified after the spatial averaging of temperature anomalies and temperature advection terms in the 20°N-35°N,

160°E—180°. On the fifth day, the H term ""(;'T/ plays the most important role, reflecting the contribution of disturbed
y

meridional eddy heat transport. Before the thermogenic relationship was formed, it was mainly the zonal mean
temperature transport term that caused the cooling of the lower atmosphere, while after the thermogenic relation-
ship was formed, the further weakening of the zonal mean wind speed and temperature disturbance meant that the

product of the C term was positive abnormal, causing atmospheric warming. On the tenth day, the F term ";j plays
Yy

an important role, and the atmospheric warming is caused by the positive anomaly of the mean state meridional

eddy heat transport. Warming air temperature in turn leads to an increase in meridional temperature gradient and an
increase in mean temperature through the temperature advection, corresponding to a positive anomaly in the F term.
On the fifteenth day, both F and H items are important, and H item is more significant. Therefore, the change of the
advective term of the average temperature before the thermogenesis relationship and the change of the disturbance
term after that constitute the positive feedback process of the evolution of the atmospheric circulation proposed
above.

5. The Forcing Mechanisms of Frontal- and Eddy-Scale SST Anomalies in the STFZ
on the Winter Atmosphere

In the previous section, the southern SST gradient dominants the forcing effect of the basin-scale PDO-pattern
SST anomaly on atmosphere. The southern region of the basin-scale PDO-pattern SST anomaly is close to the
STFZ highlighted in previous studies. In addition, insignificant differences exist between the southern meridional
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temperature gradient accompanied by the basin-scale PDO-pattern SST anomaly and the direct STFZ frontal
intensity (Figure S5 in Supporting Information S1). So, what about the direct forcing on the atmospheric circula-
tion by the meridional temperature gradient of the individual STFZ? Is it similar to the basin-scale PDO-pattern
SST anomaly forcing? Furthermore, Hu et al. (2021) revealed the relationship between the distribution char-
acteristics of multiple oceanic eddies in the STFZ of the North Pacific and the changes in the intensity of the
STFZ. Therefore, when studying the oceanic interannual variability in the STFZ region, it is necessary to further
divide the total SST anomalies (EXP_AIISTFZ) into the effects of the spatial dispersed eddy-scale anomaly
(EXP_EddySTFZ) and the frontal-scale SST anomalies (EXP_FrontSTFZ) after smoothing out the ocean eddies.
The three differences between the above three sets of experiments and the CTRL_NoNP experiment can reflect
the respective interannual forcing effects of the total STFZ intensity, smoothed frontal-scale and eddy-scale
SST anomalies on the atmospheric circulation within the STFZ (Figure 9). It can be found that all three forc-
ings caused the band-shaped SST gradient large value area near 25°N, and all lead to the zonal-mean westerly
acceleration centered at 30°N. Compared with the acceleration of upper jet (40°N in Figure 6j) induced by the
basin-scale PDO-pattern cold SST forcing, the changes of the jet stream in the three sets of experiments have a
considerable variation range, but the location is more southerly. Notably, although the eddy-scale SST anomalies
are the weakest, they caused the most significant westerly increases. Furthermore, the forcing effect of the total
STFZ intensity change on the zonal-mean jet is not a simple linear superposition of frontal-scale and eddy-scale
forcings. The transient atmospheric response process are examined in response to the anomalous frontal-scale and
eddy-scale SST forcing experiments (Figure S6-S8 in Supporting Information S1). The results show that above
the top of the boundary layer (around 700 hPa), they have the similar baroclinic and atmospheric eddy activities to
the simulations in the PDO-pattern basin-scale SST anomaly forcing that gradually evolves poleward and to the
upper levels, and strengthens gradually. However, the basin-scale PDO-like SST anomaly in Section 4 also has
an early stage of equivalent barotropic cooling in the lower layer of the atmosphere, and the zonal thermal wind
response in the middle and lower layers. To the south (north) of the cold sea temperature anomaly, the early ther-
mal wind in the lower layer decelerates (accelerates). Therefore, we have elaborated both transient (days 5, 10,
and 15 after starting integration) and seasonally-averaged responses to the SST anomalies in Section 4. The SST
anomalies of ocean fronts and eddies have significant impacts on the upper atmosphere with the similar mecha-
nism of the forced establishment process.

Although the above three sets of experiments have good agreement after zonal averaging, there is a big difference
between the three in the east-west direction (Figure 10). It can be found that the meridional temperature gradient
value of the eddy-scale SST anomaly is generally small in the whole east-west direction in strong eddy index
years. However, east of 180°, the meridional gradient values show relative larger positive anomalies, while nega-
tive on the west side (Figure 10c). In the years of stronger SST meridional gradient value, the temperature gradient
has more significant changes in the east-west direction for the total STFZ and smoothed frontal-scale SST anom-
aly experiments, especially for the total STFZ experiment (Figures 10a and 10b). Though all the SST gradients
show large values at 180°~140°W in the three experiments, the upper-air wind speed responses are different. The
total STFZ effects show two accelerations upstream north and downstream south sides of WPJS (Figure 10d). In
response to smoothed frontal-scale SST anomaly, the wind anomalies show an overall acceleration along the jet
axis from upstream to downstream, especially on the downstream (Figure 10e). For the eddy-scale SST anom-
alies, although the meridional temperature gradient at this time is small, the downstream acceleration of the jet
stream is of the same magnitude as the previous two sets of experiments. However, compared with the smoothed
frontal-scale effect, the jet stream acceleration is more easterly in eddy-scale forcing simulations. The results may
suggest the importance of the SST gradient east of 180°. However, there is no direct linear relationship between
the response intensity of the jet and the temperature gradient anomaly. It is worth noting that although the zonal
averaged meridional temperature gradient increment corresponds to the similar zonal-mean upper jet acceleration
responses (Figures 9e and 9f), the detail atmospheric westerly anomalies are at different locations in the east-
west direction (Figures 10e and 10f) for the smoothed frontal-scale and eddy-scale experiments. The jet response
of the total STFZ experiment is more like the joint performances of the frontal- and eddy-scale SST anomalies.
In addition, there is a negative SST gradient around 140°W in the total and frontal-scale STFZ experiments
(Figures 10a and 10b), which is related to the north-east tilt of the STFZ (Wang et al., 2019).

The baroclinity and Eady growth rate of the lower atmosphere are thought to be directly affected by the sea-surface
meridional temperature gradient (Chen et al., 2019; Nakamura et al., 1997). Figure 11 shows the zonal compos-
ite of the Eady growth rate of the two groups of experiments. Overall, both sets of experiments resulted in a

HU ET AL.

14 of 22



A7 .
M\I Journal of Geophysical Research: Atmospheres 10.1029/2022JD038036

AND SPACE SCIENCE

Surface temperature difference Total STFZ effect units:K -0-20  0.00  0.20
A . L . A 1 . . J ; A 1
60N

U_wind difference  Total STFZ effect units:m/s
N e il it

= ettt

Z
AN

120E 150E 180 150W 120W

[ [ [ [ [

-1.05 -0.85 -0.65 -0.45 -0.25 -0.05 0.15 035 055 075 0.95

-0 8 6 -4 2 0 2 4 6 8 10

i R its:K -0.20 0.00 0.2 e
Surface temperature difference Frontal-scale effect units:K . 0.0 |° U_wind dllfference Frontal-scale effect units:m/s

" L

X 200

600 - -

. e}
120E 150E 180 150W

-10 -8 6 -4 2 0 2 4 6 8 10

Eddy-scale effect units:K -oi1o 0.00 o,l1o U_wind dilﬁerence Eddy-scale effect units:m/s

= t =t t

Z

X 200

e

B0

600

) 800

120E 150E 180 150W 120W ! !

-1.05 -0.85 -0.65 -0.45 -0.25 -0.05 0.15 035 055 075 0.95 —]I]]-

-10 -8 6 -4 2 0 2 4 6 8 10

Figure 9. In response to the (a) total (frontal- and eddy-scale), (b) smoothed frontal-scale, and (c) eddy-scale SST anomalies in years with a strong meridional
temperature gradient, the ensemble averaging sea surface temperature anomalies (Shadings, units: K), temperature gradient anomaly (contours, units: K-degree™),
zonal mean temperature gradient anomaly (black solid line on the right) are showed. The composited DJF-mean zonal wind (units: m-s~") responses distinguished from
CTRL_NOoNP are in (d—f). The zonal averaging is applied to 140°E—140°W and the dotted areas passed the 95% significance r-test.
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Figure 10. In response to the (a) total (frontal-scale and eddy-scale), (b) frontal-scale, and (c) eddy-scale SST anomalies in STFZ, the ensemble averaging sea surface
temperature gradient anomalies in strong eddy index years (Shadings, units: K-degree™!), anomalous meridional mean (24°N-32°N) of temperature gradient (black
solid line) are showed and (d-f) give its corresponding 300 hPa atmospheric zonal wind anomaly (Shadings, units: m-s~!) responses and CTRL_NoNP mean zonal wind
is contoured (units: m-s~"), the dotted areas passed the 95% significant z-test.

significant zonal-mean baroclinic intensification in the lower atmosphere around 30°N (Figures 11a and 11d).
This increased baroclinity has a northward and upward transfer trend. Although there is no direct lower oceanic
forcing, a weakened baroclinic adjustment in the atmosphere near 40°N generates to the north of the SST forcing
zone. Significant differences are in the east-west direction between the forcing effects of the smoothed frontal-
and eddy-scale SST anomalies on the baroclinity. West of 180°, the smoothed frontal-scale forcing effect is
significantly stronger than that of the eddy-scale (Figures 11b and 11e). East of 180°, the situation is reversed
(Figures 11c and 11f). Similarly, it can be seen that for the strong meridional temperature gradient events of
the smoothed frontal-scale STFZ, upward wave flux anomaly exists at 30°N on the west side with significant
local Eliassen-Palm flux (E-P flux, Trenberth, 1986) divergence and jet acceleration on middle-to-upper layers
(Figure 12b). However, on the eastern section, the forcing effects of the frontal-scale SST anomaly are mainly
the rising E-P fluxes near 40°N and the downward E-P fluxes in the mid-troposphere near 30°N, which may
be related to the negative anomaly of the eastern meridional SST gradient in Figures 10a and 10b. For the
eddy-scale forcing simulations, the anomalous baroclinic wave activity on the entire west section is not signif-
icant (Figure 12e). However, significant uploading E-P flux, upper layer E-P divergence, and upper jet acceler-
ation anomalies occur near 30°N on the east section (Figure 12f). This chapter discusses the simulated forcing
results of strong meridional gradient events in total STFZ changes, smoothed frontal-scale SST anomaly changes,
and eddy-scale SST anomaly on the atmospheric circulation. The above numerical simulation results show that
the spatially dispersed eddy-scale SST anomaly in the subtropical frontal area can lead to the similar zonal-mean
response of the upper atmosphere circulation as the total STFZ effect. The difference in the spatial characteristics
of the SST anomaly in the east-west direction leads to a more eastward acceleration of the atmospheric westerly
jet caused by the eddy-scale anomaly. The total forcing effects of the SST anomalies in the STFZ on the winter

atmospheric circulation can be understood as a joint manifestation of the smoothed frontal- and eddy-scale SST
anomalies.

6. Conclusions

In this paper, we use Climate Forecast System Reanalysis (CFSR) high-resolution reanalysis data and numeri-
cal simulation experiments to study the influences of the multi-scale oceanic anomalies in the North Pacific in
winter, including the basin-scale sea surface temperature (SST) anomaly of the North Pacific Decadal Oscillation
(PDO) and its southern SST gradient, the frontal-scale smoothed SST anomaly in the subtropical front zone
(STFZ) and the forcing by the spatial dispersed eddy-scale SST anomalies within the STFZ. Using regression
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Figure 11. In response to the frontal-scale SST anomalies in STFZ, the ensemble averaging zonally averaged Eady growth rate (units: m-s~2) of strong event years are
averaged in (a) 140°E—140°W, (b) 140°E—180°, and (c) 180°-140°W distinguished from CTRL_NoNP. The similar responses to the eddy-scale SST anomalies are in
(d—f). The dotted areas passed the 95% significance #-test.

analysis and statistic methods, it is found that the above three kinds of oceanic forcings all correspond to the
acceleration of the atmospheric upper jet over the North Pacific. The largest increment of the jet acceleration is
by the basin-scale PDO-pattern SST anomaly, but similar significant results are found for the frontal-scale STFZ
and the spatial dispersed eddy-scale SST anomalies within the STFZ. However, in the observation data, the three
oceanic forcing sources coexist simultaneously. It is difficult to analyze their respective forcing mechanism on
the atmospheric circulation.

Several sets of the Community Atmosphere Model Version 5.3 (CAMS.3) experiments are designed in this study
to separate the three types of SST forcing fields. Thus, the atmospheric responses and mechanisms caused by
them were quantitatively analyzed. For the positive PDO phase years, the basin-scale PDO-pattern SST cooling
first causes negative mid-latitude turbulent heat flux anomalies, lower atmospheric cooling, and wind decelera-
tion. At the same time, there is a positive lower air temperature gradient response on its south side (20°N), which
causes enhanced atmospheric eddy heat transport and an atmospheric warming of 700 hPa over the cold sea
surface in the following pentad. Subsequently, the warmer temperature with a new larger air temperature gradient
generates on the north side leads to the even stronger poleward and upward development of baroclinic fluctua-
tions. A positive feedback is composed by abnormal increment of northward and upward warming, accompanied
larger temperature gradient to the north, enhanced poleward and upward baroclinic eddy activities, and the
increased heat transport caused by eddy. Thus, it eventually causes the acceleration of the upper-level jet. The
basin-scale PDO-pattern cold SST anomaly only causes the decreases of lower air temperature and the thermal
wind speed in the initial stage (within five simulation days), through the weakened upward turbulent heat flux.
This process reflects the direct forcing of initial cold sea temperature on the lower atmosphere. However, due
to the temperature gradient on the south side of SST anomaly and the upward and poleward feedback process
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Figure 12. In response to the frontal-scale SST anomalies in STFZ, the ensemble averaging zonal wind (Contours, units: m-s~!), local E-P flux (Arrows, units: m?-s~2)
and horizontal divergence of local E-P flux (Shadings, units: m-s~2) of strong smoothed frontal SST gradient years are zonally averaged in (a) 140°E—140°W, (b)
140°E—180°, and (c) 180°-140°W distinguished from CTRL_NoNP. The similar responses to the eddy-scale SST anomalies are in (d—f).

between the baroclinity and eddy heat transport proposed in this paper, the atmospheric westerly jet accelerates
with equivalent barotropic structure after 10 days. The forcing of the basin-scale PDO-pattern SST anomaly on
the upper atmospheric circulation mainly depends on the initial SST meridional gradient on its southern side,

rather than the basin-scale SST anomaly itself.

From the above, the meridional sea temperature gradient in the STFZ induced by basin-scale PDO-pattern SST
anomaly has significant forcing effects on upper jet. Hence, we conducted several numerical experiments chang-
ing the meridional SST gradient within the STFZ, including the total observed SST anomalies in the STFZ, the
frontal-scale SST anomalies obtained by smoothing, and the spatial dispersed eddy-scale SST anomalies within
the region. The smoothed frontal-scale and the spatial dispersed eddy-scale SST anomalies within the STFZ
both appear to enhance the baroclinity of the lower atmosphere, increase the upward baroclinic atmospheric
energy, and finally enhance the zonal wind of the upper layer. The simulated zonal mean atmospheric upper jet
responses are comparable, though the SST anomaly is significantly stronger in the frontal-scale experiment than
that in the eddy-scale experiment. However, considering the different zonal distribution characteristics of merid-
ional temperature gradient, the simulated Eady growth rate, the uploading position and the horizontal divergence
of E-P flux anomalies are different in the east-west direction between the frontal- and eddy-scale effects simula-
tions. Therefore, the position of the upper westerly jet acceleration in the response to the eddy-scale SST anomaly
is more easterly than that of the frontal-scale simulations. The observed precipitation regressions in response to
the three types of ocean temperature anomalies defined in this paper are given, as well as the ensemble averag-
ing precipitation differences caused by the three types of sea temperature anomalies in the AGCM experiments
(Figure 13). It can be seen that observed regressions show that PDO-pattern basin-scale cold SST corresponds
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basin-scale PDO-pattern cold sea temperature (e) smoothed frontal-scale and (f) eddy-scale SST anomalies in the AGCM experiments.

to increased precipitation at mid-latitudes (around 30°N) in North America (Figure 13a). The observed precip-
itation increases corresponding to the STFZ index and oceanic eddy index are more northerly (north of 50°N
in Figures 13b and 13c). Similar AGCM simulation results are also shown in Figures 13d-13f. PDO-pattern
cold sea temperatures in AGCM simulations lead to a positive North American winter precipitation anomaly of
30-35°N, while narrow meridional changes in oceanic front strength lead to increased precipitation of 50°-60°N
in simulations. Relative to basin-scale PDO patterns and oceanic front indices, the North American precipitation
anomalies due to numerous oceanic eddies in both observed regressions and AGCM simulations are the weakest.

Considering that the observed spatial dispersed eddy-scale SST anomalies do not stand alone to force the upper
atmosphere. We further analyzed the differences in the impacts of eddy-scale SST anomalies on the upper
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atmosphere under different PDO phase backgrounds. The results show that the forcing on the upper atmospheric
jet by the strong eddy events in the STFZ is more significant during the positive (cold North Pacific SST anom-
alies) PDO phases (Figure 14). This is due to the superposition of the meridional SST gradient both of which
caused by the spatial dispersed eddy-scale SST anomalies in the STFZ region and the basin-scale SST gradient on
the south side of the PDO-pattern cold SST. It can be seen that the basin-, frontal-, and eddy-scale oceanic forcing
effects on the winter North Pacific jet exist simultaneously, which are of equal importance. More complex linear
or even nonlinear superimposed forcing effects may exist, which is probably one of the reasons why it is difficult
to detect the certain forcing of the mid-latitude oceans on the atmosphere in observations.
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