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Abstract
Previous study reported that the annual-mean eastern Oyashio Extension (OE) front shifts northward while the western OE 
front has no obvious poleward shift during 1982–2017 by Wu et al. (Geophys Res Lett 45:9042–9048, 2018). Here we revisit 
this topic and focus on the seasonal variability and shifts of the OE fronts from 1982 to 2018, with observational reanaly-
sis data and a 1.5-layer reduced-gravity model simulation. In winter, both the western and eastern OE fronts demonstrate 
consistent northward movement. While in summer, the eastern OE front still moves northward but the western OE front has 
no obvious and even southward shift. It is shown that the trade wind’s expansion during 1982–2018 favours the northward 
shift of the OE fronts for both winter and summer. However, there is a local cold Ekman heat transport anomaly along the 
western OE front in summer, which surpasses the effect of trade wind expansion and prohibits northward movement of the 
front. This cold Ekman advection is due to a westerly wind anomaly induced firstly by the Atlantic Multi-decadal Oscillation 
(AMO) and secondly by the Pacific Decadal Oscillation (PDO). In winter, the local Ekman heat transport is less effective 
than in summer in changing the OE front position because of the deep mixed layer. Our study demonstrates the seasonality 
of the OE front shift and highlights the importance of local Ekman heat transport associated with the AMO. Our results also 
partly explain the rainfall changes in both winter and summer in the western Pacific Ocean in the past 37 years, since the 
rainband east of Japan is affected by the sea surface temperature and its front.

1  Introduction

The Oyashio Extension (OE) front is located around 40°N 
between the subtropical and subpolar gyres and features 
strong temperature and salinity gradients (Yuan and Talley 
1996; Isoguchi et al. 2006). Rather than a single and continu-
ous front, the OE front is composed of two independent sys-
tems: the western OE front between 145°E and 153°E and 
the eastern OE front between 153°E and 173°E exist along 
the latitude band of 38–43°N (Qiu et al. 2017). Over the past 
36 years from 1982 to 2017, the annual-mean eastern OE 

front shifted northward while the annual-mean western OE 
front exhibited no obvious shift (Wu et al. 2018). Wu et al. 
(2018) argued that the different shift pattern between the two 
OE fronts was due to the large-scale wind forcing and local 
Ekman heat transport. While our previous study has iden-
tified the differences between the western and eastern OE 
fronts in their annual-mean conditions, it remains unclear if 
any seasonality exists in the shift of the OE fronts. In fact, 
a distinct seasonal difference is observed in the OE front: 
the meridional gradient of sea surface temperature (SST) is 
more intensified in winter than in summer (Fig. 1). The shift 
pattern of the two OE fronts may vary in different seasons. 
Furthermore, the surface wind change in the North Pacific 
Ocean, which depends on the Aleutian Low and Subtropical 
High pressure systems, is the key process that controls the 
meridional shift of the OE fronts and can be related to domi-
nant climate modes. The first candidate is the Pacific Dec-
adal Oscillation (PDO, Mantua et al. 1997), which can con-
tribute to the major decadal variability in the surface wind 
and sea surface temperature (SST) in the Pacific Ocean. 
As noted by many previous investigators (e.g., Trenberth 
and Hurrell 1994; Miller et al. 1994; Deser and Blackmon 
1995; Nakamura et al. 1997; Qiu 2003; Taguchi et al. 2007; 
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Oka et al. 2012), the PDO-related decadal modulations of 
the Aleutian Low pressure system dominate the temporal 
variability of the wind stress curl anomalies near 40°N over 
the eastern North Pacific. A positive (negative) PDO index 
indicates a stronger (weaker) Aleutian low, stronger (weaker) 
westerlies, and lower (higher) sea surface temperature except 
near the North American coast. Furthermore, the wind varia-
tions induced by PDO are generated in the east central North 
Pacific, and the wind-induced oceanic anomalies (e.g., sea 
surface height, SSH) would then propagate westward at 
the speed of first-mode baroclinic Rossby waves. It takes 
3–5 years for the anomalies reaching the western midlatitude 
North Pacific along ~ 40°N (Qiu et al. 2017).

Another candidate is from the Atlantic Ocean, the Atlan-
tic Multi-decadal Oscillation (AMO). Pioneered work by 
Zhang and Delworth (2007) and Wu et al. (2008) proposed 
that the influence of the AMO on the North Pacific Aleutian 
Low variation (fig. 3 in Zhang and Delworth 2007; fig. 13 
in Wu et al. 2008) is through atmospheric teleconnections. 
The AMO wind-generated variability in the central North 
Pacific can propagate in two ways. First, the wind-induced 
anomalies can propagate westward at the speed of first-mode 
baroclinic Rossby waves, reaching the area east of Japan 
after 3–5 years (Zhang and Delworth 2007), similar to the 
PDO-forced anomalies described in Qiu (2003). Second, the 
SST anomalies induced by the wind can propagate south-
westward through coupled wind-evaporation-SST (WES) 
feedback (Xie and Philander 1994), reaching the western 

equatorial Pacific (Wu et al. 2008). Recently, Sun et al. 
(2017) proposed that the AMO-induced SST anomalies in 
the western equatorial Pacific can amplify through SST-sea 
level pressure-cloud-longwave radiation positive feedback, 
inducing a cyclonic (anti-cyclonic) wind anomaly in the 
tropical to subtropical Pacific Ocean when the SST anoma-
lies are warm (cold). So, the AMO is another driver for the 
North Pacific decadal to multidecadal variability (Li et al. 
2013).

Based on the aforementioned local- and inter-basin forc-
ing mechanisms, can the wind changes in the past 37 years 
relating to the PDO and the AMO contribute to the seasonal-
ity and shifts of the OE fronts? To answer this question, we 
examine in this study the seasonal meridional shift of the 
OE fronts in winter and summer during the past 37 years 
from 1982 to 2018 by using the observational and reanalysis 
data. Out results show that in winter, both the western and 
eastern OE fronts move northward. While in summer, only 
the eastern OE front shows a poleward movement and the 
western OE front has no northward shift or even slightly 
moves southward. The seasonality of the OE fronts, espe-
cially why the poleward movement between the western and 
eastern OE fronts is different in summer, is the main focus 
of our present study. The paper has four sections. Section 2 
shows the data and methods used in this study. In Sect. 3, 
we discuss the seasonal meridional shift of the OE fronts 
during 1982–2018. Section 3 also analyzes the dynamical 
and thermodynamical mechanisms and the potential effects 

Fig. 1   a Mean SST (white contours, unit in degree) and meridional 
SST gradient (color, unit in degree per latitude) in winter during 
1982–2018 derived from OISST data set. Black crosses display the 
mean position of the western (145–157°E) and eastern (157–172°E) 
OE front in winter. b Same as (a), except for the summer time. c 
Black contours indicate mean ADT (unit in m) in winter during 

1982–2018 from AVISO. Color shading indicate mean meridional 
SST gradient (unit in degree per latitude) in winter during 1982–2018 
derived from OISST data set. d Same as (c), except for the summer 
time. SST sea surface temperature, OE Oyashio extension, ADT abso-
lute dynamic topography
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from the PDO and AMO. Discussion and conclusion are 
drawn in Sect. 4.

2 � Data and methods

2.1 � Data for the OE front definition

Three data sets are used in this study to characterize the 
seasonal shift of the OE fronts during 1982–2018: SST data, 
the absolute dynamic topography (ADT) data and the layer 
thickness anomaly (LTA, see Sect. 2.2 for more details) 
data from a 1.5-layer reduced-gravity model output. Basing 
on these three data sets, two independent OE fronts (the 
western OE front of 145°E–157°E and the eastern OE front 
of 157°E–172°E) in the North Pacific Ocean (32°N–50°N, 
145°E–172°E) are defined by three methods including the 
maximum SST gradient, the constant value of ADT, and the 
constant value of LTA.

The SST data is from the National Oceanic and Atmos-
pheric Administration (NOAA) Optimum Interpolation SST 
(OISST) version 2 (Reynolds et al. 2007). The SST data 
has a 0.25° grid in the global ocean and is daily from 1982 
to 2018 (available at ftp://eclip​se.ncdc.noaa.gov/). We use 
the maximum meridional SST gradient to identify the OE 
front position for both winter and summer as shown in Fig. 1 
(black dots in Fig. 1a, b). The SSALTO/DUACS (2013) 
delayed-time multi-mission maps of the ADT is used in this 
study, with a monthly data of 0.25° × 0.25° spatial resolution 
from 1993 to 2018 (available at http://www.aviso​.ocean​obs.
com). The original altimetry data were recorded by pairs of 
satellites with the same ground tracks (TOPEX/POSEIDON 
and ERS, Jason-1 and Envisat, or Jason-2 and Envisat). 
Sampling by the satellites was stable over the period of our 
analysis. Following Qiu et al. (2017) and Wu et al. (2018), 
the OE front position in winter is defined by the ADT values 
equal to 0.2 m and 0.3 m for the western and eastern OE 
fronts, respectively (Fig. 1c). In summer, the ADT values 
equal to 0.3 m and 0.4 m are used to represent the western 
and eastern OE fronts as shown in Fig. 1d. The other choices 
of ADT values which are near the maximum meridional 
SST gradient in the front regions are also examined and the 
results are similar (figures not shown here). To exclude the 
global warming effect, the ADT values used in this study are 
detrended with a value of 1.9 mm/year for both winter and 
summer (Chen et al. 2017). For the LTA method, we conduct 
a 1.5-layer reduced-gravity model run (details in Sect. 2.2, 
source data can be accessed from Ocean and Atmosphere 
Data Center of Ocean University of China, coadc.ouc.edu.
cn) and use the modelled LTA data from 1982 to 2018 to 
calculate the poleward movement of the OE fronts induced 
by surface wind forcing. Here the LTA equals to − 0.7 hm is 
used to represent the OE fronts in both winter and summer 

(Fig. 2a). This is consistent with the observation (Fig. 2b) 
that the OE fronts are located in the southern edge of the 
subpolar gyre. Due to the overshooting of the Kuroshio in 
our 1.5-layer model, there is a systematic bias of poleward 
displacement of the OE fronts about 4.5°: ~ 45.5°N in the 
model (green line in Fig. 2a) and ~ 41°N in the observation 
(green lines in Fig. 2b). But the overall ocean circulation 
pattern of the 1.5-layer model is similar to the observations 
(Fig. 2).

In this study, winter (summer) climatology is defined as 
the mean for January to March (July to September) between 
1982 and 2018. We calculate the mean position of the OE 
fronts in winter (summer) by using the local maximum 
winter (summer) climatology SST meridional gradient. In 
winter, the zonal mean position of the western and eastern 
OE fronts are around 41.23°N and 41.14°N, respectively 
(Fig. 1a). For summer, the zonal mean position of the west-
ern and eastern OE fronts are about 41.78°N and 41.52°N, 
respectively (Fig. 1b). Winter (summer) anomaly is defined 
as the departure from its seasonal climatology. Climatologi-
cal winter and summer mixed layer depths (MLD) are cal-
culated with a threshold value of 0.125 kg/m3 denser than 
at the sea surface (Monterey and Levitus 1997). The World 
Ocean Atlas 2013 climatology (WOA13, Locarnini 2013; 

Fig. 2   a Domain of the 1.5-layer reduced-gravity model. The model 
domain covers the region from 10°S to 65°N and 100°E to 80°W with 
a uniform spatial resolution of 0.25°. Color and contours displays 
the climatological LTA (unit in hm) from model during 1982–2018. 
Green line indicates the − 0.7 hm-contour of the LTA. b Color and 
contours displays the climatological ADT (unit in m) during 1982–
2018 from AVISO. Green lines indicate the climatological position 
of the OE front. LTA layer thickness anomaly, ADT absolute dynamic 
topography

ftp://eclipse.ncdc.noaa.gov/
http://www.aviso.oceanobs.com
http://www.aviso.oceanobs.com


	 B. Wu et al.

1 3

Zweng 2013) temperature and salinity data from 1975 to 
2012 with a 0.25° × 0.25° spatial resolution (available at 
https​://www.nodc.noaa.gov/OC5/woa13​/woa13​data.html) 
are used to calculate the climatological seasonal MLD. Simi-
lar to the method in Kuroda et al. (2015), we also choose 
the difference between two time periods, 1982–1991 and 
2009–2018, to analyze the OE front decadal changes. The 
95% confidence level is used in this study for all the sta-
tistical analysis, following the method of Bretherton et al. 
(1999).

2.2 � Settings of the 1.5‑layer reduced‑gravity model

The governing equations for the 1.5-layer reduced-gravity 
model are:

(e.g., Qiu and Lukas 1996), where u and v are zonal and 
meridional velocity, f  is the Coriolis parameter, g� = gΔ�∕� , 
g is gravitational acceleration,� is layer density, Δ� is density 
difference between the upper and abyssal layers, A is lateral 
eddy viscosity coefficient, h is layer thickness, and τx and τy 
are zonal and meridional wind stresses, respectively.

The model domain covers the region from 10°N to 
65°N and 100°E to 80°W with a spatial resolution of 0.25° 
(Fig. 2a). Model’s bottom topography comes from the 5-min 
Gridded Global Relief Data (ETOPO5) bathymetry dataset 
interpolated onto the model grid. We use the monthly wind 
stress field from the ERA-I to force the model. The model is 
spun up first for 40 years with the mean wind stresses, and 
then uses the monthly wind stresses from 1979 to 2018. The 
lateral eddy viscosity coefficient ranges from 1.2 × 103 m2/s 
to 6.8 × 103 m2/s, with larger values used toward shallower 
topography. The initial layer thickness of the model is 
1000 m and we define the LTA as the difference between the 
layer thickness and its initial value. The ρ is set to 1025 kg/
m3 and ∆ρ is 1.2 kg/m3. This value renders the phase speed 
of first-mode baroclinic Rossby waves similar to that from 
the altimetry observations.

2.3 � Wind, surface fluxes and precipitation data

Three reanalysis wind data sets are used in this study to 
investigate the wind changes in the past 37 years, includ-
ing the NCEP/National Center for Atmospheric Research 

(1)
du

dt
− fv = −g�
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Reanalysis 1 (Kalnay et al. 1996, hereafter NCEP1), the 
National Centers for Environmental Predictions (NCEP)-
Department of Energy Reanalysis 2 (Kanamitsu et al. 2002, 
hereafter NCEP2), and the European Centre for Medium-
Range Weather Forecast Interim Reanalysis (Dee et al. 2011, 
hereafter ERA-I). The NCEP1 data we used are available 
from 1948 to present with 2.5° × 2.5° (latitude × longitude) 
spatial resolution and accessed from https​://www.esrl.noaa.
gov/psd/data/gridd​ed/data.ncep.reana​lysis​.html. The NCEP2 
data are available on a global T62 gaussian grid (192 × 94) 
over the 1979–2018 period and accessed from https​://www.
esrl.noaa.gov/psd/data/gridd​ed/data.ncep.reana​lysis​2.gauss​
ian.html. The ERA-I wind data from 1979 to present, with 
0.25° × 0.25° (latitude × longitude) spatial resolution and 
available at http://apps.ecmwf​.int/. All of the wind stress 
data sets have a monthly temporal resolution. To be consist-
ent with the data period of OISST, we will analyze the wind 
data during the period of 1982–2018.

In addition, we use the PI-Control model experiment, 
which is based on the Community Earth System Model 
version 1.06 (Hurrell et al. 2013) of the National Center 
for Atmospheric Research, to further test our hypothesis of 
the wind changes on the OE front shift. The PI-control run 
starts from a standard PI-Control experiment with Commu-
nity Climate System Model, Version 4 (CCSM4), which has 
been running for 863 years. We further run the CESM model 
with the same configuration for 600 years and take the last 
200 years for analysis.

The surface heat flux data from NCEP1 are used in this 
study to investigate the effect of the local air-sea heat fluxes 
upon the SST anomalies in the OE front region. We use 
the precipitation data from the ERA-I data set to explore 
the rainfall changes in the Western Pacific Ocean related to 
the OE front shift in both winter and summer. All of above 
surface fluxes and precipitation data have the same temporal 
and spatial resolutions as the surface wind stress data.

2.4 � Climate indexes

The PDO and AMO indices represent climate modes in 
the North Pacific and North Atlantic oceans, respectively 
(Mantua et al. 1997; Enfield et al. 2001). The PDO index 
is defined as the principal influencing factor of the monthly 
SST anomalies in the North Pacific Ocean, poleward of 
20°N. The PDO index is available at http://www.esrl.noaa.
gov/psd/data/corre​latio​n/pdo.data. The AMO index is based 
upon the average anomalies of SST in the North Atlantic 
basin, over 0°N–70°N. Data for AMO is available at https​://
www.esrl.noaa.gov/psd/data/times​eries​/AMO/.

https://www.nodc.noaa.gov/OC5/woa13/woa13data.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.gaussian.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.gaussian.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.gaussian.html
http://apps.ecmwf.int/
http://www.esrl.noaa.gov/psd/data/correlation/pdo.data
http://www.esrl.noaa.gov/psd/data/correlation/pdo.data
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
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3 � Results

3.1 � Seasonal meridional shifts of the OE front

Time variability of the mean western and eastern OE front 
positions in winter and summer during 1982–2018 is shown 
in Fig. 3. It is shown that there is a clear difference of the 
OE front shift between winter and summer. In winter, for the 
period between 1982–2018, both the LTA and SST methods 
show consistent northward shift for the two OE fronts (see 
Fig. 3a, b and Table 1 for details). In the recent 27 years 
with the ADT observations (red line in Fig. 3a, b), both the 
western and eastern fronts also show consistent poleward 
shift trends, especially for the eastern front (see Table 1 for 
details). Whereas during the summer season, the eastern OE 
front shifts northward during 1982–2018 (Fig. 3d). How-
ever, the western OE front defined by the SST and ADT 
methods is relatively stable (black and red lines in Fig. 3c). 
The northward shift is only observed by the LTA method 
(blue line in Fig. 3c). It is worth noting that the OE front 
is foremost defined by the SST gradient rather than the sea 
surface height (SSH) because of its strong density compen-
sation between the temperature and salinity variations (e.g., 
Yuan and Talley 1996; Jing et al. 2019). Unlike the Kuroshio 

Fig. 3   a Variability of the 
zonal-averaged western OE 
front position from 1982 to 
2018 in winter. Black, red and 
blue lines are the SST gradi-
ent method, ADT method 
(ADT = 0.2 m) and LTA method 
(LTA = − 0.7 hm) for the OE 
front definitions, respectively. 
The shadings of each line 
show the errors, calculated by 
the one standard deviations of 
the zonal-averaged OE frontal 
position time series. b Same as 
(a) but for the eastern OE front 
in winter time and ADT equals 
to 0.3 m (red line). c, d Same 
as (a, b), but for summer time 
(ADT = 0.3 m for western front, 
ADT = 0.4 m for eastern front). 
OE Oyashio extension, SST 
sea surface temperature, ADT 
absolute dynamic topography, 
LTA layer thickness anomaly. 
Details of the trend are listed in 
Table 1

Table 1   Meridional shift trend of the western (145–157°E) and east-
ern (157–172°E) OE front in three methods for winter and summer 
time

Units are in degree per year. Values in bold and normal mean the 
trends of the OE front during 1982–2018 and 1993–2018, respec-
tively. All the values are significant at the 95% confidence level. Con-
fidence intervals are estimated through bootstrapping (one standard 
deviation)

Western OE front Eastern OE front

Winter time
 SST method 0.038 ± 0.029 0.024 ± 0.018

0.049 ± 0.037 0.022 ± 0.019
 ADT method 0.042 ± 0.033 0.047 ± 0.035
 LTA method 0.043 ± 0.035 0.046 ± 0.037

0.033 ± 0.027 0.023 ± 0.020
Summer time
 SST method − 0.019 ± 0.016 0.034 ± 0.028

No obvious trend 0.029 ± 0.027
 ADT method No obvious trend 0.046 ± 0.037
 LTA method 0.034 ± 0.030 0.057 ± 0.040

0.025 ± 0.021 0.040 ± 0.033
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Extension front, the ADT signal is relatively week along the 
OE front (e.g., Qiu et al. 2017).

According to the previous study (Wu et al. 2018), the 
annual mean eastern OE front has moved poleward during 
the past 36 years, but there is no obvious movement by the 
western front. In light of our results shown in Fig. 3, it indi-
cates that the relatively steady position of the annual-mean 
western OE front is due to the summer, rather than winter, 
signals.

3.2 � OE front shift by wind forcing

According to the previous studies (e.g., Wu et al. 2018), 
the surface wind controls the OE front shift. Figure 4a, b 
show the mean wind stress curl (WSC) and wind vector field 
in winter versus summer in the past 37 years based on the 
NCEP1 data set. Not surprisingly, the wind is stronger in 
winter than in summer. Both in winter and summer, the mean 
position of the OE fronts is located in the positive WSC 
region with westerly wind forcing, about 41°N, which is 
north of the zero WSC line. The seasonality of surface wind 
field is also reflected by the change of the mean OE front 
position in winter and summer as we described in Sect. 2.1. 
In winter, the easterly trade wind only reaches to about 
25°N (Fig. 4a) and there is broad westerly wind north of 
this latitude. In summer, the easterly trade wind could reach 
to about 30°N (Fig. 4b). So, the mean OE front position in 
summer is closer to polar region than that in winter (Fig. 1). 
Figure 4c, d respectively show the surface wind and WSC 
decadal changes during 1982–2018 in winter and summer 
(decadal changes are between 1982–1991 and 2009–2018, 

latter minus former). In the western Pacific Ocean for both 
winter and summer, between 20°N to 30°N, there is a broad 
easterly wind anomaly, comparing with positive WSC trend, 
resulting in a stronger trade wind, decreasing the negative 
WSC in the subtropical ocean and a poleward shift of the 
trade wind. Overall, the trade wind strengthens and expends 
(Lucas et al. 2014) in both seasons, which implies a possible 
poleward shift of the OE fronts as suggested by our previous 
study (Wu et al. 2018). The above results are also confirmed 
by the NCEP2 and ERA-I wind data sets as shown in Sup-
plementary Figs. S1 and S2, respectively.

As we discussed in Sect. 2.1, the OE front can be rep-
resented by the ADT or the Sverdrup streamline. Based 
on the hydrographic data up to 137°E along the 24°N sec-
tion, Hautala et al. (1994) concluded that the Pacific sub-
tropical gyre circulation is well explained by the Sverdrup 
transport (Sverdrup 1947). The Sverdrup volume transport 
stream function � is calculated from the Sverdrup relation 
as following:

where a right-handed Cartesian coordinate system is adopted 
with x and y axes directed in the eastward and northward 
directions, respectively. Here � is the y derivative of the 
Coriolis parameter f  ; the path of integration is taken zonally 
from the eastern boundary xe to x , and a boundary value of 0 
is assumed at the coast. To better understand the relationship 
among the zero WSC line, the OE front position and the zero 
Sverdrup streamline, we plot in Fig. 5a their climatological 

(4)� = −
1

�� ∫
x

xe

curl�dx,

Fig. 4   a Climatological wind (vector, unit in m/s) and WSC (color, 
unit in N/m3) in winter during the period from 1982 to 2018 derived 
from NCEP1 data sets. b Same as (a), but for summer time. c Wind 

(vector, unit in m/s) and WSC (color shading, unit in N/m3) decadal 
changes between 1982–1991 and 2009–2018 (latter minus former) in 
winter. d As (c), except for summer. WSC wind stress curl
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locations in the North Pacific. It’s clear that the mean posi-
tion of the OE fronts is located north of the zero WSC line 
and in the positive WSC area as described above (Fig. 4a, b). 
We should emphasize that the Sverdrup streamline, which 
can be considered as the SSH or LTA in the two-layer model, 
is an integration of WSC from the eastern coast. If the WSC 
is in zonal pattern (e.g., the wind field is zonal, no meridi-
onal component), the Sverdrup streamline will follow the 
zero WSC line. But in the real ocean, the WSC is not zon-
ally uniformed and the zero WSC is tilted from southwest 
to northeast in the North Pacific Ocean. Even though the 
relationship will be more complicated between the zero 
WSC line and the zero Sverdrup streamline due to the zon-
ally nonuniform WSC, an expansion of the wind field as 
represented by the displacement of the zero WSC line would 
induce a poleward movement of the Sverdrup streamline. It 
is confirmed in Fig. 5b (also see fig. 3c in Wu et al. 2018) 
that the zero Sverdrup streamline would move northward 
due to the change of WSC and resulting in poleward move-
ment of the OE fronts in the past 37 years.

Based on the Sverdrup dynamics discussed in this sec-
tion, the OE fronts should move northward no matter in win-
ter or summer, which is confirmed by the LTA method (blue 
lines in Fig. 3). But the western OE front is stable and shows 

no poleward moving in summer, as shown in Fig. 3c with 
the SST method (black line in Fig. 3c). So, here comes the 
question: why the summer western OE front does not shift 
as defined by the maximum SST gradient method? We will 
address this question in the following section.

3.3 � Thermodynamic effect on the OE front 
movement

We should emphasize that in the 1.5-layer reduced-gravity 
model, there is only wind forcing and no thermodynamics. 
The difference between the SST and LTA methods, therefore, 
implies that the thermodynamical process is also important 
for the OE front position variability. In fact, changes in SST 
by the thermodynamical process could also affect the local 
SST front position. For example, the front would move 
northward with the stronger warming in its southern part, 
and vice versa. As shown in Fig. 6, the different shift pat-
tern of the two fronts in winter and summer is clearly shown 
in their SST decadal changes. In winter, a warming occurs 
in the south of the OE fronts, while no warming or even 
cooling in the north of the OE fronts (Fig. 6a). From the dif-
ference of SST contours between 1982–1991 (black dashed 
lines) and 2009–2018 (black solid lines) in Fig. 6a, the SST 
contours and then the SST fronts in winter move northward 

Fig. 5   a Schematic relationship among the climatological OE front 
position (green lines), zero WSC line (red line) and zero Sverdrup 
stream line (dashed black line) during the period from 1982 to 2018 
derived from NCEP1 and OISST data sets. Color shading displays the 
Sverdrup volume transport streamfunction (unit in Sv, 1 Sv = 1 × 106 
m3/s) calculated from the NCEP1 wind. b Decadal changes of the 
zero WSC line and zero Sverdrup streamline between 1982–1991 and 
2009–2018. The black and blue lines indicate the mean position for 
2009–2018. The red and orange lines indicate the mean position for 
1982–1991. WSC wind stress curl, OE Oyashio extension

Fig. 6   a SST decadal changes between 1982–1991 and 2009–2018 
(color shading, unit in degree) in winter during period from 1982 
to 2017 based on OISST data. The black dashed and solid contours 
indicate the mean winter SST for 1982–1991 and 2009–2018, respec-
tively (unit in degree). Green dots indicate the mean position of the 
OE front in winter. b As (a), except for summer. SST sea surface tem-
perature, OE Oyashio extension
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for the two OE fronts. In summer, the same condition hap-
pens for the eastern OE front with surface temperature 
warming stronger in the southern part than the northern part, 
leading to the poleward moving of the front. However, when 
we look at the western OE front, SST warming is broad 
and week in both northern and southern areas of the front, 
making it relatively stable (Fig. 6b). The patterns of SST 
decadal changes are consistent with the OE front shift shown 
in Fig. 3 and Table 1, especially for the different shift pat-
terns between the western and eastern parts in summer. Up 
to now, it’s clear that both the wind field changes and local 
SST changes favour the winter poleward movement of the 
OE fronts. But for summer, local SST changes, rather than 
the basin scale wind changes, control the western OE front 
variability. Next, we try to analyze the mechanism responsi-
ble for the different OE front shift between the western and 
eastern parts in summer.

Following Wu et al. (2018), we consider the ocean heat 
budget in the mixed layer, which affects the SST and then 
the OE front position. Due to the limitation in observations, 
we cannot calculate all terms in the heat budget equation. 

Here we focus on the two major terms in the right-hand side 
of the SST governing Eq. (5), heat flux and advection, as 
shown in the following:

where Qnet is the net heat flux (NHF), Cp is the specific heat 
of seawater, � is the seawater density and Hm is MLD (see 
Sect. 2). In this study, the Hm is only used with the climato-
logical summer (or winter) value. The term Qnet

Cp�Hm

 and 

v ⋅ ∇SST  represent the thermal effect of NHF and advection 
to the SST change, respectively. R is the residual term and 
will be ignore in this study (Qiu and Kelly 1993). For the 
advection term:

where f  is the Coriolis parameter and �
y
 and �

x
 are the sur-

face wind stress in the y and x directions, respectively. The 
previous study by Larson et al. (2018) confirmed that the 

(5)
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�t
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Fig. 7   a Climatological NHF (unit in W/m2) in summer during 
1982–2018 from the NCEP1 data. b As (a) but for winter. c Decadal 
changes of the summer NHF between 1982–1991 and 2009–2018 
(latter minus former, unit in W/m2). d As (c) but for winter. e SST 

anomalies caused by NHF (unit in degree). Black dots display the 
mean OE front position in summer during 1982–2018. f As (e) but for 
winter. SSTa sea surface temperature anomalies, NHF net heat flux, 
OE Oyashio extension
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Ekman heat transport is dominant in the OE front region. 
Based on their research, we only analyzed the advection 
term by evaluating the three Ekman terms, −v� ⋅ ∇SST  , 
−v ⋅ ∇SST � and v� ⋅ ∇SST � , where overbars denote the cli-
matological mean value and primes, the deviation from the 
mean.

Figure 7 displays the contribution of the NHF to the 
SST anomalies for both seasons. From the mean NHF field 
(Fig. 7a, b), the ocean absorbs heat from the atmosphere 
(vice versa for the winter) but the value is much less than 
winter, which is common because the winter air-sea inter-
action is much stronger than summer. When we look at the 
decadal changes of NHF field (Fig. 7b, c), the summer value 
is basically equal to winter’s. Finally, we find that the SST 
anomaly induced by NHF decadal changes is more obvi-
ous in summer than in winter (Fig. 7e, f). But we should 
emphasize that the warmer SST appears in the southern OE 
front region for both western and eastern parts (Fig. 7e), 
which favours the poleward shift of the whole OE front. 
This cannot explain the observed west–east pattern of the 
summer SST anomalies as shown in Fig. 6b. For the advec-
tion term, the anomalous Ekman velocity ( −v� ⋅ ∇SST  term) 

is dominant and more important than the other two terms 
( −v ⋅ ∇SST � and v� ⋅ ∇SST � ) for the SST changes in both 
summer and winter as shown in Fig. 8. In summer, it shows 
cooling effect in the northwest Pacific Ocean and warm-
ing effect in the southeast Pacific Ocean. The heat trans-
port by mean Ekman velocity ( −v ⋅ ∇SST � term, Fig. 8b) is 
patchy and also smaller than the anomalous Ekman velocity 
term (Fig. 8a). The advection by the two anomalous term 
( v� ⋅ ∇SST � ) is very small and can be neglected (Fig. 8c). The 
above features also works in winter as shown in Fig. 8d–f. 
In fact, we found that the warm Ekman heat transport in the 
eastern OE front region (red shadings in Fig. 8a) and the 
cold Ekman heat transport in the western OE front region 
(blue shadings in Fig. 8a) by the anomalous Ekman veloci-
ties determine the west–east dipole pattern of summer SST 
anomalies in the past 37 years as discussed in Fig. 6b. This 
west–east dipole pattern is also consistent with the OE front 
shift in summer (Fig. 3c, d). As for the summer eastern OE 
front (157°E–172°E), the SST increases due to the warm 
Ekman heat transport, shifting the front northward (Figs. 3d, 
6b, 8a and Table 1). On the contrary, for the western OE 
front part (145°E–157°E) in summer, the SST decreases by 

Fig. 8   a SST anomalies caused by Ekman heat transport term 
−v� ⋅ ∇SST  (color shading, unit in degree) and the mean OE front 
position (black dots) in summer during 1982-2018 based on the 

NCEP2 data sets. b, c As (a) but for −v ⋅ ∇SST � and −v ⋅ ∇SST � , 
respectively. d–f As (a–c), but for the winter time. SSTa sea surface 
temperature anomalies, OE Oyashio extension
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the cold Ekman heat transport, resulting in no poleward or 
even southward shift of the front as indicated by Fig. 8a (also 
see Figs. 3c, 6b and Table 1). It is demonstrated that the 
west–east different pattern of the OE front shift in summer 
is caused by the different local Ekman heat transport induced 
by the anomalous Ekman velocities. The above results of 
the SST anomaly induced by Ekman heat transport are also 
confirmed by the NCEP2 and ERA-I wind data sets as shown 
in Supplementary Figures S3 and S4, respectively. What’s 
more, we notice that the local SST changes in summer is 
much more important than in winter, which means the sum-
mer SST anomalies is more sensitive to the variability of 
either the NHF or the wind than in winter time (Figs. 7 and 
8). Figure 9 compares the mean MLD distributions in winter 
and summer. It is clear that the summer MLD is much shal-
lower than that in winter: the winter MLD in the OE front 
region is usually larger than 100 m or even reaches 200 m 
(Fig. 9a), but only around 20 m (Fig. 9b) in summer. The 
SST anomaly caused by both NHF and wind-induced Ekman 
advection are proportional to the inverse of MLD, as shown 
in Eqs. (5) and (6). It is concluded that the mean atmospheric 
forcings (NHF and wind) in summer are weaker than in win-
ter, but their changes are in similar values in both seasons in 
the past 37 years. As a result, the local SST changes around 
the OE front region are larger in summer than in winter due 
to the seasonality of the MLD.

As discussed above, the local anomalous Ekman velocity 
caused by wind changes is the key process that controls the 
summer OE front movement. Tracing back to Fig. 4d (also 
see Supplementary Figs. S1d and S2d) in the past 37 years, 
the wind anomaly is westward in the mid-latitude in the 
North Pacific Ocean, which will induce warm Ekman heat 
transport and then push the eastern OE front moving pole-
ward. In the western OE front, the wind anomaly switches to 
westerly wind and induces cold Ekman heat transport, shift-
ing the front southward. In the next section, we will further 
explore the relationship between the wind changes and the 
climate modes, PDO and AMO, for the summer time.

3.4 � Potential impact from PDO and AMO

During the past 37 years from 1982 to 2018, the summer 
PDO and AMO indexes are in the same pace after late 
1970s: summer PDO (AMO) index decreases (increases) 
as shown in Fig. 10. How are the decrease (increase) of 
the PDO (AMO) related to the wind changes and then the 
meridional shift of the OE fronts? We first examine the rela-
tionship between the wind changes and PDO in the North 
Pacific, and also the AMO according to previous studies 
(e.g. Sun et al. 2017). Figure 11 demonstrates the wind 
vector regressed upon the normalized PDO and AMO dur-
ing 1982–2018 with three wind data sets (NCEP1, NCEP2 
and ERA-I), respectively. In summer, both the PDO- and 

Fig. 9   a Climatological MLD in winter (unit in m) during 1975–2012 
from WOA13 data sets. b As (a), except for summer. MLD mixed 
layer depth

Fig. 10   a Time series of the normalized PDO index (solid line) and 
its trend (dashed line) in summer from 1982 to 2018. b Same as (a), 
except for the normalized AMO index. Both the trends of PDO and 
AMO indices are significant at the 95% confidence level. PDO Pacific 
decadal oscillation, AMO Atlantic multi-decadal oscillation
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AMO-induced wind changes show apparent easterly wind 
anomalies (blue shading in Fig. 11) in the subtropical North 
Pacific. Specifically, the wind pattern associated with the 
PDO, evaluated by regressing the grid-point wind vec-
tors onto the normalized PDO, demonstrates easterly wind 
anomalies over the whole southern area of the eastern OE 
front and westerly wind anomalies over the whole north-
ern area of the western OE front (Fig. 11a–c). These wind 
changes favour a northward warm Ekman heat transport in 
the eastern OE front region and a southward cold Ekman 
heat transport in the western OE front region, making the 
eastern OE front moving poleward and the western OE 
front equatorward. Consistently, the wind changes induced 
by the AMO is also different in the western and eastern 
OE fronts, similar to the PDO (Fig. 11d–f). Both the PDO 
and AMO induce the similar dipole pattern of Ekman heat 
transport as discussed in Sect. 3.3. The effects on the SST 
and then the OE front shift by the PDO- and AMO-induced 
wind changes can be further confirmed in Fig. 12. The 
SST anomalies by the PDO-induced Ekman heat transport 
have a broad warming pattern in the south of the eastern 

OE front, especially around 160°E, which will favour the 
northward shift of the eastern OE front as indicated by the 
new position of the OE front (red dots of the eastern OE 
front in Fig. 12a). In the western OE front region, the SST 
changes by the PDO-induced Ekman heat transport is cold 
and the western OE front in this case shifts southward (red 
dots of the western OE front in Fig. 12a). The SST changes 
by the AMO-induced Ekman heat transport has a similar 
dipole pattern, warm SST anomalies in the eastern OE fron-
tal region and cold SST anomalies in the western OE front 
region (Fig. 12b), resulting in the southward shift of the 
western parts and northward shift of the eastern parts. Both 
the PDO- and AMO-induced Ekman heat transports are 
consistent with the wind vectors regressed upon the PDO 
and AMO indices and are also consistent with the different 
shift patterns of the two OE fronts. We should note here that 
in the past 37 years, PDO experienced a peak-trough-peak 
variability, making its contribution to the 37-year trend to be 
smaller than that of AMO, which switched from its negative 
to positive phase. That is the reason why the PDO-induced 

Fig. 11   a Wind vectors regressed upon the normalized PDO index 
for summer during 1982–2018 with NCEP1 data sets. Color shading 
indicates the u component of the wind (unit in m/s). Magenta lines 
indicate the regression coefficients statistically significant below the 
5% significance level. Black dots indicate the mean position of the 

OE front in summer. b, c Same as (a) but based on the NCEP2 and 
ERA-I data sets, respectively. d As (a) but regressed upon the nor-
malized AMO index. e, f Same as (d) but based on the NCEP2 and 
ERA-I data sets, respectively. PDO Pacific decadal oscillation, AMO 
Atlantic multi-decadal oscillation, OE Oyashio extension
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SST change and OE front shift are smaller than that by the 
AMO over the past 37 years (Fig. 12).

Local air-sea heat flux is also important and we cannot 
exclude its impact on the SST and frontal changes in the 
OE front region. To further explore the role of local air-sea 
heat flux anomalies by PDO and AMO, we regress the grid-
point NHFs upon the normalized PDO and AMO indices 
(Fig. 13) from 1982 to 2018. For both the PDO- or AMO-
regressed NHF patterns, they all show similar patterns with 
weak heat gain from the atmosphere in the OE front region 
(blue shadings near the OE front region in Fig. 13a, b). From 
the SST changes induced by the regressed heat flux anoma-
lies (Fig. 13c, d), both the PDO and AMO would warm the 
ocean and increase SST in the OE front region. As such, the 
local heat flux cannot explain the observed differences of 
the SST and front changes between the western and eastern 
OE fronts.

Here, we conclude that both the PDO and AMO contrib-
ute to the different movement of the western and eastern 
OE fronts in summer in the past 37 years, through the local 
Ekman heat transport. The PDO- and AMO-induced NHF 

forcing plays little role for this west–east different shifting 
pattern.

4 � Discussion and conclusion

In this study, we investigated the seasonality of meridional 
shift of the OE fronts in the past 37 years from 1982 to 2018. 
In winter, both the western and eastern OE fronts move 
northward. In summer, the eastern OE front moves north-
ward while the western OE front has no obvious movement. 
The long-term OE front variability is largely controlled by 
the changes in the surface wind field. In the past 37 years, 
the trade wind in the North Pacific Ocean expanded and 
strengthened, which favoured a northward shift of the two 
OE fronts in both seasons. Our study further highlights the 
importance of the local wind forcing in summer, especially 
for the western OE front. The Ekman heat transport by 
the local wind anomalies in the western OE front region 
decreased the SST and shifted the western OE front south-
ward. This process worked to cancel the poleward move-
ment of the western OE front induced by the large-scale 
wind or the local heat flux forcing and led to a relatively 
stationary state. Our results suggest that the local wind forc-
ing via Ekman heat transport should not be ignored in the 
OE front region, especially in summer. It is worth empha-
sizing that the winter wind and its variability are usually 
larger than those in summer. But the Ekman heat transport 
is more important in summer than that in winter due to the 
seasonality of the MLD (Fig. 9). Since the SST change by 
Ekman heat transport is inversely proportional to the MLD 
(as shown in Eq. 6), the thin MLD in summer makes the 
Ekman heat transport much more dominant as compared to 
the winter season (Fig. 8).

One of the key processes that controls the OE front vari-
ability, as discussed above, is the local Ekman heat transport, 
which links the change of SST and then the OE front to the 
change of wind field. The expansion of the trade winds and 
then the enhanced warm Ekman heat transport contributes 
to the poleward shift of OE front in both winter and summer. 
Since the observation is limited, we further test the relation-
ship among the wind, Ekman heat transport, SST and OE 
front position with a climate model. We use the 200-year 
wind stress and SST output data from the PI control model 
experiment as described in Sect. 2.3. Figure 14a shows the 
mean wind stress and WSC in the North Pacific. They are 
consistent with the observations (Fig. 4a) that the trade wind 
occupies the subtropical ocean with negative WSC and the 
westerly wind occupies the subpolar ocean with positive 
WSC. The mean position of the OE front is located along 
about 43°N (black dots in Fig. 14b), which is further north 
than the observations due to the overshooting of the climate 
model. We should point out that the resolution of the climate 

Fig. 12   a Summer SST anomaly caused by the EHT term −v� ⋅ ∇SST  
(color shading, unit in degree) of PDO during 1982–2018. The EHT 
term is calculated by the PDO induced wind time series, which is 
from the NCEP1 wind vector regressed upon the PDO index for sum-
mer season during 1982–2018. Black dots indicate the mean position 
of OE front and red dots indicate the new position of OE front after 
considering summer SST anomaly induced by EHT term of PDO dur-
ing 1982–2018. b As (a) but based on the AMO index. SSTa sea sur-
face temperature anomalies, EHT Ekman heat transport, PDO Pacific 
decadal oscillation, AMO Atlantic multi-decadal oscillation, OE 
Oyashio extension
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model is coarse and cannot resolve the OE front very well. 
There are no clear western and eastern parts of the OE front 
in the climate model, only one continuous front as shown in 

Fig. 14b. In Sect. 3, we proposed that in the past 37 years, 
the trade wind expansion is firstly due to the phase change 
of AMO and secondly to PDO. Here, we check the model 

Fig. 13   a NHF regressed upon the normalized PDO index for sum-
mer during 1982–2018 with NCEP1 data sets (unit in W/m3). Grey 
lines indicate the regression coefficients statistically significant below 
the 5% significance level. Positive means upward heat release from 
ocean to atmosphere. b As (a) but for AMO index. c SST anomaly 
induced by NHF which is regressed upon the normalized PDO index 

for summer during 1982–2018 with NCEP1 data sets (unit in degree). 
Black dots indicate the mean position of the OE front in summer. b 
As (a) but based on the NHF regressed upon the normalized AMO 
index. NHF net heat flux, PDO Pacific decadal oscillation, AMO 
Atlantic multi-decadal oscillation, OE Oyashio extension

Fig. 14   a Climatological wind stress (vector, unit in N/m2) and WSC 
(color, unit in N/m3) from the 200-year modelling output of the PI-
Control experiment. b Mean SST (white contours, unit in degree) and 
meridional SST gradient (color, unit in degree per latitude) derived 
from PI-Control experiment data set. Black crosses display the mean 
position of the OE front. c Wind vectors regressed upon the model 
AMO index from the PI-Control experiment. Color shading indi-

cates the surface wind stress in the x direction (unit in N/m2). d SST 
anomaly caused by the EHT term −v� ⋅ ∇SST  (color shading, unit in 
degree) of modelled AMO. The EHT term is calculated with the wind 
of (b). Black dots indicate the mean position of OE front and red dots 
indicate the new position of OE front after considering summer SST 
anomaly induced by EHT term of AMO
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output to see whether the wind change by the modelled 
AMO could induce the similar expansion of trade wind, and 
then the warm Ekman heat transport, increased SST and 
poleward shift of the OE front as we show in the last section. 
Figure 14c is calculated by regressing the wind stress upon 
the modelled AMO index. It shows similar easterly wind 
anomalies in the broad subtropical to subpolar ocean, imply-
ing expansion of the trade wind. This wind anomaly results 
in warm Ekman heat transport and increased SST in the OE 
front region, and pushes the OE front northward (Fig. 14d). 
In summary, both observations and this model experiment 
confirm that the Ekman heat transport induced by the wind 
changes is the key process controlling the SST and OE front 
variability in the North Pacific Ocean.

The OE front has strong impact on the local atmosphere, 
such as anchoring the storm tracks and the rainband. Previ-
ous studies already reported the northward shift of storm 
tracks in the North Pacific Ocean and indicated the SST 
changes contribute to this shift (Wang et al. 2017). The 
local maximum rainfall in the North-western Pacific Ocean 
in both winter and summer is also along the southern rim of 
the OE front (Fig. 15a, b). The heating from ocean and the 
location of SST front may contribute to anchor the position 
of the rainband (Minobe et al. 2010). Figure 15c, d show the 
rainfall trend in winter and summer during 1982–2018. It 
is clear that the rainband in winter moves northward along 
with the OE front poleward shift (Fig. 15c, see the 2 mm/
day and 3 mm/day contours’ changes). In summer, the rain-
band change exhibits a similar dipole pattern as the OE front 

shift (Fig. 3c, d), with a rainband position stagnation in the 
western OE front and a poleward movement in the eastern 
OE front (Fig. 15d). The above results imply the shift of the 
OE fronts can also be reflected in the rainfall changes and 
affect the local climate.
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