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Abstract To understand the upper-ocean thermal variability in the Kuroshio—Oyashio Extension (KOE)
region, the upper 400 m heat budget in the western North Pacific is analyzed for the 1981 — 2013 period
using outputs from a high resolution (1/12°) ocean general circulation model. Winter heat storage rate on
interannual to decadal time scales is mainly determined by oceanic heat advection rather than by net
air-sea heat flux. The role of heat advection becomes particularly prominent and widely spread over the
entire western North Pacific after the 1990 regime shift in association with the reduced variability of surface
heat flux caused by weakened SST variability. The net heat flux acts to dampen temperature anomalies
caused by the ocean dynamics. The ocean dynamics causing the upper-ocean heat storage rate is
principally associated with the meridional shift of the Oyashio Extension front, which is significantly
correlated with both the West Pacific and Pacific-North America teleconnection patterns.

1. Introduction

The western boundary of the North Pacific including the Kuroshio-Oyashio Extension (KOE) region has been
known as the region where the ocean circulation is most variable in the North Pacific [Nakamura et al.,
1997; Qiu, 2000] due to the inflow of the energetic Kuroshio and Oyashio. It is also a region where subsur-
face variability exerts a strong influence on sea surface temperature (SST), yielding the strongest decadal
SST variability in the North Pacific [Nakamura et al., 1997], and where strong ocean-atmosphere interaction
takes place [Latif and Barnett, 1994; Seager et al., 2001; Schneider et al., 2002; Qiu et al., 2007; Kwon et al.,
2010; Frankignoul et al., 2011]. In contrast to the conventional extratropical ocean-atmosphere interaction
characterized by atmospheric forcing on SST variations [Cayan, 1992], the SST forcing upon the overlying
atmosphere is prevalent in the KOE region where ocean dynamics is very important [Tanimoto et al., 2003].
This ocean-to-atmosphere feedback occurs through vigorous turbulent heat fluxes, responsible for consider-
able oceanic heat release to the atmosphere especially in the boreal winter [Sugimoto and Hanawa, 2011],
affecting the atmospheric boundary layer and storm track activity [Nonaka and Xie, 2003; Tanimoto et al.,
2003]. These ocean-atmosphere interactions play an important role in generating interannual to decadal cli-
mate variability of ocean and atmosphere in local and remote regions in the North Pacific [Kwon and Deser,
2007; Yamamoto and Hirose, 2011; Seo et al., 2014]. Indeed, oceanic processes can induce interannual to
decadal upper-ocean heat content variability in the KOE region [Vivier et al., 2002; Kwon and Deser, 20071,
which in turn influence the atmosphere through the SST variability and resultant turbulent heat flux
changes [Tanimoto et al., 2003].

The interannual to decadal SST variability in the North Pacific has been explained by the Pacific Decadal
Oscillation (PDO) [Mantua and Hare, 2002] and the Victoria mode [Bond et al., 2003]; see also Di Lorenzo
et al. [2008] for the North Pacific Gyre Oscillation (NPGO) which is the sea surface height (SSH) expression of
the Victoria mode. Yeh et al. [2011] showed that a negative to positive PDO change, which is related to a
strengthening of the Aleutian low and a warming of the tropical SST, is responsible for the winter North
Pacific SST variability in the 1976/1977 regime shift. Also, the NPGO-like mode, which is the oceanic expres-
sion of the North Pacific Oscillation (NPO) [Linkin and Nigam, 2008] and West Pacific teleconnection pattern
(WP) [Wallace and Gutzler, 1981; Linkin and Nigam, 2008], is shown to explain most of the SST variability in
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the 1988/1989 regime shift. Another SST regime shift in the winter of 1998/1999 from a positive to a nega-
tive PDO change was reported [Jo et al., 2013]. An attempt was made by An [2008] to understand the chain
of these long-term SST variability and regime shifts with a multidecadal oscillation mechanism associated
with SST-zonal wind coupling and slow dynamic adjustment of the ocean. However, this multidecadal oscil-
lation mechanism explains only long-term and basin-scale SST variability, but not so well interannual to
decadal SST variations in the KOE region where oceanic variability and the ocean-atmosphere interaction
are atypical and much stronger compared to the rest of the North Pacific. For example, unlike a direct atmo-
spheric influence on the SST in the central and eastern North Pacific [Cayan, 1992], the SST variability of the
KOE region reveals a lagged response by a few years to changes in atmospheric forcing, related to the PDO
[Qiu, 2003] or WP/NPGO [Sugimoto and Hanawa, 2009; Ceballos et al., 2009] in the central North Pacific via
westward propagating Rossby waves [Miller et al., 2004]. These results emphasize an important contribution
of ocean dynamics to the KOE region thermal variability, although the degree of relative contribution of
ocean dynamics as compared to the atmospheric influence has been shown to vary with epoch [Kelly and
Dong, 2004; Park et al., 2012].

Attempts have been made to understand KOE SST variations on a variety of time scales. Seasonal SST
changes are dominated by the net surface heat flux and entrainment from below the surface mixed layer
[Qiu and Kelly, 1993; Alexander et al., 2000; Vivier et al., 2002]. On interannual to decadal timescales the KOE
SST variability is associated with the latitudinal frontal shift [Seager et al., 2001; Nonaka et al., 2006] and
changes in geostrophic advection [Vivier et al., 2002; Taguchi et al., 2007; Kwon and Deser, 2007; Nonaka
et al, 2008] induced by the arrival of westward propagating baroclinic Rossby waves generated by wind
stress curl forcing [Deser et al., 1999; Schneider and Miller, 2001; Seager et al., 2001; Qiu, 2003; Qiu and Chen,
2005; Ceballos et al., 2009; Sugimoto and Hanawa, 2009]. Sugimoto and Hanawa [2011] showed, based on
satellite observations, a great influence of mesoscale anticyclonic eddies detached from the Kuroshio Exten-
sion (KE) on the KOE SST variability, although such a feature may represent the intrinsic frontal-scale dynam-
ics superimposed on the broad-scale meridional structure generated by basin-wide wind forcing [Taguchi
et al.,, 2007]. Sugimoto and Hanawa [2011] claimed that westward propagating Rossby wave signals and
frontal displacement effects become greatly obscured by powerful eddy activity in the eddy-populated
western boundary area west of 150°E. This is in line with the failure of the linear Rossby wave model hind-
cast in the westernmost KOE region by Qiu [2003], as previously remarked by Park et al. [2012].

Based on an extensive statistical analysis of observed SST and atmospheric variables in the western North
Pacific, Park et al. [2012] evidenced an epoch-dependency of the dominant contributors to the KOE SST vari-
ability averaged over the area (142°—160°E, 35°—40°N). They found that, before 1990, the KOE SST variabili-
ty was well correlated with the wind stress curl in the central/eastern basin of North Pacific at lags of 1, 3,
and 4 yr, with the 3 — 4 year lags being suggestive of an influence of baroclinic Rossby wave propagation,
consistent with previous works [Deser et al., 1999; Schneider and Miller, 2001; Seager et al., 2001; Nonaka
et al.,, 2008]. After 1990, however, only the 1 yr lag correlation between the KOE SST and the central North
Pacific wind stress curl was significant. The reason for this change in lags is still unclear. Park et al. [2012]
regarded the 1 yr lagged signal of wind stress curl as the contribution of the ocean dynamics to the KOE
SST, which then has changed significantly across the 1989/1990 regime shift, from a moderate contribution
for 1970 — 1989 to a predominant contribution for 1990 — 2005. Recently, Pak et al. [2014] presented a non-
stationary impact of atmospheric circulation on the SST variability in the western North Pacific: a strong
influence during the strong winter monsoon period (1973 — 1987) and a significantly weakened impact dur-
ing the weak monsoon period (1988 — 2002), indicating the epoch-dependency of main causes of the SST
variability, consistent with Park et al. [2012]. Consequently, these results suggest that the ocean dynamics
has played a central role for causing the decadal-scale SST variability in the western North Pacific after the
abrupt decline of the East Asian Winter Monsoon (EAWM) around 1990.

SST is one of popular indicators to describe thermal state of the ocean because it is readily available, and it
is also necessary to compute turbulent fluxes from the bulk flux algorithm [Kelly and Dong, 2004]. However,
the upper-ocean heat content is a better climate predictor than SST for the ocean-to-atmosphere feedback
[Yulaeva et al., 2001; Kelly and Dong, 2004; Kelly et al., 2010], in which the air-sea heat flux is a key parameter.
While the evolution of the vertically integrated heat content down below a fixed depth is directly related to
the air-sea heat flux (ignoring lateral processes), mixed layer temperature (MLT) variations depend also on
changes in the mixed layer depth as well as the surface heat flux [Dawe and Thompson, 2007]. These
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authors stressed that in contrast to a quick adjustment in the MLT budget, the heat content budget still
shows significant variation for 4 years after the PDO shift, especially in the KOE region, thus is more appro-
priate for investigating climate-scale ocean-atmosphere interactions.

Despite a great number of previous studies, our present knowledge about the dynamics and causes of the
interannual to decadal upper-ocean thermal variability in the KOE region remains limited and often debated
as will be seen later. The observational subsurface data record is too short to investigate the upper-ocean
heat budget at long time scales. We here instead resort to a realistic, 35 year long simulation from a high
resolution ocean general circulation model (OGCM) to investigate the upper-ocean heat budget in the cli-
matically important KOE region focusing on the regime-dependent thermal variability and its major causes,
especially in the winter season when the ocean-atmosphere interaction is strongest.

The paper is organized as follows. Description of the high resolution OGCM data used in this study together
with their validation are given in section 2. An upper-ocean heat budget analysis for two contrasting climate
regimes that occurred before and after 1991 in the western North Pacific is given in section 3, with an
emphasis on the wintertime thermal variability and negative feedback of ocean temperature in the KOE
region. The major causes of the interannual to decadal scale variability of upper-ocean heat content in the
KOE region are discussed in section 4, followed by a summary in section 5.

2. Data and Validation

2.1. OGCM and Model Products

A 35 year (1979-2013) simulation with a high resolution global OGCM is used to investigate interannual to
decadal thermal variability in the KOE region. The model (referred to as ORCA12 hereafter) is based on the
NEMO 3.5 [Madec, 2008] which is a framework of ocean related engines including ocean dynamics/thermo-
dynamics, and sea-ice parts. The model solves the ocean primitive equations on C-grid system with hydro-
static and Boussinesq approximations. The presented ocean model has a 1/12° horizontal resolution
operating on a tripolar ORCA grid type [Madec and Imbard, 1996; Penduff et al., 2010]. The ORCA12 grid
delivers a horizontal resolution of 9.25 km at the equator, 7 km in midlatitude region, and 1.8 km in the
Ross and Weddell Seas. The grid has 4,322 X 3,059 points in X and Y directions, respectively. The vertical
grid has 75 levels of z-level coordinate with a grid space ranging from 1 m near the surface to 250 m at
5750 m. The topography is expressed with bottom partial cells [Adcroft et al., 1997; Barnier et al., 2006] using
a combination of three databases: ETOPO1 [Amante and Eakins, 20091, GEBCOO08 [Becker et al., 2009] merged
for continental shelves shallower than 200 m, and Base 10 around the European coasts.

The total variance dissipation (TVD) formulation scheme, widely known as flux corrected transport scheme
[Boris and Book, 1973], with anti-diffusive flux term is employed for the tracer advection. An energy and
enstrophy conserving scheme [Arakawa and Lamb, 1981] is adopted for the momentum advection. To
represent the exchange of the horizontal momentum and tracer due to the sub-grid scale processes, an
isolevel-biLaplacian and a Laplacian-isopycnal diffusion schemes are employed, respectively. The K-epsilon
scheme parameterizes vertical mixing coefficients. A partial-slip condition is applied for lateral boundary
condition.

All the surface heat and momentum fluxes are calculated by bulk formula [Large and Yeager, 2004], using
model-generated SST and meteorological variables such as wind vector, atmospheric temperature, relative
humidity, and radiative/freshwater fluxes from ERA interim [Dee et al., 2011]. The time interval of flux data is
daily superimposing diurnal cycle to the shortwave radiation, while the other atmospheric variables are sub-
sampled at every 3 hours. The heat, freshwater, and momentum fluxes are modified in the presence of sea
ice which is modeled by LIM2 sea ice model [Bouillon et al.,, 2009]. The monthly run-off climatology is built
with data from Dai and Trenberth [2002].

The model run is performed from cold start with initial hydrographic data from January climatology [Levitus
et al., 2005]. The temporal evolution of kinetic energy averaged over the upper 400 m in the western North
Pacific region (140°—180°E, 28°—46°N) indicates that at least the upper 400 m of the model has reached
equilibrium since the end of 1980, with the area-mean kinetic energy fluctuating around a constant value of
0.023 m? s~ 2 (Figure 1). Hence, the first 2 year integration is considered as a spin-up period, and we ana-
lyzed 3 day averaged outputs for the last 33 years (1981 — 2013).
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Figure 1. Temporal evolution of volume-averaged kinetic energy (unit is m? s~2)
over the upper 400 m in the western North Pacific (140°—180°E, 28°—46°N)
obtained from monthly averaged horizontal velocities. A solid line indicating con-
stant value of 0.023 m? s~ is overlaid.

Although the model was integrated
globally, our domain of analysis is
mostly limited in the western North
Pacific (140°—180°E, 28°—46°N). To
obtain a representative area-averaged
time series, the KOE region is selected
as the region (150°—165°E, 36°—42°N)
corresponding to the primary center
of the upper-ocean thermal variability,
as will be clear later in section 4. Our
KOE region corresponds to a very sim-
ilar place as in previous studies based
on observational data such as Tani-
moto et al. [2003] (140°—165°E,
35°—45°N) and Park et al. [2012]
(142°—160°E, 35°—40°N). In our case,
the region west of 150°E was exclud-
ed due to the prevalence of meso-

scale activity which obscures large-scale upper-ocean thermal variability caused by basin-scale atmospheric
forcing [Sugimoto and Hanawa, 2011]. The KOE region lies approximately between the KE (along 36°N in
ORCA12) and the Oyashio Extension (OE, along 41°N in ORCA12) (Figure 2), and corresponds to the mixed
water region according to Qiu [2001]. The results of subsequent analyses are not so sensitive to the different
selection of the KOE region within a few degrees in longitudes or latitudes.

The model has ocean-only component without any data assimilation and coupling with atmospheric mod-
els, and it provides dynamically-consistent continuous three-dimensional physical fields with a long time

span.
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Figure 2. Climatological mean (1993 — 2013) SSH from (a) ORCA integration and (b) AVISO ADT. Contour interval is 20 cm. Climatological
mean (1982 — 2013) SST from (c) ORCA integration and (d) OISST. Contour interval is 2°C. Standard deviations of annual averaged are
marked as shading. (d) Dotted lines indicate standard deviation of 0.75°C. The rectangular domain (150°—165°E, 36°—42°N) indicated in
(a)~(d) is used for defining the KOE region.
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2.2. Model Validation

The ORCA12 SSH and SST are compared with the daily 1/4° gridded absolute dynamic topography (ADT)
product distributed by Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO,
http://www.aviso.altimetry.fr/duacs/) and the version 2 of the optimally interpolated 1/4° daily AVHRR
(Advanced Very High Resolution Radiometer) derived SST (OISST) [Reynolds et al., 2002]. We consider the
ORCA12 MLT as its SST, because both MLT and SST are frequently used interchangeably [Grodsky et al.,
2008]. Indeed, the temporal variability of MLT is almost same as that of the model’s temperature at the first
z-level (not shown). Comparison periods are 1993 — 2013 for SSH and 1982 — 2013 for SST, considering
overlapping periods between ORCA12 and other data sets. Note that the comparison period for winter
(December-February) interannual variability of SSH (Figures 3e) is set to 1994 — 2013 because the daily ADT
in December 1992 is not provided. Similarly, comparison period for winter SST is also limited to
1983 — 2013 (Figure 3f). Here the winter SST (or SSH) of 1994 refers to the mean SST (or SSH) during Decem-
ber 1993 to February 1994. The interannual standard deviation (shading in Figure 2) is calculated from
annual mean SSH and SST fields of both ORCA12 and satellite data sets.

2.2.1. Spatial Distribution

The record-length (1993 — 2013) mean SSH field of ORCA12 (Figure 2a) reproduces well the major features
of KE seen in AVISO ADT (Figure 2b) such as two quasi-stationary meanders locating near 144°E and 150°E
[Qiu and Chen, 2005]. Model-data discrepancies include model’s overshooting of the Kuroshio by about 1°
northward and stronger meander south of Japan (137°E, 32°N). The record-length (1982 — 2013) mean
ORCA12 SST field (Figure 2c) also shows a spatial distribution similar to that of OISST (Figure 2d). Note that

a) Seasonal, SSH (cm) b) Seasonal, SST and T400 (°C)

30 T — 24
ORCA12 SSH ORCA12 SST
......... AVISO ADT -37.5cm LI 20 ORCA12 T400
204 RN T
16+
101
------ 12- K 0
....... r=0.99 r= 08
JJFMAMIJIJASOND J FMAMIJIIJIASONTD
8 c) Annual, SSHA (cm) 5 d) Annual, SSTA and T400A (°C)
: r=0.58 CREAIZSST r=0.84
4 H ORCA12 T400
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......... AVISO ADT
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Figure 3. Time series of (a, ¢, ) SSH and (b, d, f) SST averaged over the KOE region shown in Figure 1, from ORCA simulation (solid lines)
and observations (dotted lines) (AVISO ADT for SSH and OISST for SST). Temporal evolution of T400 is also overlaid in (b, d, f) with gray
lines. (a—b) Monthly climatologies, (c—d) annual mean anomalies, and (e—f) winter (December-February) mean anomalies. Correlation
coefficients presented in each figure indicate those between observations and ORCA12 surface variables (SSH or SST).
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the original ORCA12 variables have been averaged and resampled in a 0.25° by 0.25° grid, consistent with
the horizontal grid spacing of AVISO ADT and OISST.

The spatial distribution of interannual variability (shading) is also well reproduced by ORCA12 especially for
SSH (Figures 2a and 2b). The interannual variability of SSH is large along the KE, and particularly enhanced
(>30 cm RMS) for the western quasi-stationary meander centered at (144°E, 35°N) in both ORCA12 SSH and
AVISO ADT. The region south of Japan also shows relatively strong interannual variability for both ORCA12
SSH and AVISO ADT. The interannual variability south of Japan, however, is much greater (>40 cm) in
ORCA12 SSH than that of AVISO ADT (~25 cm). This is related to the vigorous spatial variability of the warm
eddy-like features south of Japan in the ORCA12, while it is relatively stable in AVISO ADT. The ORCA12 SSH
shows also higher temporal variability compared to that of the AVISO ADT just north of 40°N where the OE
is generally located [Frankignoul et al., 2011].

Both ORCA12 SST and OISST show the strongest interannual variability greater than 0.5°C in the latitude
band between 35°N and 45°N comprising the KE and OE. The interannual variability of ORCA12 SST is gen-
erally higher than that of OISST west of 165°E, with the strongest variability concentrated along the OE cen-
tered at 41°N and to a lesser extent along the KE centered at 36°N in ORCA12 (Figures 2c and 2d). The most
noticeable discrepancy in SST variability is observed north of 40°N especially along the OE (~1.5°C) where
OISST shows much weaker variability (~0.8°C), although the OE region in OISST also shows enhanced vari-
ability (dotted lines in Figure 2d) compared to other regions in the domain.

2.2.2. Seasonal and Interannual Variations

To examine the temporal variability of ORCA12 SSH and SST in more detail, time series of spatially-averaged
SSH and SST in the KOE region are presented in Figure 3. The seasonal cycle of ORCA12 SSH and SST has a
good agreement with that of AVISO ADT and OISST (Figures 3a and 3b), both in terms of amplitude and
phase, with a correlation coefficient exceeding 0.99. Note that —37.5 cm is added to the seasonal variability
of AVISO ADT to fit the range of ORCA12 SSH because it is difficult to compare the absolute value of SSH
due to the difference in the reference levels for ORCA12 SSH and AVISO ADT. The seasonal cycle of ORCA12
SST is almost the same as that of OISST except for a warm bias of 0.5°C in ORCA12 SST during cold season
(January-March). ORCA12 T400 (depth-averaged temperature from surface to 400 m) also shows seasonal
variability with a lag of one month compared to seasonal variability of SST, so that T400 shows maximum
and minimum on October (11.9°C) and April (10.0°C), respectively.

The interannual variability shown in Figure 3c is based on the annually-averaged monthly anomalies that
are obtained after removing the monthly climatology. We note that the ORCA12 SSH shows a decreasing
trend (not shown), which is not observed in the AVISO ADT (Figure 2c), suggesting that the deeper layer of
the model below 400 m is far from equilibrium during the analysis period in contrast to the upper 400 m. In
the subsequent analyses, this model drift is removed by detrending the original ORCA12 SSH time series.
The detrended ORCA12 SSH and AVISO ADT are moderately correlated with each other at 0.58 for annual
means (Figure 3c) and at 0.49 for winter means (Figure 3e), but both are significant at the 99% confidence
level, indicating that the interannual SSH variability is reasonably well reproduced in ORCA12. The interan-
nual variability of ORCA12 SST shows a far better agreement with OISST for both annual means (r = 0.84,
Figure 3d) and winter means (r = 0.81, Figure 3f). These results indicate that one can confidently use the
ORCA12 outputs for investigating the upper-ocean thermal variability in the western North Pacific. The vari-
ability of T400 also agrees well with that of SST for annual (r = 0.81, Figure 3d) and winter (r = 0.93, Figure
3f) average.

2.3. Ancillary Data and Correlation Analysis

In order to document the relationship between the ocean dynamics in the ORCA12 and the overlying atmo-
spheric circulation patterns, the indices of the winter WP and Pacific-North America (PNA) teleconnection
patterns are obtained from the web site of the NOAA Climate Prediction Center (http://www.cpc.ncep.noaa.
gov/).

Most of the subsequent analyses are based on the linear correlation coefficients, which are obtained after
removing linear trends of each annual time series. The significance level of 95% is used to test all correlation
coefficients, unless otherwise stated. The confidence limit of the correlation coefficient is obtained based
on two tailed t-test with effective degree of freedom which is estimated by dividing the data length by the
integrated product of normalized autocovariances of each time series [Emery and Thomson, 1997]. Also, the
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difference of two given standard deviation (variance) is tested using F distribution with N-1 (N: data length)
degree of freedom and 95% significance level.

3. Heat Budget of the Upper 400 m
3.1. Heat Budget Equation

The governing equation for potential temperature T in the ocean neglecting horizontal diffusion is,

oT 1 .dq aT a( ar) 0

E_p_cpa u~VT—w§+§ Koy
where u (u, v) and w are the horizontal and vertical velocities, respectively, k is the vertical eddy diffusivity,
and q is the radiative heating. The specific heat at constant pressure ¢, is set in the model to a fixed value
as 4000 J kg~ '°C~". The potential density p is considered as a constant (=1035 kg m~3) in subsequent anal-
yses as it changes by less than 2% for the range of T and salinity in the KOE region, although the model
uses the nonlinear equation of state.

Integrating (1) from a fixed depth (h =400 m), a depth deeper than the winter mixed layer, to the surface
yields

d [° Qad _ [° © ar  (° 9 or
— = — . — - + . -
5% J_h Tdz oc, J_h u-VTdz J_h w 2 dz J_h 2 (K 82) dz, (2)

where Q,4q is the radiative heat flux at the surface and the penetration of the short wave radiation below h
is neglected. The 400 m depth for h has been chosen because it is sufficiently deep to cover the deepest
winter mixed layers (100 — 200 m) and at the same time corresponds to the representative thermocline
depth in the KOE region. In addition, it is well below the penetration depth of the short-wave radiation
[Hosoda et al.,, 2015]. Dividing by h and extracting the surface turbulent flux («9) _ from the last term of
the right-hand-side (rhs) of (2), we obtain a tendency equation for the vertically averaged temperature of

the upper 400 m water column, denoted by T400:

OT400  Qner 1 (° 1(° or 1/ oT
= —— .VTdz— — ~dz— | x=— .
at  poh hJ,h" VTdz hJ,hWazdz n\"“az),_,

3)

where Q. is the net surface heat flux, sum of the surface radiative and turbulent fluxes. Our final form of
the heat budget equation is expressed in flux form (W m~2) by multiplying pcph,

0 0

oT
u-VTdz—pc, J_h wgdz, 4)

A(HC)
ot

= HSR:Q,,E,—pCpJ
where HC (=pc,hT400) is the upper 400 m heat content, and we have further neglected the small vertical
diffusion term at 400 m — | (Kg—z)zth. This equation (4) states that the heat storage rate (HSR) or the tem-
poral variation of heat content in the upper 400 m is the sum of the net surface heat flux Q. and integrat-
ed horizontal heat advection HADV (second rhs term) and vertical heat advection VADV (third rhs term).
Here, the total heat advection ADV (= HADV + VADV) is calculated from the TVD scheme, the same scheme
used in the model, with the model’s three-dimensional temperature and velocity fields. VADV is also sepa-
rately calculated by one-dimensional centered scheme. HADV is then calculated by subtracting VADV from
ADV. A positive (negative) Q. means oceanic heat gain (release). Since only 3 day averaged fields of
ORCA12 are available, the contributions of HADV and VADV with time scales shorter than 3 days are unre-
solved. These unresolved high-frequency heat advection together with horizontal and vertical diffusion
terms are considered as a residual. All the heat budget terms are monthly averaged after calculating them
with 3 day fields. It is to be noted that neglecting residual term affects little the major conclusion of the pre-
sent study because the difference between HSR and the sum of Q... and ADV is insignificant, as shown later.
There is, however, one exception to this in August 2004 when there appears an abnormal feature in HADV
due to the presence of erroneous horizontal velocities in the model outputs for unknown reasons. These
erroneous data in August 2004 have been discarded when analyzing seasonal heat budget, interannual
summertime (June-August) variability, and annual-mean HADV. However, it affects little interannual winter-
time (December—February) variability that is our major interest.
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Figure 4. Spatial distribution of (a, d, g) heat storage rate (HSR), (b, e, h) net surface heat flux (Q,.,), and (c, f, i) heat advection (ADV). (a—c) Annual mean, (d—f) winter mean, and

(g—i) summer (June-August) mean.

3.2. Mean and Seasonal Variation

Figure 4 shows the spatial distribution of record-length (1981 — 2013) mean heat budget terms averaged
on a grid of 0.25°X0.25°. The long-term mean annual HSR (Figure 4a) is almost zero throughout the domain,
indicating that the net surface heat flux (Q,., Figure 4b) and the total heat advection ADV (HADV + VADV;
Figure 4c) nearly exactly counterbalance each other with a maximum magnitude of about +200 W m ™2
along the Kuroshio and KE. If ADV is divided into HADV and VADV, the two terms have similar magnitudes
but opposite signs along the quasi-stationary meanders of KE (Figure 5). The energetic VADV along the KE
appears to be due to vertical motions associated with the Kuroshio meander [Sainz-Trapaga and Sugimoto,
2000]. Although the contribution of VADV is not negligible in the energetic Kuroshio and KE region where
nonlinear dynamics is expected to be important, ADV outside of these highly energetic regions is dominat-
ed primarily by HADV especially in the KOE region (compare different panels in Figure 5). As we are princi-
pally interested in the KOE region and in order to focus on the comparative analysis between two dominant
forcing factors, Q,¢-related atmospheric forcing and ADV-associated ocean dynamics, we will mainly com-
pare Qe with ADV rather than splitting ADV into HADV and VADV.

The winter (December—February) HSR is negative throughout the study area (Figure 4d), indicating that
heat is systematically released from the ocean to the atmosphere with the greatest magnitude lying
between 33°N and 42°N, a band comprising the KE, OE, and KOE region (KE—OE band hereafter). The overall
large-scale pattern of HSR resembles Q. (Figure 4e), while its small scale features are mostly due to ADV
(Figure 4f). Negative ADV found along the east coast of Japan north of 35°N in winter (Figure 4f) is not
observed during summer (June—August) when ADV contributes positively to the heat budget in most parts
of the domain (Figure 4i). The seasonal variation of ADV in the northeastern coastal region of Japan is
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Figure 5. Spatial distribution of (a, d, g) horizontal (HADV) and (b, e, h) vertical (VADV) heat advection terms as well as (c, f, i) their sum (ADV). (a-c) Annual mean, (d-f) winter mean, and

(g-i) summer mean.

mainly due to HADV (Figures 5d and 5g), because the seasonality of VADV is not apparent (Figures 5b, 5e,
and 5h). This suggests that the negative ADV in the northeastern coast of Japan in winter (Figure 5f) is due
to the cold water advection by the Oyashio, in agreement with Tatebe and Yasuda [2005]. It is interesting to
note that the spatial distribution of the summertime Q,., (Figure 4h) nicely depicts the geographical loca-
tion occupied by the Kuroshio/KE system, revealing a band of slightly lower Q,,., compared to surrounding
areas. This may indicate that warm Kuroshio waters tend to damp Q,; probably due to enhanced upward
turbulent fluxes caused by comparatively higher SST than surroundings, thus partly compensating domi-
nant downward radiative heat fluxes.

As Qe varies over far larger spatial scales compared to ADV containing substantial mesoscale variability
(see Figure 4), all the heat budget components in subsequent analyses are spatially smoothed with a win-
dow size of 6°X4° designed to suppress the mesoscale eddies, mean diameter of which is about 160 km
(maximum diameter about 280 km) [Cheng et al., 2014], unless otherwise stated. In Figure 6, the seasonal
variations of the heat budget terms are displayed in time-latitude plots, where the monthly terms are zonal-
ly averaged between 150°E and 165°E over the longitudinal range of the KOE region. The seasonal cycle of
all heat budget terms is most pronounced in the KE—OE band as in Vivier et al. [2002], although their study
only covers regions south of 38°N. The seasonal cycle of HSR (Figure 6a) closely resembles the Q. cycle,
with the nearly same magnitude in winter (Figure 6b) because of the negligible contribution from ADV (Figure
6¢). However, the contribution from ADV becomes increasingly important in summer, with its magnitude
being comparable to or even exceeding Q,.; (Figure 6c). In the KE—OE band (33°—42°N), HADV with positive
heat transport forms a major contributor to ADV (Figure 6d). In contrast, VADV shows generally negative heat
transport regardless of seasons except in September to November, and mostly counterbalances HADV during
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Figure 6. Zonal mean (150°-165°E) seasonal climatologies of (a) heat storage rate (HSR), (b) net heat surface flux (Q,.), (c) total heat advection (ADV), (d) horizontal heat advection
(HADV), (e) vertical heat advection (VADV), and (f) residual (RES) over the western North Pacific between 28°N and 46°N. Model outputs have previously been spatially smoothed with a
6°x4° window. Contour interval is 100 W m ™2 and supplementary contour of —50 W m™~2 is added in (e). Negative values are shaded. (g) Spatially averaged monthly climatologies of
heat budget components (in W m~2) in the KOE region (150°—165°E, 36°—42°N).

the cold season (January—March) (Figure 6e). The residual RES, which is the difference between the HSR and
sum of ADV and Q,.;, shows a minor influence of only =10 W m~2 at most (Figure 6f), indicating that the
heat budget equation (4) is well closed by Q,,.; and ADV.

The area-averaged Q. in the KOE region is strongly negative in cool seasons (October—March) with a peak
close to —340 W m ™2 in January, while it is positive during warmer seasons (May—September) with a peak at
about 120 W m~2 in July, yielding a net heat loss of 90 W m ™2 to the atmosphere on an annual average
(Figure 69). The latter value is comparable with those documented in previous works [Qiu and Kelly, 1993; Moi-
san and Niiler, 1998]. This net heat loss by Q. is largely compensated by ADV, which is dominated by HADV.
The area-averaged ADV in the KOE region contributes positively to HSR throughout the year with a maximum
of about 150 W m~ 2 in September, but it is close to zero during the winter season. A plausible explanation for
this minor contribution of wintertime ADV may be attributed to the enhanced cold advection by the south-
ward flowing Oyashio and local Ekman transport (not shown), largely counterbalancing warm advection by
the Kuroshio system. Consequently, HSR, which is nearly equal to the sum of Q,. and ADV, shows strong sea-
sonal variability, with its sign changing from negative to positive in April and from positive to negative in
October, yielding a minimum T400 in April and a maximum T400 in October as shown in Figure 3b.

3.3. Winter Heat Budget in the KOE Region for Two Contrasting Epochs
Although our focus is to investigate interannual to decadal variability of the winter upper-ocean tempera-
ture (heat content), we first discuss the heat budget in terms of annual anomalies since the decadal SST
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Figure 7. Zonal mean (150°—165°E) annual anomalies of (a) heat storage rate (HSR), (b) net surface heat flux (Q,.), (c) total heat advection (ADV), (d) horizontal heat advection (HADV),
(e) vertical heat advection (VADV), and (f) residual (RES) over the western North Pacific between 28°N and 46°N.

variability is influenced by the evolution of HSR during the entire year [Tomita et al., 2002]. Annual mean
nonseasonal anomalies of heat budget terms are obtained by removing their monthly climatology and
averaging from January of the present year to the following January. Latitude-year maps of zonally aver-
aged (150°—165°E) anomalies of heat budget terms are shown in Figure 7. Each term is computed from spa-
tially smoothed (window size of 6°X4°) fields and the data of year 2004 are discarded for the reason already
mentioned. Nonseasonal anomalies of Q... and ADV in the KOE region before 1990 are comparable in mag-
nitude, especially between 38°N and 44°N within and slightly north of the KOE region. However, ADV anom-
alies afterward are much larger compared to Q,.; anomalies and well correlated with HSR anomalies
(Figures 7a—7c). Qe anomalies north of 36°N corresponding to the model KE latitude shows an opposite
tendency of temporal variability compared to those south of 36°N. This is one of the reasons why we have
selected KOE region to the north of 36°N to exclude the Kuroshio recirculation region south of 36°N. The
ADV variability is dominated by HADV (Figure 7d), whereas VADV (Figure 7e) shows significantly weaker var-
iability at all latitudes considered, with mostly an opposite sign to HADV. Note that the Ekman heat trans-
port has insignificant contribution to the HADV in the interannual to decadal time scale in this region (not
shown), consistent with Kwon and Deser [2007]. The residual RES (Figure 7f) is negligible compared to HSR
and ADV especially in the KOE region, indicating that the heat budget balance equation (4) is reasonably
well closed for nonseasonal variations.

Time series of area-averaged annual and winter anomalies of HSR, Q,,.;, and ADV in the KOE region show
that the interannual variability of HSR can be mostly explained by ADV during the entire study period (Fig-
ures 8a and 8b), consistent with previous studies [Vivier et al., 2002; Kwon and Deser, 2007]. Compared to
the ADV variability, Q,.; shows a significant decreasing trend, which makes the interdecadal change promi-
nent rather than interannual variations. In fact, the Q. variation is characterized by large positive anomalies
(+35 W m~2) during the 1980s and weakly negative anomalies (—10 W m~2) until 2008. This interdecadal
difference (45 W m~2) dominates over the relatively weaker interannual signals (17 W m~2). Since 2008,
Qper decreases continuously until the end of the analysis period, indicative of enhanced oceanic heat trans-
fer to the atmosphere in recent years. Similar interannual to decadal variability of the KOE Q. is also
observed from other data sets such as OAFlux [Yu et al.,, 2008] and NCEP reanalysis 1 [Kalnay et al., 1996]
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Figure 8. KOE region-averaged anomalies of HSR (thick solid lines), Q. (dotted
lines), and ADV (thin solid lines). (a) Annual mean, (b) winter (DJF) mean, and (c)
summer (JJA) mean.

(Figure 9). When Q. has large posi-
tive anomalies at the end of the
1980s, the relationship between HSR
and ADV is noticeably weaker espe-
cially in the winter during the 1980s,
as compared to that after 1991 when
the two heat budget terms are tightly
correlated (Figures 8a and 8b).

Based on this observation of different
contributions of Q,.; and ADV to HSR
variations, we have divided the analy-
sis period into three contrasting
epochs: 1981 — 1990, 1991 — 2008,
and after 2008. The first two periods,
which are considered here as our two
contrasting epochs, correspond to two
different climate regimes described in
Park et al. [2012] and Pak et al. [2014],
although the regime shift from the
strong EAWM (1973 —1987) to the
weak EAWM (1988-2002) in Pak et al.
[2014] occurs 3 years earlier than the
shift described here (1990/1991). This
epoch-dependent difference in the
relative contribution of forcing factors
to KOE HSR variations has been
observed only in winter and annual
mean anomalies (Figures 8a and 8b),
while summer anomalies show the
predominance of ADV over the entire
analysis period (Figure 8c). This indi-
cates that the epoch-dependent con-
trasting variability is most apparent in
the winter season when the air-sea tur-
bulent heat flux is most vigorous and
the surface mixed layer is deepest.

The temporal standard deviations of
Qner and ADV in the KOE region are
480 W m~2 and 27.7 W m ™2, respec-
tively, during E1 period (1981 — 1990),
suggesting that relatively stronger
influence of Qe to HSR compared to
that of ADV. On the other hand, dur-
ing E2 period (1991 — 2008), the stan-
dard deviations of KOE Q,.; and ADV
are 194 W m 2 and 274 W m 2

respectively. This change of temporal standard deviation of two heat budget terms is consistent with the
observation above mentioned that the relationship between HSR and Q. is stronger during E1 period
while HSR and ADV are tightly correlated to each other during E2 period. Detail description of the epoch-
dependent contribution of each heat budget term will be given in section 4.3.

These ORCA12 model-derived results are consistent with Park et al. [2012] who evidenced from observation-
al data the importance of ocean dynamics in determining the winter KOE SST and its increasingly important
role during the weak EAWM period (1990 — 2005) compared to the strong EAWM period (1970 — 1989). Pak
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et al. [2014] also showed a regime-
dependent nonstationary impact of
the atmospheric circulation repre-
sented by the EAWM and NPO on
the winter SST in the western North
Pacific. They showed that during the

DIF (W/m?)

80

0 strong EAWM regime (1973 — 1987),
which matches well our E1 period,
both atmospheric indices are well cor-
related with the late winter SST in

-80- the western North Pacific with a lag

of one month, while the correlation
decreases significantly during the
weak EAWM regime (1988 — 2002), a
period also close to our E2 period.
However, a closer look at the KOE
region reveals that the winter KOE
SST variability is not well explained
by EAWM and NPO indices [see Pak et al., 2014, Figure 2] in both strong and weak EAWM epochs.

1980 1985 1990 1995 2000 2005 2010

Figure 9. Comparison of time series of winter KOE Q.. in W m ™2 from various
data sources such as ORCA12 (gray), OAflux [Yu et al., 2008] (dotted), and NCEP
reanalysis 1 [Kalnay et al., 1996] (black solid).

Although the contribution to HSR of both ADV and Q,; changes with the monsoon epochs, the monsoon
intensity cannot be directly ascribed to the main contributor to the SST variability (HSR). Especially, the win-
ter Qper anomalies show positive values in the E1 period (Figure 8b) indicating counter-intuitively less win-
tertime heat loss to atmosphere during the strong EAWM period. Further discussion is given in section 4.2.

4, Possible Mechanisms for Interannual to Decadal Q,,.. and ADV Variability

4.1. Upper Ocean Thermal Variability Due to the Meridional Shifts of Oceanic Fronts

Figure 10 shows two leading EOFs and corresponding PCs of T400 in the western North Pacific. The EOF1
(Figure 10a) explains 52% of the total variance, with the same sign for the entire domain. The KOE region
lies in the region of the strongest variability, and indeed the PC1 agrees well (r = 0.89) with the KOE T400
time series (Figure 10b). Our KOE region (square in Figure 10) locates near the center of action of EOFT,

a) T400 EOF1

b) T400 PC1
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Figure 10. (3, ¢) EOFs and (b, d) corresponding PC time series for two leading modes of winter T400 in the western North Pacific. The PCs are
normalized, so that EOFs denote the spatial pattern when the PC is unity. Normalized area-averaged KOE T400 is shown with dotted line in (b).
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Figure 11. First EOFs (left panels) and corresponding PC time series (right) of (a—b) the latitudes of maximum meridional SST gradient rep-
resenting the OE and (c—d) the zonal mean (145°—170°E) zonal velocity averaged from the surface to the 400 m (u400) representing the
KE. The mean position of OE is shown with a thick solid line in Figure 11a together with their =1 standard deviations with thin solid and
dotted lines. The T400 PC1 from Figure 10b (solid line) is overlaid in Figure 11b. The mean position of KE is shown with thick solid line in
Figure 11c together with their =1 standard deviations with thin solid and dotted lines. The T400 PC2 from Figure 10d (solid line) is overlaid
in Figure 11d.

indicating that the KOE region corresponds to the primary center of the upper-ocean thermal variability.
The EOF2, which explains 12% of the total variance, shows a dipole pattern, with opposite signs especially
between the KOE region and the Kuroshio recirculation south of the KE front (Figure 10c).

We investigate here the meridional shifts of the OE and KE in association with the T400 variability in Figure
10, since it has been suggested that the OE and KE variations have an important role in the interannual to
decadal SST variability in the KOE region [Taguchi et al., 2007; Nonaka et al., 2008]. The OE index is defined
following Frankignoul et al. [2011] as the PC1 of the latitudes of maximum meridional gradient of winter SST
for the longitudes between 145°E and 170°E. The EOF1 explains 33% of the total variance and shows a
meridional shift up to 2° in latitude especially to the east of 152°E (Figure 11a). The overall position of our
model-derived OE front (thick line) matches well the observations-derived OE front of Frankignoul et al.
[2011]. Our OE index is well correlated (r = 0.64) with the PC1 of T400 (Figure 11b), which is also true with
the area averaged T400 in the KOE region (r = 0.62), suggesting that the KOE region thermal variability
(and EOF1 of T400 over the western North Pacific) is primarily associated with the meridional shift of the OE
front. This significant positive correlation between the OE index and KOE T400 means that warm (cold)
anomalies tend to appear when the OE shifts northward (southward), in agreement with Frankignoul et al.
[2011].

To investigate the influence of the KE on the KOE thermal variability, we have also performed an EOF analy-
sis on the zonal-mean zonal velocity averaged from the surface to the 400 m (u400 hereafter) over the
entire latitudes of the study area, following a similar approach as Taguchi et al. [2007]. The EOF1 of u400
(Figure 11c) explains 47% of the total variance and the average position of the maximum u400 is located at
36°N, with a plus and minus one standard deviation locating at about 1° north and south of the mean lati-
tude. As the EOF1 of u400 represents the meridional shift of the KE, the corresponding PC1 (Figure 11d) is
defined as the KE index. Our KE index is insignificantly correlated (r = 0.35) with the T400 PC1, but it is rela-
tively well correlated (r = 0.49) with the T400 PC2 (Figure 11d), suggesting that the second mode tempera-
ture variability in the western North Pacific is associated with the meridional shift of KE. Since the KOE T400
is mainly related with T400 PC1 and little related with T400 PC2, the meridional shift of KE poorly explains
the KOE T400 variability.
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In addition to the meridional shift, our KE
index is also associated with a strength
change in u400, with a northward (south-
OE Index KE Index ward) shift corresponding to a strengthening
(weakening) of the KE jet. This is consistent

Table 1. Lag Correlations Between the Decadal Variability of
Meridional Shift of Oceanic Fronts (OE and KE) and Lagged
Atmospheric Circulation Patterns (WP and PNA)?

Lag wp PNA wp PNA i i

. o 020 o1a o1 with results of Qiu and Chen [2005] based on
M1 (NDJ) G 035 013 022 observational data, but differs from Taguchi
M2 (OND) —0.00 -0.42 —0.03 0.15 et al. [2007] who claimed, based on results
; =0 =0t e =@z from an eddy-resolving OGCM similar to
2 -0.03 -0.37 030 —0.08 ) )

3 0.51 —012 023 0.06 ours, the existence of two independent EOF
4 0.38 -0.20 0.12 0.11 modes of the KE variability: a meridional

*The nonzero lag without “M” indicates the number of years lead by mode versus a strength mode.

the atmospheric forcing. The lags M1 and M2 indicate when the atmo- . .
spheric indices lead DJF oceanic indices by 1 and 2 months, NDJ and The WP and PNA are the two major winter

OND, respectively. Significant correlations at the 95% confidence level atmospheric circulation patterns in the North

are marked in boldface. Pacific [Wallace and Gutzler, 1981]. The sea

level pressure expressions of these midtropo-

spheric stationary circulation patterns are the NPO and North Pacific (or Aleutian low) pattern, respectively

[Wallace and Gutzler, 1981]. According to Pak et al. [2014], the PNA and Aleutian low intensity are well corre-

lated to each other (r=0.92) regardless of epochs, and so as in the relationship between WP and NPO
(r=0.80).

The linkage between atmospheric circulation patterns and wind stress curl in the North Pacific has been docu-
mented. Ishi and Hanawa [2005] showed that the correlation maps of wind stress curl in the North Pacific with
PNA and Aleutian low intensity indices are similar and resemble the spatial pattern of the 1°* mode variability
of wind stress curl. They also showed the linkage between the 2"* mode of wind stress curl and WP. The
regression map of wind stress curl anomaly to PC2 of SLP in the North Pacific [Ceballos et al., 2009], one of the
definitions of the NPO index [Linkin and Nigam, 2008], shows a dipole pattern similar to the spatial pattern of
the second mode variability of wind stress curl. These studies suggest that the major atmospheric circulation
patterns, WP and PNA, represent the surface wind stress curl forcing in the North Pacific.

The OE index is significantly correlated with both the WP and PNA indices but with different lags between
zero and 4 years (Table 1). At zero lag, it is significantly correlated with the WP (r = —0.41) but not with the
PNA (r= —0.20). Significant correlation between PNA and OE index is found when PNA leads OE by 2
months (M2 in Table 1). This is consistent with the results of Nonaka et al. [2008] and Frankignoul et al.
[2011], who attributed the meridional shift of the OE to the rapid barotropic response to the Aleutian low
mode, surface expression of the PNA. In addition to the significant correlation with the WP at zero lag and
PNA at two months lag, the OE index reveals a significant lagged response to both the WP (r=0.51 at lag 3
yr and r =0.38 at lag 4 yr) and PNA (r= —0.37 at lag 2 yr), which can be explained by the slow response to
wind stress curl anomalies and baro-
clinic Rossby wave adjustment [Non-
aka et al, 2008; Frankignoul et al.,
2011]. On the other hand, the KE index
has no significant correlations with
both the WP and PNA indices at any
lag (Table 1). Although insignificant at
the 95% confidence level, the highest
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4.2, Relationship Between Winter
Qpe: and KOE Temperature: Ocean-
to-Atmosphere Feedback

Figure 12. Annual time series of area-mean winter (DJF) air-sea temperature differ- The previous subsection showed the
ence (AT, dotted line) and surface heat flux components over the KOE region. The d . d by ADV i
net surface heat flux (Q,e,), turbulent heat fluxes (Q,,,), and radiative heat fluxes ocean dynamics, represented by in
(Qraq) are shown with thick solid, dashed, and thin solid lines, respectively. our study, is important in determining
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the upper-ocean thermal variability (also SST variability) in the KOE region. Since the SST forcing on the overlying
atmosphere exerted by strong ocean dynamics is known to be prevalent in the KOE region, SST is expected to
be a dominant factor in causing the Qp,; variability in the KOE region. The interannual to decadal variability of
Qper in the KOE region is mainly due to the surface turbulent heat fluxes (Q.,) with a negligible contribution
from the net radiative fluxes (Figure 12).

Following Tomita et al. [2002], the linearized anomalous latent (Q},,) and sensible (Q,,,) turbulent heat fluxes
can be written in terms of wind speed (W), SST (T), surface air temperature (T,), and humidity at the sea sur-

face (gs) and at 10 m aloft (q,), such as:
Q= PalCA{GW=q,W+ W' (G;—Ta )}= polC(AgW+ WAq), (5)

Qon= paCpCs{TIW—T,W+ W (T;~Ta )} = pacpyCs(ATW+ WAT), (6)

sen”

where p, is the air density, ¢, is the specific heat of air at constant pressure, L is the latent heat of vaporiza-
tion of water, and C; and Cs are bulk transfer coefficients for latent heat and sensible heat, respectively;
overbars and primes indicate the climatological mean and anomalies, respectively, and
Ad =q.—q,, AQ =G;—qa, AT =T/-T', AT=T,-T, .

Calculation of nonlinear terms such as Ag’'W’ and AT'W’ using model SST and ERA interim indicates their
negligible contribution to sensible and latent heat fluxes. Therefore, we examine here only the linear influ-
ences of AT, Ag, and W, which explain most of Q),, and Q.. In order to compare the relative importance
among different parameters having different measuring units, we have regressed the turbulent heat flux
terms on each normalized parameters (Table 2). Table 2 therefore shows the change in turbulent heat flux
in W m ™2 per one standard deviation change of each parameter.

Table 2 clearly shows that the ocean-atmosphere temperature difference (AT = SST - T,) is the most impor-
tant predictor for nonseasonal variations of Q;,, and therefore Q. (Figure 12). Although the bulk formula
for the latent heat flux does not explicitly contain AT, AT is most strongly correlated with Q;,, due to SST
influence on specific humidity at the sea surface. Indeed, AT and Aq are very well correlated to each other
(r=0.81). Ag and W, which form two key parameters for determining the latent heat flux, are also impor-
tant, but with smaller regression coefficients compared to that of AT in the Q,,, and Q,; regressions (Table
2). Indeed, the correlation coefficient of nonseasonal winter Q,,, with AT is —0.87 for the entire period, while
those with Ag and W are —0.77 and —0.49, respectively. This predominant relationship between AT and
Qqur is also observed for both E1 (r = —0.78) and E2 (r = —0.81) periods.

Positive Qe anomalies are observed during E1 (a strong EAWM period) in the KOE region (Table 3), indicat-
ing lesser oceanic heat loss to the atmosphere compared to that during E2 (a weak EAWM period). Also, the
mean wind speed is slightly higher during E2 (Table 3), consistent with Park et al. [2012] who showed the
recent strengthening tendency of wind speed in the KOE region after 1990 [Park et al., 2012, Figure 5b].
Indeed, the wind speed increased during E2 for the most region of our domain including the KOE region
(Figure 13b), indicating a minor influence of the EAWM. Consistent with these results, the SST variations in
our KOE region are only moderately influenced by the monsoon even during the strong monsoon period
(1970 — 1989) according to Park et al. [2012, Figure 6]. Moreover, Table 2 suggests that the Q;,, variability in
the KOE region is preferentially determined by AT, rather than by wind speed, for which the abrupt SST rise

Table 2. Regression Coefficients Between Winter Heat Flux Components and Winter Meteorological Variables®

T, SST AT Ga gs Agq w
Latent (20.23) =297 —15.05 —17.86 —2.39 —14.85 -17.91 —8.56
Sensible (13.01) 2.26 —6.87 -12.17 233 —6.65 -10.10 —5.56
Qqur (32.74) —0.71 —21.92 —30.03 —0.06 —21.50 —28.02 —14.12
Qnet (36.00) —0.12 —23.95 —33.54 0.70 —23.48 -31.07 —14.58

?Qur: turbulent heat fluxes, Q,¢:: net heat flux, T,: air temperature, SST: sea surface temperature (or mixed layer temperature), AT: SST
minus T,, g, specific humidity of atmosphere, g;: specific humidity of sea surface, Ag: g; minus q,, W: wind speed. The regression coeffi-
cients having a significant correlation at the 95% confidence level are marked in boldface. The standard deviation of each heat flux
component is given (in W m~?) in parentheses. The sign convention is such that if the sign is minus, for example, the upward turbulent
fluxes increase when AT increases.
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Table 3. Epoch Means of Winter (DJF) Variables Averaged Over the KOE Region (150°-165°E, 36°-42°N) and the SRG Region
(145°-160°E, 30°-34°N) Obtained From Spatially Nonfiltered Data®

Region Period W(ms") T, (°Q) SST (°C) AT (°Q) Qur Wm™?)

KOE 1981-1990 (E1) —0.16 —035 —0.90 —0.55 +35.58
1991-2008 (E2) +0.11 +0.11 +0.26 +0.15 —11.82
1981-2013 (All) 10.71 7.46 13.10 5.65 —326.19

SRG 1981-1990 (E1) —0.11 —0.21 —0.16 +0.05 +242
1991-2008 (E2) +0.10 +0.09 +0.04 —0.05 —1.98
1981-2013 (All) 9.51 15.54 19.25 3.71 —276.48

“Note that the values for subperiods (E1 and E2) are anomalies relative to the mean value over the total period (All), while the values
for the total period include epoch-mean values.

as much as 1.16°C from E1 to E2, compared to a modest increase of 0.46°C in T, (Table 3), plays a decisive
role in producing a spectacular difference in heat loss to the atmosphere (47.4 W m™?) (see Table 3)
between the two periods. In addition, an increase in the wind speed by 0.27 m s~ ' also contributes to the
increase in oceanic heat loss during E2. Figures 13a and 13c show that the epoch change of Qy,, is mostly
determined by the change in AT except for the southern recirculation gyre (SRG, 145°—160°E, 30°—34°N)
where both Q. and AT are decreased after 1990, suggestive of the stronger influence of the wind speed
change. The increased oceanic heat loss during E2 in the SRG region as compared to that during E1 can
only be explained by an increase in wind speed (by +0.21 m s~ '), because AT is decreased by —0.10°C thus
contributing to a positive trend of Q. It is also interesting to remark that both T, and SST are increased
during E2 compared to E1 regardless of the region, however, the comparatively larger increase in SST (T,)
has resulted in the increase (decrease) of AT in the KOE (SRG) region (see Table 3). This attests that the inter-
annual to decadal variability of winter Q,; in the KOE region after the 1990 regime shift (E2) is governed
mostly by ocean dynamics (SST change), while that in the SRG by the atmosphere (wind speed change).

The nature of the ocean-atmosphere interactions can also be diagnosed using the local correlation between
Qper and SST [Wu et al., 2006; Wu and Kirtman, 2007; Wu and Kinter, 2010; Park et al., 2012]. We find a systemat-
ic negative correlation between Q,,.; and SST or T400 for cool seasons from November to May (Figure 14). The
strongest negative correlation occurs when both SST and T400 lead Q.. by a few months centered at 2
months, indicating a negative feedback of the ocean-atmosphere interactions. Positive (negative) ocean tem-
perature anomalies induce upward (downward) turbulent heat flux anomalies due to an increase (decrease)
in temperature difference between the sea surface and overlying atmosphere, which in turn results in a nega-
tive (positive) temperature tendency according to (3), acting to dampen the upper-ocean temperature
increase. Our results are consistent with the coupled climate model results of Kwon and Deser [20071]. It is
worth stressing that the maximum correlation coefficients of Q,e; with T400 (r = —0.81 for NDJ T400 and FMA
Qe is higher than those with SST (r= —0.72 for DJF SST and FMA Q,,), supporting that the upper-ocean
heat content is a better predictor than SST for the ocean-atmosphere heat exchange [Deser et al., 2003; Dawe
and Thompson, 2007; Kelly et al., 2010]. Due to the long autocorrelation time scale of T400, the area of signifi-
cant correlation between Q,,.; and T400 is elongated along the y-axis in Figure 14a.

4.3. Causes of Increased Contribution of Q. During E1

We showed in section 3.3 the epoch-dependent contributions of Q.. and ADV to winter HSR in the KOE
region. Q. has stronger temporal variability compared to ADV during E1, while ADV dominates during E2.
Here, we explore the causes of the change of contribution of each Q,.; and ADV for two contrasting periods.
As shown in section 3.3, the standard deviation of Q.. has significantly decreased during E2 (48.0 W m ™2
during E1 and 19.4 W m~2 during E2, Table 4), while the standard deviation of ADV is not much sensitive to
the different epochs (27.7 W m ™2 during E1 and 27.4 W m~ 2 during E2, Table 4). This significant (insignifi-
cant) difference of standard deviation of Q,.; (ADV) during E1 and E2 periods suggests that the epoch-
dependent change of the relative contribution of Q,.; and ADV to HSR arise from the decadal change of
temporal variability of Q.

We have above mentioned that the variability of Q. is mostly determined by the AT in the KOE region
(Tables 2 and 3). Indeed, the standard deviation of AT in the KOE region are also significantly different
showing 0.70°C and 0.41°C during E1 and E2 periods, respectively (Table 4). The standard deviation of SST
during both periods also shows significant difference, while the difference of standard deviation for two
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Figure 13. Spatial distribution of the epoch difference (1991-2008 minus 1981-
1990) of (a) air-sea temperature difference (AT, SST - Ta in °C), (b) wind speed
(Winms™"), and (c) turbulent heat flux (Qq,, in W m~2) obtained from 0.25°X0.25°
gridded values.

periods is insignificant for T, (Table 4),
suggesting that the SST variability or
the upper-ocean thermal variability is
important for the decadal change of
AT, that is Qp, variability.

The depth-averaged temperature
(T400) can be reconstructed and the
contribution of each heat budget
term (HSR, Qpe, ADV) to the winter
temperature variability in the KOE
region can be quantified using the
temperature tendency equation (3).
We integrate (3) temporally from the
January of the previous year to the
January of the present year to repre-
sent the T400 of January of the pre-
sent year, the center month of our
winter definition (December-Febru-
ary). More precisely, the winter T400
associated with each heat budget
term can be reconstructed as:

T400,(yr)=T400,(yr—1)
+AEX < or > , 7
8t yr—1

where T400, is the reconstructed T400
during winter and yr indicates the calen-
dar year. At denotes the integration
time scale, 1 year. The tendency term %
includes Q.. and ADV divided by pc,h,
the sum of which is HSR (See (3)). The
bracket ({ ),,) denotes the annual aver-
age of yr from January to the following
January. Integrating January to January
temperature tendency term, we can
reconstruct KOE T400 series of January,
the center month of our winter (DJF).
The corresponding annual time series of
reconstructed winter temperature are
denoted by T400°, T400"%, and
T400/5%,  respectively  (Figure  15).
Because of negligible residuals RES, ADV
is computed as the difference between
HSR and Q.. T4002 and T400/" have
opposing linear trends reaching up to
almost 3°C yr ! in the KOE region (not
shown), thus mostly compensating each
other to yield a small net warming trend
of about 0.06°C yr '. Because we are

using nonseasonal anomalies of each heat budget term, the record-length average of each heat budget term is not
considered in (7). Therefore, the reconstructed T400 due to each heat budget term should be zero at the end of
reconstruction (January 2013) because we assumed T400 is zero at the start (January 1981). The correlation between
KOE T400 and KOE T400/" is higher than 0.9, implying that the reconstructed T400 well represents the KOE T400.

PAK ET AL.

KOE THERMAL VARIABILITY

171



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012076

(b) SST-Qnet correlation

) 5 S, [ 1 7
RS g o A
b 1 Vi
< | AV . < i
n Loy 1 n Y
MR o i<
S PO Lo
¢ ‘i /! 37 \
z IR \ z s
o 1 POV o
il e = n g
] \ P
o L 3
8 wo i % = w {
n 4} w n \
< ali w o \h
- i A
' \
= | =
<44 <
L -~ =
¥4 \
i y 3
< |/ < |
=3 =38
- | LB
H N i
i N it
; N by

Figure 14. Lagged correlation of (a) T400 and (b) SST with Q. for different months during 1981 — 2013 in the KOE region. JJA, SON, DJF,
and MAM denote the averaging months used for constructing yearly time series: for example, DJF means December through February,
etc. Negative correlation coefficients are marked with dotted line. The significant correlations at 95% confidence level are marked with
thick lines.

As expected from the time series of annual-averaged Q; shown in Figure 8a, T400£2 increases during ET,
while it decreases afterward. T400/2" varies in opposition to T4009 with a high negative correlation of
—0.94 when T400/%" leads by 2 yr. These out of phase variations further strengthen the negative feedback
paradigm of ocean-atmosphere interactions in the KOE region, in which Q, is mainly controlled by ocean
advection-induced T400 anomalies. In short, the KOE T400 anomaly is determined by ADV and 2 yr lagged
response of Q,.: to ADV variability, regardless of period. However, as described in Table 4, the SST variability
(much related to T400 variability) is significantly higher, so that Q,,, variability is much higher during E1
period compared to those during E2 period. This means that ocean dynamics (ADV) plays a primary role in
determining the upper-ocean thermal variability in the KOE region, which makes stronger and weaker tem-
poral variability of Q. during E1 and E2 periods, respectively. However, it is not obvious how the combined
effects of ADV and lagged Q,.; response to ADV cause the different degree of SST variability in the KOE
region during E1 and E2 periods shown in Table 4, which needs to be further investigated in future. Because
temporal variability of ADV is not much sensitive to the epochs (Table 4), Q. could play important role to
the HSR variability due to its stronger variability during E1 period.

5. Summary and Concluding Remarks

Based on the MERCATOR 1/12°-resolution OGCM ORCA12, we have investigated the upper 400 m heat bud-
get and the winter temperature variability in the KOE region where the ocean-atmosphere interaction is
strongest in the North Pacific. Validation against observational data indicates that the model reproduces
realistically the KOE region thermal variability with high correlations. In addition, the model heat budget is
well closed in that HSR (heat storage rate) is nearly perfectly balanced with the sum of Q,.; (net surface

heat flux) and ADV (ocean heat advec-

Table 4. Standard Deviations of Winter (DJF) Variables Averaged Over the tion), with a negligible residual. As in pre-

KOE Region (150°—165°E, 36°—42°N)*

vious heat budget studies in the KOE

Variables E1(1981-1990) E2 (1991-2008) F-test region [Vivier et al., 2002; Kwon and Deser,
Qnet Wm™?) 480 194 0 2007], the seasonal variability of HSR is
ADV (W m?) 27.7 27.4 X o . .
ATCO) - Py o primarily expla.lne.d t.Jy Qe and secc?nd.a‘rl
SST (°C) 1.16 053 0 ly by ADV, while its interannual variability
(O 0.66 0.55 X is dominated by ADV during the entire

F-test column is filled with “O” if the standard deviation of two periods
is significantly different at 95% confidence level.

period (1981 —2013). A new finding of
our study is that there is a significant
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i ! ! v T epoch-dependent change in the rela-
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W temporal variability (standard devia-

14 tion) of Qper (48.0 W m™?) is stronger

than that of ADV (27.7 W m™~?) in the

KOE region. While they become 19.4

: : . . . . W m 2 and 27.4 W m ™2, respectively,
1980 1985 1990 1995 2000 2005 2010 during the E2 period (1991 — 2008),

suggesting that Q.. (ADV) plays
Figure 15. Area averaged reconstructed T400 time series obtained from annual . ST
averaged HSR (T400/%, thick line), Qe (74002, dotted line), and ADV (T400/, important role for the HSR variability
thin line) in the KOE region with a unit of °C. in the KOE region during E1 (E2) peri-

od. These model-derived results nicely
confirm the observational evidence highlighted in Park et al. [2012], who showed in the western North
Pacific a strong atmospheric influence on the SST variability during the strong EAWM period before 1990
[see also Pak et al., 2014] but increasingly important ocean dynamics especially in the KOE region during
the weak EAWM period after 1990. However, in the present study the upper-ocean thermal variability in the
KOE region is not directly influenced by the EAWM, which deserves further research in future work.

-2 ADV d

The comparison between the two leading PC time series of T400 and the OE and KE indices suggests that
the interannual to decadal upper-ocean thermal variability in the western North Pacific is controlled primari-
ly by the meridional shift of the OE front and secondarily by that of the KE front. The OE index explains also
well the area-averaged KOE T400 as well as the EOF1 of T400 in the western North Pacific. The meridional
shift of the OE is significantly correlated with both the WP and PNA patterns at multiple lags between 0 and
4 yr, suggesting the meridional shift of OE is influenced by both barotropic and baroclinic Rossby wave
dynamics triggered by atmospheric forcing, consistent with previous studies [Nonaka et al., 2008; Frank-
ignoul et al., 2011]. The EOF2 of T400 is well explained by the KE index, showing the northward (southward)
shift concomitant with the strengthening (weakening) of the KE front, in agreement with Qiu and Chen
[2005], but in contrast to Taguchi et al. [2007] who claimed the existence of two independent modes of the
meridional displacement and strength of the KE.

In the KOE region, the turbulent heat flux (Q.,,), which dominates the Q. variability, is best explained by
the sea-air temperature difference (AT) rather than wind speed or humidity difference, suggesting that the
Qe Variability of the region is not directly controlled by the atmosphere. The E1 period is characterized by
the positive Q,,.; anomaly (less heat loss from the ocean), and smaller AT and wind speed as compared to
those during the E2 period, in complete opposition to the expected negative Q... anomaly (larger heat loss
from the ocean) and stronger wind if the Q,,; variability would be under direct control of the winter mon-
soon. This indicates that the temperature difference between ocean and atmosphere, mainly caused by
changes in SST, is a critical factor in determining the Q. variability in the KOE region, thus the ocean-to-
atmosphere feedback or the negative Q,.; feedback. The strong negative correlation between the winter
ocean temperature and lagged Q,.; (Table 3) further evidences the negative Q. feedback damping the
temperature anomaly driven by the ocean dynamics (ADV).

In line with the above result, the decadal changes of contribution of Q,.; and ADV to the KOE HSR during
two contrasting epochs are explained by the difference in the standard deviation of SST during each of the
two epochs, which in turn results in the variability of Q.. in those two epochs. During E1 period, temporal
variability of SST, that is AT, in the KOE region is significantly higher than that during E2. This thermal vari-
ability is partly (r = 0.6) due to the ocean dynamics represented by meridional shift of OE. The 2 yr-lagged
response of reconstructed T400 due to Q. to that due to ADV suggest that ocean dynamics plays an
important role for determining upper-ocean thermal variability in the KOE region, which yields stronger and
weaker temporal variability of Q.. during E1 and E2 periods, respectively. Because the ADV variability in
each epoch is not much different, the epoch-dependent Q,., variability plays a relatively important role to
the HSR variability during E1 period compared to E2 period. It should be noted that, although the temporal
standard deviation of ADV is not much sensitive to the different epochs (Table 4), the epoch-mean of the
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anomaly of KOE ADV is somewhat different (Figure 8a). Because ocean temperature anomaly induced by
ADV variability is shown to cause Q,,, variability, it will be also interesting to investigate the reason for the
difference of mean KOE ADV during E1 and E2 periods, which has not been addressed in this study. In short,
it is imperative to investigate the long-term variability of ADV for understanding the KOE T400 variability.

Our model-derived results, which show the predominant role of ocean advection for the KOE thermal vari-
ability especially after the 1990 regime shift, are well consistent with previous work [Park et al., 2012]. To
our knowledge, this is the first to report that a high resolution OGCM like ORCA12 is sufficiently realistic
enough to complement the observations in a data-poor area for investigating the decadal-scale upper-
ocean variability. While the previous study has only qualitatively inferred via statistical methods, we have
shown quantitatively the different main contributor of heat storage rate in the KOE region before and after
1990 regime shift resorting to the model results.
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