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Abstract Vertical structures of early summer ocean tem-
perature variability on interannual and longer time scales
in the North Pacific (NP) are investigated based on obser-
vational data obtained by the Argo. In the central and espe-
cially eastern NP regions, temperature variance is large but
limited to the shallower layer. Given shallow mixed layer
isolated by strong stratification from the subsurface layer
due to strong short wave radiation in summer, the limita-
tion to the shallower layer is expected. On the contrary,
temperature variability in the western NP region frequently
extends several hundred meters in depth. In the western NP,
longer time scale variability of temperature is also appar-
ent as temperature difference before and after 2008. Solu-
tions of an eddy-resolving ocean general circulation model
strongly suggest that the temperature variability is associ-
ated with changes in the oceanic frontal structures that
extend to subsurface layer: enhancement of the northern
branch of Kuroshio Extension and associated weakened
meridional temperature gradients to the south and north
of the current after 2008. The deep structure of tempera-
ture variability apparently indicates that it is caused not
by atmospheric thermal forcing, but by oceanic structure
changes, and it is corroborated by the similar variability in
the subsurface salinity field. Also, it is shown that atmos-
pheric thermal forcing strongly affects early summer sea
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surface temperature variability in the eastern NP, but not in
the western NP.
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1 Introduction

While it had been considered that midlatitude oceans are
just passively influenced by the atmospheric variability,
their active roles in the climate system have been revealed
in the last decade with improvement of high-resolution sat-
ellite observations and ocean and atmospheric model simu-
lations (e.g., Kwon et al. 2010). Those studies have shown
that oceanic frontal zones mainly associated with western
boundary currents are key regions for oceanic roles for for-
mation of long-term mean atmospheric storm tracks and
then large-scale circulation (e.g., Nakamura et al. 2004,
2008; Minobe et al. 2008; Nonaka et al. 2009; Taguchi
et al. 2009; Sampe et al. 2010; Ogawa et al. 2012, among
others).

For the oceanic active roles in interannual to decadal
variability of ocean and atmosphere, especially for the
roles of ocean dynamics, it is crucial that subsurface oce-
anic variability can induce sea surface temperature (SST)
anomalies, as in the El Nifio/Southern Oscillation phenom-
ena in the equatorial Pacific region. Such ocean-induced
SST anomalies are also found in the oceanic frontal
zones (Nonaka et al. 2006, 2008, among others), and can
affect planetary boundary layer and modify surface winds
(Nonaka and Xie 2003; O’Neill et al. 2003; Chelton et al.
2004; Xie 2004; Small et al. 2008, among others). Fur-
ther, recent studies have shown that impacts of the oceanic
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variability are not limited to the boundary layer, but extend
to the upper troposphere (Frankignoul et al. 2011; Taguchi
et al. 2012; O’Reilly and Czaja 2014).

Because of the importance of the ocean-induced SST
anomalies, large parts of these studies on midlatitude air—
sea interactions focus on winter, when the surface mixed
layer (ML) deepens and subsurface oceanic structures and
their variability can affect the surface layer. For example,
signal of temperature variations formed in the deep winter
ML can be kept in the subsurface layer below the seasonal
thermocline and re-emerge next winter (e.g., Namias and
Born 1970; Alexander and Deser 1995, among others). For
summer and autumn seasons, several studies have found
atmospheric responses to oceanic structure (Tanimoto et al.
2009; Sasaki et al. 2012; Miyama et al. 2012) and its vari-
ability (Norris 2000; Tomita et al. 2007; Nakamura and
Miyama 2014; Okajima et al. 2014).

It is well known that strong short wave radiation warms
the surface layer in summer and makes shallow surface ML
and strong stratification below it. Due to the strong stratifi-
cation, it has been considered that subsurface layer is free
from the surface thermal forcing (e.g., Namias and Born
1970; Alexander and Deser 1995). One may then consider
that temperature anomalies found in the surface layer are
limited to that layer, but vertical structures of temperature
anomalies in summer have not been well investigated due
to limited in situ observations, although the importance of
mesoscale eddy activity (Sugimoto and Hanawa 2011) and
Kuroshio Extension (KE) bifurcation (Sugimoto 2014) for
temperature variability has been suggested for the upstream
KE region. The Argo observation system (Argo Science
Team 2001) developed in the last decade, however, has
made it possible to investigate interannual variability in
surface and subsurface temperature on the basin scale. Fur-
ther, a recent, well-quality controlled data set of heat flux at
the sea surface makes it possible for us to clarify the rela-
tionship between changes in subsurface temperature and
atmospheric condition.

The purpose of the present study is then to investigate
vertical structures of temperature anomalies in early sum-
mer and their possible mechanisms. We analyze mainly
in situ observational data and also use ocean general cir-
culation model (OGCM) results for investigation of possi-
ble mechanisms for the temperature anomalies, as spatial
resolution of the observational data is still limited for such
purpose. Variability in salinity is also examined in the pre-
sent study, as this additional parameter is useful for inter-
pretation of the results of the analyses. The question we
investigate in this present study is rather simple, but may be
important for considering possibilities of air—sea interac-
tion in the mid-latitude North Pacific (NP) in early summer.

We describe the analyzed observational data and OGCM
in Sect. 2. In Sect. 3, observed temperature variability are
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shown and its possible mechanisms are investigated; these
are further discussed in Sect. 4. The results are summarized
in Sect. 5.

2 Observational data and model
2.1 MOAA-GPV

We use monthly temperature and salinity objective analy-
sis data, which fully cover the global ice-free ocean from
70°N to 70°S (grid point value of monthly objective analy-
sis of Argo: MOAA GPV; Hosoda et al. 2008). The tem-
perature and salinity data used for the MOAA GPV are
mainly lots of profiling float data of the Argo obtained from
the Argo Global Data Assembly Center, being conducted
with real-time and delayed-mode quality controls on each
profile and with achieved accuracies of £2.5 dbar for pres-
sure, 0.005 °C for temperature, and 0.01 psu for salin-
ity (Argo Data Management Team 2002). The horizon-
tal grid size of MOAA GPV is 1° x 1° with 25 vertical
standard levels from surface to 2000 dbar, analyzed by a
two-dimensional optimal interpolation method on pressure
surfaces for temperature and salinity. The horizontal decor-
relation radii of the optimal interpolation are set to capture
long-term and basin scale variations occurring with latitude
and depth.

In addition, we use global, gridded, delayed-time,
merged (Ducet et al. 2000) sea surface height (SSH)
anomaly field reference products (SSALTO/DUACS User
Handbook 2011) distributed by Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO).
The SSH data products are available on a regular 0.25°
grid, and their monthly mean values are used in this study.
Also, for sensible and latent heat fluxes, we use the prod-
ucts of objectively analyzed air-sea fluxes (OAFlux; Yu
et al. 2008).

2.2 North Pacific OFES

In addition to the observed data, we also use an eddy-resolv-
ing OGCM to investigate detailed variability in oceanic fron-
tal structures. We use the Modular Ocean Model 3 OGCM
(Pacanowski and Griffies 2000) with substantial modifica-
tions added for optimal performance on the vector-parallel
hardware system of Japan’s Earth Simulator. This NP Ocean
Model for the Earth Simulator (OFES) (Sasaki and Klein
2012) with sea ice (Komori et al. 2005) covers nearly the
whole NP domain (20°S-66°N, 100°E-70°W) with a hori-
zontal resolution of 0.1°. The model has 54 vertical levels
with 5-m resolution just below the surface, and the maxi-
mum depth is 6065 m. First, we conducted a 30-year inte-
gration with long-term (1979-2004) mean six hourly forcing
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(climatological integration), and then from its 16th year, a
hindcast integration with six hourly atmospheric fields taken
from the Japanese 25-year reanalysis (Onogi et al. 2007) was
conducted from 1979 to 2012. The NP OFES is based on the
same numerical code as the widely used quasi-global OFES
(Masumoto et al. 2004; Sasaki et al. 2008), but includes a sea
ice model and is driven by different atmospheric field.

3 Results

3.1 Observed variability

At the beginning, we show interannual variability of early
summertime oceanic structure obtained from observational

data. Figure 1 displays SST (temperature at 10 dbar) stand-
ard deviation (SD) in each of May—July based on a monthly
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Fig. 1 Standard deviation (SD) of interannual SST variation in a
May, b June and ¢ July for 2003-2012 in NP obtained from MOAA
GPV. Gray contour shows average temperature distribution for
2003-2012. Rectangles denote western (160°E—180°), central (180°—
160°W) and eastern (160°-140°W) regions of the analyses area along
35°-45°N latitude band

mean temperature field obtained from 2003 to 2012. Large
SD areas widely and gradually spread from May to July
around the 35°—45°N latitude band, where broad oceanic
frontal zone with relatively higher meridional temperature
gradient is formed between the subtropical and subpolar
gyres. The SD larger than 1 °C continues during the early
summer season, especially in the western region of the lati-
tude band, while in the eastern region, the signal becomes
large after July. In contrast, SDs in the western and cen-
tral regions of subtropical and subpolar gyres are relatively
small, <0.6 °C, emphasizing high interannual variability
in SST in the latitude band of 35°-45°N. Note that in this
study, we focus on the region to the east of 160°E, because
in the upstream region of the KE, the importance of eddy
activity west of 155°E (Sugimoto and Hanawa 2011), and
of KE bifurcation in 155°-160°E (Sugimoto 2014) for tem-
perature variability have been suggested.

In Fig. 2, we indicate subsurface temperature SD at
200 dbar from May to July during 2003-2012. Note that
the level is generally positioned below the shallow seasonal
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Fig.2 As in Fig. 1, except for subsurface temperature and its SD at
200 dbar
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thermocline in the mid and high latitude of the NP. The
larger SD in the subsurface layer appears around KE,
below the western part of the high SST SD region (Fig. 1),
and also in the western and central tropical region where
impact of warm water pool migration associated with
ENSO is dominant (Picault et al. 1996). On the contrary,
the SD in the central and eastern regions of the 35°—45°N
latitude band is rather small and is <0.5 °C during early
summertime. This suggests that temperature anomalies in
the eastern region (and somewhat also in the central region)
are confined above the maximum winter ML depth, which
is defined as a depth at which the o, difference from it at
10 dbar is equal to 0.125 kg m~ (MLD; shown below in
Fig. 4), while temperature variability in the western region
extends to the subsurface layer, indicating that the temper-
ature variation mechanism in the western region could be
different from that in the central and eastern regions.

To confirm the difference of the vertical distribution of
temperature variability, we plot zonal sections of surface
and subsurface temperature SD in May—July along the lati-
tude band (35°-45°N) in Fig. 3. As found above, the ver-
tical structure of temperature variability has clear zonal
contrast; that is, deep coherent structure extending over
500 dbar far below MLD in the western region and very
shallow high SD limited to upper 100 dbar in the eastern
region. In the central region, the vertical structure is shal-
low, which is similar to the eastern region; however, some
higher SDs can be seen to extend at least to a depth of
400 dbar.

For further clarification of interannual temperature vari-
ability in the surface and subsurface layer, time series of
temperature anomalies are shown in Fig. 4, in each of the
western, central and eastern regions of the latitude band.
The deeper structures below the MLD are clearly found
more in the western region (>500 dbar) than in the central
(~400 dbar) and eastern regions (~200 dbar). While sub-
stantial interannual temperature variability appears in all
regions, a clear shift from negative to positive anomalies
can be found around 2008 in the western region, and it is
also hinted in the central region. With regards to the sea-
sonal evolution, subsurface anomaly formed by deep winter
convection tends to be maintained during early summer-
time (especially May—July), not only in the subsurface, but
also in the surface layer in the thin ML (e.g., 2007, 2009,
and 2012). There are, however, years when early summer
surface temperature has a sign opposite to that in the sub-
surface layer, showing that the connection between the sub-
surface and surface layers in summer is rather fragile com-
pared to that in winter.

As discussed above, deep anomaly structure can be
found and the sign of temperature anomaly clearly changed
from negative to positive around 2008 in the western
region. Here we investigate meridional structure of the
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Fig.3 As in Fig. 1, except for zonal sections of subsurface tempera-
ture and its SD along 35°-45°N latitudinal band. Monthly MLD is
plotted as red solid line, which is defined as a depth at which o, dif-
ference from o, at 10 dbar equal to 0.125 kg m™3

temperature difference between the two periods 2003-
2007 and 2008-2012 in the western region (Fig. 5a). The
most dominant positive temperature differences are found
around 40°—45°N, and they extend several hundred meters
in depth. Additionally, meridional local ridge of the dif-
ference is also found around 35°N around 300—400 dbar,
although the difference in SST in this region is very lim-
ited. Further, it is hinted that the local trough of the differ-
ence is formed around 38°N at 300400 dbar. While their
distribution is rather diffusive, probably due to limited
observation density even in the Argo era, Fig. 5a suggests
that the dominant temperature differences exist around the
subarctic and KE frontal zones.

To show the variability difference between surface and
subsurface layers more clearly, we compare time series of
surface and subsurface temperature in June (Fig. 6). In the
surface layer (thick curves), high temperature values were
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Fig. 4 Time—pressure plot of

35-45N, 160E-180

temperature anomaly (color)
at 35°-45°N, a 160°-180°E,

b 180°-160°W and ¢ 160°—
140°W. Anomaly is calculated
based on monthly average
temperature for 2003-2012.
Black contour shows average
temperature. MLD variation is
plotted as purple line
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observed after 2008, except in 2011, as found in Fig. 4.
This also corresponds with warm waters extending north-
ward in the frontal zones after 2008 shown in Fig. 5a.
Then, we superimpose temperature anomaly in subsur-
face layer, at 200 (thin dotted curves) and 300 (thin dashed
curves)-dbar depths as examples, to compare surface and
subsurface variability. In the western NP region, subsurface
temperature variability tends to have higher values after
2008 as in the surface layer. As the surface MLD is much
shallower than 200 dbar in early summer in this region (see
Fig. 3), thermal forcing at the sea surface cannot induce
the subsurface temperature directly. Further, variability at
300-dbar depth, which is very similar to that at 200-dbar
depth, confirms the subsurface temperature variability is
not due to surface thermal forcing in winter, as 300 dbar is
much deeper than the surface MLD in winter (Fig. 4, pur-
ple curves). Then, the rather similar variability in the sur-
face and subsurface layer suggests that SST changes in this
region can be induced by oceanic variability extending to
the subsurface layer, although there are some exceptions

0.5
0
-0.5
-1
1 1 1 i 1 L 1 1 1 1 i 1 1 1 i 1 ] ] L 1 5
07 04/01 07 05/01 07 06/01 07 07/01 07 08/01 07 09/01 07 10/01 07 11/01 07 12/01 07 13/01 :
Year/month

like 2011. In the central and eastern NP regions, in contrast,
amplitudes of subsurface temperature variability are much
smaller than the counterparts in the surface layer. This
clearly shows that subsurface variability is not connected
to the surface variability in these regions that are confined
above maximum winter MLD (Fig. 4b, c).

3.2 Simulated variability

In the previous subsection, analyses of observed data sug-
gest that high SST variability in the western region can
be associated with subsurface oceanic structure changes.
While it has been much improved thanks to Argo, resolu-
tion of observed data is still limited for examining changes
in subsurface oceanic structure. In this subsection we
examine it based on results of an eddy-resolving OGCM.
First, we examine simulated temperature anomalies in the
model. In Fig. 7, area-mean temperature anomalies in the
western, central and eastern NP are shown to compare with
the counterparts in the observed data (Fig. 4). With longer
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Fig. 5 a Zonal-mean annual-averaged meridional section of tempera-
ture in 160°-180°E in 2003-2007 (black contours) and 2008-2012
(red contours), and their difference (shades as indicated to the right
of the panel) based on MOAA GPV. b Same as a, except for salinity
field

time series, the model depicts that the surface and subsur-
face temperature have interannual to decadal variability
in the western and central NP, while the decadal one is
obscure in the eastern NP. Also, consistent with the obser-
vations, there are deep temperature anomalies in the west-
ern NP, and surface and subsurface waters become warmer
after 2008 compared to those in the period from 2003 to
2007, though simulated subsurface temperature variability
tends to be larger than observed temperature in the central
and eastern regions.

Then, as in the analysis for the observed data (Fig. 5),
we examine difference fields between two 5-year periods
after (2008-2012) and before (2003-2007) 2008, when
the temperature change happened. Figure 8a indicates that
warm temperature differences exist around 36°-38°N and
40°—44°N in the western NP, and extend to about 600 and
300 m depth, respectively, consistent with the deep struc-
ture of the temperature anomalies found in Fig. 7. Largely,
these are consistent with the observed ones (Fig. 95),
although the relative amplitude of temperature difference
around 36°-38°N to that at 40°-44°N is higher compared
to the observation. Also, in comparison with observational
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Fig. 6 a Time series of area mean temperature (black in °C) anoma-
lies at 10-dbar (solid), 200-dbar (dotted), and 300-dbar (dashed)
depths in the western region (see Fig. 1; 35°—45°N, 160°E-180°) in
June. b As in a, but for the central region (35°-45°N, 180°~160°W). ¢
As in a, but for the eastern region (35°-45°N, 160°-140°W)

data, the model results depict sharper and clearer variabil-
ity structure in the individual oceanic frontal zones. This is
probably due to the rather diffusive oceanic structure found
in the observed data with limited number of observations
and wide spatial decorrelation radius, but at the same time,
the simulated frontal structures may be exaggerated.

To consider reasons for the deep temperature anoma-
lies found in the observation and model, we examine dif-
ferences in meridional temperature gradient in the same
region. In Fig. 8b and c, we plot the temperature gradient
fields in the two periods before and after 2008, respec-
tively. These plots indicate enhanced southward meridi-
onal temperature gradient around 38°N, and weakened
ones around 36°N and 41°N after 2008. Also, almost no
meridional shift is found in the subarctic frontal zone in
the later 5-year period. Comparison of these changes in the
temperature gradient with the temperature changes shows
that the weakened temperature gradients around 36°N and
41°N are associated with northward extent of warmer sub-
tropical water in the later period around 36°-38°N and
42°—44°N. Also, these warm anomalies are interrupted by
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Fig. 7 (Top panel) Depth—time
diagram of the area mean tem-
perature in the western region
(35°-45°N, 160°E-180°) based
on the model solution. Contours
(intervals are 2 °C) and shades
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smaller temperature anomalies around 40°N to the north
of the intensified gradient around 38°N. The strong tem-
perature gradient around 38°N corresponds to the northern
branch of KE (Mizuno and White 1983; Kida et al. 2015,
for a recent review), and the branch is enhanced in the later
period.

It should be noted that the warm temperature anomalies
are not associated with northward migration of KE and sub-
arctic frontal zones. This is different from what has been
observed in this region in previous studies (Nonaka et al.
2006, 2008; Frankignoul et al. 2011; Taguchi et al. 2012),
and rather consistent with what is found in the upstream
KE (155°-160°E, Sugimoto 2014). Also, temperature dif-
ference in the KE front around 35°N is much weaker than
that in the subarctic frontal zone. This finding is consistent
with the lack of a coherent change between the KE front
and subarctic front suggested by Nonaka et al. (2006) and
Frankignoul et al. (2011). Further, it should be noted in the
observation (Fig. 5), temperature difference in the subarc-
tic frontal zone extends northward more than the simulated
one (Fig. 8a).

2000 2002

2004 2006 2008 2010 2012

In the central region, the frontal structure associated
with temperature difference can be seen as in the western
region, extending to a depth of 400 m (Fig. 9a). Although
the structure of temperature difference is similar to the
western region around 42°N, its meridional scale tends to
be limited due to a narrower width of frontal zone. Around
34°-39°N, temperature difference appears at 300-600 m.
Different from the western region, as meridional tem-
perature gradient in this latitude band is not large in the
central region (Fig. 9b, c), this temperature difference is
probably not caused by change of frontal structure, and is
rather associated with variation of thermocline depth. For
the eastern part (Fig. 9d), we plot temperature difference
between 2009 and 2010 because of the shorter time scale
in the region (Figs. 4, 7c). The temperature difference is
confined above 150 m, different from the western region.
Also, the meridional temperature gradient is weak in the
eastern region (Fig. 9b, c). In short, temperature variabil-
ity in the eastern region is limited to the surface layer, and
in the central region, the variability and also its mechanism
are similar to those found in the western region only in the
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Fig. 8 a Latitude—depth section (a)
of the simulated temperature 0
fields (contours) and their
difference (shades) zonally 100
and annual averaged in the
western region (160°~180°E). 2001
Contour intervals are 1 °C. b,
¢ As in a, but for temperature 3001
fields (contours) and south-

A 400 1
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subarctic frontal zone, because of the meridional tempera-
ture structures.

The vertical extent to several hundred meters of the tem-
perature variability found in the western region (and in the
subarctic frontal zone in the central region) strongly suggests
that it is not caused by direct influence of atmospheric thermal
forcing at the sea surface. Supporting this, the corresponding
plots for salinity field in the western region (Fig. 8d—f) show
that the warm temperature anomalies are accompanied by
higher salinity, and changes in the meridional salinity gradi-
ents are similar to those in the temperature field. These char-
acteristics are consistent with those of observations, although
a salinity difference at around 36°-38°N is stronger than in
the observations (Fig. 5b). This clearly indicates that north-
ward extension of warm and high salinity subtropical waters
cause the warm temperature anomalies found in Fig. 8a.
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The changes in temperature and salinity meridional
gradients can be also found in the SSH field, as shown in
Fig. 10. In the later period, intensified meridional SSH gra-
dient corresponding to the northern branch of KE is clear
around 38°N, and weakened SSH gradient is apparent to
the south of it, whereas the northern weakened meridional
SSH gradient is not clear in SSH (Fig. 10a, b). While it is
less clear, the corresponding changes in SSH gradient were
also hinted at in the satellite-observed SSH field (Fig. 10c,
d). In the later period, meridional SSH gradient was inten-
sified at around 37°N and weakened to the north and south
of it. This implies that the observed temperature and salin-
ity changes in Fig. 5 were induced by the changes in their
frontal structure, as represented in the model. To confirm
this, we plot latitude—time section of SSH meridional gra-
dient for 20 years (Fig. 10e). Focusing on the period for a
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decade from 2003 to 2012, meridional SSH gradient seems
to be intensified around 32°N and 37°-38°N and to be
weakened around 35°-36°N in the later 5 years, although
there are meridional migrations in addition to the variabil-
ity in the gradient.

4 Discussion
4.1 Possible mechanism

To consider possible mechanisms for the changes in the
frontal structures, we examined temporal development of
SSH gradient field in the central to western NP based on
the model solutions. While some possible relation with
atmospheric circulation variability in winter is suggested,

30N 32N 34N 36N 38N 40N 42N 44N 46N 48N 50N

30N 32N 34N 36N 38N 40N 42N 44N 46N 48N 50N

its meridional scale is much larger than that of the fron-
tal structures and their change found in Fig. 8. Dynamical
mechanisms for the frontal scale variability should be fur-
ther investigated, and this is left for future studies.

As described in Sect. 3, the strong decadal-scale tem-
perature change of the frontal zone in the western NP
could be divided into two regions, the southern side around
36°-38°N and the northern side 40°—44°N extending to
about 600 and 300 m, respectively (Figs. 5, 8). While the
corresponding SSH difference is also hinted at by satellite
in the southern side around 36°-38°N, the SSH difference
in the northern side around 40°-44°N is rather obscure
(see Fig. 10). This is because the northern side consists of
stronger meridional temperature and salinity fronts than
the southern one, and the temperature and salinity differ-
ences across the front tend to compensate each other their
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Fig. 10 a Horizontal map for
2003-2007 mean SSH (con-
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influence on density. The signal of SSH and its change in
the northern part then become obscure.

The negative meridional SSH gradient (SSH increase
northward) clearly found to the south of the northern
branch of KE in the later period (Fig. 10b) indicates west-
ward current and existence of recirculation to the south
of the northern branch in the model. This implies that the
weakened meridional temperature gradient around 36°N
(Fig. 8c) and the resultant warmer temperature around
36°-38°N (Fig. 8a) are associated with the enhanced recir-
culation. Whether the strengthened northern branch can be
associated with a recirculation gyre has not been studied
yet; to our knowledge, it should be investigated in future to
improve our understanding of variability in this region.

To quantitatively confirm the processes that induce
the surface temperature variability found after 2008, we
further investigate heat budget balance in the top 34 m
in the three regions of NP. As the surface temperature
anomalies developed at around 2006-2009 (Figs. 4, 7),
we focus on this period, and to remove common seasonal
variability, we examine the terms of heat budget relative
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to the corresponding terms in 2006 (Fig. 1la—e, left pan-
els). Also, as temperature anomalies are decided by tem-
poral integration of temporal tendency, and temperature
anomalies in early summer cannot be decided by the ten-
dency in that season, in the following, we examine annual
mean of each component of temperature tendency aver-
aged in 2008 to investigate the warming from 2007 to
early 2009. In the western region, temperature anomaly in
the surface layer mainly develops in 2008 (average value
relative to 2006 is 0.152 x 1077 °C s™'), and the advec-
tion and residual terms dominantly contribute to it (0.105
and 0.397 x 1077 °C s7"), while the surface heat flux is
negative (—0.350 x 1077 °C s7!). As vertical mixing and
diffusions cannot be estimated from output data files, the
residual term includes horizontal and vertical diffusion,
vertical mixing, and estimation errors. As surface tempera-
ture anomaly is smaller outside of the region (shown later
in Fig. 14), horizontal diffusion affects to reduce the anom-
aly, and vertical diffusion and mixing would be dominant in
the processes. Then, to interpret the residual term, we also
examine heat budget balance for upper 68.2 m (Fig. 11f—j,
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right panels). In this thicker layer, the advection terms are ~ Fig. 11a) for the warming in 2008 (Fig. 11d, 1), and the
more dominant (0.214 x 1077 °C s~ !; Fig. 11f) compared residual term is less dominant (0.062 x 1077 °C s~ !;

to that in the thin surface layer (0.105 x 1077 °C s~!;  Fig. 11h). These results suggest that advection warms water
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in the near surface layer, and vertical mixing and/or diffu-
sion affects the warming in the surface layer, although the
vertical mixing and diffusion cannot be estimated directly.
Also, it is noteworthy that relative importance of each term
for 07/t is different in each season. For the penetration of
heat between subsurface and surface layers, the mechanism
associated with submeso-scale activity may play a crucial
role (e.g., Qiu et al. 2006).

Different from the western region, surface heat flux
is dominant in the central region (Fig. 12a—e). Relative
to 2006, temperature in the surface layer warms in 2007
and 2008 (0.127 and 0.106 x 1077 °C s™') and advec-
tion (—0.421 and —0.294 x 1077 °C s™') and residual
(—0.323 and —0.159 x 1077 °C s7!) terms are nega-
tive, while surface heat flux are positive (0.872 and
0.561 x 1077 °C s’l), indicating that surface heat flux
contributes to the temperature warming in the central part.
Similar to the central part, surface heat flux is also domi-
nant in the eastern region (Fig. 12f—j). Relative to 2006,
surface layer temperature warms in 2007 and 2008 (0.512
and 0.639 x 1077 °C s~!) and advection term is slightly
positive (0.093 and 0.025 x 1077 °C s~!), while residual
term is negative (—0.486 and —0.555 x 1077 °C s7!). The
surface heat flux is clearly positive in 2007 and 2008 (0.906
and 1.170 x 1077 °C s7!), indicating the dominant influ-
ence of surface heat flux in the eastern region. From these,
the mechanism for increase of the surface layer tempera-
ture in the western region is apparently different from the
central and eastern regions.

4.2 Possibility of air-sea interactions

If SST anomalies in the western region are induced by oce-
anic structure variability rather than atmospheric thermal
forcing as indicated above, they may have some feedback
to the atmosphere aloft as discussed in Sect. 1. To investi-
gate this possibility, we examine interannual variability in
SST and sensible and latent heat fluxes at the sea surface
in June (Fig. 13). In the eastern region (Fig. 13c), interan-
nual variability in SST (black curve) and surface heat flux
anomalies (red and blue curves) tend to be out of phase.
Also surface wind speed anomalies (orange curve) tend to
be in (out) phase with surface heat flux (SST) anomalies,
indicating that stronger winds induce higher sensible and
latent heat fluxes and cool the ocean surface. In the cen-
tral region (Fig. 13b), such relations are not clear, and so
are in the western region (Fig. 13a), clearly different from
those found in the eastern NP. Consistently, the heat fluxes
do not have a clear relation with wind speed, again differ-
ent from the relation found in the eastern region. Further,
with detailed investigation of Fig. 13, we can find that SAT
anomalies (green curve) tend to be smaller (larger) than
SST anomalies in the western (eastern) region. While more
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thorough investigations are necessary to clarify the reasons,
these can happen if cool (warm) SAT is induced by cool
(warm) SST in the western region and cool (warm) SST is
induced by cool (warm) SAT in the eastern region. These
relations, however, are not as clear in June as in other
months. This suggests that some seasonality, for example,
in the atmospheric circulation may be also important for
ocean-to-atmospheric feedback in early summer in NP.

4.3 Horizontal distribution of SST and SSS difference

In Fig. 14, we examine horizontal distributions of changes
in SST and SSS between the periods of 2008-2012 and
2003-2007. Over the central NP, there were warm anoma-
lies after 2008, but cool anomalies were found along the
eastern boundary region along North America and extended
to the central to western part of the tropical Pacific, while
there were substantial warm anomalies in the eastern equa-
torial Pacific. This SST anomaly pattern is similar to that
corresponding to the negative phase of the El Nifio Modoki
(also called as the Central Pacific El Nifio, the Warm Pool
El Nifio, etc.; Ashok and Yamagata 2009 and references
therein). It is also noteworthy that cool SST anomalies
were found in the western boundary region of NP.

Comparison with SSS anomalies shows that the syn-
chronized changes in temperature and salinity found in the
western NP region (Fig. 5) is not generally found. The SST
and SSS difference after 2008 distribute in very different
ways. The substantial SSS anomalies in the tropics corre-
spond to those associated with the quasi-decadal variability
discussed by Hasegawa et al. (2014).

5 Summary

Considering ocean to atmosphere feedback in midlatitude
in summer, we examine vertical structure of temperature
anomalies observed in NP in early summer based on in situ
observational data and also an eddy-resolving OGCM. The
observational data show apparent difference in the vertical
structure of the temperature anomalies in the 2000s: they
extend several hundred meters depth in the western region
(35°-45°N, 160°-180°E), but are limited to the shallower
layer in the central and eastern regions (35°—45°N, 180°—
160°W, and 160°-140°W, respectively).

In summer, strong short wave radiation can warm the
ocean from the surface and cause shallow ML and strong
stratification at the bottom of it. Then, we can expect that the
subsurface layer is insulated from the surface thermal forc-
ing and that associated temperature anomalies are limited
to the surface layer, and indeed, this is observed in the east-
ern region and somewhat in the central region. Although the
analyses in the present study focus on interannual variability,
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on a seasonal time scale, summer temperature variability In the western region, in contrast, the surface and subsur-

induced by thermal forcing at the sea surface can penetrate  face temperature variabilities cannot be separated even in
downward below the strong seasonal thermocline even in the  early summer. The OGCM solution indicates that temper-
central and eastern parts of NP (Hosoda et al. 2015). ature anomalies in the western region are associated with
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changes in the oceanic frontal structures that extend from
the surface to the subsurface layer, and it is also supported
by in situ observational data. Specifically, after 2008, the
meridional temperature gradient is weakened (intensified)
around 36°N and 41°N (38°N), and warmer waters extend
northward, inducing the warm anomalies extending several
hundred meters depth.

It is further confirmed that temperature tends to co-vary
on interannual time scales in the surface and subsurface lay-
ers in the western region, but less in the central and eastern
regions (Figs. 5, 6). As there are frontal structures not only
in temperature but also in salinity in the western NP region,
their co-variability (Fig. 5a, b) strongly suggests that the
variability is caused by changes in the oceanic frontal struc-
ture as found in the OGCM solutions. In other words, these
results strongly suggest that oceanic variability extending
from the surface to the subsurface layer can induce SST var-
iability even in early summer in the western region. Further-
more, comparison between SST anomalies and sea surface
air temperature hints that the SST anomalies can modify
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heat release from the ocean to the atmosphere, implying the
possibility of ocean to atmosphere feedback even in warm
seasons, consistent with a recent atmospheric model experi-
ment (Okajima et al. 2014).

Although some possible linear relation between wind-
stress curl variability and the northward extent of the sub-
tropical warm water is suggested, its meridional scale is
much larger than the oceanic frontal scale, and the mecha-
nisms for the oceanic frontal structure changes are still not
clear and further studies are necessary. Some nonlinear pro-
cesses might operate as suggested for the KE jet in previ-
ous studies (Taguchi et al. 2005; Sasaki et al. 2013).

While it has been considered that midlatitude oceanic
variability is passive to atmospheric variability especially
in summer, the results in the present study indicate that
at least in the western region of NP investigated here, the
ocean can actively induce SST anomalies even in early
summer. There may be such windows, through which the
atmosphere can communicate with subsurface ocean vari-
ability (cf., Xie et al. 2000), in other regions. To deepen our
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understanding of air—sea interactions in midlatitude, further
investigations for such windows are necessary.
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