
DOI 10.1007/s10236-016-1007-2

Heat transport variation due to change of North Pacific
subtropical gyre interior flow during 1993–2012

Akira Nagano1 · Shoichi Kizu2 ·Kimio Hanawa2 ·Dean Roemmich3

Received: 30 March 2016 / Accepted: 3 October 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Applying segment-wise altimetry-based gravest
empirical mode method to expendable bathythermograph
temperature, Argo salinity, and altimetric sea surface height
data in March, June, and November from San Francisco
to near Japan (30◦ N, 145◦ E) via Honolulu, we esti-
mated the component of the heat transport variation caused
by change in the southward interior geostrophic flow of
the North Pacific subtropical gyre in the top 700 m layer
during 1993–2012. The volume transport-weighted temper-
ature (TI) is strongly dependent on the season. The anomaly
of TI from the mean seasonal variation, whose standard
deviation is 0.14 ◦C, was revealed to be caused mainly by
change in the volume transport in a potential density layer
of 25.0 − 25.5σθ . The anomaly of TI was observed to vary
on a decadal or shorter, i.e., quasi-decadal (QD), timescale.
The QD-scale variation of TI had peaks in 1998 and 2007,
equivalent to the reduction in the net heat transport by 6 and
10 TW, respectively, approximately 1 year before those of
sea surface temperature (SST) in the warm pool region, east
of the Philippines. This suggests that variation in TI affects
the warm pool SST through modification of the heat balance
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owing to the entrainment of southward transported water
into the mixed layer.
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1 Introduction

The North Pacific subtropical gyre consists of the pole-
ward western boundary current (i.e., the Kuroshio) and
the equatorward return flow in the interior region; on the
whole, it transports a huge amount of heat poleward (e.g.,
Bryden et al. 1991; Bryden and Imawaki 2001). In addi-
tion to the change in the gyre volume transport (Sugimoto
et al. 2010; Nagano et al. 2013), variation in the net
heat transport of the subtropical gyre results from changes
in the volume transport distribution with respect to tem-
perature in the Kuroshio or equatorward interior return
flow. Changes in the volume transport distributions of
these currents with respect to temperature are accounted
for by their volume transport-weighted temperatures
(Bryden et al. 1991).

Of these components, we focus here on variation in
the heat transport generated by basin-scale change in the
gyre interior flow.White (1975) estimated long-term change
in the volume transport of the gyre interior flow across
the 30◦ N latitude by the sea surface dynamic height
(SSDH) difference between two very distant points off the
coasts of Asia and Baja California. To calculate the vol-
ume transport-weighted temperature of the gyre interior
flow (TI), trans-Pacific hydrographic sections resolving the
spatial variations of the interior flow and temperature are
required.
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Estimates of TI are limited to the World Ocean Circula-
tion Experiment (WOCE) P02 line at 30◦ N latitude (Bryden
and Imawaki 2001; Nagano et al. 2009) and the PX37 (from
San Francisco to Honolulu) and PX40 (from Honolulu to
Japan) lines (Uehara et al. 2008; Nagano et al. 2012). Bryden
and Imawaki (2001) and Nagano et al. (2009) calculated TI
to be 15.8 and 15.4 ◦C based on the WOCE P02 observa-
tions in October 1993–January 1994 and June–August 2004,
respectively. Because TI is an essential factor in the gyre
net heat transport, it is potentially related to climate varia-
tions such as the Pacific Decadal Oscillation (PDO) (e.g.,
Mantua et al. 1997). TI can also be considered as the tem-
perature of water transported by the gyre interior flow, and
it is expected to be related to subduction in the North Pacific
central region. Recently, Toyama et al. (2015) suggested that
the subduction rate is related to the positive PDO phase with
a lag of a few years. However, it is uncertain whether or not
the difference between the two estimated TI values (0.4 ◦C)
is attributable to climate variations.

On the basis of five expendable bathythermograph (XBT)
sections collected by voluntary ships at the PX37 and PX40
lines, Nagano et al. (2012) revealed a greater variability in
TI, with a maximal difference of 0.8 ◦C. This was proba-
bly associated with seasonal change in the volume transport
distribution with respect to potential density. The PX37
and PX40 observations were conducted at irregular inter-
vals in space and time; therefore, the almost simultaneously
obtained trans-Pacific sections from San Francisco to near
Japan are scarce. Thus, the variation in TI on interannual and
longer timescales is not distinguishable from the seasonal
variation when using in situ XBT sections.

To distinguish the interannual and longer timescale vari-
ations from the seasonal variation, a dataset with exten-
sive coverage and high resolution in both space and time
across the North Pacific for a sufficiently long duration
is required. However, this is almost impossible to achieve
using shipboard hydrographic surveys alone. For more than
two decades, satellite altimeters have measured global sea
surface height (SSH) at a spatiotemporal resolution that is
high enough to resolve spatial variation in the subtropical
gyre (e.g., Ducet et al. 2000). The SSH data are useful for
investigating interannual and longer timescale variations in
the gyre interior flow. In the subtropical region, year-to-year
variation in SSH is principally attributed to the baroclinic
variation associated with the variation of the main ther-
mocline (e.g., Kakinoki et al. 2008; Nagano et al. 2013).
Baroclinic changes in the gyre interior flow are expected to
be observed at the PX37 and PX40 lines by many volun-
tary ship XBT casts performed during the altimetric SSH
observations.

By taking a sufficiently deep reference level, we can
obtain SSDH based on hydrographic data; this is linearly

related to altimetric SSH. The vertical distributions of tem-
perature and salinity are represented as functions of SSDH,
as performed in the Antarctic Circumpolar Current region
by Sun and Watts (2001) and Swart et al. (2010), in the
North Pacific western subarctic gyre region by Nagano
et al. (2016), and in other regions. Through the linear
relationship between SSDH and SSH, the vertical hydro-
graphic distributions can be inferred by altimetric SSH. This
method, which converts SSH data to hydrographic distribu-
tions, is termed the altimetry-based gravest empirical mode
(AGEM) method. If the relationship between SSDH, SSH,
and hydrographic profiles is determined from the altimet-
ric and hydrographic data at the PX37 and PX40 lines, the
AGEM method provides a sufficiently long time series of
the hydrographic section of the North Pacific subtropical
gyre interior flow.

In this study, we calculate the AGEM-based temperature,
salinity, and geostrophic velocity for the PX37 and PX40
lines in order to complement the hydrographic data along
these lines with the SSH data and to examine the variation in
TI. We describe the data and the AGEM method in Section
2. In Section 3, we illustrate the seasonal and year-to-year
variations in TI, the associated changes in the vertical struc-
ture of flow, and the quasi-decadal (QD) timescale variation
of TI and its related variation in the gyre net heat transport
(Q

′
I). In Section 4, we summarize our results, discuss the

relationship between TI and the PDO, and comment on the
variation in the volume transport-weighted salinity in the
subtropical gyre interior flow (SI).

2 Data and methods

2.1 Hydrographic and SSH data processing

Temperature data down to a depth of approximately 760 m
at the PX37 line (Fig. 1) have been obtained at horizon-
tal intervals of approximately 60 km typically four or five

Fig. 1 Climatological SSDH (m) of North Pacific subtropical gyre
relative to 1000 dbar based on World Ocean Atlas 2005. Contour
interval is 0.1 m. Dashed lines indicate PX37 and PX40 lines
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times per year in various months since 1991 by Sippi-
can Deep Blue XBT (Lockheed Martin Sippican, Inc.) as
part of the Scripps High Resolution XBT Program (http://
www-hrx.ucsd.edu). At the PX40 line, temperature data
down to a 760 m depth have been collected at longitudinal
intervals of 0.5◦ since 1998 approximately three times per
year typically in March, June, and November by TSK T-7
XBT (Tsurumi-Seiki Co. Ltd.) as part of the Japan-Hawaii
Monitoring Program (http://www.pol.gp.tohoku.ac.jp/kizu/
jahmp/jahmp-e.htm).

Because salinity data were not collected for either line,
we obtained them from 1◦ × 1◦ gridded hydrographic
dataset, which was compiled using Argo data from 2001
by Hosoda et al. (2008) and are available as Grid Point
Value of the Monthly Objective Analysis using the Argo
data (MOAAGPV) in the Japan Argo database (http://www.
jamstec.go.jp/ARGO/argoweb/argo). In this study, we used
the XBT temperature data and Argo-based salinity data
during 2001–2012 for the PX37 and PX40 lines.

Temperature profiles were vertically averaged over 10 m
to eliminate small-scale noise features and then gridded
from 10 to 700 m at vertical intervals of 10 m. The salinity
data were averaged at the grid points of MOAA GPV within
a horizontal distance of 150 km from individual XBT sites.
They were further vertically interpolated down to 700 m
at intervals of 10 m. Based on the temperature and salin-
ity data, we calculated SSDH (HXBT, in meters), integrating
from 10 to 700 m depth, using

HXBT = 1

g

∫ 700m

10m
δ dz, (1)

where g is the gravitational acceleration and δ is the specific
volume anomaly derived from the XBT temperature and
Argo salinity data. From 10 to 700 m, the vertical integra-
tion along the z axis was discretized into the summation of
the 10-m averaged δ value multiplied by the vertical interval
of 10 m.

The depth of the XBT measurements was determined
using the fall-rate equation proposed by Hanawa et al.
(1995). Kizu et al. (2011) reported that Hanawa et al.’s cor-
rection method yields positive and negative fall rates for
TSK T-7 and Sippican Deep Blue probes; in the present
case, these depth biases result in temperature biases of up
to 0.07 and −0.03 ◦C, respectively. Furthermore, data col-
lected by Sippican Deep Blue XBT are known to be subject
to time-varying biases in both depth and temperature (e.g.,
Cowley et al. 2013), which are reported to cause positive
temperature biases of up to 0.1 ◦C for the study period.
Therefore, by integrating the vertically uniform error added
to the observed temperature profiles, we estimated the error
in HXBT to be approximately 2 cm. This is smaller than the
error of the altimetric SSH anomalies (∼3 cm) (Le Provost

2001). The HXBT error due to the error in the Argo salin-
ity (∼0.01, Hosoda et al. 2008) is approximately 0.5 cm,
which is even smaller than the error originated from the
XBT temperature bias.

Weekly SSH anomalies during 1993–2012 were obtained
from the Archiving, Validation and Interpretation of Satel-
lite Oceanographic (AVISO) delayed-time updated mapped
data (http://www.aviso.altimetry.fr/duacs/) (AVISO 2008).
Because SSH anomalies are generally less reliable near
the coast, data from regions shallower than 1000 m were
excluded from the analysis. We added the SSH anomalies to
the climatological SSDH values relative to 1000 dbar based
on the World Ocean Atlas 2005 (Fig. 1) (Locarnini et al.
2006; Antonov et al. 2006) to obtain absolute SSH (HALT)
in meters.

2.2 Segment-wise AGEM method

As outlined in Section 1, we estimated temperature and
salinity sections of the PX37 and PX40 lines using the
AGEM method. However, it should be noted that vertical
structures of temperature and salinity greatly vary along
the lines (Uehara et al. 2008; Nagano et al. 2012). In this
paper, to account for these spatial variations, we separated
the PX37 and PX40 lines into three and five overlapping
segments, respectively: 120–140◦W (PX37-1), 135–150◦W
(PX37-2), 145–157◦W (PX37-3), 157–175◦W (PX40-1),
170◦W–175◦E (PX40-2), 165–180◦E (PX40-3), 155–170◦E
(PX40-4), and 145–160◦E (PX40-5). Also, to account for
the seasonal variation, we performed AGEM estimation for
March, June, and November individually. With this separa-
tion, a sufficiently large number of XBT temperature and
Argo salinity profiles (exceeding 270 profiles for each seg-
ment) could be used to construct AGEM fields for each
segment and each month.

We constructed the segment-wise AGEM fields of poten-
tial temperature and salinity, i.e., the relationship between
hydrographic profiles and HXBT, interpolating the data by
a Gaussian weight function with an e-folding scale of
2.5 cm to remove the mismatch between the XBT temper-
ature and the gridded Argo salinity. The AGEM fields of
potential temperature down to a depth of 700 m for the
eight segments in March, June, and November are shown
in Fig. 2. The main thermocline, represented by a sharp
vertical temperature gradient approximately between 8 and
18 ◦C, commonly deepens in all segments as SSDH, i.e.,
HXBT, increases. Furthermore, seasonal variation in strati-
fication in the near-surface layer and spatial change in the
main thermocline thickness along the lines are identified.
In other words, even for a single value of HXBT, potential
temperature profiles are substantially different in terms of
months and locations (segments).
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Fig. 2 Vertical distributions of AGEM potential temperature (◦C) in terms of HXBT (m) at segments from PX37-1 (left) to PX40-5 (right) in a
March, b June, and c November. Ordinate is depth (m), and abscissa is HXBT

In Fig. 3, we show the potential temperature AGEM
fields for the eight segments in the individual months with
respect to HXBT at a depth of 400 m, around which the main
thermocline exists in the segments east of PX40-2. Potential

temperature values deduced fromXBTmeasurements (dots)
largely distribute around AGEM-based values (curves) for
each segment. Because of strong smoothing with respect
to HXBT, AGEM-based potential temperatures deviate from
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XBT values toward the ends of the AGEM curves, par-
ticularly at segments PX40-4 and PX40-5. Accordingly,
high-frequency, large-amplitude variations inHXBT near the
ends of the AGEM curves are filtered out by the AGEM
method. Potential temperatures observed by XBT at the
PX37 and PX40 lines are distributed over a wide range

a

b

c

Fig. 3 Plots of HXBT versus potential temperature at 400 m depth in
a March, b June, and c November at eight segments: PX37-1 (red),
PX37-2 (blue), PX37-3 (orange), PX40-1 (green), PX40-2 (purple),
PX40-3 (cyan), PX40-4 (magenta), and PX40-5 (black). Values based
on XBT measurements and AGEM method are shown by dots and
curves, respectively

(exceeding 6 ◦C) for a range of HXBT values between
approximately 1.4 and 1.8 m. By constructing segment-
wise AGEM fields, regional characteristics of the poten-
tial temperature (e.g., thermostads corresponding to the
mode waters) are reasonably represented. The potential
temperature root-mean-square (RMS) errors for the seg-
ments are between 0.45 and 0.98 ◦C (Table 1). The
salinity AGEM fields (not shown) are largely consis-
tent with typical temperature-salinity relationships in each
region.

HALT is linearly related to HXBT, with correlation coeffi-
cients of 0.72–0.95 (Table 2), which are substantially higher
than the 1% significance level (i.e., within the 99% confi-
dence limit) based on the Student’s t test. Linear regressions
between HXBT and HALT were performed for each segment
and month as

HALT = a HXBT + b, (2)

where a and b were obtained by the least square method
(Table 2). The obtained values of the regression slope,
i.e., a, are slightly larger than, or close to, unity. With
the exception of the westernmost segment (i.e., PX40-
5), the RMS differences are smaller than 6 cm, which is
of the same order of magnitude as errors in the HALT

data. At PX40-5, where mesoscale eddies prevail, the RMS
difference is approximately 11 cm. This large RMS dif-
ference is mainly due to the deeper mesoscale eddy con-
tributions, which are not included in HXBT. Mesoscale
eddies have time scales shorter than approximately five
months. Therefore, to eliminate the effect of mesoscale
eddies from HALT, we smoothed HALT using a fifth-
order Butterworth filter with a half-power period of five
months.

The elimination of the mesoscale fluctuations by the
low-pass filter reduces the sensitivity of the results to the
location of the western end point. As a test, we computed
TI with the western end point fixed at 29◦9′

N, 150◦ E.
The results were quite similar to those with the end point
fixed at 30◦ N, 145◦ E. Therefore, we concluded that the
results described below are independent of the location of
the western end point. Hereafter, we present the results on
the interior flow of the subtropical gyre with the western
end point set at 30◦ N, 145◦ E. This location corresponds
to the southern edge of the recirculation gyre south of the
Kuroshio Extension (Inoue and Kouketsu 2016).

By converting the smoothed HALT to HXBT (Eq. 1 and
Table 2) and referring to the AGEM fields by HXBT for each
month (Fig. 2), we estimated the potential temperature (θ ),
salinity (S), and potential density (σθ ) profiles in the indi-
vidual months during 1993–2012 at longitudinal intervals of
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approximately 0.5◦ from the smoothed HALT. Furthermore,
each AGEM-derived hydrographic section was spatially
smoothed using a five-degree longitude running mean along
the lines to remove the jumps across the segments.

In Fig. 4a, b, we show AGEM-derived potential tem-
perature/density sections for states of relatively low and
high TI anomalies in June 1993 and June 2007, respectively
(year-to-year TI change will be described in Section 3). The
AGEM method reproduces the seasonal thermocline in the
near-surface layer and a vertically uniform potential density
layer between 25.0 and 25.5 kg m−3 (expressed as 25.5σθ

hereafter) west of around 170◦ E. An eastward ascension
of the potential density surfaces lower than 25.5σθ suggests
southward baroclinic volume transport. These characteris-
tics coincide with those in Fig. 2 of Nagano et al. (2012),
although mesoscale eddy structures shown in that study
were filtered out in the present study by the spatial and tem-
poral smoothing. By separating the PX37 and PX40 lines
into the eight segments and constructing the AGEM fields

for each month, the AGEM method provided plausible
hydrographic sections.

In addition, we used the monthly 1◦ × 1◦ gridded
hydrographic data collected by Argo floats, Roemmich-
Gilson Argo Climatology (http://sio-argo.ucsd.edu/RG
Climatology.html), which was compiled by Roemmich and
Gilson (2009). In order to investigate the dependency of the
estimated TI on reference depth, the calculation was per-
formed with reference depths of 700 and 1500 dbar for the
period 2004–2012. They are quite similar to each other, with
a correlation coefficient of 0.93. The mean value with a ref-
erence depth of 700 dbar is 1.3 ◦C higher than that with a
1500 dbar reference depth. Despite the significant bias in
TI, its variation is almost independent of reference depth. It
should be noted that in addition to the bias caused by the
choice of reference depth, there would exist TI bias derived
from that of XBT temperature. Therefore, in this paper, we
mainly focus on the anomaly of TI from the mean seasonal
variation.

Table 1 Error in AGEM-based potential temperature (◦C) at 400 m depth

Month Line Segment RMS error

March PX37 1 0.52

2 0.69

3 0.49

PX40 1 0.80

2 0.69

3 0.72

4 0.92

5 0.81

June PX37 1 0.49

2 0.66

3 0.45

PX40 1 0.83

2 0.69

3 0.77

4 0.81

5 0.85

November PX37 1 0.47

2 0.69

3 0.46

PX40 1 0.78

2 0.68

3 0.73

4 0.70

5 0.98

The values were calculated as RMS differences between XBT and AGEM-based potential temperatures
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Table 2 Correlation coefficients between HALT and HXBT (m), regression coefficients a and b in Eq. 2, and RMS differences (cm) for the
individual months and segments of the PX37 and PX40 lines

Month Line Segment Corr. Coefficient a b RMS diff.

March PX37 1 0.91 1.149 0.102 4.2

2 0.87 0.955 0.351 4.5

3 0.85 0.922 0.385 4.8

PX40 1 0.72 1.187 0.019 5.0

2 0.79 1.072 0.212 5.0

3 0.83 1.080 0.222 4.9

4 0.82 1.105 0.185 4.9

5 0.87 0.989 0.394 10.4

June PX37 1 0.94 1.043 0.215 3.8

2 0.90 0.970 0.312 3.9

3 0.90 0.971 0.304 3.8

PX40 1 0.85 1.059 0.194 4.5

2 0.90 0.977 0.333 4.4

3 0.90 1.065 0.222 4.3

4 0.85 1.443 −0.364 5.7

5 0.88 1.226 0.032 11.6

November PX37 1 0.95 1.017 0.267 4.0

2 0.89 0.954 0.359 4.0

3 0.88 0.993 0.297 3.7

PX40 1 0.77 1.066 0.197 5.4

2 0.86 0.898 0.475 4.6

3 0.87 1.065 0.234 4.1

4 0.91 1.225 −0.023 5.0

5 0.83 1.240 −0.022 11.4

3 Results

3.1 AGEM-based volume transport-weighted
temperature

We calculated TI of the interior flow across the section along
the PX37/40 line above a depth of 700m (Fig. 5a), as

TI =
∫ 700m

10m

∫ 124◦W

145◦E
θ v dxdz

/
VI, (3)

where the x coordinate is set along the line from the western
end point (30◦ N, 145◦ E) to the point off San Francisco
(38◦ N, 124◦ W), v is geostrophic velocity calculated with a
reference depth of 700 m, and VI is volume transport across
the section. It is obvious that TI is seasonally dependent,
as was suggested by Nagano et al. (2012) based on five in
situ hydrographic sections. The mean values in March, June,
and November are 15.32, 15.48, and 15.87 ◦C, respectively.
For comparison, TI values based on the WOCE P02 data by
Bryden and Imawaki (2001) and Nagano et al. (2009) are

shown using stars in Fig. 5a. Because the difference between
the two estimated values (0.4 ◦C) is close to that between
the November and June mean values (0.39 ◦C), it is likely
attributable to the mean seasonal variation.

Figure 6a, b show all distributions of volume transport
with respect to potential density and the mean distributions
in individual months from 1992 to 2012, respectively. The
distributions above the isopycnal of approximately 25.1σθ

are clearly distinguishable among these months. The pri-
mary peak in volume transport exceeding 3 Sv (1 Sv =
106 m3 s−1) in March (green lines) remains stable in a layer
around the isopycnal of 24.9σθ . In June (magenta lines), the
primary peak frequently descends to a deeper layer below
the depth of the isopycnal of 25.0σθ (Fig. 6a), where the
standard deviation of the volume transport is larger than that
in the overlying layer (Fig. 6b). In November (blue lines),
the volume transport distributes widely in deep layers below
the isopycnal of 24.5σθ and has an additional significant
peak in a layer around 24.1σθ . The existence of the shallow
peak in volume transport causes very high TI in November
(dots in Fig. 5a). Therefore, the seasonal variation in TI is
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Fig. 4 Sections of AGEM-
based potential temperature in
◦C (color shades) and potential
density σθ in kg m−3 (contours)
at the PX37 and PX40 lines in a
June 1993 and b June 2007.
Color scale for potential
temperature is shown on right of
panel (b), and contour interval of
potential density is 0.5 kg m−3

a

b

associated with the distinct seasonal change in volume
transport distribution with potential density.

3.2 Anomaly of TI from mean seasonal variation

Year-to-year change in the volume transport distribution
yields interannual variation in TI, as shown in Fig. 5b. The
standard deviation of the TI anomaly is 0.14 ◦C. In Novem-
ber 2003 and November 2008, the values of TI are lower
than the November mean value minus twice the standard
deviation. These extremely low TI values are attributed to
the abrupt reduction in volume transport in a layer around
the isopycnal of 25.4σθ . The depths of the main pycno-
cline indicated by the isopycnal of 25.5σθ in November
2003 (dashed line in Fig. 7) and November 2008 (thick solid
line) are substantially shallower than the mean depth of the
isopycnal (thin solid line) to the west of approximately 160
and 155◦ E, respectively. Particularly in November 2008,
the upward isopycnal displacement from the mean depth
reaches approximately 50 m at the western end point of the

PX40 line. The fluctuations appear to have horizontal scales
larger than 1000 km and are attributable to variation in the
subtropical and/or recirculation gyres.

With the exception of the above extreme cases, we could
not identify a significant year-to-year difference between
potential temperature/density sections in relatively low-TI
and high-TI states (as exemplified in Fig. 4a, b, respec-
tively); however, the difference resulting in the year-to-year
variation of TI might be revealed by integrating temperature
and geostrophic current velocity along the entire line.

In principle, the variation in TI can be affected by both
changes in temperature and geostrophic current velocity in
the interior region. To reveal the factors contributing to the
year-to-year variation in TI, referred to as T

′
I hereafter, we

separate θ and v into their seasonal mean variations and the
anomalies as θ = θ + θ

′
and v = v + v

′
, where θ

′
and v

′

are the anomalies from the long-term mean values in each
month, θ and v, respectively. Here, a positive v indicates
southward velocity. We partitioned the vertical integration
range of Eq. 3 into layers between the depths (D) of the
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a

b

Fig. 5 a Volume transport-weighted temperature of the subtropcial
gyre interior flow TI in the top 700 m layer at PX37/40 line in March
(asterisks), June (circles), and November (dots), and those at P02 line
(stars) in November 1993 (Bryden and Imawaki 2001) and June 2004
(Nagano et al. 2009). Horizontal solid, dashed, and dashed-dotted
lines show mean values in March, June, and November, respectively.
b TI after removing the mean seasonal variation and the yearly time
series interpolated using values within two standard deviations (thick
solid line). TI based on Argo data during 2004–2012 is shown by thin
solid line

isopycnals of σθ ± �σθ/2. As a result, T ′
I is decomposed

into three components with respect to potential density as

T ′
I (σθ ) = T ′

1(σθ ) + T ′
2(σθ ) + T ′

3(σθ ),

where

T
′
1(σθ ) =

∫ D(σθ+�σθ/2)

D(σθ−�σθ/2)

∫ 124◦W

145◦E
θ

′
v dxdz

/
VI, (4)

T
′
2(σθ ) =

∫ D(σθ+�σθ/2)

D(σθ−�σθ/2)

∫ 124◦W

145◦E
θ v

′
dxdz

/
VI, (5)

T
′
3(σθ ) =

∫ D(σθ+�σθ/2)

D(σθ−�σθ/2)

∫ 124◦W

145◦E
θ

′
v

′
dxdz

/
VI. (6)

We set �σθ = 0.25 kg m−3, which is sufficient for the
expected temperature variation of the mode waters, and we
calculated T

′
1, T

′
2, and T

′
3 in isopycnal layers from 22.5 to

27.5σθ .

The standard deviations of these components are shown
in terms of potential density σθ in Fig. 8a. Obviously, the
dominant component of the TI anomaly originates from the
anomaly of geostrophic current velocity, i.e., T

′
2, (solid line)

in all isopycnal layers. The variation is particularly large
in layers above the isopycnal of 25.5σθ and reaches its
maximum in a layer between the isopycnals of 25.0 and
25.5σθ . The maximum value exceeds 0.2 ◦C. The contri-
bution from the variation in potential temperature, i.e., T

′
1,

(dashed line) is one or two orders of magnitude smaller than
that from T

′
2. The variation in T

′
3 (dotted line) is practically

negligible.
To examine the relationship between T

′
I and T

′
2(σθ ), we

computed their covariance (solid line in Fig. 8a), which is
defined as

C(σθ ) =
N∑

n=1

T
′
I (tn) T

′
2(σθ , tn)/N, (7)

where tn (n = 1, 2, · · · , N) is time. This shows the max-
imum value in a layer between the isopycnals of 25.0
and 25.5σθ , where the standard deviation of T

′
2 (solid line

in Fig. 8a) is also maximal. In addition, the correlation
coefficient, i.e., the covariance normalized by the standard
deviations of T

′
I and T

′
2(σθ ), (dashed line in Fig. 8b) is

greater than 0.33 (the 99 % confidence limit based on the
Student’s t test) in the layers above an isopycnal of 26.5σθ .
Thus, the year-to-year variation in T

′
2(σθ ) in a layer between

the 25.0 and 25.5σθ isopycnal surfaces contributes to that
of T

′
I . The anomaly of the volume transport in the potential

density layer (Fig. 9) is largely similar to that of TI (Fig. 5b).
The anomaly of TI is principally attributable to the volume
transport anomaly from the mean seasonal variation in a
layer between the isopycnals of 25.0 and 25.5σθ .

Yearly time series of the TI anomaly obtained by a Gaus-
sian smoothing with an e-folding time of 6 months is shown
by the thick solid lines in Figs. 5b and 10a. During the study
period, TI varies on a decadal or shorter, i.e., QD, timescale
with marked peaks in 1998 and 2007. To examine the relia-
bility of the yearly TI estimated by the AGEM method and
the Gaussian smoothing for the data sampled in uneven time
intervals, we illustrate yearly time series of the TI anomaly
based on Roemmich-Gilson Argo Climatology (thin solid
line in Fig. 5b). Although the values based on the Argo
data from 2004 to 2005 are less accurate than those in the
remaining period due to the sparse Argo float coverage, the
peaks in 2007 and 2010 (thin solid line) correspond well
with those of the AGEM-based TI (thick solid line). The
correlation coefficient between them is 0.74, which is sta-
tistically significant within the 95 % confidence limit. Thus,
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Fig. 6 a Distributions of volume transport at PX37/40 line with
respect to potential density σθ in March (green), June (magenta), and
November (blue). bMean distribution for the individual months (thick
lines) together with the range of one standard deviation (shades) above

and below the mean value. Vertical thin black line indicates zero vol-
ume transport. Volume transport was calculated at the potential density
intervals of 0.25 kg m−3. Positive value indicates southward transport

the QD-scale variation of the AGEM-based TI is verified by
the Argo data.

3.3 Impact of year-to-year TI variation on the net heat
transport

The component of the net poleward heat transport variation
of the subtropical gyre, which is related to TI variation due
to basin-scale interior flow change, can be estimated as

Q
′
I = −ρCp V STG T

′
I , (8)

where ρ is seawater density, Cp is the specific heat capacity
of seawater at constant pressure, and V STG is the average
subtropical gyre volume transport. We set ρCp and V STG

to 3.99×106 JK−1 m−3 and 26.2 Sv, respectively (following
the estimations by Nagano et al. 2010). As in Fig. 10b, Q

′
I

reaches minima of -6 and -10 TW (TW = 1012 W) in 1998
and 2007, respectively, when TI has significant maxima. The
reductions in heat transport due to the enhancements of TI
are equivalent to up to approximately 5% of the absolute
values of the gyre net heat transport (0.19–0.22 PW, where
PW = 1015 W), as estimated by Nagano et al. (2010).

The water transported by the interior southward subsur-
face flow through the PX37/40 line concentrates on the
North Pacific warm pool region (east of the Philippines),
ascending along the shoaling main pycnocline and subse-
quently being entrained into the mixed layer. In the annual
mean state, the sea surface thermal forcing and heat advec-
tion by the Ekman and geostrophic currents are principally

balanced by the entrainment of deep cold water through the
mixed layer bottom (Niiler and Stevenson 1982; Qu 2003).
The enhancement of TI, or the reduction of Q

′
I, in 1998

and 2007 might be related to the attenuation of cooling by
the entrainment into the mixed layer east of the Philippines.
Sea surface temperature (SST) averaged in the area of 10–
20◦ N, 125–160◦ E (dashed line in Fig. 10) shows peaks in
1999 and 2008, which occur one year after the TI peaks (Q

′
I

troughs).
Assuming the thermal forcing at the sea surface and the

horizontal advections to be invariant, the increasing rate of
the temperature in the warm pool region is equivalent to the
decreasing rate of cooling due to the entrainment from the
mixed layer bottom. Under this assumption, the warm pool
SST would increase by an amount of heat that is equivalent

Fig. 7 Depth of AGEM-based isopycnal of 25.5σθ at PX37/40 line in
November 2003 (dashed line) and November 2008 (thick solid line).
For comparison, the mean isopycnal depth in November is shown by
thin solid line
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Fig. 8 a Standard deviations of
T

′
1 (dashed line), T

′
2 (solid line),

and T
′
3 (dotted line) in Eqs. 4–6

with respect to potential density
σθ . b Correlation coefficient
(dashed line) and covariance
(solid line) between T

′
2 and T

′
I .

Vertical solid and dotted lines
indicate correlation coefficients
of zero and ±0.33, the 1%
significance level (the
confidence limit of 99%).
Values in a and b were
calculated at potential density
intervals of �σθ = 0.25 kg m−3

a b

to the reduction of Q
′
I. The increasing rate of SST that is

due to a Q
′
I reduction of 10 TW is evaluated to be approx-

imately 0.2 ◦C year−1 in a winter mixed layer of ∼100m
thickness (for example, see Fig. 5 in de Boyer Montégut
et al. 2004) in the specified area. This value is sufficiently
large to contribute to the SST anomaly of 0.25 ◦C in 2008,
and it is equivalent to 13% of the annual mean cooling rate
due to vertical entrainment (approximately −1.6 ◦C year−1)
estimated by Qu (2003).

4 Summary and discussion

Applying the segment-wise AGEMmethod to XBT temper-
ature, Argo salinity, and altimetric SSH data at the PX37
(San Francisco to Honolulu) and PX40 (Honolulu to near
Japan, 30◦ N, 145◦ E) lines, we estimated the AGEM-
based temperature, salinity, and geostrophic velocity sec-
tions down to 700 m depth from 1993 to 2012. We examined
the volume transport-weighted temperature of the south-
ward interior flow of the North Pacific subtropical gyre (TI).
TI is substantially dependent on the seasonal change in vol-
ume transport distribution with potential density (as Nagano
et al. 2012 suggested based on in situ hydrographic data
alone). The anomaly of TI from the mean seasonal variation,
whose standard deviation is 0.14 ◦C, is found to originate
from the change in the volume transport distribution in a
layer between the isopycnals of 25.0 and 25.5σθ .

We found that TI varies on the QD timescale, and the
QD-scale variation is confirmed by the analysis of the Argo
gridded data from 2004 to 2012. Marked peaks of the
QD-scale TI variation are found in 1998 and 2007, approxi-
mately 1 year before the peaks of SST averaged in the North

Pacific warm pool region, east of the Philippines. This is
thought to be the reduction of the net heat transport of the
North Pacific subtropical gyre by 6 and 10 TW, respectively.
The reduction of the heat transport is equivalent to up to
approximately 5% of the absolute values of the net heat
transport. It is suggested that the QD-scale increase of TI
corresponds to the reduction in the rate of cooling due to
the entrainment of water into the warm pool mixed layer
by approximately 13% of the annual mean rate. This result
suggests the sizable impact of the QD-scale variation in TI
on the SST change in the warm pool region.

To examine the relationship between the QD-scale varia-
tion of TI and climate variation, we show the North Pacific
Index (NPI), which was defined as the area-weighted sea-
level atmospheric pressure in the region of 30–65◦ N, 160◦
E–140◦ W by Trenberth and Hurrel (1994) (dotted lines in
Fig. 10). The NPI is related to the dominant variation in SST

Fig. 9 Same as Fig. 5b, but for AGEM-based volume transport in the
layer between isopycnals of 25.0 and 25.5σθ . Positive value indicates
southward transport
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Fig. 10 a Yearly anomaly of TI normalized by its standard deviation
and b its related variation of the net heat transport of the subtropi-
cal gyre, i.e., Q

′
I in Eq. 8 (solid lines). For comparison, monthly SST

anomaly averaged in the North Pacific warm pool region (10–20◦ N,
125–160◦ E) and NPI, which are normalized by the standard devi-
ations, are shown by dashed and dotted lines, respectively. Average
SST anomaly in the warm pool region and NPI were smoothed by a
fifth-order Butterworth filter with half-power period of 3 years

by the PDO and varies on a QD timescale with troughs in
1997 and 2003, representing the intensification of the Aleu-
tian Low. The enhancement of the subduction rate a few
years after the positive PDO phase (NPI troughs) suggested
by Toyama et al. (2015) are likely discernible by the peaks in
TI (solid line) with a lag of up to 4 years. Although the time
series of TI is not sufficiently long to make firm conclusions
about the relationship between TI and the NPI (the equiva-
lent degree of freedom is 2), the peaks of the TI anomaly,
i.e., the troughs of the net poleward heat transport, seem to
be caused by the intensification of the Aleutian Low associ-
ated with the positive PDO phase. This hypothesis should be
tested by AGEM methods that are modified to allow appli-
cation to areas other than the PX37 and PX40 lines using a
more comprehensive dataset.

Finally, we comment on the volume transport-weighted
salinity in the subtropical gyre interior flow, i.e., SI. As the
QD-scale variation of TI is related to that of the warm pool
SST, the variation in SI may affect the sea surface salinity
(SSS) in the tropical region. By using the data derived from
the AGEM method, we calculated SI and show the anomaly

Fig. 11 Same as Fig. 5b, but for volume transport-weighted salinity SI

from the mean seasonal variation in Fig. 11. The anoma-
lies of SI (thick line) and TI covary on the QD timescale.
Hasegawa et al. (2013) reported the QD-scale variations
of upper-ocean temperature and salinity in the warm pool
region; their anomalies in the region east of the Philippines
were negative during 2002–2005 and positive during 2007–
2009. The relationship between warm pool temperature and
salinity is similar to that between TI and SI. This supports
the idea that SST and SSS in the region are substantially
affected by variations in TI and SI, respectively, possibly
through the vertical entrainment of water into the mixed
layer.

Note that the SI anomaly based on the Argo data (thin
line) is depressed in 2009, whereas the AGEM-derived SI
anomaly is elevated. This discrepancy may imply that the
true variation in SI is attributable to the interannual and/or
longer timescale variations of precipitation and evapora-
tion in the extratropical region, in addition to the QD-scale
change in the volume transport distribution of the subtrop-
ical gyre interior flow. Also, SSS in the central part of the
North Pacific subtropical gyre has been reported to have
increased during the last several decades due to the inten-
sification of the global hydrological cycle (Hosoda et al.
2009; Durack et al. 2012). The AGEM-based SI has neither
a clear increasing nor decreasing tendency. The Argo-based
SI appears to have a decreasing trend possibly in response to
the global hydrological cycle, although the analysis period is
not sufficiently long to elucidate this relationship. In future
work, longer time series of SI based on continuing Argo
float data will clarify the role of the subtropical gyre in the
hydrological cycle.
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