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Spatiotemporal vertical velocity variation
in the western tropical Pacific and its relation
to decadal ocean variability
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Abstract: Prior to the cold phase of the Pacific decadal oscillation (PDQ), sea surface water in the western tropical
North Pacific is heated. To evaluate the impact of the subsurface water on the upper-ocean (< 100 m depth) tempera-
ture variation, we examined the vertical velocity variation. We applied altimetry-based gravest empirical mode (AGEM)
method to Argo hydrographic profile (2001-2017) and altimetric sea surface height (1993-2017) data in the western
tropical Pacific and obtained a time-varying three-dimensional (3D) potential density field in the layer from 100 to
1000 m depth. From the AGEM-derived potential density, we derived a 3D field of vertical velocity below 100 m depth
by the P-vector inverse method, which is based on potential density and vorticity conservations, and examined the
spatiotemporal characteristics, focusing on the seasonal to quasi-decadal (QD) variations. In the mean state, substan-
tial upward current (> 10~%m s ) is observed in the region of 10°-17°N, 140°E-180° in the North Equatorial Current,
southern part of the North Pacific subtropical gyre. Possibly besides the Ekman upwelling, the upward current con-
tributes to the cooling of the upper ocean in the western tropical North Pacific through the upward advection of the
deep cold water. The upward current was found to be intensified (attenuated) by the strengthening (weakening) of
the subtropical gyre interior southward flow on the QD timescale in association with frequent occurrences of La Nifa
(EI Nifio) events. The weakening of the upward current is responsible for the QD increase in upper-ocean temperature
in the western tropical North Pacific, which is equivalent to or larger than 0.2 °C, several years after the warm phase

of the PDO. The QD temperature variation may affect the phase reversal of the PDO through the heat transport of the
western boundary current of the subtropical gyre, i.e,, the Kuroshio.
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heat transport, the subtropical gyre of the North Pacific
is considered to play a critical role in interannual and
longer timescale midlatitude climate variations such as
the Pacific decadal oscillation (PDO) (e.g., Kawai et al.
2008), the most dominant variation in sea surface tem-
perature (SST) in the North Pacific, (e.g., Mantua et al.
1997; Mantua and Hare 2002). Similar decadal oscilla-
tions were produced in ocean and atmosphere coupled
numerical models (Latif and Barnett 1994, 1996; Gu and
Philander 1997).

1 Introduction

The subtropical gyre of the North Pacific is a basin-scale
anticyclonic circulation, consisting of the northward
swift western boundary current, so-called the Kuro-
shio, and the southward weak flow in the interior region.
The subtropical gyre transports a huge amount of heat
northward (e.g., Bryden and Imawaki 2001; Nagano et al.
2009, 2010). Through the variation in the northward
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The spatial pattern of the PDO is defined as the first
empirical orthogonal function (EOF) mode of SST in the
North Pacific. A map of regression slope of SST to the
PDO index (the time coefficient of the first EOF mode of
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the SST) is illustrated in Fig. la. In the positive (warm)
phase of the PDO, the pattern exhibits a negative SST
anomaly in the central part of the North Pacific and a
positive SST anomaly in the central and eastern equato-
rial Pacific (Mantua et al. 1997; Mantua and Hare 2002).
Thermal disturbances excited at the northern periphery
of the subtropical gyre due to the strengthening of the
Aleutian Low are observed to subduct in the upper main
thermocline (pycnocline), to propagate southward in the
interior region of the subtropical gyre, and, longer than
10 years after the subduction, reaches a subsurface (up
to approximately 100 m depth) layer around a latitude
of 18°N of the western tropical North Pacific (e.g., Deser
et al. 1996; Schneider et al. 1999).

By combined use of altimetric sea surface height (SSH)
data, expendable bathythermograph temperature data,
and Argo salinity data at lines from San Francisco to
Hawaii and from Hawaii to Japan, Nagano et al. (2016a)
studied the quasi-decadal (QD) variation in the sub-
tropical gyre net heat transport due to the variation of
the interior flow with periods of 8—12 years (e.g., Tourre
et al. 2001; White et al. 2003; Hasegawa and Hanawa
2003; Hasegawa et al. 2013). Up to 4 years after the posi-
tive (warm) PDO phase, the volume transport-weighted
temperature in the subtropical gyre interior region
increases due to the enhancement in volume transport in
a potential density layer between 25.0 and 25.5 oy (09 =
potential density —1000 kg m ). As a result, because the
temperature difference of the water masses transported
by the Kuroshio and the gyre interior flow decreases, the
northward net heat transport decreases. The reduction
in the northward heat transport accumulates heat in the
western tropical North Pacific, where climatological SST
is very high, and enhances the warm pool SST (Nagano
et al. 2016a), as is recognized in the map of the regres-
sion slope with a 3-year lag (Fig. 1d). In other words, the
warm pool SST increases prior to the negative phase of
the PDO.

The QD variation in the subsurface volume transport
in the interior region of the subtropical gyre is sug-
gested to contribute to the SST variation in the region
of 10°-20°N, 125°-160°E in the western North Pacific
warm pool (Nagano et al. 2016a) possibly through
the enhancement of the upwelling of deep water from
layers deeper than 100 m depth. If we obtain a three-
dimensional (3D) field of vertical velocity, we can con-
firm this idea. The spatiotemporal characteristics of
upward currents in the western tropical North Pacific
are, however, unknown because vertical current veloc-
ity is too small (< 107* ms™!) to be directly measured
by oceanographic instruments such as current meters,
the accuracy of current measurements being of the
order of 1073 ms~! at best for now (e.g., Thomson and
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Emery 2014). Therefore, vertical velocity should be esti-
mated from other physical variables such as 3D water
density field under some hydrodynamic assumptions.

Based on the conservations of potential density and
potential vorticity, Needler (1985) derived a formula of
3D absolute velocity vector (v), in the interior region of
subtropical gyres as

gk-(Vp xVq)
pv =
V(fap/dq)-(Vp xVq)

where p is the potential density, fis the Coriolis parame-
ter, g is the gravitational acceleration, g = —f/p(dp/0z) is
Ertel’s potential vorticity neglecting the relative vorticity,
and k is the unit vertical vector. In addition to potential
density and potential vorticity, the Bernoulli function of a
water parcel advected by the flow is conserved if the flow
is steady and the diffusion can be neglected (e.g., Nee-
dler 1985; Pedlosky 1987a, b). For the estimation of the
3D current velocity field from hydrographic data, several
methods have been proposed by past investigators (e.g.,
Stommel and Schott 1977; Olbers et al. 1985; Killworth
1983, 1986; Chu 1995, 2006). These methods are expected
to provide similar 3D current velocity fields because they
are based on the same assumptions, i.e., conservations of
potential density and potential vorticity.

Chu (1995, 2006) developed a sophisticated method,
called the P-vector inverse method, to calculate 3D
absolute velocity vector from observed hydrographic
data, avoiding cases that isosurfaces of potential den-
sity and potential vorticity are parallel (i.e., Vp xVg =
0), as described in the following section. For example,
he applied the P-vector inverse method to the circula-
tions in the upper layer of the North Atlantic and dem-
onstrated a very strong downward velocity around a
depth of the main pycnocline (500 m depth) in the area
south of Iceland, where the subduction zone of the
global ocean conveyor belt is possibly located (Schmitz
1995). Therefore, the P-vector inverse method provides
reasonable 3D distributions of vertical velocity and may
be used to diagnose vertical velocity in the western
tropical and subtropical North Pacific.

By applying the P-vector inverse method to the 3D
potential density field in the tropical and subtropical
North Pacific, we expect to obtain a vertical velocity
field in the upper ocean layer and to reveal its seasonal
to decadal variations. In other words, we can identify
the location where the QD variation in the subsurface
volume transport in the interior region of the subtropi-
cal gyre reported by Nagano et al. (2016a) emerges in
the western Pacific region and how the QD variation of
the vertical transport to the east of the Philippines is
related to the variation in the interior region. Further,

(Vp xVq), (1)
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Fig. 1 Regression slope (°C) between the Pacific decadal oscillation (PDO) index and sea surface temperature (SST) anomaly with lags of a0, b 1, ¢
2,and d 3 years. Dashed square shows the study region of this paper
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the impact of the vertical transport on the upper ocean
to the east of the Philippines may be estimated.

In general, potential vorticity is not conserved along
streamlines with horizontal and vertical diffusion. To
obtain the absolute velocity vector field by the P-vector
method and other methods based on the potential vorti-
city conservation, a time-varying 3D gridded water den-
sity field with sufficient spatial resolution is required. As
a candidate of such a dataset, we may use gridded hydro-
graphic data such as the grid point value of the Monthly
Objective Analysis using the Argo (MOAA GPV) data
(Hosoda et al. 2008) based on global Argo float data col-
lected since 2000. Using this dataset, we first attempted
to compute the P-vector-derived vertical velocity. How-
ever, the vertical velocity computed from the MOAA
GPV data applying the P-vector method is unreasonably
large (> 10~* ms~!) probably because the effective reso-
lution (~1000 km) is too low to apply the conservation
of potential vorticity. Hence, we must use a finer gridded
dataset to obtain reliable vertical velocity estimates by
the P-vector inverse method.

Satellite observations have extensive coverage and
sufficient resolutions in space and time to resolve the
ocean variations on scales ranging from mesoscale to
global scale. SSH maps with a horizontal resolution of
1/4°x1/4° are available to examine current variations
(Pujol and Mertz 2020). Particularly, because SSH is a
physical parameter, which corresponds to integrated spe-
cific volume (i.e., reciprocal of water density) through
the water column from the bottom to the sea surface,
variations in altimetric SSH should be related to those in
water density through the water column. Thus, combined
use of the Argo hydrographic profile data and altimetric
SSH data might produce a sufficiently fine resolution 3D
hydrographic dataset.

The altimetry-based gravest empirical mode (AGEM)
method has been applied to spatiotemporally sparse
hydrographic data to estimate variations of hydrographic
and current fields all over the world from SSH data (e.g.,
Sun and Watts 2001; Swart et al. 2010; Nagano et al.
2016a, b). Because AGEM-derived hydrographic fields
have the same horizontal resolution as that of the alti-
metric SSH data, they are sufficient to resolve regional
scale circulations and their temporal variations. Nagano
et al. (2016a, b) applied the AGEM method to hydro-
graphic data and altimetric SSH data, and estimated sec-
tions of potential temperature and salinity (therefore,
potential density) at a line from San Francisco to near
Japan via Hawaii across the interior region of the North
Pacific subtropical gyre and 3D hydrographic fields in the
western subarctic North Pacific.

In this study, we compute the 3D monthly potential tem-
perature, salinity, and therefore potential density fields from
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the AGEM for areas divided by applying cluster analysis to
Argo hydrographic profile data. We then estimate the verti-
cal velocity field by the P-vector inverse method and examine
the variations on seasonal to decadal timescales. In Sect. 2,
we describe Argo conductivity—temperature—depth (CTD)
profile data, altimetric SSH data, and the AGEM method. In
Sects. 3 and 4, we analyze the AGEM-derived potential den-
sity and the P-vector-based vertical velocity fields, focusing
on their variations related to the QD variations in the tropi-
cal and subtropical North Pacific and examine the impact of
the vertical velocity variation on the upper-ocean tempera-
ture through the vertical advection of the deep cold water.
Summary and conclusion are provided in Sect. 5.

2 Data and methods

2.1 Argo data

To construct AGEM fields, we used more than 7000
temperature and salinity profiles from the near sea sur-
face (10 dbar) to a pressure level of 1000 dbar (equivalent
to a depth of approximately 1000 m) collected for each
month by Argo floats (Advanced automatic QC Argo
Data version 1.2) from January 2001 to May 2017 in the
region of 10°S—25°N, 120°E-180°. A total of 90192 hydro-
graphic profiles were used in this study. The accuracies
of the Argo temperature, salinity, and pressure data were
reported to be £0.005 °C, £0.01 (psu), and 5 dbar by
Argo Science Team, respectively (Hosoda et al. 2008).
Following the Akima (1970) method, temperature and
salinity profiles were interpolated onto the vertical grids
at intervals of 10 dbar from 10 to 1000 dbar.

From the Argo temperature and salinity profile data,
we calculated spiciness parameter by using the polyno-
mial proposed by Flament (2002), which isopleths are
orthogonal to those of potential density on the tempera-
ture—salinity diagram. The orthogonal character of the
spiciness parameter permits us to identify water masses
in terms of potential density by the single parameter.
Because of this, spiciness analyses are useful to distin-
guish water masses, as demonstrated in the Kuroshio and
North Pacific subtropical gyre interior regions by Nagano
et al. (2009, 2010, 2012). We performed cluster analysis,
applying Ward’s criteria (e.g., Ward 1963; Anderberg
1973) to spiciness values averaged between isopycnal lay-
ers at intervals of 0.01 kgm™> from 24.06 to 26.46 oy and
changing the number of clusters from 3 to 9. The number
of clusters being set to 7, the classification based on the
cluster analysis is found to be roughly consistent with the
distributions of water masses in the western tropical and
subtropical Pacific such as the North/South Pacific Trop-
ical Waters and the North Pacific/Antarctic Intermediate
Waters (e.g., Fine et al. 1994; Kashino et al. 2011; Talley
et al. 2011). Thus, we classified Argo hydrographic pro-
files into 7 clusters.
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We divided the study region (10°S-25°N, 120°E-180°)
into pieces of 5° on each side based on this cluster analy-
sis result. Next, the dominant (the most frequent) cluster
of hydrographic profiles for each piece was determined.
Based on the dominant clusters in all pieces, the study
region was separated into 7 areas in individual months
except for January (6 areas) and February (5 areas). The
area division based on the cluster analysis is found to be
roughly consistent with the regional current and water
mass pathways (Fig. 2) (e.g., Reid 1997; Talley et al. 2011).
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Using the Argo temperature and salinity profiles, we
calculated the dynamic height with the reference pres-
sure level of 1000 dbar, Hctp, in meters as

1000 dbar
Hctp = - / sdp, 2)
& J10dbar

where p is pressure and § = p~! — p71(0,35,p) is the
specific volume anomaly relative to the specific volume
of seawater with temperature 0 °C and salinity 35 (e.g.,
Gill 1982) calculated from Argo CTD data. The vertical
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integral in Eq. (2) was discretized into the summation
of 10-dbar averaged § multiplied by the vertical interval
of 10 dbar from 10 to 1000 dbar. The error in the Argo-
derived Hctp was estimated to be smaller than 0.8 c¢m,
which is small compared with the altimetric SSH data
error (~3 cm).

2.2 Altimetric SSH data

We used daily altimetric absolute SSH (HayT) 1/4° x1/4°
gridded map data in the region of 10°S—-25°N, 120°E-180°
from January 1993 to May 2017. The absolute SSH data

are derived from the delayed-time updated SSH (Level 4)
anomaly data (DT_SLA-H) (Pujol and Mertz 2020) added
to the mean dynamic topography data (MDT_CNES-
CLS13) provided by Rio et al. (2011). Because the SSH
data are erroneous near the coasts, we did not use SSH
data in regions of water depths less than 1000 m to esti-
mate AGEM fields and AGEM-derived 3D potential tem-
perature and salinity fields.

Hppr is linearly correlated with the dynamic height
derived from Argo CTD data, i.e., Hcrp, with correla-
tion coefficients of 0.60-0.98 (Fig. 2), which are much
higher than the 1% significance level (i.e., within the 99%
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confidence limit) based on the Student’s ¢ test. There-
fore, we performed linear regressions and based on those
equations, converted values of Hap 1 to dynamic height,
which is required to construct 3D potential temperature
and salinity fields by the AGEM method described in the
next subsection. Note that the correlation coefficients in
the equatorial and South Pacific are relatively low possi-
bly because of high-frequency (time scales shorter than
days) variations by internal gravity waves or small scale
patchy water masses as observed by Richards et al. (2015)
and others, which cannot be fully resolved by the altimet-
ric SSH observations.

2.3 Area-wise AGEM method

Vertical structures of temperature and salinity are con-
sidered to be greatly different among the areas classified
by the cluster analysis and seasons. Thus, to consider
the spatial and seasonal variations, for each month and
each area, we constructed AGEM fields, i.e., the rela-
tions between hydrographic profiles and dynamic height,
Hcrtp, based on all the Argo CTD data in the area during
the month. The AGEM fields were smoothed for Hctp
by a Gaussian weight function with an e-folding scale
of 2.5 cm to remove noisy features due to the high-fre-
quency variability.

As an example, the AGEM potential temperature and
salinity fields down to a depth of 1000 m for 6 areas in
January are shown in Figs. 3a—f and 3g-1, respectively.
The main thermocline illustrated by the sharp poten-
tial temperature decrease from 25 °C to 8 °C commonly
deepens as the dynamic height Hcrp increases. Along
with the main thermocline, the salinity maximum layer
deepens with Hcrp although the salinity values are dif-
ferent for each area. Salinity in the areas in the Southern
Hemisphere (Fig. 3i, k) is higher than that in other areas
(Fig. 3g, h, j, 1), as illustrated by Reid (1997) and others.
Corresponding to the regional differences in salinity,
there are also regional variations in potential temperature
and density.

We identify differences in the vertical distributions of
potential temperature and salinity for the season (not
shown). In the upper layer shallower than 100 m, poten-
tial temperature, and salinity seasonally vary associated
with the development of the mixed layer in winter and
the stratification in summer. Because, in this AGEM esti-
mation, we used Argo hydrographic data during approxi-
mately 17 years from 2001 to 2017, the constructed
AGEM fields should account the interannual to decadal
variations. Such spatial and seasonal variations of the
AGEM fields beside the SSH variations are responsible
for those of the horizontal circulation and vertical cur-
rent and their interannual to decadal modulations, as
described in the following sections.
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By converting monthly altimetric SSH, Hay 1, to Hctp
and referring to the AGEM fields, we estimated the tem-
poral changes of the 3D fields of potential temperature
and salinity, and that of potential density on the hori-
zontal grids of 1/4° at the vertical grids of 10 m from
10 to 1000 m. Ranges of converted SSH, i.e., dynamic
height, variations in individual areas were within those
of the dynamic height of the AGEM fields (abscissa in
Fig. 3). This suggests that the AGEM-derived 3D poten-
tial temperature and salinity fields involve the seasonal to
decadal variations that are consistent with the SSH vari-
ations. To eliminate noisy features and to suppress artifi-
cial gaps between the areas in AGEM-derived potential
temperature and salinity fields for reasonable estimation
by the P-vector inverse method, spatial smoothing was
performed using a Gaussian filter with a damping scale of
150 km. For the following analysis, we used the smoothed
AGEM-derived potential temperature and salinity fields.
In Fig. 4, we show the root-mean-square (RMS) poten-
tial density differences between Argo and AGEM-derived
data at depths of 100, 200, 400, and 800 m; the RMS
potential density difference at each grid was computed by
using data collected in the month by Argo floats within
a radius of 1000 km. The RMS potential density differ-
ences are reduced with the depth from approximately
1.2 kgm ™2 at 100 m to 0.1 kgm ™2 at 800 m due to the
weakening of the variations on shorter timescales than
approximately 1 month. In addition, note that there are
no artificial spatial gaps in the RMS potential density
differences due to the area division based on the cluster
analysis.

Figure 5a shows the horizontal distribution of potential
density at a depth of 200 m averaged in all months dur-
ing the study period. In addition, according to Rintoul
et al. (2002) and Nagano et al. (2016b), we calculated the
streamfunction defined as

1 1000 dbar
X1000 = — / pddp. (3)
g J1odbar

The streamfunction in the mean state integrated from
the sea surface to a pressure level of 1000 dbar (approxi-
mately 1000 m depth) is illustrated by contours in Fig. 5a.
The estimated mean current circulations are similar to
those observed by past investigators (e.g., Nitani 1972;
Reid 1997; Qu et al. 1998; Qu and Lukas 2003). The North
Pacific subtropical and tropical gyres to the north and
south of approximately 13°N are characterized by high
and low potential density. Associated with the northward
sharp decrease in potential density at a latitudinal band
between 10°N and 15°N, there exists a strong current
toward the western boundary of the Pacific basin, i.e., the
North Equatorial Current (NEC), which consists of the



Nagano et al. Progress in Earth and Planetary Science (2022) 9:57

Page 8 of 26

C Area 3

o

Area 4 € Area 5 f

-

E
<
a
3
o
16 18 20 22 12 14 16 18 20 16 18 2016 18 20 16 18 20 22 24
Herp (M) Herp (M) Herp (M) Herp (M) Herp (M)
g Area 1 h Area 2 I Area 3 J Area 4 k Area 5 l Area 6
0 - . - . s i m —
2004 o - 36.0
E 400 r - r 35.5
< o4 -
a
o}
2 600 - F = 35.0
800 - - - 34.5
1000- L L L L L 34.0
16 18 20 22 12 14 16 18 20 16 18 20 16 18 2016 18 20 16 18 20 22 24
Herp (M) Herp (M) Hgrp (M) Herp (M) Herp (M) Herp (M)
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westward current of the southern part of the subtropical
gyre and that of the northern part of the tropical gyre.

The Mindanao Dome (MD) is produced in the region
off the eastern coast of the Mindanao Island (4°-10°N)
and the eastern edge of the circulation extends to the east
of 140°E in boreal spring (Fig. 5c) and to the east of 150°E
in boreal autumn (Fig. 5e). The remarkable seasonal
change of the circulation observed by Qu et al. (1998),
Qu and Lukas (2003), and others, and produced in a
numerical model by Tozuka et al. (2002) are reproduced
in this AGEM estimation.

2.4 P-vector inverse method

By using a unit vector P, called the perfect vector (P-vec-
tor); and the magnitude of the velocity vector y, called
the speed parameter, at location x = (x, y,z), Chu (1995,
2006) expressed Eq. (1) as v(x) = y P. Here, using poten-
tial density p and potential vorticity g = —f/p(dp/0z), P
is defined as

P = (P,,P,,P,) = (Vp xVq)/|IVp xVql. @)

Using the thermal wind equation, y at a depth level of zj
(k) is calculated as
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where (Auy, Avy) is the vertical shear vector of horizon-

Auk P(V) P(k) P(’")
Yk = 7 o o b (5) tal velocity relative to the reference depth level, z,. In this
Av P(V) P(k) P(r)
k Ly y oy study, we set z, to 1000 m.

Using the monthly 3D potential density fields esti-
mated by the area-wise AGEM method, we calculated
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the 3D velocity vector below a depth of 100 m, where
the AGEM-based potential density is reliable. Note that
we did not conduct the calculation in the equatorial
region between 3°S and 3°N because |f] is close to zero
approaching the equator. There are two necessary con-
ditions for the solution to exist. Isosurfaces of potential
density and those of potential vorticity are not parallel
(Vp xVgq #0), and the denominator of Eq. (5) does not
vanish (for the existence of the P-spiral). By examining
the two necessary conditions for the existence of the
absolute velocity vector, we can remove inappropriate
solutions. In this study, we did not calculate the P-vec-
tor and the speed parameter in the locations where
these necessary conditions are not satisfied. The neces-
sary conditions are satisfied in areas exceeding 86% of
the calculation region every month. Values of P and y
in areas with no data were interpolated with a spatial
Gaussian weight function with a horizontal e-folding
scale of 150 km, which is much smaller than spatial
scales of the phenomena of our interests (> 500 km).

The estimation of the 3D absolute current velocity
field was conducted under some assumptions. In par-
ticular, the neglect of relative vorticity may produce
significant error in the vertical velocity. Taking the
curl of the momentum equation and using the con-
tinuity equation for incompressible fluid, we obtain
ow/dz = (1/f)(d¢/dt), where ¢ = dv/dx — du/dy is
relative vorticity (e.g., Gill 1982). The horizontal veloc-
ity is no more than 50 cms~! in the NEC and the hori-
zontal scale of the variation is larger than 1000 km, so
that the magnitude of ¢ is order of 1077 s~! except in
the western boundary region. Taking into account the
vertical and time scales of the w variation, 100 m and
1 month, respectively, the contribution of relative vor-
ticity except in the western boundary region is less
than 107® ms~!, which is smaller than the w variation.
In the western boundary region, the error larger than
10~®ms~!is considered to be included in the estimated
vertical velocity data.

By using the thermal wind equation, the vor-
tex-stretching  equation, v = (f/B)ow/dz, gives
pd’w/3z> = —(Bg/f*)dp/dx, where B is the latitudi-
nal variation of f (Killworth 1983). On the basis of this
equation, the error of the estimated vertical velocity
attributed to the potential density error can be evalu-
ated. The RMS difference between Argo and AGEM-
derived potential density data in layers deeper than
the main thermocline, where variations possibly due
to high-frequency internal gravity waves are relatively
small, may be regarded as the AGEM potential den-
sity error. If we set the error of the potential density to
0.1 kgm ™3, we evaluate the error of the w variation with
a horizontal scale of 1000 km and a vertical scale of
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100 m to be 1077 ms~!. The error is one order of mag-
nitude smaller than the variation in w on the seasonal
and longer time scales, as will be discussed in the fol-
lowing sections.

To examine the characteristics of interannual and
longer timescale variations in vertical velocity, we
smoothed the data by a 15-month running mean filter.
We decomposed the interannual vertical velocity vari-
ation by EOF modes to reveal regional-scale variation
patterns, as the EOF mode decomposition is helpful to
examine the spatiotemporal characteristics of the varia-
tions (e.g., Thomson and Emery 2014). Based on the EOF
mode patterns, we determine the upwelling region where
we compute volume and temperature transports.

2.5 SST data

To examine the impact of vertical velocity on upper-
ocean (< 100 m depth) temperature in the region east
of the Philippines, we used monthly US National Oce-
anic and Atmospheric Administration (NOAA) Opti-
mum Interpolation Sea Surface Temperature (SST) V2
(NOAA_OI_SST_V2) data (Reynolds et al. 2002) from
January 1993 to May 2017 in the region of 10°S—25°N,
120°E-180°. We smoothed the data by a 15-month run-
ning mean filter to eliminate the seasonal variation and
evaluated the temporal tendency of the temperature by
taking the smoothed data to the water temperature aver-
aged in the top 100 m.

2.6 Climate indices

We used the Nino 3.4 index from January 1993 to
December 2016, which is defined as the monthly mean
SST anomaly from the seasonal variation in the central
and eastern equatorial region of 5°N-5°S, 170°W-120°W
as an El Nifio—Southern Oscillation (ENSO) index by
Trenberth (1997). Anomalously high and low SST events
in the central and eastern equatorial Pacific, i.e., El Nifio
and La Nina events, are indicated by the Nifo 3.4 index.
In addition, the PDO index from January 1993 to Decem-
ber 2016, defined as the time coefficient of the first EOF
mode of SST in the region poleward of 20°N for the
period from 1900 to 1993 (Mantua et al. 1997), was used
to calculate the regression slope between the PDO index
and SST in the Pacific (Fig. 1) and to conduct comparison
with the time series of the vertical current transports in
the western tropical North Pacific.

3 Results

3.1 Mean circulation and vertical velocity fields

The area-wise AGEM estimation produced the hori-
zontal upper-ocean circulations in the western parts of
the North Pacific subtropical gyre and the North/South



Nagano et al. Progress in Earth and Planetary Science (2022) 9:57

Pacific tropical gyres, as illustrated by the streamfunc-
tion in Fig. 5a. Feeding the subtropical gyre interior
southward flow, the westward flowing NEC is strength-
ened toward the western boundary from 148°E to 135°E
(Fig. 5a). The cyclonic circulation of the MD centered
around 8°N, 130°E is separated from the eastern tropi-
cal cyclonic circulation east of 165°E. Associated with the
westward shrinkage of the MD in boreal winter (Fig. 5b)
and spring (Fig. 5¢), the westward current of the southern
part of the NEC around a latitude of 8°N is attenuated in
longitudes between 145°E and 168°E as illustrated by the
widening and undulation of the x1000 contours. When the
MD is weak, the NEC approaches the North Equatorial
Countercurrent (NECC), and it generates wavy patterns
between the currents. The wavy patterns may be attrib-
uted to fluctuations due to the barotropic instability (e.g.,
Pedlosky 1987a), which can occur in the enhanced hori-
zontal shear between the opposing currents, as observed
in the central and eastern equatorial regions (e.g., Tanaka
and Hibiya 2019). In boreal summer (Fig. 5d) and autumn
(Fig. 5e), the MD extends eastward and strengthens the
NEC.

Upward (positive) velocities of approximately
1x107® ms~! are found in a part of the NEC, 10-16°N,
140°E-180°, in layers of 100 m (Fig. 6a) and 200 m
(Fig. 6b) depths. This upwelling region is located in the
boundary between the subtropical and tropical gyres,
where the meridional gradients of the potential density
and streamfunction are remarkable (Fig. 5a). Meanwhile,
at a depth of 400 m, there is no systematic pattern of ver-
tical velocity. As indicated by the vertical velocity maps at
100 m depth in Fig. 7, the upward velocity is extensively
observed in the region north of approximately 10°N,
mostly in the subtropical gyre region, in boreal winter
(Fig. 7a) and spring (Fig. 7b) but is limited in the latitudes
south of 15°N in summer (Fig. 7c) and autumn (Fig. 7d).
The magnitudes of the vertical velocity tend to be ampli-
fied in low latitudes near the western boundary regions
because of y~f ! as derived from Eq. (5). Although val-
ues of vertical velocity at individual grids are similar to
or a little larger than the error (107® ms~1) estimated in
Sect. 2.4, the error of mean value across such a regional
scale (> 2000 km) is evaluated to be 1078 ms™1. There-
fore, we focus on the variations with spatial scales equiv-
alent to or larger than the upwelling region in the NEC.
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In Sect. 3.3, we will discuss the vertical volume and tem-
perature transports across the upwelling region.

The seasonal changes in vertical velocity are also iden-
tifiable in the zonal and meridional sections; for example,
we show zonal sections at the latitude of 12.6°N (Fig. 8)
and meridional sections at the longitude of 145.4°E
(Fig. 9). The upward and downward velocities were pro-
duced in a layer down to a depth of approximately 350 m
in association with the undulation of the isopycnal sur-
faces of 25.0-26.5 oy in the longitudinal band between
140°E and 170°E. The intensity of the vertical veloc-
ity is greatest in boreal winter (Figs. 8b, 9b) and spring
(Figs. 8c, 9¢). In the region from 140°E to 160°E, the
upward velocity appears to be stronger than the down-
ward velocity; particularly, in the layer shallower than
150 m, upward velocity is predominant (Fig. 8).

The considerably large vertical velocity
(> 5x107® ms™1) is generated in winter and spring
around a latitude of 12°N, where the main pycnocline
sharply shoals toward the equator along with the strongly
baroclinic NEC, as illustrated in Fig. 9b, c. The strong ver-
tical velocity in boreal winter to spring is considered to
be driven by the winter intensification of the NEC, which
may be partly attributed to the variation of the subtropi-
cal gyre interior flow volume transport in a potential
density layer of 25.0-25.5 oy reported by Nagano et al.
(2012, 2016a). Despite the great seasonal change in a
layer between 150 and 350 m depths, the seasonal change
in the shallower layer around a latitude of 10°N between
140°E and 180° is remarkably small. Beneath a depth of
approximately 350 m, where the vertical potential density
gradients are less than those in the overlying layer, the
magnitudes of the vertical velocity are unsubstantial.

3.2 Interannual and longer timescale variations in vertical
velocity

The vertical velocity field varies on various time scales
longer than 1 year. As described in Sect. 2.4, we obtained
the interannual variation in vertical velocity by a
15-month running mean filter and calculated the EOF
modes. The percentages of variance explained by the first
and second EOF modes are 66% and 11%, respectively,
and the sum of these modes explains 77% of the total var-
iance. Each higher EOF mode accounts for no more than
3% of the total variance. Therefore, the leading two EOF

(See figure on next page.)

Fig. 6 Horizontal distribution of vertical velocity w at depths of a 100, b 200, and ¢ 300 m. Vertical velocity was estimated by the P-vector inverse
method from the AGEM-derived potential density field. Positive values show upward velocity. Contour intervals are 1x 10~% m s~ . Gray shadings
indicate regions of no data because of small values of the Coriolis parameter and shallow water depth. Zonal and meridional thin solid lines denote
locations of the w sections shown in Figs. 8a and 9a. Dotted square delineates the region where Nagano et al. (2016a) studied the QD variation in
SST. In the solid square, vertical volume and temperature transports and SST tendency due to the vertical current variation were calculated as in

Fig. 14
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modes can explain most of the interannual to decadal
vertical velocity variations.

The horizontal patterns of the first EOF mode
at depths of 100 and 200 m are shown in Fig. 10a, b,
respectively. At 100 m depth, apart from the west-
ern boundary region, the first EOF mode varies with
a zonal scale exceeding 2000 km such as in the nega-
tive loading region of 10°-15°N, 150°E-180° (Fig. 10a),
where the mean vertical velocity is largely upward, con-
taining smaller scale (~1000 km) variations (Fig. 6a).
The positive and negative alternating large loadings are
present to the east of Mindanao Island (3°-10°N, 125°
—140°E), but, because relative vorticity was not taken
into account, the vertical velocity estimated in the
western boundary current region may be unreliable.

At a depth of 200 m (Fig. 10b), remarkably large
positive and negative loadings are aligned alterna-
tively along a latitude of 12°N with a zonal scale of
approximately 500 km. The zonal scale of the vertical

velocity variation at this depth is smaller than that at
100 m depth. The area of either sign of the loading at
200 m depth appears not to be dominant in the region
10°-15°N, 150°E-180°. In both zonal (Fig. 10c) and
meridional (Fig. 10d) sections of the EOF mode, the
remarkable variation is observed down to a depth of
approximately 350 m, below which vertical gradient of
potential density is small and the vertical velocity vari-
ation is weak. Therefore, the first EOF mode variation
of the vertical velocity is responsible for the intensity
change of the upward current above approximately
350 m depth in the region of 10°-17°N, 140°E-180°
shown in Figs. 6, 8a, and 9a.

The second EOF mode of the vertical velocity at a depth
of 100 m has a large negative loading in a region similar
to the first EOF mode but is limited within the region of
10°-15°N, 155°E-180° (Fig. 11a). Regions equatorward of
10°N and 10°S show mostly positive values. At a depth
of 200 m (Fig. 11b), positive and negative loadings with
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spatial scales smaller than approximately 500 km are spo-
radically distributed in the region south of 15°N. The spa-
tial patterns of the vertical velocity are identifiable in the
zonal and meridional sections down to a depth of 290 m,
but in layers deeper than 300 m, we find noisy features
with vertical scales of 10-20 m (Fig. 11c, d).

The time coefficient of the first EOF mode (black
solid line in Fig. 12a) has peaks several months after
peaks of the Nifio 3.4 index (gray solid line), i.e., El
Nifio events, as in 1997-1998, 2002-2003, 2004—-2005,

2009-2010, and 2015-2016. Similarly, troughs of the
time coefficients are found after La Nifia events such as
in 1995-1996, 1998-2001, 2007-2008, and 2010-2011.
The time-lagged correlation coefficient between the
first EOF mode and the Nifo 3.4 index shows the maxi-
mum of 0.52 with a lag of 8 months (black solid line in
Fig. 13, Table 1). The maximum correlation coefficient
is higher than the 5% significance level (i.e., within the
95% confidence limit) based on the Student’s t test.
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Therefore, the first EOF mode variation is significantly
related to the ENSO.

Peaks of the time coefficient of the second EOF mode
are found almost simultaneously with those of the
Nino 3.4 index (Fig. 12b). With a lag of 1 month, the
correlation coefficient reached the maximum of 0.74,
which is higher than the 5% significance level and is
therefore statistically significant (black dashed line in
Fig. 13, Table 1). The second EOF mode variation is
excited by the ENSO before the first EOF mode varia-
tion and is more highly correlated with the ENSO than
the first EOF mode variation. The first EOF mode lags
9 months behind the second EOF mode with the maxi-
mum correlation coefficient of 0.71, which is much

higher than the 5% significance level and is statistically
significant (pink solid line in Fig. 13).

3.3 Impacts of vertical velocity variation on SST
In this subsection, we examined the impact of the inter-
annual and longer timescale variations in the vertical
velocity on the upper-ocean temperature in the region
10-17°N, 140°E-180°, referred to as Region A in what
follows, where the vertical velocity at 100 m depth is
prominently upward on average (shown by a solid square
in Fig. 6a) and quite variable (Fig. 10a).

We calculated vertical volume transport (V,) and tem-
perature transport (F;) at a depth of 100 m in Region A,
which are defined as
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Ve = / /A w dxdy (6)

F, = pC, //A@w dxdy, (7)

where C,, is the specific heat capacity of seawater at con-
stant pressure and 6 is the potential temperature. pC, is
set t03.99x10°J K~ ' m~3,

Time series of the vertical volume and temperature
transports are shown by thick black and green lines
in Fig. 14a, respectively. Both modes of transports in
Region A are always positive, i.e., upward, and fluctu-
ates inversely related to the PDO and Nifo 3.4 indices
with correlation coefficients of —0.80 and —0.79, respec-
tively (Table 1), being consistent with the EOF analysis
in Sect. 3.2. In addition, the transport is relatively low
(high) due to frequent occurrences of El Nifio (La Nifia)

and

events during periods such as 1994-1998 and 2002-2005
(1999-2001 and 2007-2014). This relationship is clearly
shown by the QD component of the Nifio 3.4 index
smoothed by a 37-month running mean filter (Hasegawa
et al. 2013) (thin magenta line in Fig. 14a), which is
inversely related to the vertical volume transport (thin
black line in Fig. 14a).

When the volume transport reached the maximum
over 1.5 Sv in summer (July) of the 2008 La Nifa
year (downward arrow in Fig. 14a), the upward cur-
rent velocity exceeded 1x107® ms~! in the region
from 150°E to 180° around 12°N (Fig. 15b). The strong
upwelling was driven principally by the southward
current greater than 1 cms™! at 100 m depth (con-
tours in Fig. 15b) existing above the isopycnal zone of
25.0-25.5 oy at 200 m depth (vertical line mesh), which
impinged on the slope of the isopycnals shoaling south-
ward. In this period, the southward current in the isop-
ycnal layer of 25.0-25.5 oy was mostly distributed in the
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subtropical gyre interior region (10°-25°N, 145°E-180°)
(Fig. 16b). The westward velocity of the NEC in this
isopycnal layer was higher than 15 cms™! to the east of
160°E.

Meanwhile, in the summer (July) of the 1997 El Niiio
year (upward arrow in Fig. 14a), the vertical velocity
in Region A was weakly upward or downward, and the
corresponding southward current was observed only in
a limited region centered around 14°N, 175°E (Fig. 15a).
The area of the subtropical gyre interior southward
current in the isopycnal layer of 25.0-25.5 oy and the
intensity of the NEC are both smaller than those in the
2008 summer (Fig. 16a). The QD variations in the verti-
cal velocity just beneath a depth of 100 m are expected
to contribute to the QD variation in SST in the western
tropical North Pacific related to the PDO as illustrated
in Fig. 1.

Because the water temperature and vertical velocity
at 100 m depth are not horizontally uniform, the tem-
perature of upwelling water is not necessarily identical
to the area-averaged temperature within Region A. The
water temperature of water mass transported by the
vertical current can be examined by the volume trans-
port-weighted temperature (®) at a depth of 100 m
defined as
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Fig. 13 Time-lagged correlation coefficients of the first (black solid
line) and second (black dashed line) EOF modes of vertical velocity w
with respect to Nifio 3.4 index and that between the first and second
EOF modes (pink solid line). The time series were smoothed by a
15-month running mean filter. The positive time lag with respect to
Nifio 3.4 index indicates that the EOF modes of vertical velocity lag
the Niflo 3.4 index. The positive time lag between the EOF modes
denotes that the first mode lags the second mode. The vertical solid
line denotes the zero time lag. The horizontal dotted and solid lines
show the 95% confidence interval (£0.46) and zero correlation,
respectively

Table 1 Correlation coefficients of the first and second EOF
mode time coefficients of vertical velocity w, vertical volume
transport (V;), and vertical temperature transport (F,) at 100 m
depth with respect to Nifio 3.4 index; and those of V,, F,, the
temperature tendency (37T,,/dt) and temperature variation (7},) in
the top 100 m layer in Region A with respect to PDO index

Climate index w-related variable Correlation Time lag
coefficient (months)
Nifio 3.4 EOFT_w 0.52 8
EOF2_w 0.74 1
7 —0.79 0
F; —0.79 0
PDO Vv —0.80 0
Fr —0.80 0
AT, /ot 063 0
T —065 —34

Positive time lag indicates that the w-related variables lag behind the climate
index
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oT, /ot (°C/month)

F, phase with the Nifio 3.4 index (magenta line in Fig. 14b)

- pCyV;' (8)  because of the anomalously warm (cold) water in the

upper layer of the western Pacific warm pool in La Nifa

The volume transport-weighted temperature (gray solid  (El Nifio). Therefore, the increase in ® just below a depth
line in Fig. 14b) varies on the QD timescale in opposite  of 100 m in La Nifia years acts to reduce the cooling effect
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Fig. 15 Horizontal distributions of smoothed upward velocity w
(ms~', color shading) and northward velocity v (cm s~! contours)
at a depth of 100 min a July 1997 and b July 2008, i.e., periods of
the weak and strong upward transports in Region A (solid square),
which are denoted by upward and downward arrows in Fig. 14a,
respectively. Data were smoothed by a 15-month running mean filter.
Contour intervals of vare 1 cm s~ and cross line meshing indicates
northward velocity. Vertical line meshing illustrates the isopycnal
zone of at a depth of 200 m

of the enhancement of the upward velocity. Because of
the nonuniformity of w, ® is approximately 0.1 °C higher
than the area-averaged temperature, T100 (gray dashed
line in Fig. 14b). However, note that, as will be shown
below, the volume transport-weighted temperature vari-
ation is much less effective in the upper-ocean tempera-
ture variation than the upward current variation.

The upward volume and temperature transports in
Region A decrease with the depth because, in layers
deeper than 150 m, upward currents are compensated
by similar magnitude downward currents (Fig. 8). For
example, the volume and temperature transports at
200 m depth are mostly positive (upward) but smaller
than 0.8 Sv and 50 TW, respectively. Their correla-
tion coefficients with respect to the Nifno 3.4 index are
—0.44, absolute values of which are smaller than the 5%
significance level.

To examine the impact of the vertical velocity and
temperature variations at 100 m depth on the temper-
ature in the overlying layer, we estimate temperature

a 25.0-25.5¢,, July 1997
Il L 1 L

Latitude

160°E 180°
Longitude
b 25.0-25.56,, July 2008
2 * . * 10
o =

Latitude

161)°E 180°
Longitude
Fig. 16 Distributions of eastward velocity u (cm s~ contours)
and northward velocity v (cm s~ color shading) averaged within
isopycnal layers of 25.0 and 25.5 ag in @ July 1997 and b July 2008,
i.e, periods of the weak and strong upward transports in Region A
(solid square), which are denoted by upward and downward arrows
in Fig. 144, respectively. Data were smoothed by a 15-month running
mean filter. Contour intervals of u are 5 cm s~ 'and dashed contours

indicate negative values (westward velocity)

tendency (37, /0t) averaged in the top 100 m due to the
vertical velocity variation, w, i.e., vertical advection of
temperature (wd 7T /9z), by the following formula:

aT, w(Ty — T
87’:‘/ _ _ ( uh ) ) (9)
u
where h, is the depth of the uppermost level of the esti-
mation of w (i.e, 100 m), Ty is the potential tempera-
ture just below 100 m depth, and T}, is the upper-ocean
(< 100 m depth) temperature. Tq and T, are set to the
AGEM-derived potential temperature at the 110 m depth
and monthly gridded value of SST prepared by Reynolds
et al. (2002), respectively. We assigned to w the time-
varying vertical velocity at a depth of 100 m derived from
the P-vector inverse method. When the vertical velocity
is negative (or downward), w is set to zero, i.e., w = 0.
The temperature tendency, 97, /dt, based on Eq. (9)
and averaged in Region A is shown in Fig. 14c. The QD
variability (red line in Fig. 14c) is remarkable and is almost
in phase with the PDO index (cyan line in Fig. 14b) with
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a significant correlation coefficient of 0.63 (Table 1).
Associated with the enhancement of the vertical volume
transport (Fig. 14a), the temperature tendency has sub-
stantial troughs in 2000, 2009, and 2014, which occur
6-8 years after the peaks of the volume transport in the
isopycnal layer between 25.0 and 25.5 oy in the subtropi-
cal gyre interior region in 1994, 2001, and 2006 estimated
by Nagano et al. (2016a). The minimum value of the tem-
perature tendency (—0.04 °C month™!) in the spring of
2000 is approximately 30% of the annual mean cooling
rates of the mixed layer due to the vertical entrainment
and the net surface heat flux, which were individually
estimated to be approximately —0.13 °C month™! by Qu
(2003); thus, the variation in the upward advection of the
deep cold water due to the vertical velocity variation has
a critical influence on the QD upper-ocean temperature
variation.

4 Discussion
4.1 Relation of the upward current cooling to the PDO
The temperature variation obtained by temporally inte-
grating the anomaly of 97T, /0t, ie., T, = [9dT,,/0¢tds,
exhibits a smooth QD variation with peaks in 1999 and
2006 (blue line in Fig. 14c). These peaks largely coincide
with those of the QD SST variation in the North Pacific
warm pool region calculated by Nagano et al. (2016a) in
the region marked by the dotted square (Figs. 6, 7, 10a,
11a) and the troughs of the QD variation in the net heat
transport examined by Nagano et al. (2016a). The peak
values of T, reach or exceed 0.2 °C, which is equivalent
to the regression slope in the western tropical North
Pacific with a lag of 3 years as illustrated in Fig. 1d. T7,
inversely varies leading 34 months to the PDO index with
a significant correlation coefficient of —0.65 (Table 1). The
leading time (34 months) is a little longer than a leading
time (2 years) of the variation in coral nitrogen isotope
concentrations in Tatsukushi Bay, Japan, a possible proxy
for the surface Kuroshio water temperature, to the PDO
index reported based on 36-year time series by Yamazaki
et al. (2016). The discrepancy (8 months) between the
time leads of this study and that of Yamazaki et al. (2016)
can be explained by the advection time of approximately
9 months evaluated by Nagano et al. (2014, 2017) from
the northward propagation of sea surface salinity varia-
tion along the western subtropical North Pacific.
Therefore, 6—8 years after the variation in the volume
transport in the isopycnal layer of 25.0-25.5 oy in the
subtropical gyre (Nagano et al. 2016a), the vertical vol-
ume transport in the region east of the Philippines (10°
—17°N, 140°E-180°) changes and it modifies the upper-
ocean temperature through the vertical advection of the
cold deep water to the upper ocean. Considering the
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horizontal advection time scale of water masses in the
subtropical gyre interior region (~10 years) (e.g., Sasaki
et al. 2010), the time lag between the variations in the
vertical volume transport to the east of the Philippines
and the volume transport in an isopycnal layer of 25.0—
25.5 0y (6—8 years) appears to be reasonable.

The relations of the upwelling strength in the NEC to
the positive and negative phases of the PDO are summa-
rized in Fig. 17a, b, respectively. In the positive phase of
the PDO, the subtropical gyre interior flow in the isop-
ycnal layer between 25.0 and 25.5 oy is strengthened
(Fig. 17a). The strengthened interior flow disturbance
proceeds southwestward and, 6-8 years after, reaches the
east of the Philippines, and cools the upper ocean in the
western tropical North Pacific (Fig. 17b), leading to the
negative phase of the PDO.

The excessive accumulated heat in the western tropical
North Pacific during approximately 4 years by the attenu-
ation of the vertical velocity is considered to be advected
northward by the Kuroshio (Fig. 17a) as inferred from
the extension of the positive regression slope (high SST
after the positive PDO phase) in the western subtropical
Pacific (Fig. 1d). Note that the high SST anomaly is attrib-
utable not to the positive PDO phase 3—4 years before
but to the negative PDO phase approximately 10 years
before. The anomalously warm water is transported
to the midlatitude region of the North Pacific by the
Kuroshio and the Kuroshio Extension, yielding the next
negative phase of the PDO. The strengthening (weaken-
ing) of the upward transport in Region A in the negative
(positive) phase of the PDO is critically related to the
reversal of the PDO phase. Note that, in the region east
of the Philippines, there are mixed layer depth and bar-
rier layer thickness variations (Sato et al. 2004; Nagano
et al. 2018), which may change responses of SST to the
surface heat flux and vertical current variations but can-
not be accounted in this study. In particular, it is unclear
how the barrier layer thickness varies and affects the SST
variation. Future comprehensive studies are necessary to
better understand the SST variation in the western North
Pacific related to the reversal of the PDO phase.

4.2 Effect of vertical eddy diffusion

The upward transport in Region A can be attributed to
both the adiabatic and diabatic processes. The adiabatic
process contributes to the upward transport through the
upward displacement of the main pycnocline (around
10°N latitude) associated with the intensification of the
northern part of the NEC. On the other hand, the isop-
ycnal layer of 25.0-25.5 oy, where Nagano et al. (2016a)
found the QD volume transport variation in the subtropi-
cal gyre interior region, does not reach the mixed layer
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base (< 100 m depth) (de Boyer Montégut et al. 2004)
in Region A, although the upward velocity in this region
extends from 250 to 100 m in all seasons (Figs. 8, 9). The
mechanism of the water mass transport across the isop-
ycnal surfaces, i.e., the diabatic process, is considered
to be of importance in the process that the subsurface
water-mass volume fluctuations are entrained into the
sea surface mixed layer.

In this subsection, we examine whether or not the
eddy diffusive mechanism is important, by estimating

the order of the magnitude of diapycnal eddy diffusivity
from the AGEM potential density and vertical velocity.
Assuming that the vertical advection is balanced with the
diapycnal diffusion:

8%p

ap _
922’

=K
waz P

where K, is diapycnal eddy diffusivity (e.g., Pedlosky
1987b), we can estimate K,. On the basis of the AGEM-
based potential density, we set dp/dz and 8%p/dz* to
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1.0 x 1072 kgm™* and 1.0 x 107* kg m ™, respectively,
and for w= 1.0 x 107® ms~!, K, is estimated to be
1.0 x 10~* m?s~. Considering that the isopycnals can
move adiabatically in the real ocean, this value is consid-
ered to be the upper limit of the diffusivity that should be
observed.

Whalen et al. (2012) estimated global distribution of
diapycnal eddy diffusivity based on Argo hydrographic
data obtained in the period from 2006 to 2011, during
which La Nifna events frequently occurred. The estimated
value of K, in the present study is of the same order of
magnitude as globally averaged diffusivity at a depth
of 200 m (Fig. S.5a of Whalen et al. 2012) calculated by
Whalen et al. (2012). Note that the vertical transports are
relatively large (black and green lines in Fig. 14a) in Wha-
len et al’s study period (2011-2016). There exists notice-
ably enhanced diffusivity in a layer from 250 to 500 m
depths over the rough ocean bottom in the western tropi-
cal North Pacific (Figs. 2a and S.1 of Whalen et al. 2012),
which covers Region A. Even though the diapycnal pro-
cess is not accounted for in the P-vector inverse method,
the enhancement of the eddy diffusivity in La Nifa con-
dition by the rough bottom topography is consistent with
the La Nifa-related strengthening of the vertical velocity
estimated in this study. Future observations of vertical
eddy diffusion by microstructure profilers in addition to
CTD data in both phases of the ENSO may be useful to
clarify the relationship between the vertical velocity in
Region A and the bottom topography.

4.3 Vertical currents by the Ekman current divergence
near sea surface

Note that the vertical currents near the sea surface can-
not be studied by the P-vector method because they are
considered to be strongly affected by the Ekman currents.
Near the sea surface in the tropical (south of 13°N) and
subtropical (north of 13°N) western North Pacific, the
wind-driven Ekman currents are divergent and conver-
gent, causing upwelling and downwelling, respectively
(e.g., Fig. 7 of Tozuka et al. 2002). The upward velocity
induced by the Ekman currents is particularly strong in
winter and reaches the order of 107® ms~!. Although the
thickness of the Ekman layer is approximately 20 m even
in the tropical North Pacific (Fig. 4 of Ralph and Niiler
1999), which is remarkably less than 100 m depth, the
upward current at 100 m depth in the western tropical
region may be strengthened by the Ekman upwelling.

5 Conclusions

Prior to the negative (positive) phase of the PDO, the SST
in the western tropical North Pacific is heated (cooled).
The SST variation is suggested to be related to the QD-
timescale (8—12 years) variation in the volume transport
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in the subsurface layer of 25.0-25.5 oy (Nagano et al.
2016a). To reveal where the QD variation in the volume
transport in the subsurface layer emerges in the western
tropical North Pacific and how great the impact of the
variation on the upper-ocean temperature is, we exam-
ined the spatiotemporal characteristics of the 3D field
of vertical velocity. By the area-wise AGEM method,
we estimated 3D potential temperature and salinity
fields in the region of 10°S—25°N, 120°E-180° during the
period from January 2001 to May 2017 using altimetric
SSH data and CTD profile data collected by Argo floats.
The 3D potential density field was computed from the
AGEM-derived potential temperature and salinity. The
streamfunction in the top 1000 dbar calculated from the
AGEM-derived potential density is consistent with previ-
ous studies.

Applying the P-vector inverse method to the 3D
AGEM-derived potential density field, we obtained the
time-varying 3D vertical velocity field. Vertical velocity
is observed in a layer down to a depth of approximately
350 m. Associated with the seasonal westward shrink-
age of the MD in boreal winter and spring, the westward
flowing NEC approaches to the NECC and wavy patterns
of the streamfunction and corresponding vertical velocity
fluctuations are generated between the currents possibly
through the barotropic instability due to the enhanced
horizontal shear. Furthermore, the regional-scale upward
current was found in the NEC, 10°-17°N, 140°E-180°,
called Region A in this paper. In this region, the south-
ward shoaling of the isopycnal surfaces between 25.0 and
26.5 0p produces a mean substantial upward velocity of
approximately 1x107® ms~! at a depth of 100 m depth.
Possibly in addition to the Ekman upwelling in the west-
ern tropical North Pacific, the upward current driven by
the southward current impinged on the isopycnal slope
advects the deep cold water to the upper ocean.

To examine the spatiotemporal characteristics, the
interannual to decadal variations in the vertical veloc-
ity were decomposed by the EOFs. The first and second
EOF modes represent the ENSO-timescale enhance-
ment (attenuation) of the upward velocity at 100 m depth
in the region of 10°-17°N, 140°E-180° (Region A) with
peaks approximately 8 and 1 months after La Nina (El
Nifo) events, explaining 66% and 11% of the total vari-
ance, respectively. Furthermore, due to frequent occur-
rences of La Nina (El Nifno) events, the upward velocity
was observed to vary on the longer timescale, i.e., the QD
timescale. The volume and temperature transports of the
vertical velocity in the region of 10°-17°N, 140°E-180°
vary on the QD timescale. The maxima of the volume
and temperature transports are estimated to be approxi-
mately 1.5 Sv and 150 TW in the La Nifia year of 2008,
respectively. At this time, the upward current reached the
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maximum exceeding 1x107® ms~! in Region A, being
forced by the southward current greater than 1 cms™!
impinged on the sloping isopycnal surfaces.

The cooling effect of the upper ocean (< 100 m depth)
due to the upward current advection was examined. The
attenuation (intensification) of the upward transport
in the positive (negative) phase of the PDO keeps the
upper-ocean temperature tendency, i.e., temporal change
in the temperature, anomalously high (low) approxi-
mately 6-—8 years after the decrease (increase) in the vol-
ume transport in an isopycnal layer of 25.0-25.5 oy in the
subtropical gyre interior region, as reported by Nagano
et al. (2016a), and increase (decrease) SST in the west-
ern tropical North Pacific, as schematically illustrated,
respectively, for the positive and negative PDO phases
in Fig. 17. The decreases in the vertical volume transport
cause the upper-ocean temperature increase by 0.2 °C or
greater, which is equivalent to the SST change associated
with the PDO. The QD variation in the vertical velocity
in Region A can be critically related to the reversal of the
PDO phase through the heat transport of the Kuroshio.
This result, as well as atmospheric teleconnections from
the tropical region (Alexander et al. 2002), suggests that
there is a significant oceanic link connecting the mid-
and high-latitude regions to the tropical region.
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