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Abstract

The North Pacific subtropical gyre is a large-scale anticyclonic surface ocean circu-
lation approximately between 15°N and 45°N and is basically driven by surface winds
with the northeasterly trade winds to the south and the westerlies to the north. There are
two landmark theories for a wind-driven ocean circulation. One is the Sverdrup theory
for the two-dimensional barotropic motion of the depth-integrated circulation, and the
other is the ventilated thermocline theory for the baroclinic vertical structure of the
wind-driven circulation. These theories have motivated many observational and numeri-
cal model studies to examine the transport and structure of the ocean circulation and the
ventilation of the thermocline from a surface mixed layer, which have advanced greatly
our understanding of the wind-driven circulation. However, they have not described the
subtropical gyre in detail from observations based on comparisons with the theories. We
still have not understood satisfactorily the horizontal and vertical structures of the actual
ocean circulation and their temporal changes. This study has investigated the mean
structures and temporal variations of the depth-integrated circulation and vertical struc-
tures of the North Pacific subtropical gyre using Argo gridded datasets, atmospheric rea-
nalysis products and satellite observations.

In Chapter 2, the mean structures of the subtropical gyre have been investigated us-
ing Argo data and several wind stress products, with a particular focus on the gyre axis,
which is defined as a large-scale boundary between eastward motions on the northern
part of the subtropical gyre and westward motions on the southern part. Structures of the
gyre axis are different between the regions east and west of about 180°. In the west, the
gyre axis is affected by the strong Kuroshio Extension jet, showing the discrepancy with

features expected from the Sverdrup theory and the ventilated thermocline theory. In the



east, depth-integrated geostrophic circulation displays the two gyre axes about 25°N and
30°N in association with a local cyclonic wind stress curl anomaly. It is expected from
the Sverdrup balance that the two gyre axes would extend to the west across the subtrop-
ical gyre, but the actual geostrophic circulation exhibits only one gyre axis around 30°N
to the west.

The vertical structure of the subtropical gyre exhibits a remarkable northward shift
of the gyre axis with depth in the east, consistent with the southward decrease in the
thickness of density layers around the gyre axis, while the northward shift is less obvious
in the west where the gyre axis lies along the southern flank of the Kuroshio Extension.
The gyre shift in the east is relatively smaller in the central mode water (CMW) layer due
to the horizontal uniformity of the CMW, suggesting the dynamical effect of the CMW
on large-scale circulations of the subtropical gyre.

In Chapter 3, using two different Argo datasets and two wind stress products, | have
investigated the temporal variations of the depth-integrated circulation and the vertical
structures of the subtropical gyre. The depth-integrated circulation reveals a local cy-
clonic rotation between the two mean gyre axes in the eastern subtropical gyre and a lo-
cal anticyclonic rotation just lying to the south of the cyclonic rotation. These two rota-
tions show concurrent interannual variations with a predominant period of about 5 years
with no notable seasonal cycles. These variations are caused by the vertically coherent
change in the eastward flow around 26°N near the boundary of the two local rotations
and thus the strong (weak) eastward flow leads to the concurrent intensification (weak-
ening) of the cyclonic rotation to the north and the anticyclonic rotation to the south. This
change in the eastward flow is mainly associated with that in the depth-integrated dy-
namic height to the south of the eastward flow. The lagged regression analysis of the

depth-integrated dynamic height and the zonal velocity shows that the signals of these



anomalies propagate southwestward from the northeastern subtropical gyre and are en-
hanced around 26°N on year-to-year time scales.

The depth-integrated zonal velocity of the eastward flow is compared with the zonal
wind-driven transport calculated from surface wind data. Although there is a time lag of
about 1 year, they are well correlated with each other, suggesting that the interannual
variations of the eastward flow and its associated two local rotations are induced by the
local Ekman pumping rather than by large-scale atmospheric forcing. | have discussed
the time lag and the possible mechanism of the changes in the Ekman pumping.

The interannual variations of the northward shift of the gyre axis with depth are
found in the downstream region of the Kuroshio Extension, where the large northward
shift of the gyre axis occurs in coincidence with the relatively weak Kuroshio Extension.
In the eastern part of the subtropical gyre, the position of the gyre axis above the upper
pycnocline is affected by the eastern subtropical countercurrent (STCC), showing the
tendency that the gyre axis appears to the south of the eastern STCC. In the CMW layer,
the lower-potential vorticity mode water is sometimes relating to the smaller shift of the
gyre axis, but such relationship does not always appear, suggesting that the variations of
the gyre axis are affected not only by the CMW but also by other ocean structures. The
mechanisms need to be more fully explored in the future.

Chapter 4 provides a summary and general conclusion.
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Chapter 1
General introduction

1.1 Surface circulation in the North Pacific subtropical gyre

The large-scale surface circulation is characterized by the three major gyres: the
tropical gyre, the subtropical gyre and the subpolar gyre. In the North Pacific Ocean, the
tropical, subtropical and subpolar gyres are obvious from a cyclonic gyre south of about
15°N, an anticyclonic gyre between 15°N and 45°N and a cyclonic gyre north of 45°N,
respectively (Fig. 1-1). The subtropical gyre occupies a large portion of the North Pacific
Ocean.

The North Pacific subtropical gyre consists of the Kuroshio, the Kuroshio Extension,
the North Pacific Current, the California Current and the North Equatorial Current. In the
subtropical gyre, there are the Subtropical Countercurrent (STCC) and the Hawaiian
Countercurrent (HLCC) (Fig. 1-2). The Kuroshio is the western boundary current of the
North Pacific subtropical gyre and flows northward along the southern coast of Japan.
After leaving the coast of Japan around 35°N, the Kuroshio penetrates as a free jet in the
North Pacific as the Kuroshio Extension (Qiu 2002a; Yasuda 2003). The Kuroshio and
the Kuroshio Extension carry warm and saline water from the tropical to mid-latitude
regions and release a huge amount of heat to the atmosphere, affecting the overlying at-
mosphere (Tokinaga et al. 2009; Kwon et al. 2010). The eastward-flowing Kuroshio Ex-
tension encounters the Shatsky Rise around 160°E and is split into the two branches. The
southern branch partly turns to the west as the recirculation gyre, while the northern

branch continues to the eastward-flowing North Pacific Current to the east.



The North Pacific Current is a meridionally broad eastward flow at the central and
eastern part of the subtropical gyre. The mean speed of the North Pacific Current is less
than 10 cm/s, which is quite smaller than that of the Kuroshio Extension. Recently, it is
reported that the North Pacific Current has shifted northward with the shrinking of the
Alaska Gyre, which is the eastern subgyre of the North Pacific subarctic gyre, over the
past two decades (Douglass et al. 2006; Cummins and Freeland 2007).

The North Equatorial Current is a broad westward current flowing on the southern
side of the subtropical gyre. It has been also reported that it has shifted southward over
the past two decades (Qiu and Chen 2010; Qiu and Chen 2012), in response to the
strengthening of the atmospheric Walker circulation (Tanaka et al. 2004; Mitas and
Clement 2005).

The California Current is the eastern boundary current of the subtropical gyre and
flows southward in the eastern subtropical gyre. This current carries the North Pacific
Central Water transported by the North Pacific Current and parts of relatively low salini-
ty and temperature water advected by southward coastal currents which originates from
the eastern subpolar gyre (Marchesiello et al. 2003). A recent study showed that the Cal-
ifornia Current has an important influence on the formation and interannual variability of
the North Pacific Intermediate Water and the eastern subtropical mode water (ESTMW)
from an analysis of Argo profiling data and repeat ship observations (Auad et al. 2011).

The surface circulation of the North Pacific subtropical gyre is basically driven by
the surface wind. The salinity in the Pacific is lower than that in the other ocean basins
because of the zonal transport of the fresh water from the Atlantic to the Pacific (Talley
et al. 2011). This low-salinity water tends to inhibit the formation of the thermohaline

circulation. Therefore, the North Pacific has been considered to be ideal for studying the



wind-driven surface circulation from an observational point of view (Hautala et al. 1994;

Aoki and Kutsuwada 2008).

1.2 Sverdrup theory

The North Pacific subtropical gyre is mainly driven by the northeasterly trade winds
on the southern side of the subtropical gyre and the westerlies on the northern side. The
sea surface winds directly exert influence on a thin surface layer at depths of several ten
meters, known as the Ekman layer. Ekman (1905) described that the velocity in the Ek-
man layer should have a spiral structure and the Ekman transport vertically integrated
over the Ekman layer is #fp at an angle of 90° to the right of the wind in the North
Hemisphere. Here ris the wind stress, p is the water density, f is the Coriolis parameter.
For the subtropical region, the surface wind system with the northeast trade winds to the
south and the westerlies to the north generates the northward and southward Ekman
transports, respectively. These transports result in the convergence of the Ekman
transport, and give rise to the downward Ekman pumping. The divergence of the Ekman
transport is obtained by vertically integrating the continuity equation over the Ekman
layer as follows:

oU. oV,
Ve = o T oy

=£(ij_i(ij _ k.vX[iT
ox\ pf ) oy pf of

where Ug and VE is the zonal and meridional Ekman transport, respectively, t is the wind

(1-1)

stress vector T = (7%, z¥) and Kk is a unit vector in the local vertical direction. This equa-

tion indicates that the Ekman pumping velocity can be mainly expressed as wind stress



curl. As shown later, the vertical velocity plays a key role in connecting surface frictional
forcing by winds with the large-scale ocean circulation.

The wind-driven circulation theory was first developed in the late 1940s by
Sverdrup (1947), Stommel (1948) and Munk (1950). Sverdrup (1947) showed the simple
relationship between the sea surface wind stress curl and the circulation in the interior
ocean away from the coasts. Because of the Ekman downwelling of the subtropical gyre,
the water columns below the Ekman layer in the interior ocean shrink and therefore move
equatorward in order to conserve potential vorticity (PV) f/h, where h is the layer thick-
ness and the relative vorticity is neglected because it is much smaller than f in the interior
ocean. Mathematically, the derivation of the ocean transport is derived from the momen-
tum equations and the continuity equation for the homogeneously single layer in which

the motion is exactly two-dimensional and incompressible, as follow:

2 2
d—u—fv:—E@+AH a—l;+a—l: , (1-2a)
dt P OX oxX° oy
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Yo,

O:Z—S, (1-2c)
and
a—u+@+a—W:0, (1-3)
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where u, v and w are the zonal, meridional and vertical velocities, Ay is the horizontal
turbulent viscosity coefficient, and p is the pressure. Cross-differentiating the Eqns.
(1-2a,b) and eliminating the pressure gradient terms using the continuity equation (1-3)

lead to the vorticity equation on the g plane:



d§+,6\/_f—+AHV4’ (1-4)

where ¢ is the relative vorticity. Integrating the Eq. (1-4) over the thickness of the geo-

strophic interior D that is the ocean depth with a slight approximation:
d
QV + = (WEK Wg) + AHVZQV’ (1-5)

where £ is the meridional gradient of the Coriolis parameter, wg is the velocity pumped
out of the lower boundary layer. The Eq. (1-5) is rewritten by substituting the vertical
velocity at the lower boundary layer [ws = & £/2] and expanding the material derivative

of the relative vorticity as

96 4% 9% Al __E 2 i
at+ ax 8er,[)’\/ W f §+AHV (1-6)

where & is the lower boundary layer thickness. The first term of the left-hand side is the
time-dependent term of the relative vorticity. The second and third terms on the left side
are referred as the advection terms of the relative vorticity. The second term on the right
side represents the effect of the vorticity change due to vortex stretching produced by the
vertical velocity at the bottom boundary layer, which is referred the bottom friction term,
and the third term indicates the effect of the lateral diffusion of the vorticity. Here, be-
cause the surface Ekman pumping is much larger than that caused by the bottom friction,
the second term of the right hand side can be neglected and the effect of the advection
and lateral diffusion are negligible and for steady flow at the interior ocean, Eq. (1-6) is
reduced to:

BV = fw, (1-7)
where V is the depth-integrated meridional velocity. This equation is called the Sverdrup
relation. The equatorward transport must be returned to the north because of the conser-
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vation of the mass. Stommel (1948) and Munk (1950) explained how the return flow
have to develop along the western boundary in term of the bottom and lateral frictions,
respectively.

Many previous studies have attempted to verify the Sverdrup theory. In the North
Pacific, the verification of the Sverdrup theory was done by Hautala et al. (1994), who
compared the geostrophic transport estimated from zonal hydrographic section along
24°N conducted in the the World Ocean Circulation Experiment (WOCE) cruise with the
Sverdrup transport computed from ship-observed surface winds of the Comprehensive
Ocean-Atmosphere Data Set (COADS). They showed that the Sverdrup balance is almost
valid in the entire ocean basin. Their results were further confirmed by Aoki and Kutsu-
wada (2008) from an analysis of several different wind stress products and historical hy-
drographic data from the World Ocean Database 2005 (Boyer et al. 2006). The
time-varying Sverdrup balance has also been examined by a number of studies (e.g.,
Sekine and Kutsuwada 1994; Kubota et al. 1995; Chelton and Mestas-Nufiez 1996). Alt-
hough these studies have demonstrated that the barotropic geostrophic transports can be
explained by the Sverdrup theory, they have not yet investigated the horizontal structure

of the subtropical gyre in detail based on the Sverdrup theory.

1.3 Ventilated thermocline theory

While the Sverdrup theory provides a basic picture of barotropic wind-driven circu-
lation, the ventilated thermocline theory (Luyten et al. 1983) and the theory of the PV
homogenization for an unventilated thermocline (Rhines and Young 1982; Young and
Rhines 1982) brought insights on the baroclinic structure of the ocean. According to their
theories, the subtropical region is classified into the three characteristic regions; the ven-
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tilated region, the western unventilated pool region and the eastern shadow zone
(Fig.1-3). These regions are different in the dynamical process. In the ventilated region,
the sea surface water is subducted from the base of mixed layer into the thermocline, ad-
vected by the Sverdrup flow along isopycnal surfaces, preserving the PV during the sub-
duction. The water partly re-emerges to the surface in late winter when it is entrained by
deep mixed layer. Therefore, the water subducted into the thermocline retains the water
properties of the late winter mixed layer (Stommel 1979). The western unventilated pool
region is defined as the region bounded on the east by subsurface streamlines that only
outcrop at the outer western edge of the interior. The pool is a region of homogenized PV.
The eastern shadow zone is the region between the easternmost subducted streamlines
and the eastern boundary. The water of this region is not ventilated. Indeed, an oxygen at
600-800m depth in the region is lowest in the North Pacific subtropical gyre (Talley
2007).

The streamlines at the upper and lower layers from the two layer model based on the
ventilated thermocline theory are shown in Figure 1-4, indicating that the streamlines at
the lower layer in the ventilated region are twisted clockwise with respect to the stream-
lines in the upper layer. That is, the velocity vector spirals clockwise with increasing
depth in the subtropical gyre. This feature has been confirmed in the real ocean and is
called the g-spiral (Stommel and Schott 1977). The p-spiral is essentially caused by the
conservation of the PV. Let us consider the two layer model ocean for the North Pacific
subtropical gyre (Fig. 1-5). Because the water column in the lower layer moves south-
ward due to the Sverdrup flow, the water column shrinks in order to satisfy the conserva-
tion of the PV. Therefore, the boundary between the upper and lower layers slopes to-
ward the south. This slope implies that there must be the eastward shear of the upper lay-
er. Therefore, the velocity spirals clockwise with depth. As mentioned above, the g-spiral

7



results from the PV conservation and thus is a crucial characteristic of the ventilated
thermocline theory.

Talley (1985) applied the ventilated thermocline model proposed by Luyten et al.
(1983) to the North Pacific and discussed the formation of shallow salinity minimum in
the subtropical gyre. Huang and Qiu (1994) showed a subduction rate for the North Pa-
cific from an analysis of the wind-driven circulation using Levitus (1982) climatology.
The subduction rate was discussed from comparison with that estimated from an ide-
al-fluid thermocline model with continuous stratification by Huang and Russell (1994)
and was further investigated by analyzing latest ocean climatology (Suga et al. 2008) and
numerical simulations from eddy-resolving ocean general circulation models (e.g., Qu et
al. 2002; Tsujino and Yasuda 2004; Qu and Chen 2009; Nishikawa et al. 2010). Although
these studies have advanced our understanding of three-dimensional structures of the
subtropical gyre, they have not adequately referred to the spatial structure of the ocean
circulation, because they focus on subduction processes and rates rather than on gyre

structures.

1.4 Scope of this thesis

As has been mentioned above, it is still not clear that the detailed consistency be-
tween the surface circulation and the Sverdrup theory in terms of the horizontal structure
of the circulation. In addition, since the vertical structure of the North Pacific subtropical
gyre also has not been adequately examined so far, particularly with a focus on the PV
conservation. The purpose of this study is to understand the mean three dimensional
structures of the North pacific subtropical gyre and their temporal variations and to re-
veal the underlying physical processes for the mean field and temporal variations.
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In Chapter 2, the mean structures of the North Pacific subtropical gyre are investi-
gated using Argo float observations and several wind stress products. | will focus on the
gyre axis (Qu 2002), which is defined as a large-scale boundary between eastward mo-
tions on the northern part of the subtropical gyre and westward motions on the southern
part. The gyre axis of the depth-integrated geostrophic circulation is compared with of
the wind-driven circulation in detail, and then the consistency between them is examined
in detail. Then | show the structures of the gyre axis with depth and discuss the relation-
ship with the structures of velocity and PV.

In Chapter 3, using two different Argo gridded datasets and two wind stress products,
| investigate the temporal variations of the depth-integrated geostrophic circulation and
the vertical structures of geostrophic circulation in the North Pacific subtropical gyre,
especially focusing on the eastern subtropical gyre. The periodicity and spatial charac-
teristic of the variations are examined in detail and then | discuss the relationship with
the wind forcing. | also describe year-to-year variations of the vertical structures of the

gyre axis. General conclusion is given in Chapter 4.
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Fig.1-5. Schematic meridional vertical section of the fluid column in the lower layer (Pedlosky 1996).

The right-hand side is the south.
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Chapter 2
Mean structures of the North Pacific subtropical gyre

2.1 Introduction

The subtropical gyre of the North Pacific is a large-scale anticyclonic circulation ap-
proximately between 15°N and 45°N. It is basically driven by the northeast trade winds
and the westerlies, as explained by a classical wind-driven circulation theory that was
developed by some pioneering work by Sverdrup (1947), Stommel (1948) and Munk
(1950). Sverdrup (1947) showed the Sverdrup balance in the interior ocean, where
depth-integrated geostrophic circulations are related to surface wind stress curl. The
Sverdrup circulation is set up by barotropic Rossby waves propagating across the ocean.

The validity of the Sverdrup balance was investigated in the North Pacific by Hau-
tala et al. (1994), who analyzed ship-observed surface wind and hydrographic observa-
tions of a zonal section along 24°N and showed that the Sverdrup balance is almost valid
in the entire ocean basin. Their results were further confirmed by Aoki and Kutsuwada
(2008) from an analysis of several different wind stress products and historical hydro-
graphic data. Since the barotropic adjustment time is less than a month for the North Pa-
cific subtropical gyre, the circulation is considered to equilibrate with a wind forcing on
seasonal and longer time scales. The time-varying Sverdrup balance has also been ex-
amined by a number of studies (e.g., Sekine and Kutsuwada 1994; Kubota et al. 1995;
Chelton and Mestas-Nufiez 1996).

While the Sverdrup theory provided a basic picture of barotropic wind-driven circu-
lation, the ventilated thermocline theory (Luyten et al. 1983) and the theory of the PV
homogenization for an unventilated thermocline (Rhines and Young 1982; Young and

15



Rhines 1982) brought insights on baroclinic structure of the ocean. From an observation-
al point of view, large-scale aspects on structures of geostrophic circulation were exam-
ined in the North Pacific subtropical gyre by Qu (2002). He defined the axis of the sub-
tropical gyre as the meridional maximum of depth-integrated dynamic height and
Sverdrup transport using climatologies from World Ocean Atlas 1998 and Hellerman and
Rosenstein’s (1983) surface wind. Their axes both appear along 30°N and extend almost
zonally, showing a good agreement in position. He further examined the vertical structure
of the axis from dynamic heights at each depth, reporting that the gyre axis moves pole-
ward gradually with depth from 25°N at 100 m to 38°N at 800 m depth in the central and
eastern basin east of 180°, but in the west it does not change significantly and almost
stays at 30°N. The northward shift of the gyre has also been reported by other observa-
tional studies (Reid and Arthur 1975; Huang and Qiu 1994; Kobashi et al. 2006) and
numerical models (Nakano and Suginohara 2002). Because the northward shift of the
gyre is essentially related to S-spiral caused by the conservation of PV of the gyre circu-
lation (Stommel and Schott, 1977), it is a crucial characteristic of the ventilated thermo-
cline theory. Nevertheless, the relationship between the gyre shift and the structure of PV
has not been investigated from observations in detail so far.

The northward shift of the gyre is considered as a key structure for the formation of
the eastern Subtropical Countercurrent (STCC), which is a shallow eastward current
around 26°N between 180° and 160°W (Kobashi et al. 2006). The eastern STCC is basi-
cally maintained by the central mode water (CMW), a vertically homogeneous water
mass characterized by low PV in the central subtropical gyre (Nakamura 1996; Suga et al.
1997). The CMW forms in wintertime deep mixed layer near the Kuroshio Extension,
subducted into the thermocline and advected by gyre circulation. Lighter and denser parts
of the CMW diverge from the formation site and circulate along the inner and outer paths
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of the subtropical gyre, respectively, due to the northward retreat of the gyre of denser
isopycnals (Oka and Suga 2005; Kobashi et al. 2006). They again encounter in the cen-
tral subtropical gyre, piling up in the vertical and forming low PV pool (Kubokawa 1999;
Kubokawa and Inui 1999). This pool can heave an overlying thermocline, causing sub-
surface temperature fronts and thus generating shallow STCC through the thermal wind
relation. The STCC is known to affect surface winds and precipitation through its ther-
mal effects (Kobashi et al. 2008; Xie et al. 2011). Detailed knowledge of structure of the
subtropical gyre would help to understand variability of STCC and its influences on the
atmosphere (Kobashi and Kubokawa 2012).

The present study examines the mean structures of the North Pacific subtropical gyre
with a particular focus on the gyre axis, using Argo float observations and wind stress
data from several reanalysis and satellite products. | describe the gyre axis in a different
way from Qu (2002) to show a detailed picture of the gyre axis and its relationship with
the Sverdrup balance and the ventilated thermocline theory. Our study identifies differ-
ences between the regions east and west of about 180°. Distinct from the west where the
gyre axis is strongly affected by the Kuroshio Extension jet and its recirculation gyre, the
east shows some consistency with features expected from the Sverdrup balance and the
ventilated thermocline theory. | find two gyre axes in the east that are associated with a
local cyclonic wind stress curl anomaly. | also show that a northward shift of the gyre
axis with depth, which is a prominent feature in the east as shown by Qu (2002), occurs
non-uniformly in the vertical, due to the presence of the CMW and the pycnocline. The
results present an important dynamical effect of the CMW on large-scale circulations of
the subtropical gyre.

The rest of this chapter is organized as follows. Section 2.2 describes the data used
and the method employed to determine the gyre axis. In Section 2.3, the relationship be-
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tween the wind-driven Sverdrup circulation and the depth-integrated geostrophic circula-
tion is shown. The vertical structure of the gyre axis is examined in Section 2.4. Section

2.5 gives summary and discussion.

2.2 Data and methods

2.2.1 Geostrophic circulation

This study uses monthly temperature and salinity data from 2001 to 2011 from Grid
Point Value of the Monthly Objective Analysis using Argo float data (MOAA GPV) pro-
duced by Hosoda et al. (2008). This product is based on Argo float data, the Triangle
Trans-Ocean Buoy Network (TRITON) and available conductivity-temperature-depth
(CTD) profilers, optimally interpolated at standard pressure levels from 10 to 2000 dbar
on a 1° grid in space.

Dynamic heights are calculated at each depth referenced to 2000 dbar from the
monthly MOAA GPV. For the comparison with geostrophic transports expected from
surface wind stress curl, depth-integrated dynamic heights are also computed by inte-
grating dynamic heights between the surface and 2000 dbar. These maps of dynamic
heights are all smoothed with a 13-month running mean to remove seasonal variations,
and then are used to obtain geostrophic velocity. Note that our results are not sensitive to
the choice of the reference level. If another commonly used level of 1000 dbar is adopted,
our results do not change significantly (not shown).

The Argo float observations in the North Pacific are quite sparse until 2004, and thus
the MOAA GPV before 2005 is considered almost the same as the World Ocean Atlas
climatology that is a first-guess value in the optimal interpolation (Hosoda et al. 2008). |
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conducted the same analysis using the data from 2005 to 2011 and found that the distri-

bution of the gyre axis is almost the same as those from 2001 to 2011.

2.2.2 Wind-driven transport

| analyzed six products of monthly-mean surface wind stress data: Japanese 25-year
Reanalysis (JRA; Onogi et al. 2007), Japanese Ocean Flux Data Sets with Use of Remote
Sensing Observations (J-OFURO; Kubota et al. 2002), National Centre for Environmen-
tal Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis
(NCEP1; Kalnay et al. 1996), NCEP/Department of Energy (DOE) reanalysis (NCEPZ2;
Kanamitsu et al. 2002), the Modern-Era Retrospective Analysis for Research and Appli-
cations (MERRA; Rienecker et al. 2011) and Hellerman and Rosenstein’s (1983) data
(HR). The period analyzed in this study is the same as that of the MOAA GPV, but the
J-OFURO covers only from 2001 to 2008 and the HR is monthly climatology from 1870
to 1976. The JRA covers the period until 2004, but continues to be updated for the sub-
sequent period using the same assimilation system, the Japan Meteorological Agency
(JMA) Climate Data Assimilation System (JCDAS). The specification of the products is
summarized in Table 2-1.

Sverdrup balance in response to surface Ekman convergence is expressed as
X 0 f X
J;e LVG dzdx = EL W, dX, (2-1)

where Xe is the eastern boundary, vg is the meridional geostrophic velocity at each depth,
f is the Coriolios parameter, S is the meridional gradient of the Coriolis parameter, h is
the depth of wind-driven flow, and wek is the Ekman pumping velocity. Here | assume
that vertical velocity at a depth of bottom of wind-driven flow is negligible. This equa-
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tion is rewritten by substituting the Ekman pumping velocity (wek=k*V X (t/fp)) as
x (0 1 (x 1 x
V.dzdx=—| k-Vxtdx+—| z*dx, 2-2
J.xE I—h G ﬁp J.Xe xT f,D Ler ( )

where p is the density, t is the wind stress vector T = (7%, 7Y), and Kk is a unit vector in the
local vertical direction. In this study, | calculate the geostrophic transport from the
right-hand side of Eq. (2-2), which I will refer to as the wind-driven transport following
the term used by Aoki and Kutsuwada (2008). I also refer to the circulation associated
with the wind-driven transport as the wind-driven circulation henceforth.

The Ekman pumping velocity is smoothed in space and time. The MOAA GPV used
to derive geostrophic circulation is spatially smoothed by an optimal interpolation with a
meridional decorrelation scale of about 3° to 4° around 30°N at depths of 200 to 400 m
(Hosoda et al. 2008), though it is slightly different at locations and depths. To match the
resolution, the monthly Ekman pumping velocity except for that from relatively
coarse-resolution NCEP1, NCEP2 and HR is smoothed meridionally by a 3° moving av-
erage. This procedure filters out features with scales less than about 300 km. Then, the
monthly maps of the wind-driven transport are smoothed with 13-month running mean to
remove seasonal variations. Regarding the HR, | look at only annual mean wind-driven

transport.

2.2.3 Gyre axis

In this study, the gyre axis is defined as the large-scale boundary between eastward
motions on the northern part of the subtropical gyre and westward motions on the south-
ern part of it. The gyre axis is calculated from the maps of geostrophic circulation and
wind-driven transport.
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The climatological positions of the gyre axis, which are the main target of the pre-
sent study, are determined from the rate of the appearance of the gyre axis. The gyre axis
is first detected from each monthly map and then it is counted at each grid over the anal-
ysis period, which will be shown as the percentage. | regard a band with the high per-
centage as the climatological gyre axis. It should be noted that this climatological gyre
axis does not necessarily correspond to a boundary between eastward motions to the
north and westward motions to the south at the time mean maps. | will make a brief
comparison with the gyre axis of the time mean maps. For the wind-driven transport
calculated from the HR, because it is a long-term mean data (Table 2-1), the gyre axis is
calculated only from the mean map.

In comparison with Qu (2002), who defined the gyre axis as the meridional maxi-
mum of mean Sverdrup transport and dynamic heights, the present study cannot exclude
the existence of multiple axes and thus may be able to capture the structure of the sub-
tropical gyre in detail.

The result, however, should be carefully discussed, because our method is sensitive
to tiny spatial variations of zonal velocity and transport. The present study assessed the
statistical significance of the climatological gyre axis. By adopting the bootstrap method
(Press et al. 1992), | generate 1000 maps of the appearance rate of the gyre axis. At each
grid point, I first merged the time series of zonal velocity/transport with those from me-
ridionally adjacent two grid points, which are used to define the gyre axis at each map,
and then resampled the data to make 1000 datasets using the bootstrap technique on the
assumption that all the data are independent. Using this new data, | calculated the ap-
pearance rate of the gyre axis in the same way from each dataset and then determined the
95 and 90 percentile confidence levels. | checked if the appearance rate from the original
data exceeds their confidence levels at each grid.
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In addition to the statistical assessment, | further looked at the effect of small-scale
variations such as eddies on the climatological gyre axis. To highlight large-scale struc-
tures of zonal velocity/transport, | calculated the gyre axis from a polynomial curve fit-
ting to the monthly meridional profiles and then determined the climatological gyre axis.
I will compare the result with the original one.

Although the climatological gyre axis in the present study has some weakness as
mentioned above, the statistical assessment and the additional analysis will support the
meaningfulness of our gyre axis. We believe that the gyre axis is useful for describing

structures of the ocean circulation.

2.3 Vertical-integrated geostrophic circulation

Figure 2-1 shows the mean depth-integrated dynamic height and the rate of the ap-
pearance of the gyre axis. In the western basin, the climatological gyre axis is recognized
from a zonal band of significant high percentages along about 30°N. The location of the
gyre axis is consistent with the result of Qu (2002). On the other hand, in the east of
170°W, there are two meridional mounds of high percentages around 25°N and 30°N,
suggesting two gyre axes. These two gyre axes are significant at the 95 percentile confi-
dence level. The northern axis looks like it is connected to the western gyre axis. Alt-
hough these two gyre axes may be obscure in the mean depth-integrated dynamic height
map, the depth-integrated dynamic height tends to take some local peaks or be uniform in
the meridional direction, and therefore the axis defined from the mean map (marked by
open circle symbols in Fig. 2-1) displays one gyre axis with somewhat unnatural discon-

tinuity around 155°W.
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Figure 2-2a shows the appearance rate of the gyre axis, the same as in Fig. 2-1, but
calculated from a 5th order polynomial curve fitting to a monthly meridional profile of
depth-integrated dynamic heights in the latitude range of 20°~35°N at each longitude, in
order to highlight large-scale structures. Figure 2-2b indicates the mean contribution ratio,
which represents the extent to which each fitting of 2nd to 6th order polynomials ex-
plains the original profile of depth-integrated dynamic heights. As seen from Fig. 2-2a,
the polynomial fitting can capture almost the same two gyre axes between 165°W and
150°W as in Fig. 2-1. They are obvious from the fitting with more than 4th order (not
shown). The northern axis, however, disappears to the east of 150°W, where the contri-
bution ratio decreases slightly to the east (Fig. 2-2b), suggesting the importance of high-
er-order terms there. Because the appearance rate of the gyre axis from the original data
is statistically significant there (Fig. 2-1), the northern axis east of 150°W may be asso-
ciated with relatively small-scale but persistent geostrophic circulation.

The existence of the two gyre axis in the east is also supported by the relative vorti-
city calculated from a depth-averaged mean geostrophic velocity between the surface and
2000 m. Figure 2-3 shows the zonal averages of the relative vorticity between 165°W
and 130°W, revealing significant cyclonic rotation anomaly with positive curl around
28.5°N between the two gyre axes, embedded in the background of basin-scale anticy-
clonic circulation of the subtropical gyre.

The two climatological gyre axes are also seen from the wind-driven transport with
some notable differences. Figure 2-4 shows the mean wind-driven transport and the ap-
pearance rate of the gyre axis. The MERRA that has the most fine grid interval (Table
2-1) displays several bands of high percentage (Fig. 2-4e). The two high-percentage
bands are evident around 26°N and 32°N. They extend from off the west coast of the
North America to the west across the basin, and seem to merge together near 140°E.
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These two bands are also seen roughly from the gyre axis calculated from the mean
wind-driven transport map (circle symbols in Fig. 2-4e). Figure 2-5 shows the percentile
of the appearance rate of the gyre axis, which was assessed from the bootstrap method
(Section 2.3). The southern band around 26°N is significant at the 90 percentile confi-
dence level. The northern band is also significant to the east of 170°W mostly at the 90
percentile confidence level, though the percentile decreases to about 50~75 percentile to
the west. The low percentile in the west could imply high variability of the gyre axis
within the band. The two bands are also obvious from the appearance rate map calculated
from a 4th order polynomial fitting (not shown).

These two bands are common in the J-OFURO (Figs. 2-4b), and are partly identifia-
ble from the JRA and the lower-resolution NCEP1 and NCEP2 (Figs. 2-4a,c,d), though
their latitudinal positions are slightly different probably due to the different grid spacing
(Table 2-1). In the J-OFURO (Fig. 2-5b), the northern band shows the percentile of about
70~90% around 30°N to the west of 155°W. The northern band in the JRA is mostly sig-
nificant at the 80 percentile confidence level except the area between 180° and 145°W
(Fig. 2-5a) and is also partly visible from the mean wind-driven transport map (circles in
Fig. 2-4a). The NCEP1 and NCEP2 display a high percentile exceeding 90% at the
northern band around 33°~34°N. In addition, as shown by Qu (2002), the northern band
is also evident from the mean map of the HR (Fig. 2-4f). These features may support the
existence of the northern band.

The southern band from the J-OFURO, JRA, NCEP1 and NCEP?2 is overall signifi-
cant at the confidence levels between 80 and 95 percentiles (Fig. 2-5). There are some
noticeable differences in distribution. The southern band east of 155°W is found around
22.5°N in the JRA and NCEP2, which is located further to the south as compared to that
of the MERRA. The similar southern band is also seen in the HR, which might result
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from the contamination of the band around 26°N and another southeast-slanted band ex-
tending from 24°N to 19°N in the MERRA (Fig. 2-4e).

These discrepancies among the datasets might be attributable to various factors such
as the differences in resolution and assimilation method adopted by the reanalysis prod-
ucts and what kind of observation data they used, but identifying their causes is beyond
the scope of this study. Although there are discrepancies among the datasets, all the
products strongly suggest that wind over the North Pacific tends to produce two gyre ax-
es in the wind-driven circulation, so we consider that they would deserve to be compared
with the ocean gyre axis calculated from the gridded Argo data.

Other bands of high percentages are seen from the MERRA near 35°~40°N to the
east of 155°W and near 17°N to the west of the Hawaiian Islands. The similar bands may
be recognized from the other datasets except for the HR. The first bands east of 155°W
are located at the northeast corners of the subtropical gyres. The second band is associ-
ated with a local response of wind stress curl to the Hawaiian Islands (Xie et al. 2001).
Therefore, these bands are considered distinct from a large-scale gyre axis of the sub-
tropical gyre, which is the target of the present study.

Figure 2-6 shows the histograms of the appearance rate of the gyre axis against lati-
tude, zonally averaged between 150°E and 170°E and 170°W and 150°W, together with
the zonal averages of the depth-integrated dynamic height (Figs. 2-6a,b) and the
wind-driven transports (Figs. 2-6¢-I). In the eastern basin (Figs. 2-6b,d,f,h,j,1), the two
peaks of the appearance rate in the depth-integrated dynamic height around 25°N and
30°N are roughly collocated with those of the wind-driven transports from the JRA,
J-OFURO and MERRA, though the ocean gyre axes both lie slightly to the south. The
collocation of the two gyre axes indicates a good correspondence between the geo-
strophic circulation and the wind-driven circulation.
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In the western basin, except for the NCEP1, the gyre axes of the depth-integrated
dynamic height and the wind-driven transports are commonly present at the same latitude
around 30°N, where their zonal averages both show a meridional peak (Figs.
2-6a,c,e,g,i,k). The wind-driven transport from the JRA and the J-OFURO as well as the
MERRA shows another peak of the percentage around 26°N, as seen from Fig. 2-4, but
there seem to be no ocean gyre axis equivalent to it, suggesting some discrepancy with
the wind-driven circulation.

The rate of the appearance of the gyre axis does not necessarily tell that the two
gyre axes exist at the same time. Although the temporal variability of the gyre axes is
beyond the purpose of the present study, | briefly examined the rate of the appearance of
the northern (southern) gyre axis, by counting at each longitude from the monthly maps
if there is at least one gyre axis between 23°N (28°N) and 28°N (33°N) for the
depth-integrated dynamic heights and between 24°N (29°N) and 29°N (34°N) for the
MERRA-derived wind-driven transports (not shown). The results show that the percent-
age of all the gyre axes exceeds 50% in the region east of 165°W. The zonally-averaged
percentage of the northern and southern gyre axes between 165°W and 140°W are 62 %
and 69% for the ocean geostrophic circulation and 64% and 77% for the wind-driven
circulation, respectively. These rates are roughly comparable to each other between the
geostrophic circulation and wind-driven circulation.

What causes the two gyre axes in the eastern basin? Figure 2-7 shows the mean maps
of wind-driven transport, Ekman pumping velocity and wind stress vector from the
MERRA. The Ekman pumping velocity is relatively weak around 125°W between the
two gyre axes at 25°N and 32°N, suggesting a cyclonic anomaly of wind stress curl. The
high-pass filtered maps with a running average of 10° width (Fig. 2-7b) clearly show a
cyclonic wind anomaly with a positive Ekman pumping velocity anomaly. It has the cen-
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ter around 125°W, and extends with weak cyclonic anomalies to the west around 150°W.
This cyclonic wind anomaly is responsible for the formation of the two gyre axes across
the subtropical gyre, because if | calculate the wind-driven transport by integrating Eq.
(2-2) from 160°W instead of the eastern boundary, the two gyre axes disappear but one
gyre axis remains around 30°N (not shown).

The area of the cyclonic wind anomaly is dominated by northeasterly winds blowing
from the subtropical high (Fig. 2-7a). High-passed wind stress vectors (Fig. 2-7b) indi-
cate that the cyclonic wind curl anomaly is maintained by local southeasterly wind
anomalies, which are probably associated with local weakening of the northeasterly

winds. These features are common in the JRA and J-OFURO (not shown).

2.4 Vertical structure of geostrophic circulation

In this subsection, | investigate how the gyre axis of geostrophic circulation changes
in position with depth, and then show how these changes are related to density structures
of the subtropical gyre.

Figure 2-8 shows the mean dynamic heights and acceleration potentials together with
the appearance rate of the gyre axis at different depths and isopycnal surfaces. The dis-
tribution of the appearance rate of the gyre axis is nearly unchanged even if it is calcu-
lated from 4th order polynomial fitting maps (not shown). The thick black line represents
the climatological gyre axis, which basically traces the significant meridional peak of the
high appearance rate of the gyre axis with zonal continuity taken into consideration be-
tween 140°E and 140°W. As shown later, the climatological gyre axis agrees nearly with
the gyre axis based on the time mean map. The northward shift of the gyre axis with
depth is quite obvious. Consistent with the results of Qu (2002), the northward shift oc-
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curs markedly to the east of 180°, where the gyre axis moves to the north by more than
10° from 100 m to 800 m depths, while to the west it does not change significantly with
depth and lies around 30°N at almost the same latitude of the gyre axis of the depth inte-
grated geostrophic circulation. These features are also evident on isopycnal surfaces
(Figs. 2-8d~f).

At a depth of 100 m, some significant bands with high percentage of the gyre axis
are discernible around 18°N and 23°N in the western basin (Fig. 2-8a). They appear
along the southern boundary of narrow eastward jets of the Hawaiian Lee Countercurrent
(e.g., Qiu et al. 1997; Flament et al. 1998; Xie et al. 2001) and the northern STCC (e.g.,
Uda and Hasunuma 1969; Kobashi et al 2006). Because these jets are narrow and distinct
from large-scale eastward motions of the subtropical gyre, they are not regarded as the
gyre axis in the present study.

At a depth of 500m and a density surface of 1026.5 kg/m? (Figs. 2-8b,e), two bands
of high percentage may be identified along about 27°N and 32°N to the east of 155°W.
The northern band is an eastern part of the band extending from the west. As the northern
band moves northward with depth, the southern band also seems to shift to the north
around 33°N at 800m depth and 1027.2 kg/m? density surface (Figs. 2-8c,f), though it is
not clear compared to the northern band. The two bands might be indicative of the rela-
tionship with those of the depth-integrated geostrophic circulation in the east. However,
because the circulation at each depth level does not necessarily correspond to the
depth-integrated circulation, further study will need to address their relationship. The
present study focuses on the northern higher-percentage band. Some patchy high per-
centage areas are found south of 25°N at the deep level (Figs. 2-8c,f), which may be as-
sociated with alternating subthermocline zonal jets reported by Qiu et al. (2013).

Figure 2-9 shows the distribution of the gyre axes at different depths calculated
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from the appearance rate of gyre axis and the mean dynamic height maps. The results are
almost the same, illustrating a contrast between a large northward shift of the gyre axis to
the east of about 180° and a similar but quite small shift to the west. The 180° roughly
corresponds to the area where the depth-integrated geostrophic circulation shows the
discrepancy with the wind-driven circulation to the west (Section 3.1).

The gyre shift can be seen more directly from meridional sections of zonal geo-
strophic velocity (Fig. 2-10). The high appearance rate of the gyre axis approximately
follows the line of a zero zonal geostrophic velocity, indicating that the climatological
gyre axis based on the appearance rate is almost in agreement with the gyre axis of the
mean section. In the west at 160°E (Fig. 2-10a), the gyre axis lies just along the southern
flank of a strong barotropic-like eastward jet of the Kuroshio Extension. On the other
hand, it is located in a broad weak zonal flow in the east at 160°W (Fig. 2-10b).

The northward shift of the gyre axis is related to the conservation of PV of the gyre
circulation (Stommel and Schott 1977). The conservation of PV gives rise to a decrease
in the thickness of a water column to the south, which results in forming a clockwise
spiral of geostrophic velocity vectors with increasing depth and thus causing the north-
ward shift of the subtropical gyre. Figure 2-11 shows meridional sections of PV and po-
tential density with the positions of the climatological gyre axis superimposed. Under the
assumption of negligible relative vorticity, the PV is calculated between the adjacent

depths as follows

PV — _% AAO;Q , (2'3)

where Aoy is the potential density difference and Az is the depth interval. It is linearly in-
terpolated into isopycnal surfaces with a 0.05 kg/m? interval. The meridional gradients of
PV are also computed on isopycnal surfaces.
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Two distinct mode waters characterized by low PV less than 2.0 x 102 ms? are
found around the climatological gyre axis at depths of 200-300 m at 160°E and 200~500
m at 160°W, which correspond to subtropical mode water (STMW,; Masuzawa 1969) and
CMW, respectively. The STMW and CMW exist widely in the northwestern and central
areas of the subtropical gyre typically in the density range of 1025.0~1025.6 kg/m?® and
1026.0~1026.5 kg/m?, respectively (Suga et al. 2004).

At 160°W, the PV on isopycnal surfaces tends to be meridionally uniform in the vi-
cinity of the climatological gyre axis in the lower main pycnocline below the isopycnal
surface of about 1026.5 kg/m? (Fig. 2-11d). In the density range between 1025.5 and
1026.5 kg/m®, above the lower pycnocline, the meridional gradient of PV is generally
negative near the climatological gyre axis, indicating that the PV increases to the south.
The increase in PV is relatively small in the low PV core of the CMW around
1026.2~1026.5 kg/m®, but obvious in the upper pycnocline at the isopycnals of
1025.7~1026.0 kg/m?® (Figs. 2-11b, d). Above the isopycnal of 1025.5 kg/m?, the PV gra-
dient is mostly nearly zero except weak positive just beneath the winter mean sea surface
density.

The southward increase of PV near the climatological gyre axis in the east is also
recognizable from the climatological mean maps of PV. Figure 2-12 shows the mean PV
and acceleration potential relative to 2000 dbar on the isopycnal surfaces of 1026.0 and
1026.4 kg/m3. On these surfaces the CMW appears as a lateral PV minimum to the north
of the climatological gyre axis (grey lines in Fig. 2-12) between 170°W and 160°W, and
extends to the south across the climatological gyre axis roughly along the streamlines of
the anticyclonic subtropical gyre circulation, forming a tongue-like structure of PV to the
southwest. The PV generally increases to the downstream, which is probably due to the
dissipation by mixing effects of eddies (Xie et al. 2011). Indeed, the changes in PV along
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the streamlines confirm the general increase to the downstream (Fig. 2-12c), though it is
relatively weak in the lower PV layer of the CMW (blue line in Fig. 2-12c). These fea-
tures are also seen from the PV maps shown by Suga et al. (2004) and Kobashi et al.
(2006).

At 160°E in the west, the isopycnal PV is relatively uniform near the climatological
gyre axis in the STMW layer around 1025.4 kg/m?® and deep layer below 1026.9 kg/m®
(Fig. 2-11c). On the other hand, the PV gradient is positive in the lower main pycnocline
between 1025.8 and 1026.8 kg/m?, indicating the southward decrease of PV, which is in
contrast to relatively uniform PV of the lower pycnocline in the east. This decrease in PV
to the south is primarily due to relatively high PV water of the pycnocline at depths of
350~700 m (Fig. 2-11a), which lies in the midst of a strong eastward flow of the Kuro-
shio Extension (Fig. 2-10a), suggesting that the pycnocline of the Kuroshio Extension
disrupts the meridional continuity of PV. The decrease in PV to the south is also seen
from the changes in PV along the acceleration potentials (Fig. 2-12c¢). The water in the
pycnocline of the Kuroshio Extension first moves to the east and then veers to the
southwest, during which the PV gradually decreases. The high PV water in the pycno-
cline is also clearly identified from the zonal sections of potential density and PV (Fig.
2-13), displaying that the high PV pycnocline extends to about 180°, approximately in
the area where the weak gyre shift with depth is observed.

The thickness of density layers may be straightforward to see the relationship with

the gyre shift. In the present study, the thickness (h) is defined as follows

th:—p Az

: 2-4
PV Ao, (2-4)

Figure 2-14 shows the meridional distributions of the thickness on several isopycnal sur-
faces, which are zonally averaged between 150°E and 170°E and 170°W and 150°W. The
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gray curves in each panel represent the thickness that would exist when the isopycnal PV
is uniform meridionally, and they were calculated by averaging PV within a 2° latitude
bin in the vicinity of the climatological gyre axis on each isopycnal surface and then di-
viding f by it at each latitude. Therefore, the meridional gradient of the gray curves is £.

As expected from the PV sections in Fig. 2-11, the thickness of density surfaces in
the lower main pycnocline below the isopycnal of 1026.5 kg/m?in the east decreases to
the south near the climatological gyre axis almost along with g (Figs. 2-14m, n) because
of the uniform PV there. In the CMW layer (Figs. 2-14j~I), the thickness also decreases to
the south but with larger gradients than g, which is especially manifest at 1026.0 and
1026.2 kg/m?® (Figs. 2-14j, k), consistent with the southward increase in PV. The south-
ward decreases of the thickness are also evident in the upper pycnocline above the CMW
(Figs. 2-14h, i). These results indicate that the thickness of all density layers decreases to
the south in the east, favoring the spiral of velocity vectors and thus the northward shift of
the gyre axis.

On the other hand, in the west, the layer thickness shows a southward increase or a
nearly constant value near the climatological gyre axis in the main pycnocline between
1025.8 and 1026.8 kg/m?® (Figs. 2-14b~f). These features are confined to the vicinity of
the climatological gyre axis, suggesting that the strong Kuroshio Extension is a primary
cause of the small gyre shift in the west. In fact, the mean map of geostrophic velocity
vertically averaged in the upper 2000 m (Fig. 2-15) demonstrates that the small gyre shift
occurs only along the strong Kuroshio Extension.

It is interesting to note that the gyre shift occurs non-uniformly in the vertical in the
east (Fig. 2-11). The northward shift is relatively small near the surface, in the CMW lay-
er between 300 m and 500 m depths, and at depths deeper than 900 m, and in contrast, it
is large between these layers, equivalently in the upper and lower main pycnoclines.
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These features are also confirmed from the zonal section of the vertical gradient of the
climatological gyre axis (Fig. 2-13a). The vertical gradient of the climatological gyre axis
Is calculated from the differences in positions of the climatological gyre axis between the
adjacent depths, and the large gradient means the large northward shift of the gyre. Figure
2-13 clearly displays the small shift in the low-PV CMW layer embedded between the
upper and lower pycnoclines.

| investigate the vertical non-uniform shift of the gyre axis, by looking into velocity
structure in the vicinity of the gyre axis. Here, | diagnose the observed gyre shift by de-
composing it into two components related to vertical and horizontal shears of zonal flow.
Since the climatological gyre axis with the high appearance rate is generally in good
agreement with the gyre axis of the time mean section (Fig. 2-10), here I focus on the
positions of zero mean zonal velocity as the gyre axis. This enables us to decompose the

change in position of the gyre axis with depth (dy/dz) as below

ou
u=0 ay

dy

dy] __ou
dz

=0 0z

(2-5)

N
where ou/oz and ou/dy are the vertical and horizontal shears of zonal flow, respectively.
For convenience, multiplying both sides of the equation by minus, | will refer to the left
hand side (- dy/dz) as the change in the gyre axis (positive means a northward shift with
depth). This equation means that smaller vertical shear and larger horizontal shear would
be related to smaller meridional shift. Figure 2-16 shows all vertical profiles of these
variables between 150°W and 170°W and their averages. The change in the gyre axis
(Fig. 2-16a) captures well two peaks around 250 m and 600 m depths in the pycnocline
with the dip between the two peaks.

On which shears is the vertical non-uniformity of the gyre shift dependent? To ad-
dress this point, | first prepare smoothed profiles of the shears by fitting the mean vertical
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profile to a following Gaussian function with the least squares method between 100m

and 1000m,
ou z°
— =A+Bepl-—
0z smth 8.1 (2 6)
ou 22
% nvnon] -]
6y smth ? a22

where A1, B12, and ai2 are coefficients of the Gaussian function. The results are shown
by red lines in Figs. 2-16b and c. These smoothed profiles produce the gentle shift of the
gyre axis with no notable peaks (a red line in Fig. 2-16a). Then, using these smoothed

and original profiles, | calculate two combinations,

(2) -2 g o
dz ou/éz oz orig ay smth ,
and
_ (ﬂj _ou  Jau (2-8)
dz ou/ey OZ smin 8y orig ,

where the subscript of the left hand side denotes the variable of the original profile. The
results are shown by blue and green lines in Fig. 2-16a, respectively.

The (dy/dz)awe: shows the two peaks in the pycnocline and the dip between the
peaks, reproducing well the observed change of the gyre axis. In contrast, though having
weak peaks at depths of 200 m and 500 m, the (dy/dz)auey exhibits more gentle change of
the gyre axis, which is rather similar to the profile computed from both smoothed shears
(see a red line in Fig. 2-16a). This result indicates that the vertical shear of zonal flow is
a major factor for the observed non-uniformity of the gyre shift. Because the vertical
shear of zonal flow is related to the meridional gradient of density (op/dy) based on the
thermal wind relationship, the large gyre shift in the pycnocline is considered due to the
large meridional density gradient of the pycnocline and the small shift in the CMW layer
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due to the horizontal uniformity of the CMW. Although the properties of the CMW actu-
ally changes to the downstream as seen from the PV maps in Fig. 2-12, the CMW can be
still recognized as a relatively uniform water mass from the meridional section in Fig.
2-11b and the horizontal changes in density are smaller within the CMW compared to in

the main pycnoclines.

2.5 Summary and discussion

In this chapter, the mean structures of the North Pacific subtropical gyre were inves-
tigated to focus on the gyre axis, using Argo float observations and several wind stress
products. The gyre axes of depth-integrated geostrophic circulation and the vertical
structure of the gyre axes both show differences between the regions east and west of
about 180°.

Depth-integrated geostrophic circulation shows two gyre axes about 25°N and 30°N
in the eastern basin, which correspond well to those of the wind-driven circulation. The
two gyre axes are created by a local cyclonic wind stress curl anomaly between 145°W
and 125°W, probably due to southeasterly wind anomalies there. It is expected from the
Sverdrup balance that the two gyre axes would extend further to the west across the sub-
tropical gyre, but the actual geostrophic circulation shows only one gyre axis around
30°N to the west, suggesting some discrepancy with the Sverdrup balance in the west.

Why are not the two ocean gyre axes stretched to the western basin, as expected
from the Sverdrup balance? This may boil down to why barotropic Rossby waves forced
by the cyclonic wind stress curl anomaly do not propagate to the west. One possible ex-
planation is that Rossby waves actually propagate to the west, but the wind-driven circu-
lation is masked by the Kuroshio recirculation gyre, where the transport is dominated by
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nonlinear dynamics. The recirculation is seen from depth-integrated dynamic height
contours veering sharply from the eastward-flowing Kuroshio Extension to the southwest
in the region west of about 180° (Fig. 2-1). The recirculation is characterized by strong
barotropic motions with a depth-averaged velocity of about 5~10 cm/s near the south of
the Kuroshio Extension (Yoshikawa et al. 2004; Chen et al. 2007), which is much larger
than a typical Sverdrup velocity with the order of 0.1 cm/s. Figure 2-15 shows a large
depth-averaged geostrophic velocity in the region south of the Kuroshio Extension west
of 180° in comparison to that in the east, though the magnitude of the velocity about 1~2
cm/s is much smaller than the observations of Yoshikawa et al. (2004) and Chen et al.
(2007) probably due to the spatial smoothing of the MOAA GPV.

In the eastern basin, the two ocean gyre axes are located slightly to the south by a
few degrees latitude, compared to the gyre axes of the wind-driven circulation (Fig. 2-6).
This might be due to the advection by the Sverdrup flow itself. The Sverdrup theory ex-
pects the ocean circulation set up only by Rossby wave propagations, and thus does not
include the effect of the mean Sverdrup flow on Rossby waves. The actual ocean gyre
axis may be displaced to the south due to the southwestward mean flow in the eastern
region.

The vertical structures of the gyre axis are also quite different between the east and
the west of about 180°. The gyre axis shows a prominent northward shift with depth in
the east, where a broad weak zonal flow is dominant and the thickness of density layers
decreases to the south. On the other hand, in the west, the gyre axis lies just along the
southern flank of the strong barotropic-like Kuroshio Extension jet with no remarkable
northward shift. It is suggested that the Kuroshio Extension may disrupt the meridional
continuity of PV around the jet and thus prevents the gyre axis from shifting to the north.
The Kuroshio Extension is a strong jet and its typical speed is larger than baroclinic
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Rossby waves propagating at these latitudes. For example, first baroclinic Rossby waves
have a speed of about 3~5cm/s there (Chelton et al. 2011). As a consequence,
wind-generated Rossby waves cannot travel into the Kuroshio Extension to the west of
170°E, hampering the adjustment of the ocean structure to the wind-driven circulation.

The PV used in the present study does not consider the contribution from relative
vorticity. For a large-scale circulation, relative vorticity is reasonably negligible, but in
the region of a strong flow such as the Kuroshio Extension, some attention might be
needed. Qiu et al. (2006) analyzed CTD and shipboard acoustic Doppler current profiler
(ADCP) measurements and pointed out that the inclusion of relative vorticity decreases
and increases PV along the southern and northern sides of the Kuroshio Extension jet,
respectively, and as a result the PV maximum along the jet is intensified with its position
shifted slightly to the north. The effect of relative vorticity disappears immediately away
from the jet. Thus, relatively vorticity may not change qualitatively our findings of the
southward decrease in PV from the KE region across the gyre axis in the main pycno-
cline in the west.

Despite the large southward decrease in the thickness of the CMW layers (Figs.
14j~I), the northward shift of the gyre axis is relatively small there. This suggests that,
although the southward decrease in the layer thickness is necessary for gspiral and the
northward shift of the gyre axis, there are other factors that affect the magnitude of the
gyre axis shift. In fact, this study found that smaller shift of the gyre axis is due to the
horizontal uniformity of the CMW, which shows dynamical effects of the CMW on the
subtropical gyre. Most traditional studies on mode waters may have put emphasis on
their characteristics as a heat reservoir memorizing wintertime ocean-atmosphere inter-
action (e.g., Hanawa and Sugimoto 2004). In contrast, some recent studies have revealed
important dynamical roles of mode waters in ocean circulation, and they show that mode
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waters can generate a narrow surface jet through the transportation of low PV water (e.g.,
Kobashi and Kubokawa 2012). The present study may present another different way that

mode waters can affect large-scale ocean circulations.
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Table 2-1. Summary of the information for each wind stress dataset used in the present

study.
Dataset Types Analysis period Spatial resolution
JRA Reanalysis Jan. 2001~ Dec. 2011 T106 Gaussian grid (ap-

proximately 1.125°)

J-OFURO Satellite obser- Jan.2001~ Dec. 2008 1°

vations
NCEP1 Reanalysis Jan. 2001~ Dec. 2011 T62 Gaussian grid (approx-
imately 1.9°)
NCEP2 Reanalysis Jan. 2001~ Dec. 2011 T62 Gaussian grid (approx-
imately 1.9°)
MERRA  Reanalysis Jan. 2001~ Dec. 2011 %° latitude X 24° longitude
HR Ship observa- Monthly climatology 2°
tions from 1890~1976
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Fig.2-1. Mean depth-integrated dynamic height (m?) and the rate of the appearance of the
gyre axis (color). Open circles denote the position of the gyre axis determined from
the mean depth-integrated dynamic height. Black dots denote the grid points where
the appearance rate of the gyre axis is statistically significant at the 95 percentile

confidence interval.
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Fig.2-2. (a)Same as in Fig. 2-1, but calculated from a 5th order polynomial curve fitting
to a monthly meridional profile of the depth-integrated dynamic height in the lati-
tude range of 20°~35°N at each longitude, and (b) the mean contribution ratio of
each fitting of 2nd to 6th order polynomials at each longitude (see the text for

details).

41



165'W-130°W

- i
A N
il 0 b T— 7 [11\ ST
El W i
S -2 - -

20 25 30 35

Latitude(°N)

Fig.2-3. Relative vorticity of the depth-averaged geostrophic velocity between the sur-
face and 2000 m, zonally averaged between 165°W and 130°W. The error bars

denote the standard deviation.
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Fig.2-4. Mean wind-driven transport (Sv) and the rate of the appearance of the gyre axis
(color), calculated from (a) JRA, (b) J-OFURO, (c) NCEP1, (d) NCEP2, (¢) MER-
RA and (f) HR. Open circles denote the position of the gyre axis determined from

the mean wind-driven transport, plotted every about 2° longitude interval.
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Fig.2-5. Percentile of the rate of the appearance of the gyre axis among 1000 appearance
rate maps generated by the bootstrap method (see the text for detail), for (a) JRA,
(b) J-OFURO, (c) NCEP1, (d) NCEP2 and () MERRA, shown only at the grid
points with the appearance rate more than 5% in Fig. 2-4. Contours are the mean

wind-driven transport (Sv), the same as in Fig. 2-4.
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Fig.2-6. Rates of the appearance of the gyre axis of (a, b) the depth-integrated dynamic
height and (c~I) the wind-driven transport, averaged between 150°E and 170°E
(left) and between 170°W and 150°W (right). Gray curves denote the zonal mean

values in each longitudinal range.
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Fig.2-7. (a) Ekman pumping velocity (wek) and wind stress vector from the MERRA,

and (b) their anomalies obtained by a meridional high-pass filter. The wind stress
vector anomaly is shown only for the east of 150°W. Black contours in the lower

panel indicate the mean wind-driven transport.
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Fig.2-8. Mean dynamic heights at (a) 100 m, (b) 500 m, and (c) 800 m depths and accel-
eration potential on (d) 1025.6, (¢) 1026.5, and (f) 1027.2 kg/m® density surfaces.
Color indicates the appearance rates of the gyre axis. Thick black lines show the po-
sition of the climatological gyre axis determined from the appearance rate (see the
text for details). Black dots denote the grid points where the appearance rate is sta-

tistically significant at the 95 percentile confidence interval.
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Fig.2-9. Distribution of the gyre axis at different depths, determined from (a) the rate of

the appearance of the gyre axis and (b) the mean dynamic height maps.
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Fig.2-10. Meridional sections of the rate of the appearance of the gyre axis (color) and

the zonal geostrophic velocity (cm/s) along (a) 160°E and (b) 160°W.
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Fig.2-11. (a, b)Meridional sections of PV (color) and potential density (black contours),
and (c, d) PV (black contours) and its meridional gradient (color) on the vertical co-
ordinate of potential density along (a, ¢) 160°E and (b, d) 160°W. Thick black lines
show the climatological gyre axis. In the lower panels, the area where the density is

less than the winter sea surface density is masked out.
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Fig.2-12. Maps of mean PV (color) and acceleration potential relative to 2000 dbar
(black contours) at the isopycnal surfaces of (a) 1026.0 and (b) 1026.4 kg/m3. Gray
lines denote the climatological gyre axis. Light shade indicates the area with the
winter sea surface density heavier than each isopycnal. Red (blue) and orange (pur-
ple) lines are the isolines of the acceleration potential of 21.5 (20.0) and 23.5 (21.5)
m?s at the isopycnal surface of 1026.0 kg/m?® (1026.4 kg/m?®) across 160°W and
160°E, respectively. (c) Changes in PV along each streamline in (a) and (b). Closed

circles are point at the intersection of each streamline with 160°W and 160°E.
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Fig.2-14. Meridional distribution of the layer thickness zonally averaged (a~g) between
150°E and 170°E and (h~n) between 170°W and 150°W at (a, h) 1025.4, (b, i)
1025.8, (c, j) 1026.0, (d, k) 1026.2, (e, I) 1026.4, (f, m) 1026.6 and (g, n) 1027.0
kg/m?® surfaces. The thin black lines indicate the standard deviation. The gray lines
show the layer thickness calculated by averaging PV within a 2° latitude bin in the
vicinity of the gyre axis and then dividing it into f. The broken lines are the position

of the climatological gyre axis at the 160°E for (a~g) and 160°W for (h~m).
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Fig.2-16. Vertical profiles of (a) the change in position of the gyre axis with depth, (b)
the vertical and (c) horizontal shears of zonal flow along the gyre axis. Grey lines
indicate profiles at each longitude between 150°W and 170°W, and thick black
lines indicate the mean profiles. Red curves in (b) and (c) show the smoothed pro-
files obtained by fitting the mean profile to a Gaussian function, and a red curve in

(a) is calculated from theses smoothed profiles. Blue and green curves in (a) indi-

cate the -(dy/dz)auwe-. and -(dy/dz)awaey, respectively (see the text for details).
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Chapter 3
Temporal variations of
the North Pacific subtropical gyre

3.1 Introduction

The temporal variations of surface circulation have been investigated with a partic-
ular focus on the western subtropical gyre of the North Pacific on the time scales from
seasonal to decadal, using mainly satellite altimetry sea surface height data (e.g. Qiu
2002b). Recently, the accumulation of the Argo profiling float data enabled us to inves-
tigate the variability of basin-scale ocean circulation at subsurface depths. Giglio et al.
(2012) reported that the variations of meridional geostrophic transport are consistent with
the meridional Sverdrup transport that are zonally integrated between 150°E and 180°,
and the strength and position of the North Pacific subtropical gyre have interannual vari-
ations with time scales of 6~8 years from an empirical orthogonal function analysis of
sea surface height and depth-integrated dynamic height referenced to 2000db, using Argo
data and atmospheric reanalysis data in the period from 2004 to 2011 and satellite sea
surface data from 1993 to 2010. But the variations of ocean circulation in the eastern
North Pacific have not been investigated in detail so far.

In the eastern part of the North Pacific subtropical gyre, the existence of the anticy-
clonic circulation centered at the northeast of the Hawaiian Islands, which is known as
the Eastern gyral (Sverdrup et al. 1942), has been suggested. Toyoda et al. (2004) showed
that using eddy-permitting ocean general circulation model, the formation region of the
ESTMW (Hautala and Rommich 1998) is in a good agreement with the position of the
anticyclonic circulation similar to the Eastern gyral, and the low PV input associated with
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the ESTMW has the tendency to produce an anticyclonic circulation. Aoki and Kutsu-
wada (2008) showed that the anticyclonic rotation exists in the upper layer above the
ESTMW, using the World Ocean Database 2005 (Boyer et al. 2006). But the formation
and variations of this anticyclonic circulation have not been fully investigated.

In Chapter 2, the gyre axis, which is defined as a large-scale boundary between
eastward motions on the northern part of the subtropical gyre and westward motions on
the southern part from the mean vertical-integrated geostrophic circulation, displays the
two gyre axes about 25°N and 30°N in the east of 170°E, indicating local cyclonic circu-
lation embedded in the background of basin-scale anticyclonic circulation of the sub-
tropical gyre.

Figure 3-1 shows the mean map of relative vorticity of depth-integrated geostrophic
velocity referenced to 2000 dbar averaged from 2004 to 2013. Although the North Pacific
subtropical gyre is characterized overall by anticyclonic circulation, namely negative rel-
ative vorticity, there are three local cyclonic regions; the STCC region (120°E~170°E,
20°N~25°N), the Hawaiian Lee countercurrent region (120°E~160°W, 20°N) and the
eastern region between the meridional two gyre axes in the eastern North Pacific
(170°W~130°W, 25°N~30°N). As for the STCC and Hawaiian Lee countercurrent re-
gions, Kobashi and Xie (2012) and Sasaki et al. (2013) reported the formation of the lo-
cal cyclonic wind field due to the ocean front using the observations and a high resolu-
tion model, respectively. These cyclonic wind fields are considered to be partly responsi-
ble for the cyclonic circulations.

On the other hand, in the eastern cyclonic region, where there is the eastern STCC
(Kobashi et al. 2006) in the southern side of the local cyclonic region, the relationship
between the local cyclonic ocean circulation and wind field has not been examined in
detail. In addition, the southern region of this cyclonic circulation seems to correspond to
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the local anticyclonic circulation of the Eastern gyral. The study in Chapter 3 examines
the temporal variations of the depth-integrated circulation with the particularly focus on
the local ocean cyclonic and anticyclonic circulations in the eastern part of the subtropi-
cal gyre and the vertical structure of the gyre axis.

The rest of this chapter is organized as follows. Section 3.2 describes the ocean and
atmospheric data used and the analysis method used in this chapter. In Section 3.3, the
periodicity and spatial characteristic of the ocean circulation and the relationship with a
wind-driven circulation are shown. In Section 3.4, | will show year-to-year variations of
the vertical structure of the gyre axis, and then describe the relationship with the varia-
tions of the velocity and potential vorticity structures. Section 3.5 gives summary and

discussion.

3.2 Data and methods

3.2.1 Ocean data

This chapter uses monthly temperature and salinity data of the MOAA GPV from
January 2004 to May 2014. In Chapter 2, | used the same MOAA GPV dataset, but ana-
lyzed the long-term mean from 2001 to 2011, without examining in detail on the distri-
bution and numbers of the Argo floats. Figure 3-2 shows the number of Argo float pro-
files at each year in the North Pacific subtropical gyre. It increased remarkably from
2004 and has been more than 10000 profiles per year since 2005. Measurement locations
at each year are shown in Fig. 3-3. The Argo profiles in the western North Pacific are

densely distributed than in the central and eastern regions all the time. But since 2004,
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the Argo float observations in the eastern and central regions seem to have sufficient ob-
servation densities to capture the temporal variations of the large-scale ocean circulation.
The Argo float gridded data is available from various research institutes. Giglio et al.
(2012) used Rommich and Gilson’s (2009) Argo gridded dataset. There are also other
datasets such as the product of International Pacific Research Center (IPRC) and Institut
francais de recherche pour I'exploitation de la mer (IFREMER) and so on. The differ-
ences between these datasets are mapping methods and source data. To make comparison
of Argo gridded datasets, Roemmich and Gilson’s Argo grid dataset is also used in the
present study. The horizontal and vertical resolution of this dataset is 1° and 58 layer at
0~2000m, respectively. This dataset is gridded by an optimal interpolation with lati-
tude-dependent decorrelation scales. The first guess field of this optimal interpolation is
the monthly mean value calculated from only Argo float data from 2004 to 2009 (Roem-

mich and Gilson 2009).

3.2.2 Atmospheric data

The present study used the monthly-mean sea level pressure and wind stress data of
the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanaly-
sis (ERA-Interim; Dee et al. 2011). The spatial grid spacing of ERA-Interim is 0.75°.
Brunke et al. (2011) evaluated the performance of various atmospheric reanalysis data,
and found that as for wind stress data, the ERA-Interim has the best performance among
other products. In this study, to verify the difference between the reanalysis data and ob-
servations, a high-resolution version of J-OFURO based on satellite observations was
used. The spatial resolution of this dataset is 0.5°. The period analyzed in this study is the
same as that of the ocean data, but the J-OFURO covers only from 2004 to 2008
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| first calculated monthly climatologies from the 10-year data from 2004 to 2013 for
each variable. Monthly anomalies from the long-term climatology were calculated and
then were smoothed by applying a 13-month running mean filter. This temporal filter was

used to highlight interannual variations.

3.3 Variations of the vertical-integrated geostrophic circulation

3.3.1 Periodicity

I calculated the time series of the relative vorticity of the depth-integrated velocity
averaged in the northwest (NW), northeast (NE) and southern (S) regions in Fig. 3-1,
where cyclonic rotation is predominant for the two northern regions and anticyclonic ro-
tation for the southern region in the time mean field (Fig. 3-4). The relative vorticity in-
dicates distinct interannual variations. The meridional and zonal differential components
of the relative vorticity are shown in Fig. 3-4 by red and blue lines, respectively. The in-
terannual variations of the relative vorticity in the three regions are mainly attributable to
changes in zonal velocity (red lines in Fig. 3-4). The relative vorticity of the
depth-integrated velocity in the NW region shows positive values in the periods of
2005~2007 and 2011~2012, and negative values in the period of 2008~2009. The time
series in the NE region is similar to that in the NW region but seems to lead by about 1
year. On the other hand, the S region looks out-of-phase with the NW region.

These relationships are confirmed from Fig. 3-5. The correlation between the rela-
tive vorticity in the NW and NE regions takes a maximum when the NE region leads the
NW region by 1 year (Fig. 3-5a). On the other hand, the lag correlation between the NW
and S regions shows the largest negative coefficient without lag times. This result indi-
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cates the variation in the S region is in reverse phase with that in the NW region. The
lag correlation between these regions also suggests the periodicity of about 5 years.

The periodicity of the relative vorticity of depth-integrated velocity was examined
from spectral analysis for the time series in the NW and NE regions. Figure 3-6 shows
the ensemble-average power spectra of the relative vorticity estimated from raw spectra
of the observed time series at each grid in each region. A significant peak at a period of
5 years can be identified in all the regions. In the NE region (Fig. 3-6b), although an-
other peak appears at periods of about 12 months, it is not statistically significant. The
peak at period of 5 years in the NW region (Fig. 3-6a) is slightly larger than that in the
NE region (Fig. 3-6b). Therefore, | focus on the interannual variations in the NW re-

gion.

3.3.2 Spatial characteristics

Figure 3-7 shows the time-latitude section of depth-integrated dynamic height,
depth-integrated zonal velocity and relative vorticity of depth-integrated velocity, zonally
averaged between 155°W and 145°W in the NW region. The 5-year variations of the rel-
ative vorticity is obvious from positive cyclonic rotation at 26~30°N in the periods of
2004~2007 and 2011~2012 and weak cyclonic or anticyclonic rotation in 2009~2010 and
2013 (Fig. 3-7c). The cyclonic rotation at 26~30°N appears almost in coincidence with
anticyclonic rotation to the south at 23~26°N in the S region.

The depth-integrated zonal geostrophic velocity (Fig. 3-7b) shows that the simulta-
neous appearance of the cyclonic rotation in the NW region and the anticyclonic rotation
in the S region is closely related to the variations of eastward transport around 26°N near
the boundary of the NW and S regions. The area of the eastward transports has 3° width
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in latitude, which seems to propagate southward with time from 30°N, and appear to be
enhanced around 26°N in 2005~2006 and 2012. The similar southward propagation of
the eastward jets has been reported by Richards et al. (2006) from variations of zonal
velocity at 400m depth in an ocean general circulation model (Their Fig. 3).

The temporal variations of the eastward transport around 26°N are related with the
meridional gradient of depth-integrated dynamic height (Fig. 3-7a). The meridional
maximum of depth-integrated dynamic height tends to move to southward with time.
These characteristics are common to the results from Roemmich and Gilson’s Argo da-
taset (Fig. 3-8).

| investigate the difference of the vertical structures around 150°W between cyclon-
ic vorticity years and other years (Figs. 3-9, 10). The density and velocity are smoothed
with a 13-month running mean to remove seasonal variations and then are averaged at
cyclonic years (2004~2007, 2011~2012) and other years (2008~2010, 2013) in the NW
region. Figure 3-9 shows the composite meridional sections of zonal velocity, zonally
averaged between 155°W and 145°W. As can be seen in Fig. 3-9, the zonal velocity
around 26°N is seen to the vertically coherent eastward flow anomaly from sea surface to
1500m. The vertically coherent change of density along the southern side of 26°N is
thought to be the cause of the vertically coherent eastward flow at 26°N (Fig. 3-10). In
particular, the density at upper of 200m in the southern (northern) side of 26°N siginifi-
cantly decreased (increased) in the cyclonic years (Fig. 3-10a). The significant difference
between the cyclonic years and other years along the southern side of 26°N can be con-
firmed above the upper pycnocline and at depths deeper than 800m (Fig. 3-10c).

I investigate the difference of the horizontal map of the depth-integrated circulation
between the cyclonic years and other years. Figure 3-11 shows the composite maps of the
relative vorticity of depth-integrated velocity for the cyclonic years and other years and
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their difference. In the cyclonic years there is a zonally-extending pair of cyclonic rota-
tion at 26~30°N and anticyclonic rotation at 23~26°N (Fig. 3-11a). On the other hand,
they are obscure in the other years (Fig. 3-11b). The difference of the relative vorticity
are statistically significant in the NW and NE regions and the S regions

I calculate the composite map of the depth-integrated zonal velocity to investigate
the relationship of the flow fields to the cyclonic and anticyclonic rotations (Fig. 3-12).
The northern cyclonic rotation and southern anticyclonic rotations in the eastern sub-
tropical region are associated with relatively strong eastward flow between them. This
eastward flow is centered at 26°N, 150°W with 3° in meridional width and from 165°W
to 140°W for the cyclonic years (Fig. 3-12a). On the other hand, for the other years, the
westward zonal velocity is seen to the south of 30°N and the west of 140°W (Fig. 3-12b).
The difference map in Fig. 3.12c shows that a statistically significant eastward flow
anomaly around 26°N reachs to 160°E in the cyclonic years. For the cyclonic rotation
years (other years), the zero lines of zonal velocity, which corresponds to the gyre axis in
Chapter 2, tend to be located to the south (north) at least toward the eastern side of
160°E.

To investigate the cause of the eastward transport at 26°N, | prepare the composite
map of the depth-integrated dynamic height (Fig. 3-13). The difference map between the
cyclonic years and other years in Fig. 3-13c reveals statistically significant differences in
the southern region of the eastward transports at 26°N (170°W~140°W, 23°N~25°N) and
the Kuroshio recirculation region in the western North Pacific (130°E~150°E, 25°N~
30°N), showing a general pattern with negative anomaly in the northern side of the sub-
tropical gyre and positive in the southern side. This result indicate that the variations of
the eastward flow at 26°N is caused predominantly by the variations of the
depth-integrated dynamic height in the southern side.
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Which temporal variations of the southern and northern region of 26°N cause
changes in the eastward flow near 26°N? To approach this point, | first calculated the
time series of the zonal velocity based on the geostrophic relation from the difference
between the depth-integrated dynamic height meridionally averaged in the southern side
(23°N~26°N) and northern side (27°N~30°N) of this eastward flow, and then they are
compared to the actual time series of the depth-integrated zonal geostrophic velocity
along 26°N (Fig. 3-14). The correlation coefficient at each longitude between them is
statistically significant at all longitudes (Fig. 3-14c). This result indicates that the east-
ward flow along 26°N is well reproduced by the depth-integrated dynamic height.

Next, | prepare the long-term mean of the depth-integrated dynamic height in each
longitude range in the northern and southern regions of 26°N. Then | compute the two
time series of the zonal velocity assuming geostrophy from the long-term mean of the
southern (northern) region and the original northern (southern) depth-integrated dynamic
height (Fig. 3-15c,d). The correlation coefficient at each longitude between these time
series and the actual depth-integrated zonal velocity along 26°N is shown in Fig. 3-15a,b.
In the region of 180~140°W, the correlation coefficient calculated from the mean dy-
namic height of the northern region (Fig. 3-15a) is generally higher than that from the
southern region (Fig. 3-15b). Although the time series from the mean dynamic height of
the northern region is almost coincide with that of actual depth-integrated zonal velocity
along 26°N, they seem to be not necessarily in agreement since 2011.To the west of 180°,
the correlation coefficient becomes high for the time series from the mean dynamic
height of the southern region (Fig. 3-15b). The results indicate that the variations of the
zonal velocity at 26°N in the western region are determined predominantly by those of
the depth-integrated dynamic height in the northern region, where is close to the latitu-
dinal band of the center of Kuroshio recirculation.

64



Lagged regression maps between the depth-integrated dynamic height and its ar-
ea-mean at (23°N~25°N, 155°W~145°W) appear to generally propagate southward from
the northern side of the subtropical gyre (Fig. 3-16). This southward propagation is
clearly seen from the lagged regression maps of the depth-integrated zonal velocity (Fig.
3-17), which shows that the zonal structures with 3° in meridional width and more than
20° in longitudinal length propagate southwestward from 30°N. These characteristic of
southwestward propagation resemble the structure and variation of zonal jets and stria-
tions in the eastern part of the North Pacific (Richards et al. 2006, 2008; Maximenko et
al. 2008; Melnichenko et al. 2010; Nonaka et al. 2012) and South Pacific (Kessler and
Gourdeau 2006; Taguchi et al. 2012). In fact, these northeast-southwest propagations of
the zonal velocity anomaly can be also confirmed from the time-latitude section of zonal

velocity (Fig. 3-7) and the yearly maps of its anomaly (Fig. 3-18).

3.3.3 Relationship with the wind-driven circulation

To compare between depth-integrated geostrophic circulation and wind-driven cir-
culation, | observe the time series of wind-driven transport, zonal wind-driven transport
and relative vorticity of the wind-driven transport zonally averaged between 155°W and
145°W (Fig. 3-19). The variations of the eastward flow around 26°N as such the
depth-integrated zonal velocity can be confirmed from the zonal wind-driven transport.
The eastward flow around 26°N is evident in 2003~2006, 2009~2011 and propagated to
the southward. To compare with the satellite observation wind stress data, the time series
calculated from J-OFURO in the same way as ERA-Interim is also checked (Fig. 3-20).
Although spatially fine scales differ, the variations of the eastward flow around 26°N,
which propagated southward and was strengthened in 2006, is almost consistent with the
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ERA-Interim. These satellite results corroborate the variations of the eastward flow based
on the ERA-Interim.

The time series of the zonal wind-driven transport averaged in the region of
25~27°N and 155°W~145°W is compared to that of the depth-integrated zonal velocity
(Fig. 3-21). Although they show similar fluctuations, the time series of the zonal
wind-driven transports appear to lead the depth-integrated zonal velocity time series. The
leads are confirmed from Fig. 3-21b, which indicates that the maximum correlation be-
tween them occurs when the zonal wind-driven transport leads the depth-integrated zonal
velocity time series by 1 year. The results indicate that the depth-integrated geostrophic
circulation around 26°N in the eastern subtropical gyre can be explained by wind-driven
circulation with a 1 year lag. This time lag corresponds to about pi/2 of the dominant
variations of about 5 years. We will discuss the mechanism later in Section 3.5.

| analyze the composite map of the Ekman pumping velocity for eastward flow
years (2004~2006, 2009~2011) and other years (2007~2008, 2012~2013) (Fig. 3-22).
The Ekman pumping velocity in the southern region of 26°N is enhanced for the east-
ward flow years (Fig. 3-22c), consistent with the result that the variations of the eastward
flow around 26°N are mainly caused by the depth-integrated dynamic height in the
southern region of 26°N (Section 3.3.1).

Difference between the sea level pressure in the eastward wind-driven transport
years and other years shows positive and negative anomaly in the western and eastern
subtropical gyre, respectively (Fig. 3-23). These regions may correspond to the subtropi-
cal high and Ogasawara high. The results indicate that strong negative Ekman pumping
velocity anomaly in the southern side of 26°N in the eastern region is not due to the large

scale atmospheric variations, probably due to local atmospheric forcing
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3.4 Variations of the vertical structures of geostrophic circulation

In this section, | first describe to the interannual variation of the gyre axis at each
depth. Next, | investigate the vertical structures of the velocity and potential vorticity,
and then describe the relationship with the northward shift of the gyre axis.

The year-to-year variations of the gyre axis are shown at each depth in Fig. 3-24. As
seen from the mean distribution of the gyre axis in Chapter 2, the northward shift of the
gyre axis with depth occurs mainly to the east of 170°E almost every year. To the west of
170°E, there is little change in positions of the gyre axis with depth, but a careful look
shows a weak but recognizable change in the position of the gyre axis after 2010.

The vertical structures of the gyre axis around 170°E seem to be related to the
strong eastward-flowing Kuroshio Extension (shades in Fig. 3-24). Figure 3-25 shows
the time-latitude section of the depth-integrated zonal velocity anomaly zonally averaged
between 165°E and 175°E. The meridional extent of the northward shift of the gyre axis
with depth is related with the depth-integrated zonal velocity anomaly of the Kuroshio
Extension around 30°N. When the northward shift of gyre axis is small in 2007~2008,
the Kuroshio Extension around 30°N is strong, while it is weak when the northward shift
of gyre axis is large in 2009~2010. The signals are seen uniformly in the vertical from
the sea surface to deep layer at 1500m depth (Fig. 3-26). The results indicate that the
gyre axis structures in the downstream of the Kuroshio Extension is dominated by the
strength of the barotropic flow of the Kuroshio Extension. In the southern side of 30°N,
the depth-integrated zonal velocity anomaly propagates to southward as such 3.3.1. This
southward propagation may be related to the signals of zonal velocity anomaly shown in

Section 3.3.1.
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Next, | investigate the distribution of the gyre axis at each depth in the eastern sub-
tropical gyre. Figure 3-27 shows the meridional section of zonal geostrophic velocity at
160°W in each year. In the east of 170°E, the interannual variations of the gyre axis are
noticeably seen at 200~600m in which the vertical gradient and the position of the gyre
axis vary from year to year. In the surface layer from sea surface to 400m depth, the gyre
axis is located at about 25°N, perhaps associated with the strength and vertical extent of
the eastern STCC. In the layer deeper than 1000m, the gyre axis almost stays at 40°N,
showing less year-to-year variations.

In the mean field, | showed the relationship with the CMW characterized by the low
PV and the northward shift of the gyre axis (Section 2.4). We may expect that higher
(lower)-PV CMW could cause more uniform (non-uniform) northward shift of the gyre
axis with depth. I investigate the relationship between the temporal changes of the verti-
cal structure of the gyre axis and CMW. 1 first observe the PV map on the 1026.2 kgm™
isopycnal surface as representative density surface of the CMW (Fig. 3-28), which re-
veals year-to-year variations of the horizontal structure and strength of low PV CMW.
Although the low PV appears to be supplied from the outcrop region in 2005 and 2010,
the PV around 30°N and 170°W~150°W in the downstream side of the outcrop region is
relative high in 2010. It is thought that the low PV water in the previous year was advec-
ted toward the downstream and dissipated.

The meridional sections of the PV and zonal velocity in each year at 160°W are
shown in Fig. 3-29. When the PV in the depth at 200~800m of the CMW layer is rela-
tively lower (higher), the northward shift of the gyre axis tends to be smaller (larger). In
2006~2008, the PV at 200~600m depth is generally low around 30°N, and the northward
shift of the gyre axis with depth is also small. In 2009 and 2012, it was an opposite situa-
tion. But the relationship between the CMW and the gyre shift in 2010, 2011 and 2013 is
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not consistent with the above-mentioned story. The results imply that the northward shift
of the gyre axis with depth is related to not only by the intensity of PV of the CMW but
also by other ocean structures.

In the western subtropical gyre, the relationship between the northward shift of the
gyre axis and the PV structures is not clear (Fig. 3-30). The relatively higher PV water of
the pycnocline at depths of 300~600 m around 30°N is relatively higher (lower) in
2009~2012 (2005~2008). The PV of STMW above the pycnocline appears to vary with
the out of phase to it. When the northward shift of the gyre axis is large, the velocity in
the upper layer of the Kuroshio Extension tends to be weak. The results indicate that the
variations of the northward shift of the gyre axis are determined predominantly by the

variations of barotropic flow of Kuroshio Extension rather than the PV structures.

3.5 Summary and discussion

In this chapter, the temporal variations of the depth-integrated circulation of the
North Pacific subtropical gyre were investigated with a focus on the local cyclonic rota-
tion in the eastern subtropical gyre, which found from an analysis of the mean current
field in Chapter 2. I also investigated the vertical structures of the gyre axis and their re-
lationship with velocity and potential vorticity structures.

The cyclonic rotation between the two gyre axes of the depth-integrated dynamic
height in the east of 170°W shows interannual variations with a period of about 5 years
and no significant seasonal variations. The anticyclonic rotation is seen to the south of
the cyclonic rotation area, varying coincidentally with the cyclonic rotation. | investigat-
ed the two local cyclonic rotation regions, the NW and NE regions, with a local peak of
the relative vorticity of the depth-integrated geostrophic velocity. The variations of the
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relative vorticity of the depth-integrated velocity in the NE region lead to those of the
NW region by about 1 year, which suggests that they may be affected by a west-
ward-propagating baroclinic Rossby wave.

To examine the horizontal and vertical characteristic of the cyclonic rotations in the
eastern subtropical gyre, | calculated the composite sections and maps. The results show
that the cyclonic and its associated anticyclonic rotations to the south were caused by a
vertically coherent eastward flow in 26°N near the boundary of them and this eastward
flow is mainly associated with the variations of the depth-integrated dynamic height in
the southern region of the eastward flow. Lagged regression analysis indicated that the
signals of depth-integrated dynamic height and zonal velocity anomaly were propagated
southwestward from the northeastern subtropical gyre and were enhanced along around
26°N.

Comparison between the depth-integrated zonal velocity and zonal wind-driven
transport indicates that the depth-integrated geostrophic circulation was explained in
terms of wind-driven circulation, though there is a time lag between them; the variations
of the wind-driven transport lead the depth-integrated zonal velocity by 1 year. When the
eastward wind-driven transport at 26°N was obvious, the Ekman pumping velocity along
the southern side was enhanced, causing strong vertically-integrated eastward geo-
strophic flow. It is found that the interannual variations of the cyclonic and anticyclonic
circulation were induced by local wind changes rather than by large-scale atmospheric
forcing.

Taguchi et al. (2012) indicated from an analysis of a coupled atmosphere-ocean gen-
eral circulation model that the variations of striation of depth-integrated zonal velocity in
the South Pacific subtropical region was consistent with that of the zonal Sverdrup
transport with lag by 1 year. He suggested that coincidence of striation between
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depth-integrated velocity and Sverdrup transport was caused by positive air-sea feedback
via SST. The equatorward propagation speed of the striation showed by Taguchi et al.
(2012) was 0.18~0.56 cms™, which was consistent with the propagation speed estimated
from the present study (0.42 cms™), though the latitude range is different, and 1 year lag
between the eastward flow of depth-integrated zonal velocity and the Sverdrup transport
was also consistent with the result of present study (Fig. 3-21).

Why is there the time lag between the depth-integrated zonal velocity and the zonal
wind-driven transports? We take a look back at the barotropic vorticity equation (Eq. 1-6)
and consider a time-dependent Sverdrup relation. Here, | assume a balance between the

time-dependent terms of the relative vorticity and the forcing due to the Ekman pumping,
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Since the time change of the relative vorticity in the eastern region is mainly attributed to

the change of the zonal velocity (Section 3.3.1), Eq. (3-1) is approximated as follow:
ou f

—~— W, 3-2

o p e (3-2)

This equation suggests that the temporal variations of the depth-integrated geostrophic
circulation can be explained by the form of the temporal integration of the Ekman forcing.
To verify their relationship, | calculated the temporal integration of the wind-driven
transport that may be regarded to correspond to the Ekman pumping velocity in Eq. (3-2)
(Fig. 3-1). The change of the integrated zonal wind-driven transports is almost in agree-
ment with that of the depth-integrated zonal velocity. The result suggests that the time
rate of the change in the eastward flow responds to the wind stress curl forcing.

The above-mentioned discussion considered only the response to the local wind
forcing at the same place, but the eastward flow could also form due to the infusion of
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the higher PV into the southern region of the eastward flow at 26°N. This infused PV
could be formed by the Ekman pumping at the outcrop of isopycnal surfaces, which are
usually located to the upstream side of 26°N. We need to further examine the mechanism
of the time changes in the eastward flow in detail.

The eastward flow anomaly propagated southwestward seems to be enhanced around
26°N on the year-to-year time scales, and the local intensification plays an essential role
in the formation of the local cyclonic and anticyclonic circulations and the in-between
depth-integrated eastward flow. Kobashi and Xie (2012) pointed out that the interannual
variations of the STCC in spring in the western subtropical gyre are associated with an
overlying local cyclonic wind curl, and the changes in the cyclonic wind curl is induced
by the sea surface temperature (SST) front anchored by the STCC itself. On the other
hand, the present study finds the changes in the depth-integrated eastward flow along the
eastern STCC in response to the local cyclonic wind curl. Since the eastern STCC also
has a SST front, there may be possible feedback between the atmosphere and ocean, that
is, the changes in the SST front give rise to those of the wind curl forcing, and then they
again change the eastward flow. Further analysis will be needed to understand the whole
process of the changes in the eastward flow. The year-to-year variations of the northward
shift of the gyre axis with depth were seen both in the eastern and western regions of
170°E. In the downstream region of the Kuroshio Extension, the northward shift of the
gyre axis was large after 2009, which was related to the strength of the Kuroshio Exten-
sion. On the other hand, in the eastern part of the subtropical gyre, | found that the varia-
tions of the position of the gyre axis were large at subsurface layer of the 200~800m
depth, small at depth of 0~200m and deeper than 1000m. The position of the gyre axis in

the upper layer was located in the southern edge of the eastern STCC. | suggested that
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the position of the gyre axis in the upper layer in the eastern subtropical gyre was associ-

ated with vertical extent and meridional position of the eastern STCC.
| investigated the relationship between the variations of the gyre axis and PV struc-
tures in the eastern and western subtropical gyres. In the eastern region, when the CMW
is located near the position of the mean gyre axis, the northward shift of the gyre axis
with depth tend to be small in the CMW layer, but such relationship is not always seen.
The results suggested that the vertical structures of the gyre axis are affected not only by
the intensity and distribution of the CMW but also by other ocean structures. On the oth-
er hand, in the west at 160°E, | found that the northward shift of the gyre shift is related

to the upper velocity of Kuroshio Extension rather than PV structures.
The quantitative analysis for the temporal variations of the vertical structure of the

subtropical gyre will be necessary for a further understanding in the future.
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Fig.3-1. Mean map of relative vorticity of depth-integrated geostrophic velocity refer-

enced to 2000 dbar, averaged for the period from 2004 to 2013. Gray contours indi-

cate depth-integrated dynamic height (m?). The rectangles are used in Fig. 3-4.
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Fig.3-2. Number of Argo profiling floats in the North Pacific subtropical region

(15°~45°N, 120°E~100°W).
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Fig.3-3. Spatial distributions of Argo profiling floats at each year. The upper left number

in each panel show the year. Contours indicate depth-integrated dynamic height ref-
erenced to 2000 dbar from the MOAA GPV.
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Fig.3-4. Time series of the relative vorticity of depth-averaged geostrophic velocity av-

eraged in the (a) NW, (b) NE and (c) S regions. Black and red (blue) lines indicate
relative vorticity and its meridional (zonal) differential term, respectively. Thick

black lines indicate a 13-month running mean of the relative vorticity. .
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depth-averaged velocity in the (a)NW and NE regions (Figs. 3-4a, b) and the (b)NW

and S regions (Figs. 3-4a, c). Here, the lagged correlation is estimated from the time

series of 13 month running mean values (thick black lines in Fig. 3-4). A positive lag

denotes the lead by the NW time series. With the number of degrees of freedom es-

timated as 6 from Fig. 3-4, the correlation is significant at 90% confidence level

when |r| > 0.51.
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Fig.3-6. Ensemble mean power spectra of the relative vorticity of depth-integrated veloc-
ity in the (a)NW and (b)NE regions. Error bars are 95% confidence interval with 12

degrees of freedom. The vertical lines denote 4, 6, 12, 24 and 60 months.
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Fig.3-7. Time series of (a) depth-mtegrated dynamic height, (b) depth-mtegrated zonal

geostrophic velocity and (c) Relative vorticity of depth-integrated geostrophic ve-

locity, zonally averaged between 155°W and 145°W.
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- (a)Depth—integrated dynamic height (155'W—145'W)
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Fig.3-8. Same as in Fig. 3-7, but calculated by using Roemmich and Gilson Argo dataset.
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Fig.3-9. (a) Latitude-depth sections of zonal geostrophic velocity (cms™, contours) dur-

ing the local cyclonic rotation years of 2004~2007 and 2011~2012 and its anomaly
from the mean from 2004 to 2013(color shading), zonally averaged between 155°W
and 145°W. The geostrophic velocity is referenced to 2000 dbar. (b) Same as (a)
except for during the other years of 2008~2010 and 2013. (c) The difference be-
tween the maps in zonal geostrophic velocity of (a) local cyclonic years and (b)
non-local cyclonic years (color) and its annual mean from 2004 to 2013 (contours).

In (c) the open circles show significant difference at 90 % confidence limit.
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Fig.3-10. Same as in Fig. 3-9, but for density.
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Fig.3-11. Composite maps of relative vorticity of the depth-integrated geostrophic veloc-
ity in (a) the local cyclonic rotation years (2004~2007 and 2011~2012) and (b) the
other years (2008~2010 and 2013). (c) Difference between the maps of the relative
vorticity of the depth-integrated geostrophic velocity in the (a) local cyclonic rota-
tion years and (b) the other years. In (c), black dots show significant difference at

90% confidence limit.
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(a) Strong cyclonic curl year (2004-2007,2011-2012)
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Fig.3-12. Same as in Fig. 3-11, but for the depth-integrated zonal velocity.
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Fig.3-13. Same as in Fig. 3-11, but for the depth-integrated dynamic height.
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Fig.3-14. (a) Longitude-time section of the depth-integrated zonal velocity anomaly

along 26°N. (b) Same as (a) but calculated based on the geostrophy from the differ-

ence between the depth-integrated dynamic height meridionally averaged in the

southern side (23°N~26°N) and the northern side (27°N~30°N). (c) The correlation

coefficient at each longitude between the time series in (a) and (b). Correlation ex-

ceeding the gray line is significant at 95% confidence limit.
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Fig.3-15. Same as in Fig. 3-14, but calculated from the combination of the
depth-integrated dynamic height and its long-term mean in (c) the northern region
and (d) the southern region. The correlation coefficient between the time series in
(c) and (d) and the actual one along 26°N in Fig. 3-14a is shown in (a) and (b), re-

spectively.
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Fig.3-16. Lagged regression (shades) maps of interannually varying depth-integrated

dynamic height onto the same field averaged at (23°~25°N, 155°~145°W) with lags
of -3 to +3 years from the top to bottom. Thick and broken contours show the lagged
regression ==+ 1 and 0.6. Grid points of significant regression at the 90% confidence
limit are denoted by black dots.
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Fig.3-17. Same as in Fig. 3-18, but for depth-integrated zonal velocity. Arrows show the

movement of zonal velocity signal traced by zonal structures from individual lagged

regression maps.
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Fig.3-18. Yearly-mean distributions of the depth-integrated zonal velocity (contours) and

its anomaly (color) from the mean from 2004 to 2013.
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Fig.3-19. Time series of (a) wind-driven transport, (b) zonal wind-driven transport and
(c) relative vorticity of wind driven transport, zonally averaged between 155°W and

145°W.
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o (a)Wind driven transport (155W—145W)
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Fig.3-20 Same as in Fig. 3-19, but for J-OFURO high resolution version.
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Fig.3-21. (a) Time series of the depth-integrated zonal velocity from MOAA GPV (blue
lines) and zonal wind-driven transports from ERA-Interim (red lines) averaged in
the region of 25~27°N and 155°W~145°W . Thick lines denote the 13month running
mean. (b) Lagged correlation between the depth-integrated zonal velocity and zonal
wind-driven transports. Here, lagged correlation is estimated from the time series of

13 month running mean values (thick red and blue lines). A positive lag denotes the

lead by zonal wind-driven transports.
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Fig.3-22 Composite maps of the Ekman pumping velocity (color) and wind stress vector
in (a) the eastward flow years (2004~2006 and 2009~2011) and (b) the other years.
(c) Difference between the maps in (a) and (b). In (c), white and black circles show

significant difference at 85 and 90% confidence limit, respectively.
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Fig.3-23 Same as in Fig. 3-22, but for the sea level pressure. In (c), black circles show

significant difference at 90% confidence limit.
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Fig.3-24. Yearly-mean distributions of the depth-averaged geostrophic velocity (shading)

2 Kuroshio Extension unstable year

and depth-integrated dynamic height (contours) together with the gyre axis at dif-
ferent depths (color lines) from 2004 to 2013. Blue (red) and green (orange) arrows
denote the strong (weak) cyclonic rotation years and Kuroshio stable (unstable)
years, respectively.

97



100m 1100m
500m —— 1300m

40N

165’E=175E

35N 1

30N 1

25N 1

20N 1

15N — ——
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
[ [ [ [ [

~0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8

-2 -1.8-1.6-1.4-1.2 -1
Depth—integrated zonal velocity anomaly(m?s™)

1 1.2 14 16 1.8 2

Fig.3-25. Time-latitude section of the depth-integrated zonal velocity zonally averaged
between 165°E and 175°E. The color contours denote the zero lines of the zonal ve-

locity at different depths.
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Fig.3-26. Yearly-mean latitude-depth section of zonal geostrophic velocity (contours) and

its anomaly along 160°E. Green circles denote the gyre axis defined from the mean

zonal velocity.
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Fig.3-27. Same as in Fig. 3-26, but along 160°W
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Fig.3-29. Same as in Fig. 3-27, but for PV (color).

102



20N 25N 30N 35N 40N 20N 25N 30N 35N 40N

0 05 Igote:'ft?ol gort%i?y(qu‘“'?ﬂ"S'?) o M

Fig.3-30. Same as in Fig. 3-29, but along 160°E.
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Fig.3-31. Same as Fig. 3-21, but for the time-integrated wind-drive zonal transport su-
perimposed (thick red line). The linear trend was removed by a least-square fitting.
Dashed red and blue lines are the same as the thick lines in Fig. 3-21. The correla-
tion coefficient between the depth-integrated zonal geostrophic velocity (dashed
blue line) and the integrated zonal wind-driven transport (thick red line) is 0.66

which is significant at the 90% confidence level (r=0.51).
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Chapter 4
General conclusions

In this study, | have investigated the mean structures and temporal variations of the
North Pacific subtropical gyre with a particular focus on the depth-integrated geostrophic
circulation and the vertical structure of the geostrophic circulation by using Argo gridded
datasets and several atmospheric reanalysis and satellite datasets.

In Chapter 2, the mean structures of the subtropical gyre were investigated by de-
fining the gyre axis based on the horizontal pattern of the geostrophic circulation. The
gyre axes of the depth-integrated geostrophic circulation and the vertical structure of the
gyre axes both show the differences between the regions east and west of about 180° (Fig.
4-1). In the west, the gyre axis is strongly affected by the Kuroshio Extension jet and the
Kuroshio recirculation, showing the discrepancy with the Sverdrup theory and the venti-
lated thermocline theory.

The mean depth-integrated geostrophic circulation shows the two gyre axes about
25°N and 30°N in the eastern basin, which correspond well to those expected from the
wind-driven circulation calculated by the wind stress based on the Sverdrup theory. The
two gyre axes are associated with a local cyclonic wind stress curl anomaly between
145°W and 125°W, probably due to southeasterly wind anomalies there. The Sverdrup
theory expects that the two gyre axes would extend further to the west across the sub-
tropical gyre, but the actual geostrophic circulation shows only one gyre axis around
30°N to the west, suggesting some discrepancy with the Sverdrup theory in the west. The
difference in the west was considered to be associated with the strong barotropic motions

of the Kuroshio recirculation where the nonlinear dynamics are predominant.
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The vertical structures of the gyre axis are also quite different between the east and
the west of about 180°. The gyre axis indicates a prominent northward shift with depth in
the east, where a broad weak zonal flow is dominant and the thickness of density layers
decreases to the south, favorable for the g spiral. In addition, the PV on the CMW layers
near the gyre axis increase to the downstream probably due to dissipation by mixing ef-
fects. On the other hand, in the west, the gyre axis lies just along the southern flank of the
strong barotropic-like Kuroshio Extension jet with no remarkable northward shift. The
high PV water in the pycnocline of the Kuroshio Extension is suggested to disrupt the
meridional continuity of PV around the jet and thus prevents the gyre axis from shifting
to the north.

The northward shift of the gyre axis with depth in the eastern part of the subtropical
gyre occurs non-uniformly in the vertical, which is relatively small near the surface, in
the CMW layer and at depths deeper than 900m, and in contrast, it is large in the upper
and lower thermocline layers. | found that the small northward shift of the gyre axis in
the CMW layer is due to the horizontal uniformity of the CMW from the analysis based
on the vertical shears of the horizontal velocity. The results indicate the dynamical effect
of the CMW on the large-scale circulations of the subtropical gyre.

In Chapter 3, the temporal variations of the depth-integrated circulation were first
investigated with a focus on the eastern subtropical gyre. | found that there are two local
rotations: one is the cyclonic rotation between the mean two gyre axes and the other is
the anticyclonic rotation to the south. The latter seems to correspond to the Eastern Gyral
that was first identified from historical data analysis by Sverdrup et al. (1942). | exam-
ined the variations of the two local rotations and their relationship with atmospheric
forcings. Then, I investigated the year-to-year variations of the vertical structures of the
gyre axis and their relationship with the structures of velocity and PV.
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The local cyclonic and anticyclonic rotations both exhibit interannual variations
with a period of about 5 years with no significant seasonal cycles. The composite analy-
sis revealed that the two rotations are both caused by vertically coherent changes in the
eastward flow around 26°N near the boundary of the two rotations. The changes in the
eastward flow are mainly relating to those in the depth-integrated dynamic height to the
south of the eastward flow through a geostrophic balance.

The depth-integrated zonal velocity of the eastward flow was compared with the
zonal wind-driven transport calculated from surface wind data. Although there is a time
lag of about 1 year, they are well correlated with each other. The time lag rough corre-
sponds to the phase difference of /2 of about 5-year variations, strongly suggesting that
the time rate of the change in the eastward flow responds to the wind stress curl forcing,
which was discussed in the context of the time-dependent Sverdrup theory. Indeed, the
time-integrated wind stress curl is overall in agreement with the observed eastward flow
without notable phase differences. The composite map of the Ekman pumping velocity
indicates that the strong eastward flow is associated with local intensification of the Ek-
man pumping due to the changes in wind-stress curl to the south of 26°N. These results
indicate that the interannual variations of the two local rotations are induced by the local
wind changes rather than by large-scale atmospheric forcing. | have discussed the possi-
ble mechanism for the changes in the local Ekman pumping.

The lagged regression analysis shows that the signals of the depth-integrated dy-
namic height and the zonal velocity anomaly propagate southwestward from the north-
eastern subtropical gyre (Fig. 4-2). The eastward flow anomaly is enhanced around 26°N
on the year-to-year time scales.

The year-to-year variations of the northward shift of the gyre axis with depth were
seen both in the eastern and western regions of 170°E. In the downstream region of the
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Kuroshio Extension, the northward shift of the gyre axis was large after 2009, which was
related to the relatively weak Kuroshio Extension there. On the other hand, in the eastern
part of the subtropical gyre, | found that the variations of the position of the gyre axis
were large at the subsurface layer of 200~800 m depths, small at depths of 0~200 m and
deeper than 1000 m. The position of the gyre axis in the upper layer was located in the
southern edge of the eastern STCC. | suggest that the position of the gyre axis in the up-
per layer in the eastern subtropical gyre is associated with the vertical extent and merid-
ional position of the eastern STCC.

| investigated the relationship between the variations of the gyre axis and PV struc-
tures in the eastern and western subtropical gyres. In the eastern region, when the CMW
is located near the position of the mean gyre axis, the northward shift of the gyre axis
with depth tends to be small in the CMW layer, but such relationship is not always seen.
The results suggest that the vertical structures of the gyre axis are affected not only by
the intensity and distribution of the CMW but also by other ocean structures. On the oth-
er hand, in the west at 160°E, | found that the northward shift of the gyre shift is related
to the upper velocity of the Kuroshio Extension rather than PV structures. The more
quantitative analysis for the temporal variations of the vertical structure of the subtropi-

cal gyre will be necessary for a further better understanding.
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Fig.4-1. Schematic summary for (a) mean depth-integrated geostrophic circulation and

(b) mean vertical structures of the circulation in Chapter 2. Green arrows show the

Kuroshio Extension. In (a), black contours with arrows are the mean streamlines of

the depth-integrated circulation. Thick red lines and dashed blue lines are the gyre

axis of the depth-integrated circulation and the wind-drive circulation, respectively.

Orange and purple lines with arrows denote the Kuroshio recirculation and the local

cyclonic wind stress curl anomaly, respectively. In (b), the gyre axes at different

depths are shown by color lines. Shade indicates low PV on the isopycnal surface of
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Fig.4-2. Schematic summary for the mechanism of the variations of local cyclonic and
anticyclonic rotations in the eastern subtropical gyre. The Ekman pumping at the
south of 26°N is first enhanced, accelerating the eastward flow along 26°N, and
thereby both the local cyclonic and anticyclonic rotations are strengthened. In addi-
tion, the signal of the zonal velocity propagates southwestward from the northeast

subtropical gyre is enhanced at 26°N.
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