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ABSTRACT

A method based on isopycnal trajectory analysis is proposed to quantify the pathways from the subtropics
to the Tropics. For a continuous stratified ocean a virtual streamfunction is defined, which can be used to
characterize these pathways. This method is applied to the climatological dataset produced from a data-
assimilated model. Analysis indicates that in each layer contours of the virtual streamfunction are a good
approximation for streamlines, even if there is a cross-isopycnal mass flux. The zonal-integrated meridional
transport per unit layer thickness through each pathway varies in proportion to 1/sinf, where 6 is latitude.
The vertical-integrated total transport through pathways behaves similarly. Transport through pathways has
a prominent decadal variability. Results suggest that in decadal time scales the interior pathway transport
(IPT) anomaly may be mainly caused by the wind stress anomaly at low latitude. The western boundary
pathway transport (WBPT) anomaly often has a sign opposite to the IPT anomaly, reflecting compensation
between the IPT and the WBPT. However, more often than not the wind stress anomaly within tropical
latitudes can also be used to explain the WBPT anomaly.

1. Introduction

In the Pacific Ocean, subtropical water in the upper
ocean is subducted into the thermocline and flows to-
ward the equator, where it moves upward to surface
layers and returns poleward, completing a cycle. This
pathway of water has been called the subtropical cell
(STC) (McCreary and Lu 1994). The STC is an impor-
tant component of the global heat transport machinery
(McCreary and Lu 1994; Rothstein et al. 1998). Tritium
data collected from the oceans in the 1980s provide
strong evidence for the existence of pycnocline flows
from the subtropical North Pacific to the equator (Fine
et al. 1987, McPhaden and Fine 1988). Subsequent
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modeling studies, including simple reduced-gravity
models and ocean general circulation models
(OGCMs), clearly demonstrate dynamical connection
through this cell (McCreary and Lu 1994; Liu 1994; Liu
et al. 1994; Lu and McCreary 1995; Lu et al. 1998; Liu
and Huang 1998; Rothstein et al. 1998).

Meridional circulation associated with this cell is fur-
ther divided into two components: the western bound-
ary pathway (WBP) and the interior pathway (IP) (Mc-
Creary and Lu 1994; Liu et al. 1994; Rothstein et al.
1998). Corresponding pathways in the North (South)
Pacific will be called NWBP and NIP (SWBP and SIP).
These pathways and their variability on a decadal time
scale have been discussed in previous studies. Johnson
and McPhaden (1999) used historical CTD data to ana-
lyze IPs. Results from data-assimilated OGCM were
discussed by Huang and Liu (1999). These studies re-
veal important dynamical aspects of these pathways,
but many questions remain unanswered.

To better understand the communication between
the Tropics and subtropics it is desirable to map out
these pathways clearly. Huang and Wang (2001) postu-
lated a simple index based on wind stress data. The
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choke value of a virtual streamfunction, defined
through the barotropic transport, was used to quantify
the barotropic interior pathway. This was compared fa-
vorably to results obtained from a data-assimilated oce-
anic general circulation model.

In this study we will extend the same approach to
baroclinic circulation in the Pacific Ocean, using three-
dimensional velocity fields from the Simple Ocean
Data Assimilation (SODA) dataset (Carton et al.
2000a,b). This paper is organized as follows. The data
and method are described in section 2. Flows and path-
ways on different isopycnal surfaces are described in
section 3. Transport through pathways is discussed in
section 4. The innovative part of our study is the intro-
duction of a virtual streamfunction for a continuously
stratified ocean, discussed in section 5. This method is
applied to the study of decadal variability of the tropi-
cal Pacific Ocean in section 6. Section 7 is the conclu-
sion.

2. Data and method

The SODA dataset was generated from an oceanic
general circulation model based on the Geophysical
Fluid Dynamics Laboratory Modular Ocean Model
MOM2.b code. The monthly analysis spans the period
from January 1950 to December 2001. The domain of
the model covers the global oceans within 60° of the
equator, with 1° X 1° horizontal resolution at mid lati-
tudes and an enhanced resolution of 0.45 X 1° at the
Tropics. The model has 20 vertical levels on a stretched
grid with 15-m high resolution near the surface and the
center of the lowest grid at 3622.5 m. Assimilated data
include temperature and salinity profiles from the
World Ocean Atlas-94 (MBT, XBT, CTD, and station
data), as well as additional data of hydrography, sea
surface temperature, and altimeter sea level. The data
files include global temperature, salinity, and horizontal
velocity (Carton et al. 2000a,b). To exclude the ap-
proximate contribution due to the ageostrophic flux as-
sociated with the Ekman transport, we will choose the
interface at 45 m as the base of the Ekman layer and
concentrate on analyzing data below 45 m.

A pathway can be identified by the first (last) trajec-
tory at its eastern (western) edge. As long as the bound-
aries of the pathway are identified, there is no need to
calculate individual trajectory. Flow trajectories on
isopycnal surfaces are calculated from climatological
(52 yr) mean velocity fields, starting from the edge of
the equatorial region (£2.1°) with a fourth-order
Runge—Kutta backward time stepping. The IP consists
of trajectories that can be traced back to the surface
outcrop regimes or the high latitude western boundary,
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without passing the low latitude western boundary cur-
rent (LLWBC). The WBP consists of trajectories that
pass the LLWBC. The latitude bands identified as
LLWBC are as follows: 6°-8°N for the North Pacific
and 7°-4°S for the South Pacific. The width of the
LLWBC s set to 3°. The “high latitudes” are defined as
20° off the equator.

3. Flow and pathways on isopycnal surfaces

Pathways from the Subtropical to the equatorial Pa-
cific have been quantified at different isopycnal layers
(Figs. 1a—d). The NIP (SIP) is located within density
range o, = 23.0-26.2 kg m ™ (o, = 23.0-26.4 kg m ).
The WBPs occupy a slightly larger range; however, we
will focus primarily on the pycnocline range of o, =
23.0-26.4 kg m >,

In the North Pacific, water subducted in the central
basin moves to the equatorial area through the NWBP.
This water mass first flows southwestward after reach-
ing the western boundary, turns southward, and then
flows along the Mindanao Current (MC). After leaving
the MC, some water (especially the upper-layer water)
turns northeastward and flows along the North Equa-
torial Countercurrent (NECC), and finally joins the
Equatorial Undercurrent (EUC) in the central basin;
some water (especially water in deep layers) ap-
proaches the equator along the western boundary.

On the other hand, water subducted in the eastern
basin is likely to feed the NIP. This water mass first
flows southwestward within the North Equatorial Cur-
rent (NEC), then turns eastward in the NECC, and
finally converges into the EUC in the eastern basin. (In
the upper layer a small amount of water reaches the
equatorial region directly through a narrow passage in
the eastern basin, as shown by gray lines in Figs. 1a and
1b.)

The NIP and NWBP are clearly separated at approxi-
mately 7°N in the western basin because of a small
cyclonic gyre east of the Philippines (Huang and Wang
2001). In the eastern basin, there is also a cyclonic gyre
generated by Ekman upwelling in the intertropical con-
vergence zone (ITCZ). As a result, within this area
surface layers are thin; thus, a high potential vorticity
area exists, which is often called a “potential vorticity
barrier” for the NIP (Lu and McCreary 1995). Local
cyclonic circulation prevents a direct communication
between the subtropics and Tropics.

On the other hand, it is difficult to find the latitude
where the SWBP and SIP can be clearly separated;
thus, we designate one boundary that serves as both the
western boundary of the SIP and the eastern boundary
of the SWBP. Water subduction in the central South
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Fi1G. 1. Climatological-mean circulation on four isopycnal surfaces: o, = (a) 23.2, (b) 24.2, (c) 25.0, and (d) 26.0 kg m™".
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Gray lines indicate depths (m); black and gray thick lines indicate pathways. The ventilation time for the pathways (yr)
is indicated by a pair of numbers, the left for the western boundary pathway and the right for the interior pathway. Gray
thick lines near the eastern boundary in (a) and (b) indicate a narrow local pathway, a shortcut, from the subtropics to

the equatorial regime.

Pacific flows northwestward along the South Equatorial
Current (SEC) and converges to the LLWBC. After
crossing the equator, this water mass meets North Pa-
cific water masses and turns eastward within the NECC.
Eventually, it returns and joins the EUC. The SIP is
straightforward: water subducted in the eastern extra-
tropical basin flows northwestward within the SEC and
hereafter joins the EUC directly.

The outcrop latitude of the pathway extends pole-
ward with the increase of density. On the o, = 26 kg
m~? surface, both the NIP and NWBP do not outcrop.
In fact, water sources for these two pathways can be
traced back to the California Current, the North Pacific
Current, and Kuroshio.

The water sources of the EUC are indicated by path-
ways (Fig. 1). In the western basin Southern Hemi-
sphere water through the SWBP is the main source
because the SWBPs in most layers (apart from deep
layers) cross the equator; in the central-western basin
the SIP and NWBP are the main sources; and in the

central-eastern basin, the NIP and SIP are the main
sources. This is consistent with previous studies
(Blanke and Raynaud 1997, their Fig. 10).

In the uppermost layers (o, = 23.2 kg m ) the In-
donesian Throughflow (ITF) is fed by the South Pacific
LLWBC (Fig. 1a); for o, = 23.4-25.0 kg m >, it is fed
by the MC (Fig. 1b).

Ventilation time, defined as the average time for wa-
ter to move through the pathway, increases with depth
and it varies from a few years for shallow layers to more
than 30 years for deep layers (Fig. 1).

4. Transports through pathways

The meridional volume transport within an isopycnal
layer is

bEn
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