NovEMBER 1999

ZHANG AND LIU

Decadal Thermocline Variability in the North Pacific Ocean: Two Pathways

around the Subtropical Gyre

RONG-HuA ZHANG
Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island

ZHENGYU LIu

Department of Atmospheric and Oceanic Sciences, University of Wisconsin—Madison, Madison, Wisconsin

(Manuscript received 20 September 1997, in final form 7 December 1998)

ABSTRACT

Yearly in situ temperature anomaly data in the North Pacific Ocean for 1961-90 have been analyzed along
constant-density surfaces (isopycnals) in order to better describe and understand decadal thermocline variability
in the region. Various empirical orthogonal function analyses are performed on isopycnals to depict the dominant
three-dimensional patterns. The major finding is of two preferential pathways associated with decadal temperature
variability around the subtropical gyre. A subduction pathway, with a large signal in the upper thermocline,
originates from the North Pacific central—eastern outcrop regions (about 40°N, 150°W) and then basically follows
the mean gyre circulation southwestward along isopycnals toward the western Tropics. A subtropical pathway
extends from the eastern subtropical-tropical and boundary regions and appears to continue predominantly
westward across the southern part of the gyre (between 15° and 30°N) and then along the Kuroshio path toward
the midlatitudes. Along these two pathways, thermal anomalies show coherent phase relationships to one another
in the surface layer and in the thermocline around the gyre, with their source regions (variability centers) being
out of phase on decadal timescales. Two examples of each type of anomaly pattern can be illustrated for the
periods analyzed. In the 1960s, a negative temperature anomaly signal propagated predominantly westward
across the subtropics, followed by a subducted warm anomaly from the outcrop region in the early 1970s that
subsequently moved southwestward along isopycnals toward the western Tropics. A similar pattern was observed
in the late 1970s and in the 1980s but with the opposite sign: a westward propagating positive temperature
anomaly signal along the subtropics in the late 1970s through the 1980s, and a subducted cold anomaly in the
early 1980s that also made its way southwestward with the expected gyre circulation to the western Tropics in
the late 1980s. It is suggested that the southwestward subduction pathway provides a mechanism that connects
surface anomalies in the outcrop region to thermocline variations in the western subtropics and in the Tropics,
and that the westward subtropical pathway presents a possible link of tropical—subtropical variability to surface
temperature anomalies around the Kuroshio and its extension regions, which may further force variations in the
overlying atmospheric circulation in the midlatitudes. The results provide an observational basis for verification
of theoretical studies and model simulations.
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1. Introduction

There is increasing observational evidence that the
ocean thermocline in the North Pacific undergoes sig-
nificant decadal changes (e.g., Levituset al. 1994b; L ev-
itus and Antonov 1995; Deser et al. 1996; White and
Cayan 1998; and others). Consistent with the identifi-
cation of different dynamical regimes from theoretical
predictions of the ventilated thermocline models (Luy-
ten et al. 1983; Huang and Russell 1994), decadal ocean
variability can be strikingly different around the sub-
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tropical gyre (Liu 1993; Liu and Pedlosky 1994; Liu
1996). Clearly, different processes may be responsible
for initiating and maintaining these decadal anomalies,
such as the Rossby wave mechanism (e.g., Latif and
Barnett 1994, 1996; Jacobs et al. 1994; Jin 1997) and
the subduction mechanism (e.g., Deser et al. 1996; Gu
and Philander 1997; Zhang et al. 1998; Liu 1999a,b;
Huang and Pedlosky 1999; Schneider et al. 1999).
Zhang and Levitus (1997) presented an observational
description of the three-dimensional structure and time
evolution of decadal upper-ocean temperature variabil-
ity in the North Pacific. One dominant pattern is char-
acterized by a clockwise rotation of subsurface tem-
perature anomalies around the subtropical gyre, closely
following the mean circulation. This signal appears to
be associated with the subduction of temperature anom-
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alies in the midlatitude outcrop region asfirst identified
by Deser et al. (1996). Another pattern features a west-
ward trans-Pacific propagating signal that is most pro-
nounced and significant in the subtropics. This partially
reflects a Rossby wave motion (e.g., Jacobs et al. 1994;
Chelton and Schlax 1996). These two signals are till
evident in decadal temperature variations even at 400-
m depth (Zhang 1998). More recently, Miller et al.
(1998) and Deser et al. (1999) provided evidence for a
westward intensified signal associated with decadal tem-
perature variability at 400-m depth in the midlatitudes.

At present, there is limited understanding of decadal
thermocline variability around the North Pacific sub-
tropical gyre. Its origin is not clear and its role in the
Pacific decadal climate changes isin debate (Trenberth
and Hurrel 1994; Graham 1994; Miller et a. 1994; L atif
and Barnett 1994, 1996). Some important questions re-
main to be further investigated. What processes con-
tribute to the initiation and maintenance of thermocline
anomalies on decadal timescales? What are possible
preferential pathways of decadal thermocline anomalies
around the North Pacific subtropical gyre? To what ex-
tent can the observed patterns be understood according
to recently developed thermocline theories (e.g., Liu
1999a,b; Huang and Pedlosky 1999)?

In this paper, we analyze observed upper-ocean tem-
perature anomaly fields (Levitus et al. 1994b) to inves-
tigate decadal, three-dimensional thermocline variabil-
ity in the North Pacific. Different from previousanalysis
done mostly at constant-depth levels, the present anal-
ysis is performed on constant-density surfaces (isopyc-
nals) whose horizontally varying depths are estimated
from long-term mean climatology. In addition, some
dynamical quantities defining water pathways are eval-
uated on isopycnals, which help explain physically the
decadal anomaly patterns around the subtropical gyre.
Since thermocline anomalies tend to move along iso-
pycnal surfaces in the extratropics (e.g., Deser et al.
1996; Zhang et a. 1998), an isopycnal analysis can pre-
sent three-dimensional structure and time evolution in a
natural and a physical way. Indeed, the sloping of iso-
pycna surfaces with depth is not uniform in the hori-
zontal. In the subtropics, isopycnal surfaces are found at
greater depths; with increasing latitude they rise and
eventually intersect the sea surface in the midlatitudes
(outcropping). The outcrop regions provide windows
through which surface mixed layer water can enter the
thermocline; the subducted water then most likely moves
along isopycna surfaces, suggesting that an isopycnal
analysis could enable us to trace its pathways coherently
throughout the gyre. This may provide a better oppor-
tunity for describing and understanding the link between
temperature anomalies in the thermocline and at the sea
surface across the subtropical gyre-scale regimes.

A brief description of data sources and analysis pro-
cedures is given in section 2, followed in section 3 by
a description of mean flow patterns and the standard
deviation of temperature anomalies evaluated on iso-
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pycnals. In section 4, we examine decadal thermocline
variability onisopycnalstoillustrate two dominant path-
ways around the subtropical gyre. This is further dem-
onstrated in section 5 by using results of EOF analyses.
Finally, section 6 gives conclusions.

2. Upper-ocean temperature data and isopycnal
analyses

The data used in this study were the yearly in situ
temperature anomaly fields at constant-depth levelsgiv-
en by Levitus et al. (1994b). These fields represent ob-
jective analyses of historical temperature profiles avail-
able at the National Oceanic and Atmospheric Admin-
istration/National Oceanographic Data Center (NOAA/
NODC) through December 1993. These observational
profiles have been analyzed in a consistent, objective
manner on a 1° lat-long grid at standard oceanographic
analysis levels between the sea surface and a depth of
400 m. Data sources, quality control, and analysis pro-
cedures were described in detail by Levitus and Boyer
(1994).

Since we are interested in describing decadal, bas-
inwide anomaly patterns, we further prepared datasets
on a 5° lat-ong grid by averaging the temperature
anomalies from the 1° lat-long grid values. The grid
points produced are centered at 2.5°, 7.5°, 12.5°N, etc.,
latitude, and at 122.5°, 127.5°, 132.5°E, etc., longitude,
respectively. Within the limitation of observed data
(nonsynoptic, scattered in space), the coarse resolution
chosen can include more data observations in the 5° X
5° grid box than in the original 1° X 1° grid box, thus
giving amore reliable estimate of observed temperature
anomalies. Another reason for choosing the coarse res-
olution is the computation limitation in performing a
combined EOF analysis (see section 5) on temperature
anomaly data of entire upper-ocean layers. Our previous
analyses (Zhang and Levitus 1997) indicate that this
coarse resolution appears to be appropriate to describe
decadal patternsin the North Pacific. To produce yearly
anomaly fields, 30-yr averaged values during 1961-90
were subtracted from those for each individual year.
Then a 3-yr running mean was performed to highlight
decadal-scale signals.

Finally, we obtain temperature anomalies on constant-
density surfaces using the following simple procedure.
First, mean depth of an isopycnal surface is estimated
fromin situ density fieldsthat are cal culated from annual
mean temperature and salinity data (Levitus and Boyer
1994; Levitus et al. 1994a). Then, at every horizontal
grid, temperature anomalies at constant-depth levelsare
vertically interpolated onto the depth of the isopycnal
surface by using a cubic spline. In this way, we do not
take into account variations in the mean structure of
density because of the lack of basinwide, varying sa-
linity observations. This procedure would be reasonable
for describing large-scale decadal variability in the re-
gion of interest. Since observed temperature anomalies
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in the extratropical thermocline are small on decadal
scales (e.g., the amplitude is generally less than 0.6°C
away from the eastern boundary region) and their effect
on density can be compensated for by correlated changes
in salinity, the mean density structure would not be sig-
nificantly perturbed. In addition, as will be seen below,
a much more consistent and coherent pattern emerges
from data analysis on constant-density surfaces than at
constant-depth levels (e.g., Zhang and Levitus 1997).
Such an analysis thus offers a new perspective on de-
cadal thermocline variability around the North Pacific
subtropical gyre. However, it is important to note that
this straightforward interpolation method is different
from an objective analysis scheme that projects hydro-
graphic data directly onto isopycnal surfaces (e.g., Lev-
itus 1989; Lozier et al. 1995).

3. The mean circulation structure and standard
deviation of temperature anomalies

Figures 1la—c show mean depths of the 24.6, 25.2, and
25.6 kg m—2 isopycnal surfaces that are within the ven-
tilated thermocline. The sloping of the isopycnals is
clearly evident, with a zonaly oriented trough—ridge
structure. For example, on the 24.8 kg m—3 isopycnal
surface (Fig. 1a), the maximum-depth regions lie be-
tween 15° and 25°N in the western Pacific and extend
eastward to the central and eastern basin. A tropical
trough extends westward from the eastern boundary
across the basin along 10°N. On the 25.2 kg m~2 iso-
pycnal surface (Fig. 1b), the regions of the greatest
depths, as large as 200 m, are located south of the sub-
tropical gyre at latitudes 15°-30°N in the western and
central Pacific Ocean. On the 25.6 kg m~3 isopycnal
surface (Fig. 1c), the deepest regions move northward
to along 25°N. These isopycnalsintersect the seasurface
in the midlatitudes (outcropping), which, in our iso-
pycnal analysis, is determined if the estimated depth of
an isopycnal surface is less than 30 m.

To present the mean flow pattern, Figs. 1d—f show
the Bernoulli function (B) evaluated on the 24.6, 25.2,
and 25.6 kg m~2 isopycnal surfaces, respectively. Fol-
lowing Cox and Bryan (1984), B can be defined as

0

B(o) = pogn + ¢ f [p — p(o)] dZ,

2(o)

where o = p — 1000 is an isopycnal surface of interest
(where p is in situ density in kg m=2 units), 7 is the
dynamic height relative to 480 db, g is the acceleration
of gravity, and p, is the mean density. As defined, B is
the geostrophic streamline that measures the geostrophic
flow away from the eguator. Comparisons between cur-
rent fields and B in a simulation of the Pacific subtrop-
ical-tropical upper-ocean circulation (Rothstein et al.
1998) indicate that the orientation of the B contour co-
incides with the currents at the points, suggesting that
B can provide flow paths throughout most of the domain.
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There are three different water pathways around the
subtropical gyre that originate from the midlatitude out-
crop regions (Figs. 1d—f). One originates in the western
and central part of the northern subtropical gyre west
of 170°E and extends westward into the midlatitude
western boundary. Farther to the east between 170°E
and 160°W, the second pathway runs westward and
southward into the low-latitude western boundary. The
third pathway originates farther to the east and can be
seen to penetrate into the Tropics through the ocean
interior. Note that the isopycnal surfaces in Figs. 1d—f
all have three types of geostrophic streamlines but at
shallower depths, streamlines from the midlatitude out-
crop regions are more likely to penetrate into the equator
through the ocean interior. These results have been in-
vestigated in previous studies (e.g., McCreary and Lu
1994; Liu et al. 1994; Rothstein et al. 1998).

Figure 2 illustrates potential vorticity (Q) evaluated
on the 24.6 and 25.6 kg m~2 isopycnal surfaces, re-
spectively. Asis well known (e.g., Talley 1988), Q not
only reflects the thermocline structure, but also can give
anindication of flow pathsinthat Q isconserved locally
along flow streamlines. In the northwestern portion of
the subtropical gyre, there is a pronounced minimum Q
region in the middle thermocline (Talley 1988; Hautala
and Roemmich 1998), which exhibits nearly homoge-
nous Q fields over great spans, both in the vertical and
in the horizontal, bounded by sharp Q gradients to the
north and to the northeast (e.g., Fig. 2b). In the south-
eastern portion of the subtropical gyre, there is a max-
imum Q band along 10°-15°N that extends westward
from the eastern boundary (Fig. 2a). Furthermore, as
suggested by the open Q contours on the shallow surface
(Fig. 2a), we can see a signature of the ventilated ther-
mocline in the northeastern part of the gyre: low and
high Q bands that connect to the outcrop regions where
Q is set by mixed layer processes. In particular, a low
Q band can be seen to extend from the midlatitude out-
crop region at about 150°W southwestward around the
subtropical gyre toward the western Tropics. This pro-
vides a path through which water mass anomalies at the
sea surface can be subducted into the thermocline
around the subtropical gyre (Luyten et al. 1983).

The calculated standard deviation of temperature
anomalies on the 24.6, 25.2, and 25.6 kg m—2 isopycnals
shows well-defined regions of large and small variability
(Fig. 3). Three regions of large variability (centers) can
be seen that reflect different forcing mechanisms. One
is located along the eastern boundary, with a barotropic
pattern in the upper thermocline. This appears to reflect
a vertical displacement of the thermocline. The second
center is located in the tropical western—central Pacific,
which reflects the energetic interannual variability as-
sociated with El Nifio in the Tropics. Another band of
large variability, originating from the outcrop region in
the central and eastern midlatitudes, extends south-
westward around the subtropical gyre toward the west-
ern subtropics and Tropics. This apparently reflects the
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ventilation of the subtropical gyre characterized by the
subduction of sea surface temperature anomalies into
the thermocline in the midlatitude outcrop region. On
the 25.2 kg m=2isopycnal surface (Fig. 3b), for example,
atail structure is clearly evident around the subtropical
gyre, with atongue of large variability originating from
the sea surface and rotating downward and southwest-
ward toward the western Tropics. A similar gyrelike
pattern can be seen on deeper surfaces (e.g., Fig. 3c).
On the 26.0 kg m~2 isopycnal surface (Fig. 3d), we can
see a gyre-scale band of large variability that circulates
from high latitudes at 60°N, 170°E southeastward to
about 45°N, 160°W and then extends southwestward
into the western Tropics.

There are two main regions of low variability. One
is located in the western subtropics, with an east—west-
oriented band at 20°-35°N; this appears to reflect the
unventilated thermocline around the center of the sub-

tropical gyre (Luyten et al. 1983; Liu 1996). Another
band lies to the east of the large subduction variability
region (but away from the boundary region of large
variability). This may reflect the signature of the un-
ventilated thermocline associated with the shadow re-
gime in the eastern part of the subtropical gyre (e.g.,
Luyten et a. 1983; Liu 1996).

4. Thermocline variability on isopycnal surfaces

A large number of horizontal maps and vertical sec-
tions can be presented on isopycnal surfaces to give a
three-dimensional picture of decadal thermocline vari-
ability in the North Pacific Ocean. Decadal events are
clearly evident in the midlatitudes during the analyzed
period: a warm phase in the 1960s and early 1970s, a
cold phasein the late 1970s and 1980s, atransition from
the warm to cold conditions in the mid-1970s, and pos-
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sibly another transition from cold to warm conditions
in the late 1980s. Compared with previous data analyses
performed at constant-depth levels (e.g., Deser et al.
1996; Zhang and Levitus 1997), this new analysis on
constant-density surfaces demonstrates a coherent re-

lationship of decadal thermocline variability around the
North Pacific subtropical gyre more clearly.

Two major preferential pathways can be identified
that are associated with decadal thermocline variability
around the subtropical gyre on decadal timescales. One
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dominant pathway originates from the outcrop region
in the northeastern part of the gyre centered at about
40°N, 150°W and extends southwestward along the low
Q region (Fig. 2a) toward the western subtropics and
Tropics, aclear signature of the ventilated thermocline.
This, therefore, can be physically interpreted as a sub-
duction pathway. Another pathway extends from the
eastern subtropics—Tropics and boundary regions and
appears to continue predominantly westward across the
southern part of the gyre (between 15° and 30°N) and
then along the Kuroshio path toward the midlatitudes.
Since the horizontal propagation of thermocline anom-
alies is mostly pronounced and significant in the sub-
tropics on decadal timescales, we simply call it a sub-
tropical pathway. In Fig. 2, we schematically illustrate
the two pathways. The choice of the locations is based
on the preferential appearance of temperature anomalies
along these two paths and also on the results of EOF
analyses to be shown below.

Temperature anomalies along the two pathways are
shown in Fig. 4 as a function of time and distance on
some isopycnals. Along the subduction pathway, we
show only oneisopycnal surface (Fig. 4b) because other
isopycnals basically have similar patterns; along the
subtropical pathway, we show two isopycnals (Figs.
4a,c) in order to illustrate the differences in the vertical
structure of temperature anomaliesin the upper and low-
er portions of the thermocline.

a. The (southwestward) subduction pathway

Two subduction events (one warm, one cold) are ap-
parent in Fig. 4b. A midlatitude warm temperature
anomaly observed in the early 1970s appears to extend
southward and westward, penetrating through the sub-
tropics into the western Tropics in the mid- and late
1970s (Zhang et al. 1998). Similarly, a midlatitude cold
anomaly observed in the early 1980s can be traced to
the subtropics and Tropics as a subducted signal (e.g.,
Deser et a. 1996). The detailed pathways of these two
subduction events around the basin are shown in Fig.
5 for temperature anomalies on the 25.0 kg m-2 iso-
pycnal surface for two periods 1973—78 and 198338,
respectively. These two periods also correspond to de-
cadal phase transitions in the midlatitudes occurring in
the mid-1970s and in the late 1980s, respectively. The
contours of B, which define the geostrophic flow relative
to 480 db, are superimposed in Fig. 5a to indicate the
fluid trajectories.

The thermocline anomalies appear to be well orga-
nized into a coherent pattern by the ventilation of the
subtropical gyre, characterized by a clockwise rotation
from the midlatitude outcrop regions to the central and
western subtropics and Tropics (Fig. 5). In the 1960s
through the mid-1970s, the North Pacific Ocean wasin
a warm phase, with a warm sea surface temperature
anomaly in the central midlatitudes. In early 1970s (e.g.,
Fig. 5a), a warm temperature anomaly emerged on the
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25.0 kg m=2isopycnal in the midlatitude outcrop region
approximately at 40°N, 150°W, surrounded by negative
anomalies in the subtropics (Fig 5a). Thereafter, a
tongue can be seen to extend from the outcrop areas
downward and southward; surface anomalies appeared
to be subducted into the thermocline. The subducted
anomalies then followed approximately the mean cir-
culation (see B contours in Fig. 5a) and were swept
southwestward on isopycnals toward the western sub-
tropics and Tropics. Some parts appeared to penetrate
into the Tropicsin the central Pacific (Zhang et al. 1998).
A similar pattern can be seen during 1983-88 (right
panels in Fig. 5) but with the opposite sign of temper-
ature anomalies. Figure 5g illustrates the emergence of
a cold anomaly in the midlatitude outcrop region in
1983, representing the initial stage of its subsequent
subduction into the thermocline (Figs. 5h—k). Thereafter,
the cold anomaly was subducted into the thermocline
along isopycnals and through the northwest of Hawaii,
and continued to move southwestward around the gyre
into the western subtropics and Tropics. The latter sub-
duction case was first illustrated by Deser et al. (1996).
The downward and southward movements of tem-
perature anomalies are further illustrated in the merid-
ional sections along 157.5°W for the years 1968-90
(Fig. 6). During the early 1970s, a major warm anomaly
can be observed to form in the surface layer (e.g., Fig.
6c); with time, the anomaly became detached from the
surface and was subducted downward into the ther-
mocline, and then it progressed southward on isopycnals
centered near the 25.1 density surface. In the mid- and
late 1970s (Figs. 6e—f), the warm anomaly was located
in the subtropics, and some extended upward in the
Tropics, losing their identity thereafter. At the same
time, a negative anomaly first emerged at high-latitude
subsurface depths in the late 1970s (Fig. 6€) and then
extended southward and upward in the midlatitudes. By
1978 (Fig. 6f), the negative anomaly extended subsur-
face to the 25.4 kg m~2 isopycnal surface; by 1982 (Fig.
6h), it extended subsurface from the 26.2 to 25.0 kg
m-2 isopycnal surfaces in the subtropics. This anomaly
was apparently not directly generated by local surface
layer processes, but appeared to be a signal that had
extended from the northwestern midlatitude regions. In
the early 1980s, a significant cold anomaly developed
in the surface layer (Fig. 6i). Thereafter, these two (sub-
surface- and surface-originated) anomalies appeared to
have combined and progressed southward and westward
on isopycnal surfaces, becoming detached from the sur-
face and penetrating into the Tropics. Similarly, in the
late 1980s, a subsurface positive anomaly first emerged
in the thermocline in the midlatitudes (Fig. 6l). This
anomaly is clearly associated with a wave signal in the
subtropics that can be traced to the eastern tropical
boundary in the early 1980s (e.g., Figs. 5g-h).

b. The (westward) subtropical pathway

Two examples of coherent trans-Pacific westward
propagation of thermocline anomalies can be seen in
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Figs. 4a and 4c: a negative anomaly in the late 1960s
and a positive anomaly in the 1980s that have respec-
tively extended across the entire basin on decadal time-
scales. This signal is most pronounced and significant
in the subtropics. Figure 7 shows temperature anomalies
as a function of isopycnal surface and time for three
different sites in the eastern subtropics—Tropics and
boundary regions (i.e., the source regions of the sub-
tropical pathway). Decadal changes are clearly evident,
characterized by aphase transition from negative to pos-
itive anomalies in the mid- and late 1970s. A barotropic
vertical structure is apparent in the upper thermocline
between the 23.8 and 26.0 kg m~2 isopycnal surfaces,
suggesting that the signal can be mainly attributed to a
vertical displacement of the thermocline forced by wind
stress curl. The temperature anomaly signal then ap-
peared to propagate westward and upward along the
subtropics.

Figure 8 presents the vertical structure of temperature
anomalies as a function of isopycnal surface and dis-
tance along the subtropical pathway for the two periods
196570 and 1981-86, respectively. In the 1960s, large
negative anomalies were present in the eastern bound-
aries. At deep layers, a negative temperature anomaly
signal, originating from the eastern boundary, propa-
gated very slowly westward across the basin primarily
along the 26.0 kg m~—2 isopycnal surface (also see Fig.
43) and then extended upward in the central and western
subtropics. The propagation speed (about 0.1 cm st in
the central basin but much faster, more than 1 cm s2,
in the eastern and western regions was too slow to be
a first-mode Rossby wave, but the signal could have
been a higher-mode Rossby wave or simply advected
by mean flow (Liu 1999ab). In the shallow layer, a
negative temperature anomaly signal propagated west-
ward across the basin from the eastern boundary in the
late 1960s and in the early 1970s (also see Fig. 4c) to
the central and western subtropics; there, the signal ap-
peared to be locally amplified, probably by wind forc-
ing. Thissignal then continued to propagate through the
Kuroshio region and arrived in the western and central
midlatitudes in the early 1970s (Figs. 4c and 8f).

A more clear example of a propagating signal along
the subtropical pathway is evident in the 1980s. As-
sociated with the decadal transition in the late 1970s,
positive temperature anomalies can be seen in the east-
ern Tropics and coastal regions (Fig. 4c). Figure 5 has
shown the basinwide evolution of apositive temperature
anomaly signal on the 25.0 kg m~2 isopycnal surface
across the subtropical basin (right panels). This signal
appears to have originated from the eastern tropical
boundary and, at a speed of about 2 cm s*, has prop-
agated westward from the eastern basin (about 150°W)
in 1983 (Fig. 5g) to the western subtropics (about 155°E)
in 1988 (Fig. 51) and then continued its way along the
Kuroshio path. In the late 1980s, the decade-long cold
state in the North Pacific appeared to be reversing: a
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strikingly positive anomaly was located in the western
Pacific along 25°-38°N, accompanied by negative
anomaliesin the subtropics and along the eastern bound-
ary (Fig. 5l).

For the years 1981-86, the vertical structure of ther-
mocline anomalies along the subtropical pathway can
be seen in the right panels of Fig. 8. Compared with
that in the 1960s (the left panels), a similar but reverse
pattern is evident. At a deep layer on the 26.0 kg m—2
isopycnal surface, apositive temperature anomaly signal
propagated predominantly westward across the southern
part of the subtropical gyre (between 15° and 30°N),
accompanied by a fast propagating signal of a positive
temperature anomaly at a shallow layer as a radiating
Rossby wave from the eastern boundary (Jacobs et al.
1994). In the western subtropics, these two signals ap-
peared to combine together and continued to propagate
along the Kuroshio path toward the midlatitudes. The
decadal westward propagation across the Pacific sub-
tropical basin in the 1980s, as seen from the in situ
subsurface temperature observations in this study, has
been investigated by Jacobs et al. (1994) from other
data sources.

Temperature anomaly signals along the subtropical
pathway appear to involve different mechanisms. As
shown in the horizontal maps (e.g., the right panelsin
Fig. 5), the propagation direction of the positive tem-
perature anomaly signal deviates significantly from the
mean circulation presented by the B contours (Figs.
1d-f), with anomalies extending upward when moving
through the western subtropics (i.e., not necessarily
along one isopycnal surface). In addition, the anomaly
source regions appear to be located in the eastern sub-
tropical-tropical boundaries and berelated to wind forc-
ing (e.g., Liu 1993). Thus, the coherent westward prop-
agation along the subtropical pathway can be physically
ascribed to Rosshy waves (e.g., Liu 1999a,b), which
have been previously identified in surface height (e.g.,
Jacobs et al. 1994; Chelton and Schlax 1996). On the
other hand, some anomaly signals along the subtropical
pathway can indeed be attributed to subduction mech-
anism. For example, a midbasin positive anomaly ob-
served in the mid-1970s (Fig. 4c) was a subducted
anomaly from the midlatitude outcrop region (Fig. 4b).
On the 26.0 kg m=2 isopycnal surface (Fig. 4a), a mid-
basin positive anomaly observed in the early 1970s ap-
peared to be of subduction origin as well, with a clear
signature at the shallow layer along the subduction path-
way (figures not shown). But it is evident that these
subducted anomalies do not show consistent trans-Pa-
cific propagation along the subtropics. In addition, there
is an indication of intensification when an anomaly
propagated through the central and western subtropics,
suggesting that decadal changes in the wind stress or
Ekman pumping fields may have been involved (e.g.,
Miller et al. 1998; Deser et al. 1999).
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c. Relationships of thermocline variability along the
subtropical gyre

Thermocline anomalies associated with the two path-
ways appear to have consistent phase relationship to
one another around the North Pacific subtropical gyre.
Anomalies in the source regions of the two pathways
(one in the midlatitude outcrop region and the other in
the eastern subtropics—Tropics and boundary regions)
tend to be out of phase (Fig. 4). In the 1960s, a negative
temperature anomaly signal propagated across the sub-
tropics and continued toward the midlatitudes through
the early 1970s, followed by a subducted warm anomaly
that originated from the midlatitude outcrop region in
the early 1970s and penetrated into the central and west-
ern subtropics-Tropics in the mid- and late 1970s. Sim-
ilarly, in the late 1970s and early 1980s, a positive tem-
perature anomaly signal started to propagate westward
from the eastern boundary and crossed the subtropical
basin during the 1980s, followed by a subducted cold
anomaly from the midlatitudes in the early 1980s. As
aresult, thermocline variability around the North Pacific
subtropical gyre appears to be alternately dominated by
two different dynamical signals on decadal timescales:
the subduction around the northeastern to southwestern
part of the gyre and the trans-Pacific westward propa-
gation in the subtropics. In addition, there is a visual
continuity of thermocline anomalies along the subduc-
tion pathway and along the subtropical pathway (Fig.
4), suggesting a possible connection between thermo-
cline variability around the subtropical gyre.

5. An EOF analysis

In order to detect the dominant structure and time
variations, we perform an empirical orthogonal function
(EOF) analysis of temperature anomaly fields on all
isopycnal surfaces of 23.8-26.4 kg m=2 in increments
of 0.2 kg m=2 (see the appendix for a brief description
of EOF analysis). To illustrate the differences of tem-
perature variations in the surface layer and in the ther-
mocline, we also perform an EOF analysis for surface-
layer temperature anomalies. To be consistent with the
outcrop determination of an isopycnal (i.e., whether or
not its depth is less than 30 m), we obtained surface-
layer anomalies by averaging temperature anomaly
fields at depths of 0, 10, 20, and 30 m, respectively.
This can also present the well-mixed nature of temper-
ature variations in the surface layer.

The horizontal domain of our analysis is the 7.5°—
62.5°N region of the North Pacific Ocean. The EOFs
are computed based on a covariance matrix for 30 yr
from 1961 to 1990. Table 1 presentsfractional variances
for the surface layer and for each isopycnal surface ex-
plained by the first three EOF modes. To identify the
statistically significant EOFs, we adopt the procedure
recommended by North et al. (1982) to check if the
sampling error of agiven eigenvalue is smaller than the
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TABLE 1. Fractional variances for each layer explained by the first
three EOF modes. The results for the combined EOF analysis per-
formed on the whole upper ocean are also given.

0,
Layers Modes (%) Cumulative

(kgm m~3) EOF 1 EOF 2 EOF 3 (%)
Surface 34.1 16.0 118 61.9
23.8 385 23.0 9.4 70.9
24.2 37.3 24.6 9.2 71.1
244 37.2 25.8 9.5 72.5
24.6 35.3 28.8 8.8 72.9
24.8 333 29.6 8.4 71.3
25.0 33.7 29.4 8.4 715
252 33.7 29.4 8.1 71.2
254 34.8 28.2 8.3 71.3
25.6 35.7 255 9.2 70.4
258 37.6 23.6 8.7 69.9
26.0 36.8 24.8 7.5 69.1
26.2 40.1 22.4 9.7 72.2
26.4 40.2 224 13.0 75.6
Mean 36.3 253 9.3 70.8
Combined EOF 30.5 25.9 8.9 65.3

spacing between the eigenvalue and a neighboring ei-
genvalue. The results indicate that the first two EOFs
have much smaller sampling errors and definitely pass
such a rule of thumb test.

a. Principal structure on isopycnal surfaces

The results of EOF analysis for temperature in the
surface layer (not shown) are similar to other previous
studies (e.g., Graham 1994; Miller et al. 1994; Trenberth
and Hurrel 1994). On the 25.2 kg m—2 isopycnal surface
(Fig. 9), the time coefficients of thefirst two EOF modes
clearly indicate decadal-scale variations, with coherent
phase relationships to one another (Fig. 9a). The first
mode (solid line) exhibits a large positive anomaly pe-
riod in the 1960s and 1970s, with a sharp phase tran-
sition to a negative anomaly in the late 1970s. The sec-
ond mode (dashed line) also shows decadal changes,
lagging the first by several years. The spatial patterns
of the first EOF mode (Fig. 9b) are indicative of the
ventilated thermocline and of gyre circulation structure.
We can see atongue of positive anomaly that originates
from the midlatitude outcrop region at about 40°N,
150°W and extends southward and westward in the di-
rection of the gyre flow (see the Bernoulli contours in
Fig. 1). This pattern clearly represents the two subduc-
tion events as have been illustrated in Fig. 5. This mode
also has a large negative anomaly in the eastern sub-
tropics and along the North American coastal regions.
After several years, the spatial patterns are described by
the second mode (Fig. 9c). At thistime, alarge positive
anomaly is located in the western Tropics and along the
North American coastal regions.

Down to the 26.0 kg m~2 isopycnal surface (Fig. 10),
the first two principal components indicate a coherent
phase relation, with the first leading the second by sev-
eral years (Fig. 10a). Compared to those on the 25.2 kg
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m-2 isopycnal surface, the dominant spatial patterns
change significantly on this isopycnal. The first mode
(Fig. 10b) is characterized by two zonal bands of the
opposite sign: a seesaw structure in the midlatitudes
(about 40°N) and in the subtropics (about 20°N). When
a positive anomaly is located in the north, a negative
anomaly band tends to be located in the subtropics and
along the North American coastal regions. The second
mode (Fig. 10c) is characterized by a gyre-scale band
of positive anomaly that extends from high latitudes at
60°N, 170°E southeastward to about 45°N, 160°W and
then rotates southwestward to the western Tropics.
There is a small negative anomaly along the eastern
boundary region and in the western subtropics at 30°N.

b. Combined structure

The separate EOF analyses performed above on each
layer clearly show the structural and phase differences
in temperature variations in the surface layer and in the
thermocline. In order to provide information on a ver-
tically consistent pattern and on the coherent relation-
ship between surface and thermoclinevariability, acom-
bined EOF analysis is performed on the entire North
Pacific upper ocean spanning 7.5° to 62.5°N (e.g., Zhang
and Levitus 1997). In so doing, all temperature anomaly
datain the surface layer, and on isopycnals of 23.8, and
of 24.2-26.4 kg m=2 in increments of 0.2 kg m~3 (a
total of 14 layers), are included simultaneously in the
covariance matrix from which the dominant time vari-
ations and spatial patterns are detected (see the appen-
dix). Thus, each EOF mode on different layers has sim-
ilar time variations but can have different spatial pat-
terns. This technique can reveal the dominant patterns
of the three-dimensional upper-ocean thermocline var-
iability in a consistent way.

The first three combined EOFs explain about 31%,
26%, and 9% of the total variance, respectively (Table
1). Figure 11a depicts the time series of the amplitude
for the first two combined EOF modes. The first mode
(the solid line) clearly shows the 197677 climate tran-
sition in the North Pacific Ocean, from awarm to acold
state. The transition condition from the decadal warm
to cold anomaliesis described by the second EOF mode,
which has the maximum amplitude around 1976—77 (the
dashed line).

The spatial patterns depicted by the combined EOF
analyses (Fig. 12) show coherent relationships between
temperature variations at the sea surface and in the ther-
mocline around the North Pacific subtropical gyre. The
first mode (Fig. 12, left panels) indicates a dominant
seesaw pattern between anomalies in the midlatitudes
and along the west coast of North America. In the sur-
face layer (Fig. 12al), there is a positive anomaly in
the western and central midlatitudes, surrounded by a
dominant negative anomaly along the North American
coastal region and in the eastern and central subtropics.
On the 25.2 kg m~2 isopycnal surface (Fig. 12b1), a
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positive tongue originates from the midlatitude outcrop
region and extends southwestward around the subtrop-
ical gyre toward the western subtropics. This is accom-
panied by a negative anomaly located in the eastern
coastal region. A similar spatial pattern can be seen on
the 25.6 kg m~2 isopycnal surface but with the largest
positive anomaly having become detached from the sea
surface (Fig. 12c1). Farther down on the 26.0 kg m—3
isopycnal surface (Fig. 12d1), there is a large positive-
anomaly band that extends from high latitude at 60°N,
170°E southeastward to about 40°N, 160°W. Compared
with those in the shallower layers (Figs. 12b1,c1), there
are pronounced negative anomaliesin the subtropicsthat
extend westward from the eastern boundary. The ver-
tical structure of the first combined EOF mode along
157.5°W (Fig. 11b) shows a dominant positive-anomaly
band that vertically penetrates downward and southward
into the thermocline from the midlatitude outcrop re-
gion, accompanied by a negative anomaly in the sub-
tropics.

The second combined EOF mode (the right panelsin
Fig. 12) clearly illustrates phase differences between
temperature variability in the surface layer and in the
thermocline, which are most evident in the eastern sub-
tropics and Tropics. The temperaturein the surfacelayer
(Fig. 12a2) has a positive anomaly in the central mid-
latitudes, accompanied by a negative anomaly in the
eastern subtropics and Tropics and by another small
negative anomaly in the western subtropics at (40°N,
160°E). In the thermocline (Figs. 12b2—d2), on the other
hand, there is a dominant positive anomaly in much of
the basin, with the largest amplitude located in the west-
ern subtropics and Tropics, accompanied by a negative
anomaly in the western subtropics and along the Ku-
roshio and its extension regions. In particular, there is
an east—west-oriented negative anomaly band in the
midlatitudes on the 26.0 kg m=2 isopycnal surface (Fig.
12d2). Figure 11c further shows the vertical structure
of the second EOF mode along 157.5°W. Anomalies
appear to be detached from the surface layer; a large
positive anomaly is located around 23°N at the subsur-
face depth, accompanied by a negative anomaly in the
midlatitudes (about 45°N) at depth and in the Tropics
at the sea surface, respectively.

The EOF analysis above provides further evidence
for the two preferred pathways around the North Pacific
subtropical gyre. The two large-variability centers of
the first EOF mode, which are out of phase, reflect the
source regions of the two pathways (left panelsin Fig.
12), one located in the eastern subtropics-Tropics and
boundary regions, and the other centered in the mid-
latitude outcrop region. Since the first two leading com-
bined EOF modes indicate a consistent phase relation-
ship to one another, approximately in quadrature with
EOF 1 leading EOF 2 by several years (Fig. 11a), a
phase propagation phenomenon is suggested. These two
leading modes, therefore, can be used to depict a dom-
inant pattern of decadal thermocline variability around



3290

JOURNAL OF CLIMATE

O A OO N N VI |1|||w|v||||[\||||[|[ lllllilll’l!\ll[lll‘l

12 3
o (a) Combined EOF modes . 3

’ 3

: 1

- 4 3
C - E
.% 2 / \ , \\ §~
o % 7 ~ / ?
D N < \ 3
3 0 N v \ E
© AN Ve \ i
Q -2 ~ ; \ é
E = N\ / \ E
= E N , . 3
\ / £

\ / \\ ?

\ / . E

A\ J 3

\ J i

\ 7/ E

N/ ;i

*W2“jﬁj\ EEEEERERRE R R
61 63 65 67 69 71 73

%

;\E|iI|\[i\!l\[l\!l!\ll\]l|||lll

75 77
Year

79 81 83 85 87 89

)
~
e}
I N N N I P P

bl

o
)
=z
o
o
=z

25°N 30°N

35°N

40°N

(b) EOF-1 along 157.5W

T T T T T T T T I7

(o))
(@]

o
z

I
oo O
o

Pl bl by b by

T T T T T T T

je]
°
=z

15°N 20°N 25°N 30°N

35°N
Latitude

40°N

45°N 50°N 55°N

60°N

Fic. 11. Time variations and vertical structure of the first two combined EOF modes for temperature
anomalies in the upper North Pacific Ocean. (a) The solid line for the first mode and the dashed line for the
second mode; (b) the first eigenvector along 157.5°W; (c) the second eigenvector along 157.5°W. Contours
in the eigenvector figures show the actual value multiplied by 100. The contour interval is 0.5 with the

dashed line for negative areas.

VOLUME 12



NovEMBER 1999 ZHANG AND LIU 3291

EOF-2
Lalai (02\|1|.11|.|.|.|‘1.|.

14 N
Surface layer \&fv/ %}\/

(a1) 1.

55°N —

50°N —
45°N —
40°N
35°N

Latitude

30°N
25°N
20°N

15°N

~~
o

)
2
50°N
45°N
40°N
35°N

Latitude

30°N
25°N
20°N

(c1)

Latitude

Latitude

120°E 160°E 160°W 120°W
Longitude

120°E 160°E 160°W 120°W
Longitude

Fic. 12. Spatial patterns of the first (left panels) and second (right panels) combined EOF modes for temperature anomalies in the (a)
surface layer, and on the (b) 25.2, (c) 25.6, and (d) 26.0 kg m~=3 isopycnal surfaces. The contour information is the same as in Fig. 11.
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Fic. 13. The eigenvectors of the (&) first and (b) second combined EOF modes as a function of isopycnal surface and distance along the
subtropical pathway (Fig. 2b). The horizontal axis gives numbers along the path from the start point near the eastern tropical boundary to

the western midlatitudes through the subtropics.

the subtropical gyre: the spatial pattern described by the
first EOF mode (Fig. 11b and the left panelsin Fig. 12)
will appear first, followed by that described by the sec-
ond EOF mode (Fig. 11c and the right panels in Fig.
12). Consequently, a clear evolutionary picture can be
demonstrated by sequentially tracing anomalies of the
first EOF mode and of the second mode, respectively.
Along the subduction pathway, the space-time evolu-
tion can be clearly seen in Figs. 11b,c for two combined
EOF modes along 157.5°W. In Fig. 11b, we see alarge
positive anomaly in the midlatitude outcrop region, ex-
tending downward and southward from the sea surface.
Several yearslater, as depicted by the second mode (Fig.
11c), the positive anomaly has moved to the subtropics—
Tropics at depth, becoming detached from the sea sur-
face. Along the subtropical pathway, the vertical struc-

ture of the two EOF modes is further shown in Fig. 13.
The first mode shows a large negative anomaly in the
eastern subtropics—Tropics and boundary regions (Fig.
13a). After several years, the negative anomaly, having
propagated westward across the southern part of the
subtropical gyrein thelatitudinal band of 15°—-30°N and
farther along the Kuroshio path, islocated in the western
midlatitudes (Fig. 13b).

6. Summary and discussion

In this study, we document upper-ocean thermocline
variability in the North Pacific on isopycnal surfaces
over a 30-yr period from 1961 to 1990. EOF analyses
have been performed on individual temperature anom-
aly fields on each single isopycnal as well as simulta-
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Fic. 14. A schematic diagram illustrating the two preferential pathways around the subtropical gyre associated with decadal thermocline
variability in the North Pacific Ocean: a southwestward subduction pathway (solid line) and a westward subtropical pathway (dashed line).
Superimposed are the eigenvector values of the first and second combined EOF modes on the 26.0 kg m—2 isopycnal surface replotted from
Figs. 12d1 and 12d2. For clarity, only some eigenvector contours are shown: the lightly and heavily shaded regionsindicate negative anomalies
of the first (Fig. 12d1) and second (Fig. 12d2) EOF modes, respectively; the shaded lines with forward and backward diagonals pick out

positive anomaly regions of the first (Fig. 12d1) and second (Fig. 12d2) EOF modes, respectively.

neously on all the upper-ocean data to depict the dom-
inant three-dimensional patterns in a coherent way. De-
cadal thermocline anomalies appear to be well organized
and tend to be more revealing on isopycnal surfaces;
their basinwide evolution and transition signatures can
be consistently traced in the thermocline around the sub-
tropical gyre but not in the surface layer. The analysis
has detected preferential thermoclinevariability patterns
in the North Pacific, characterized by two dominant
pathways around the subtropical gyre.

Figure 14 presents a schematic diagram of thermo-
cline variability patterns around the North Pacific sub-
tropical gyre, asrepresented by the combined EOF anal-
ysis (Figs. 11-13). Note that the two combined EOF
modes show coherent phase relationshipsto one another,
with the first leading the second by several years (Fig.
11a). We, therefore, first observe a pattern described by
the first EOF mode: a positive anomaly band in the mid-
and high latitudes, and a negative anomaly in the sub-
tropics and along the west coast of North America. After
several years, we then see a pattern described by the
second mode: a positive anomaly located in the central
and western Tropics, and a negative anomaly located in
the western midlatitudes. Thus, the basinwide evolution
features two preferential pathways around the subtrop-

ical gyre on decadal timescales: a dominant subduction
pathway (the solid line in Fig. 14) and a subtropical
pathway (the dashed line in Fig. 14). Along the former,
surface temperature anomalies can be transferred down-
ward into the thermocline in the midlatitude outcrop
region (e.g., Fig. 11b). The subducted anomalies then
move southward and westward around the subtropical
gyre through the central—-western subtropics into the
Tropics (e.g., Fig. 11c). The latter extends from the
eastern subtropics-Tropics and coastal regions and ap-
pears to continue predominantly westward in the sub-
tropics and then northward and eastward along the Ku-
roshio path toward the midlatitudes (e.g., Fig. 13). Two
examples of each type of anomaly pattern have been
illustrated for the periods analyzed.

Since thermocline anomalies tend to be persistent and
propagate around the gyre basin, they can have remote
effects on SST and currents in other regions (e.g., Hirst
and Godfrey 1993). Coherent basinwide propagation of
thermocline anomalies along the two pathways may
have remote effects around the subtropical gyre on de-
cadal timescales. As demonstrated by Latif and Barnett
(1994) and Jacobs et al. (1994), a propagating ther-
mocline anomaly along the subtropical pathway may
influence the strength of the Kuroshio and consequently
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may contribute to surface-temperature changes along
the Kuroshio and its extension regions, which may fur-
ther induce variations in the atmosphere. This could
trigger an unstable coupling between the atmosphere
and ocean in the midlatitudes (e.g., Namias 1959; White
and Barnett 1972; Latif and Barnett 1994, 1996; Jin
1997). As a result, air—sea interactions can be in op-
eration and may produce large, persistent surface-tem-
perature anomalies in the midlatitudes, which are sub-
ducted into the thermocline in the outcrop region; this
provides a source from which the anomalies move on
isopycnals along the subduction pathway toward the
western subtropics and Tropics (Gu and Philander 1997;
Zhang et al. 1998). It is aso likely that the subducted
anomaly may propagate into the Tropics with a wave
motion (e.g., Lysne et al. 1997), instigated locally by
decadal variationsin wind stress curl patterns (e.g., De-
ser et al. 1999; Schneider et al. 1999). This may influ-
ence the thermal structure of the tropical Pacific Ocean,
which, in turn, can feed back to the midlatitudesthrough
the atmosphere (e.g., Graham 1994; Trenberth and Hur-
rel 1994) or through the ocean along the subtropical
pathway. Thus, the subduction pathway indicates a con-
nection of surface water-mass anomalies in the midlat-
itude outcrop regions to thermocline variations in the
western subtropics and Tropics; the subtropical pathway
may suggest a possible link of thermocline anomalies
in the eastern Tropics—subtropics to surface temperature
variations around the Kuroshio and its extension region,
which may further force variations in the overlying at-
mospheric circulation in the midlatitudes. It is interest-
ing to note that the two pathways proposed in this study
constitute one important element of the two recently
developed mechanisms for the Pacific decadal—inter-
decadal climate variability by Latif and Barnett (1994)
and by Gu and Philander (1997), respectively.

The two pathways identified in our analysis seem to
be consistent with recent development of ocean ther-
mocline dynamics (e.g., Luyten et al. 1983; Liu 1993,
1996; Liu and Pedlosky 1994; Huang and Pedlosky
1999). Westward propagation has been observed by
many previous studies both in thermocline temperature
and in sealevel. Theoreticaly, it can be related to plan-
etary waves. Asinvestigated by Liu (1999a,b), this sig-
nal resembles the first mode of baroclinic Rosshy waves
and has the strongest signals at the sea surface and at
the bottom of the thermocline. This may explain why
the subtropical pathway is observed most clearly on the
shallow layersand in thelow portions of the thermocline
in our data analysis. This pattern may be generated most
effectively by Ekman pumping (Liu 1999b). On the oth-
er hand, subduction is a well-known mechanism for
thermocline variability (e.g., Luyten et al. 1983; Liuand
Pedlosky 1994). A subduction path is basically deter-
mined by thermocline flow; the subducted temperature
anomaly then tends to propagate with the subtropical
gyre circulation. This subduction pattern can also be
understood in terms of the second mode of planetary
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waves in the thermocline (Liu 1999a,b). This mode is
strongly advected by mean flow and hasaclear signature
in the upper thermocline. This may explain why the
subduction pathway is most salient in the upper ther-
moclinein our dataanalysis. Thethermocline variability
pattern along the subduction pathway appears to be
mainly forced by surface buoyancy anomaly in the mid-
latitude outcrop region (Liu and Pedlosky 1994; Liu
1999a,b; Huang and Pedlosky 1999; Schneider et al.
1999).

Our physical understanding of decadal thermocline
variability in the Pacific is still in the early stages. The
observed patterns and their time evolution are far from
simple or obvious (Huang and Pedlosky 1999). It ap-
pears that a variety of mechanisms are present that may
generate and maintain thermocline variability in the sub-
tropics and in the midlatitudes, including remote pro-
cesses (e.g., mean advection around the subtropical gyre
and Rossby wave motion) and local processes (e.g., di-
rectly forced signals by wind changes). Based on very
limited thermal data alone in this study, we are unable
to provide a quantitative cal culation to separate specific
mechanisms responsible for the observed thermocline
variability in different regions and the causal connection
to SST anomalies. Also, the 30-yr observational record
is obviously not long enough to establish the statistical
significance of decadal variations. Since we have two
realizations for each type of anomaly pathway during
the analyzed periods, the results should be considered
a case study. Clearly, the interpretation of data through
model experiments and theoretical analyses are neces-
sary. Much work is needed to improve our understand-
ing of decadal-interdecadal climate change in the Pa-
cific ocean—atmosphere system.
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APPENDIX
The EOF Analysis

The EOF analysis has been extensively used to extract
dominant time variations and spatial patterns of com-



NovEMBER 1999

plicated four-dimensional data (e.g., see North et al.
1982). We only briefly describe the essence of the meth-
od here. For a given anomaly field defined by

X = [Xi(®], i=1...,1

where i is the space index and | the total number of
space points, the eigenfunctions of the covariance ma-
trix, [Xi(t)], can be obtained by a solution to the cor-
responding eigenvalue equation.

For the combined EOF analysis, the Xi(t) includes
simultaneously all temperature anomaly dataon 14 lay-
ersflie,i=21,2,...,1,,,2,...,1,,...,1,2,...,
I, wherel; (j = 1, 2, ..., 14) is the number of space
points on a given isopycnal surface; the total number
of space points in the calculation of the combined ei-
genvalue equation is the sum of 1, I,, ..., I, re
spectively]. In our combined EOF analysis (section
5b), the number of space points on each layer are 259
(surface layer), 130 (o = 23.8 kg m~2), 149 (o = 24.2
kg m=2), 161 (0 = 24.4 kg m=3), 176 (o = 24.6 kg
m-3), 188 (o = 24.8 kg m~23), 198 (o = 25.0 kg m~3),
209 (o = 25.2 kg m=3), 216 (o = 25.4 kg m~3), 233
(0 = 25.6 kg m=3), 242 (o = 25.8 kg m3), 252 (o
= 26.0 kg m=3), 252 (o = 26.2 kg m=3), and 257 (o
= 26.4 kg m~3), respectively, with a total number of
2922 in space.
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