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ABSTRACT

Interdecadal variability in sea level pressure (SLP) and sea surface temperature 
(SST) anomalies in the Pacific Ocean was “quasiperiodic”  from 1900–91. The 
coherent variability of this phenomenon is investigated using gridded 
observational data from the turn of the century (SST and SLP) and of upper 
ocean heat content (HS) from the recent two and a half decades. The nominal 
cycle in atmosphere–ocean variables is roughly two decades long, but growth 
and decay can happen on a shorter timescale (e.g., half a cycle or so). The 
authors divide the full cycle into four phases: An onset phase, during which a 
weak SLP anomaly pattern off Japan takes approximately 2–4 yr to expand 
eastward, leads to large SLP anomalies in the region of the Aleutian low. A 
quasi-stationary growth phase, with the midlatitude SLP anomaly pattern in the 
eastern ocean, intensifies over a 2–4-yr period. The persistent SLP anomalies 
evolve in concert with large SST (and HS anomalies) of the same polarity 
located to the south-southwest along the subarctic frontal zone (SAFZ). 
During the growth phase, SST anomalies with opposite polarity develop to the 
east, associated with anomalous atmospheric circulation along the North 
American coastline. Near the end of the growth phase a narrow tongue of 
enhanced SST anomalies is found along the subtropical front near Hawaii, 
slightly to the west of the subduction region associated with the subtropical 
gyre. Following is a decay phase during which the midocean SST and SLP 
anomalies weaken, while the HS anomalies persist in the southern part of the 
subtropical gyre. Concomitantly, a weak anomalous east–west SLP gradient is 
established in the tropical Pacific and could contribute to the interdecadal 
variability of the southern oscillation index. Finally, a return phase occurs 
(identical to the onset phase but with opposite polarity), during which SST anomalies move from the Alaskan gyre 
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and from the center of the subtropical gyre to merge onto the SAFZ. During the evolution of the interdecadal 
phenomenon, the overall structure of HS highlights the notion that the subtropical gyre integrates the thermal and 
dynamical forcing induced by the persistent surface circulation anomaly. Since only the oceanic anomalies retain their 
character throughout the seasonal cycle, the interdecadal phenomenon may owe its existence to coupled ocean–
atmosphere interaction in which ocean surface anomalies feed back on the atmosphere providing the necessary links 
between consecutive winter seasons. It is suggested that this can occur through interactions in either midlatitudes 
(delayed-negative feedback) and/or the Tropics.

1. Introduction  

Evidence of low-frequency variability and trends in the global sea surface temperature (SST) record have received 
attention in recent literature (e.g., Folland et al. 1984; Oort et al. 1987; Kawamura 1994; White and Cayan, 1998). Using 
complex singular value decomposition in the frequency domain, Mann et al. (1995) were able to show the presence of a 
significant signal with a 15–25-yr period in the global SST record over the past century and a half. Additional analyses of 
historical datasets in both Pacific and Atlantic Oceans find decadal and multidecadal variability (i.e., periods >10 yr) directly 
associated with ocean–atmosphere interaction (e.g., Deser and Blackmon 1993; Kushnir 1994; Deser et al. 1996). Modeling 
studies suggested that oceanic advection and/or Rossby wave propagation are candidates for the delayed-negative feedback 
mechanism responsible for the quasiperiodicity of the phenomenon (e.g., Latif and Barnett 1994; Miller et al. 1997; White 
and Cayan 1998). 

In a much earlier study of the SST and sea level pressure (SLP) records, Bjerknes (1964) concluded that in the North 
Atlantic, decadal variability in SST was linked to that of the wind-driven subtropical gyre and associated poleward Gulf 
Stream heat transport. Later, White and Barnett (1972) proposed that, in the North Pacific, low frequency variability of 
upper ocean heat storage in the midlatitudes could produce decadal fluctuations in the overlying westerly wind regime. More 
recently, Latif and Barnett (1994) diagnosed a global ocean–atmosphere model simulation, and explained the 15–25-yr 
interdecadal variability in the North Pacific as resulting from variability in the western boundary current heat transport and 
middle latitude SST influence on the atmospheric circulation.

A transitional period in climate variability during the late 1970s attracted much attention, when a deeper Aleutian low, 
warmer SSTs in the eastern North Pacific, and cooler SSTs in the central and western middle latitudes replaced a persistent 
period of opposite conditions (Nitta and Yamada 1989; Trenberth 1990; Ebbesmayer et al. 1991; Trenberth and Hurrell 
1994). Trenberth (1990) and Graham (1994) called this transition a “climate shift.”  Similar climate shifts were also observed 
in the early 1920s and mid-1940s (Kondo 1988). Mann and Park (1994) and Zhang et al. (1997) portrayed these climate 
shifts as part of a quasiperiodic interdecadal signal of 15–25-yr period. 

Understanding the role of decadal and multidecadal variability in the Pacific Ocean in modulating SST and SLP anomaly 
patterns associated with the Southern Oscillation is also necessary for improving El Niño–Southern Oscillation (ENSO) 
prediction skills (Balmaseda et al. 1995; Chen et al. 1995; Wang 1995; Kirtman and Schopf 1997; Latif et al. 1997). For 
example, during the 1980s, predictive skill for ENSO was high, but in a recent equatorial warming of the Pacific ocean 
during the 1990s, ENSO’s predictive skill has dropped significantly (Ji et al. 1996). Latif et al. (1997) proposed that 
midlatitude interdecadal variability with tropical signatures modulates the ENSO signal. On the other hand, Graham (1994) 
and Zhang et al. (1997) proposed that interdecadal variability is a phenomenon, stemming from tropical–extratropical 
interaction.

The present study provides a detailed description of the upper ocean and lower atmosphere patterns associated with 
interdecadal variability in the Pacific basin and their joint evolution. In section 2, data and methods, including the statistical 
techniques, are described. In section 3, statistical results are presented. Discussion of results is found in section 4. By 
following the evolution of covarying upper ocean temperature and SLP anomalies, we are able in section 4 to compare our 
results with previous work and to propose mechanisms that could maintain the interdecadal signal against dissipation and 
account for its evolution around the Pacific basin.

2. Data and methods  

In this study, the surface analysis utilizes two new global gridded datasets for monthly SST and SLP anomalies (1900–
91). The SST data are based on the Hadley Center Global Ocean Surface Temperature Atlas (GOSTA) compilation from 
which observational biases have been removed (Bottomley et al. 1990). The data were subjected to an optimal smoother 
algorithm in a reduced space, generated through a principal component analysis, as described in Kaplan et al. (1998). The 
SLP data are based on the Comprehensive Ocean–Atmosphere Data Set compilation (Woodruff et al. 1987) and an optimal 
interpolation algorithm similar to the one used for SST (Kaplan 1998, personal communication). The present analysis uses 
data over the Pacific basin only.



The subsurface analysis utilizes a subset of temperature profiles obtained from an ad hoc global observing system for 45 
yr (1950–94). Approximately 1000–2000 temperature profiles were collected monthly during this period over the global 
ocean. The original dataset is composed of mechanical and expandable bathythermographs (MBTs, XBTs), as well as 
hydrographic temperature profiles. It has been subjected to rigorous quality control procedures at the Joint Environmental 
Data Analysis center at the Scripps Institution of Oceanography (SIO). Quality control procedures have been defined under 
guidelines provided by the Global Temperature–Salinity Project described by White et al. (1988). In this study we use only 
the XBT-based analysis from 1970 to 1994. From this dataset, heat content in the upper 400 m of the Pacific Ocean (HS) 
has been computed following White (1995). 

To identify the dominant frequency in these three datasets and their temporal characteristics, complex empirical 
orthogonal function (CEOF) analysis is used (Wallace and Dickinson 1972; Barnett 1983; Horel 1984). Ideally, CEOF 
analysis technique enables one to isolate the evolutionary character of dominant signals without any a priori knowledge of 
their frequencies. Each component identified by the analysis is represented in terms of a spatial structure E(x, y) and an 
associated time dependent A(t). Both E and A are complex and are thus written in terms of a phase [ (x, y), (t)] and an 
amplitude [E(x, y), A(t)]. The spatial evolution of the signal can then be reconstructed, through its full cycle, from a single 
CEOF. The real part of the product of E and A can be written as

z = A(t)E(x, y) cos[ (t) + (x, y)]. 

If (t) is a linear function of time, the slope of the linear fit identifies the signal’s period. In the present study the CEOF 
analysis is based on the covariance matrix of data. For HS, 12-month averages centered on January are used. For SST and 
SLP we use seasonal averages: November–March for winter and May–September for summer. 

3. Results  

The climatological background at the surface and subsurface is well documented in the literature and is not reproduced 
here (Peixoto and Oort 1992; White 1994; White and Cayan 1998). Major features in the annual mean HS distribution (White 
1994, his Fig. 2b ) include tropical, subtropical, and subarctic circulation regimes. This derives from the physical 
relationship between computations for HS and steric sea level height from 400 m to the sea surface (White and Tai 1995). 
The western intensification of the subtropical gyre is associated with maximum HS values near 18°N between 130° and 
150°E in the Philippine Sea. A countercurrent trough is found between 5° and 10°N with the eastward flowing North 
Equatorial Countercurrent on its equatorward side and the westward flowing North Equatorial Current (NEC) on its 
poleward side, mostly from 10°–15°N. Maximum HS gradient is found between 35° and 42°N from Japan to the date line, 
associated with Kuroshio–Oyashio Extension Currents. 

a. CEOF of SST and SLP anomalies for 1900–91  

The CEOF is applied to seasonal SST and SLP anomalies during the interval 1900–91. The first SST CEOF (not shown) 
corresponds to the well-known ENSO mode (45% of total variance). The second SST CEOF (not shown, 14% of total 
variance) is associated with low-frequency variability with decadal timescales. This mode is not clearly separable (North et 
al. 1982) from consecutive CEOFs. However when the data is subjected to a tangent Butterworth low-pass filter with a 
cutoff at a period of 8 yr, the features of this decadal fluctuation become distinct and robust. In Figs. 1  and 2 , we 
show the separately analyzed SST and SLP first CEOFs modes (respectively) of the low-pass filtered cold season 
(November–March) anomalies. We show only the cold season results because of a lack of coherent atmospheric signal 
during the warm season. It is interesting to note that the SST first CEOF mode is only slightly changed during summer (see 
also Trenberth and Hurrell 1994). The summer SLP mode (not shown) is considerably weaker than its wintertime 
counterpart. The seasonal dependence of the SLP analysis implies that analysis of annually averaged surface data may lead to 
erroneous conclusions on the mutual relationship between the ocean and the atmosphere.

The first cold season SST CEOF pattern (Fig. 1 , top panel) represents 36% of the total low-pass variance. The CEOF 
is presented here in terms of its amplitude (contours and arrow length) and phase (arrow direction). The phase angle is 
measured in the clockwise direction with reference to an arbitrary starting point. For example, if at location A the arrow is 
pointing west, and at B north, then the implication is that the signal arrives later at B. If the temporal phase varies linearly 
with time, this 90° difference implies that the delay is ¼ of a period long.

Figure 1  (top) clearly depicts the out-of-phase relationship between the central North Pacific and the northeast Pacific 
(180° differences in the phase vectors), as well as with the equatorial regions. In the central midlatitude region, large SST 
anomalies are found along the subarctic frontal zone (SAFZ) and near the Kuroshio bifurcation front (Mizuno and White 
1983; Suga et al. 1997) between 30° and 40°N. There is 20°–30° difference between the spatial phase angle along the SAFZ 
and that in the subtropical front region to the east-southeast. The phase difference can be translated into a time difference 
once the period of variability is defined (see below). The signal appears first along the SAFZ, and only then in the subtropical 



front region, consistent with Nakamura et al. (1997). Local maxima are present in the subtropics and along the northeast 
Pacific. Large SST anomalies are also found just west of 150°W and off shore of the Baja Peninsula. A rough symmetry is 
identified, in the eastern tropical Pacific, with maximum values on both sides of the mean position of the intertropical 
convergence zone at 25°N and 15°S and between 100° and 140°W. The distribution of the SST anomalies presented here 
closely resembles those obtained in the previous literature when Pacific decadal variability was studied (e.g., Nitta and 
Yamada 1989; Trenberth and Hurell 1994; Zhang et al. 1997). 

When the temporal amplitude and phase distributions are examined (Fig. 1 , bottom) the very low-frequency nature of 
the signal is evident. Between 1900 and 1991, the temporal phase displays extended intervals of steady, linear evolution with 
time: 1901–13; 1921–32; 1935–52; 1954–63, and 1966–91. During these time intervals, the amplitude of the time coefficient 
is relatively large, and the slope of the phase indicates a period of 20–25 yr. In the intermediate years, the amplitude is much 
lower and the phase behavior less regular.

The first cold season SLP CEOF pattern (Fig. 2 ) represents 55% of the total low-pass variance. Maximum variability 
is found to occur almost simultaneously between 40° and 60°N and between 150°W and the date line (Fig. 2 , top). The 
pattern resembles the North Pacific pole of the Pacific–North America pattern (Wallace and Gutzler 1981). In addition, some 
eastward spreading of the signal, that is, a clockwise rotation of the phase vector over a limited angular sector, occurs 
between 40° and 50°N. The temporal amplitude and phase distributions with time (Fig. 2 , bottom), agree relatively well 
with those corresponding to the low-pass SST CEOF in their indication of the intervals of large amplitude and linear phase 
evolution, as well as the suggested periods of the fluctuation. The distribution of SLP anomalies presented here resembles 
the distribution obtained by Trenberth and Hurrell (1994) and Zhang et al. (1997) when they examined the differences 
between the winter mean SLP for the most recent decades compared to earlier data. This pattern of interdecadal variability is 
associated with changes in the intensity and location of the Aleutian low. The wind stress during winter in the eastern Bering 
Sea is accordingly modified and could be correlated with interdecadal variations of the upper ocean biomass there, as 
identified by Sugimoto and Tadokoro (1998). 

The simultaneity of the SLP and SST cycles from the 1970s onward (a period during which an adequate subsurface 
dataset is available) will be discussed in detail in sections 3 and 4. 

b. CEOF analysis of HS anomalies for 1970–94  

CEOF analysis is applied to the gridded HS anomalies computed from the XBT observations during the 1970–94 period. 
The first two CEOF patterns are well separated according to the North at al. (1982) criterion, and they represent 43% and 
19% of the total variance, respectively. The first pattern is associated with ENSO (not shown) with maximum variability and 
an east–west seesaw structure along the equator. The second pattern is an interdecadal signal off the equator (Fig. 3 , 
top), requiring approximately 20–25 yr to complete one full cycle (Fig. 3 , bottom). In the North Pacific, maximum 
interdecadal variability extends from Japan to approximately 150°W, within the SAFZ and near the Kuroshio bifurcation 
front. Farther south, significant amplitude is located along the southern limit of the subtropical gyre as determined by the 
subsurface thermal structures (White 1995, his Fig. 2 ). A general clockwise rotation of the phase vector, when moving 
clockwise along the axis of maximum amplitude starting at 170°W (Fig. 3 , top), indicates an anticyclonic propagation or 
spreading of the interdecadal signal from the high gradient region in the midlatitudes to the minimum gradient region in the 
subtropics. However, there are several regions (e.g., SAFZ) where the phase angle remains constant, indicating that in these 
regions HS evolution is stationary. We will return to this aspect in section 4. Another local maximum is found east of the 
Philippine Sea, which corroborates results from White and Tai (1995). The links between the latter maximum and the 
strength of the subtropical gyre are still to be identified.

The second CEOF pattern also reveals HS anomalies in the western South Pacific Ocean, centered between 10° and 25°S, 
in phase with those in the SAFZ to the north. This anomaly can be seen propagating onto the equator just east of Australia 
and New Guinea (clockwise rotation of the phase vector while moving westward along the axis of maximum values), 
providing extratropical HS anomalies with direct access to the equatorial domain. This may arise from the intersection of the 
South Pacific subtropical gyre with the equator, as the North Pacific subtropical gyre is shielded from the equator by the 
Countercurrent Trough near 10°N.

c. Evolution of interdecadal HS anomalies for 1970–94  

The space–time evolution of HS anomalies is obtained by reconstructing the life cycle of the second CEOF pattern using 
the formulation explained in section 2, and is displayed in Fig. 4 . Here we present the evolution of the pattern through 
approximately half a cycle as in Latif and Barnett (1994, their Fig. 2 ) except that we use six frames (for easy comparison 
with Fig. 7  in section 3d), separated by 1/l0th of a period from another (we arbitrarily set the period to be 20 yr). Note 
that years 0 and 10 are identical except for the polarity of the anomalies. The units of HS are also converted to °C m for 
comparison with the Latif and Barnett analysis. Year 0 roughly corresponds to the state of the field during winter 1970. In 
the North Pacific for approximately 2–4 yr (years 0 and 2) maximum positive HS anomalies appear and amplify in the middle 



latitudes along the SAFZ between 30° and 45°N, from Japan to 150°W. Anomalies of opposite polarity are found along the 
eastern boundary and in the northern subtropics. As will become evident from the remaining panels, the latter are remnants 
of the previous half cycle of this pattern, and decay as the midlatitude anomaly intensifies. After that, anomalies at the 
eastern end of this domain near 150°W begin to spread south and then southwestward in the direction of the Philippine 
Archipelago (years 2 to 6). At the same time the midlatitude segment of the anomaly intensifies while becoming more 
narrowly confined in the SAFZ region and with some spreading westward along 35°N (year 6). In panel 5 (year 8), the main 
SAFZ anomaly is confined west of 160°E and weakens (year 10). In the subtropics, the anomaly is now strong, well-
developed, and oriented southwest–northeast. East of the Philippine Sea a large anomaly has also developed and spreads 
northwestward and southward tracing the split in the NEC (years 8 and 10). Weaker anomalies extend to the North and 
Central American coastline (year 8). To the north they enter into the Gulf of Alaska (year 10). To the south, the anomalies 
along the coast of Mexico are in line with the path of the California Current (year 10, and years 2, 4, and 6 with opposite 
polarity). As the anomalies in the SAFZ weaken and those in the subtropics strengthen, weak anomalies of opposite polarity 
appear between these two regions at 30°N between 140°E and the date line (years 6 and 8).

The regions where the largest HS anomalies are found are generally compatible in amplitude with those of Latif and 
Barnett (1994, their Fig. 2 ). However, while the model anomaly centers maintain their relative strength and remain in 
opposite polarity throughout the “oscillation,”  the observed anomaly centers do not. Moreover the model anomalies mostly 
appear to propagate northward over the central western subtropical gyre as anomalies of one sign displace those with 
opposite sign. This is not depicted by the observations. Compare for example our years 6 and 8 with Latif and Barnett’s 
years 5 and 7.5. In the present analysis, positive anomalies intensify and weaken between 30° and 45°N, with very little 
latitudinal displacement. In Latif and Barnett, a broad negative anomaly moves northward from the subtropics to displace the 
area of positive anomaly in the midlatitudes. Thus the present analysis does not show anomalies propagating from the 
subtropics to the midlatitudes and emphasizes the long lag (about 5 yr or almost ¼ of the cycle) between the timing of 
maximum amplitude in the SAFZ and in the subtropics. These differences will be further discussed in section 4. 

To the south the main path along which subtropical maximum HS anomalies are found is poleward of the surface 
manifestation of the NEC. However that path follows the shear flow of the NEC at 200–400-m depth as observed by White 
and Cayan (1998). This strongly suggests that this signal in anomalous HS derives from subsurface temperature anomalies 
formed and advected along the subsurface pathway of the subtropical gyre. The path to the subsurface must then begin east 
of the date line as proposed by Watanabe and Mizuno (1994) and Deser et al. (1996). When we follow positive HS 
anomalies, during years 4 to 10, they intensified along this subsurface pathway, but during years 10 to 14 (the latter is 
identical to year 4 with opposite polarity), they diminish steadily, disappear in year 14 and are replaced by HS anomalies of 
the opposite sign following the same subsurface pathway.

Using upper ocean temperature anomalies at standard depths from the surface to 400 m enables us to construct time–
depth diagrams at three key locations along the path of maximum interdecadal HS anomalies, from the central SAFZ to the 
east of the Philippine Sea (Fig. 5 ). All the way down to 400 m, warm (unshaded) and cool (shaded) anomalies can be 
clearly identified.

In the northern section of the subtropical gyre which includes the central SAFZ (Fig. 5 , top), the vertical structure of 
anomalous upper ocean temperature is uniform with depth, with maxima at 100 m, near the top of the mean depth of the 
main pycnocline. This is suggestive of the baroclinic response of the ocean to interdecadal change of wind stress curl 
forcing (e.g., Miller et al. 1998). Vertical mixing may also have played a role in maintaining this vertical uniformity over the 
mixed layer and the upper portion of the main pycnocline (Miller et al. 1994). 

In the eastern section of the subtropical gyre, east of the SAFZ and straddling 150°W (Fig. 5 , middle), downward 
propagation of the SST anomalies can be seen from 125 to 200 m. This is the location of North Pacific Central Mode Water 
(NPCMW, after Suga et al. 1997), and where Qiu and Huang (1995) identified mean detrainment (i.e., subduction) occurring 

at a rate of 25–50 m yr−1, associated with lateral induction. In the present study, the averaged subduction rate associated 
with interdecadal variability (i.e., the speed at which water is being renewed in the main pycnocline) is estimated to have 

been 10–15 m yr−1. These values are similar to those obtained by Deser et al. (1996), who found a similar downward 
propagation of interdecadal temperature anomalies in this region.

In the southern section of the subtropical gyre (Fig. 5 , bottom), maximum values of upper ocean temperature 
anomalies occurred at 200 m, where they are out of phase with those at the sea surface (1970–76 and 1984–88). Not only 
does this support the subduction hypothesis, but it indicates that pycnocline temperatures were mostly decoupled from 
mixed layer temperatures over this portion of the subtropical gyre.

d. Joint evolution of SST and SLP anomalies for 1970–94  

To determine the space–time evolution of the SST and SLP patterns associated with the second CEOF of HS, we project 
these fields onto the complex time series corresponding to that of the CEOF for the common time interval (1970–91). This 



is done after augmenting the data series at each grid point by first adding to it its Hilbert transform as an imaginary part (a 
procedure similar to the first stage of a CEOF analysis); second, multiplying these values by the complex conjugate of the 
normalized EOF time series, and finally dividing the result by the number of samples. The results, or SST and SLP 
projections, are displayed in Fig. 6  (top and bottom, respectively). It should be noted that when the HS field is projected 
onto the complex SST and SLP time series patterns are very similar to those presented in Fig. 3 . Therefore, the temporal 
phase for the SST and SLP patterns are consistent with that of HS (by construction) and the casting of the interdecadal 
signal observed from the subsurface data in the context of the almost one century long surface record is robust. Moreover, 
the relative directions of the arrows in the three panels (HS at the top of Fig. 3 ; SST and SLP in Fig. 6 ) are indicative 
of their mutual time lag relationship. For example, the HS maximum amplitude found in the SAFZ lags that of the SST by 1–
2 yr (20°–30° assuming a 20-yr cycle). In the eastern section of the subtropical gyre (where subduction occurs) HS lags by 
3–4 yr the maximum SST anomaly in the SAFZ (i.e., a 45°–60° difference in the orientation of the phase vectors, and a 
clockwise rotation from SST to HS fields). The amplitude and the relative phase distribution captured in both projections are 
close to those found in the first CEOFs of the low-pass SST and SLP data, repectively, during the 1900–91 period (Figs. 1 

 and 2 ). The close resemblance between the CEOF patterns and the projections suggests that HS anomalies must have 
also evolved in parallel, in a manner depicted in Fig. 4 . 

The projection of SST anomalies onto the time series of the first HS CEOF (Fig. 6 , top) displays maximum variability 
along the SAFZ and near the region of the NPCMW formation. These two key regions have also been identified by 
Nakamura et al. (1997). An out-of-phase relationship is found adjacent to the North American coastline. In the eastern 
Pacific, south of 30°N the anomalies spread westward as time progresses, following a path along the California current as it 
merges with the NEC southeast of the Hawaiian Archipelago. Relative symmetry can be found in both hemispheres, similar 
to that observed by White and Cayan (1998). The projection pattern for SLP anomalies (Fig. 6 , bottom) displays 
maximum variability north of 40°N northeast of the SAFZ, with a clear eastward propagation and amplification of the signal 
occurring between 30° and 50°N from Japan to 140°W. From there the signal gets weaker with a hint of southeastward 
expansion. This pattern is similar to that associated with interdecadal variability in the Aleutian low (e.g., Namias et al. 
1988;Wang 1995). The relative position of SST and SLP maxima in the North Pacific (SLP anomalies lying north-northeast 
of the SST anomalies) and its physical meanings will be discussed later.

To get more insight into the joint evolution of interdecadal SST and SLP anomalies and ocean–atmosphere interaction, we 
reconstruct these two fields from the projection patterns of Fig. 6 . The six frames that represent 10 yr of the 
simultaneous SST and SLP cycles, are displayed every 2 yr (Fig. 7 , years −4 to 6). The choice for the first year to be 
displayed is arbitrary but, in order to simplify the discussion in section 4, we prefer to start 4 yr before the year chosen as 0 
for the HS reconstruction (in Fig. 4 , the years are marked with reference to that choice). Individual panels are separated 
by a phase difference of π/5 (or 2 yr in real time assuming a nominal 20-yr cycle). In this reconstruction the third panel 
(year 0) could also be thought of as representing the situation during the winter of 1970. In Fig. 7 , year −4 to year 6, 
clearly represents the evolution of positive (negative) SLP anomalies along 40°N from east of Japan toward the eastern 
Pacific (year −4). This evolution amounts to a weakening (strengthening) of the Aleutian low (year 2), with easterly 
(westerly) anomalies between 25° and 40°N and southerly (northerly) anomalies west of the date line and north of 30°N. 
This lead to the development of positive (negative) SST anomalies, most likely through ocean–atmosphere heat exchange 
(Auad et al., 1998), and wind mixing and meridional Ekman transport anomalies (Miller et al. 1994). From year −4 to year 
−2 positive (negative) SST anomalies are found to originate from the Alaskan gyre and to merge with weaker anomalies of 
the same polarity, which originated from 30°N between 140°E and the date line. During years 0 and 4, a relatively stable and 
narrow pattern of large positive (negative) SST anomalies is centered on the SAFZ stretching from Japan to 140°W. The 
SST anomaly partly underlies the larger pattern of positive (negative) SLP anomaly, the latter having its maximum north-
northeast of the SST anomaly (north of 40°N, between 170°E and 140°W). A similar relative geometry was found in the 
midlatitude Atlantic Ocean by Palmer and Sun (1985). The SST anomaly pattern displayed here is similar to that observed by 
Tanimoto et al. (1993) and is consistent with Sverdrup dynamics (Miller et al. 1997). The strongest zonal anomalous SLP 
gradient is seen in the vicinity of the maximum SST anomalies (years 0, 2, and 4). During this part of the cycle, a distinct 
maximum of SST anomalies occurs to the east between 30° and 40°N and between 140° and 160°W, in the vicinity of the 
NPCMW formation region (Nakamura et al. 1997). Here decadal changes in heat flux divergence must dominate in the 
Ekman layers (Yasuda and Hanawa 1997), and lateral induction and vertical subduction are known to occur (e.g., Qiu and 
Huang 1995). Therafter the transition from one phase of the cycle to the other takes approximately 3–4 yr to complete (year 
6, and the negative of year −2). While the SLP anomaly weakens in a southeast direction (years 4 and 6) it is replaced by a 
weak negative (positive) SLP anomaly that first appears off Japan, and then spreads eastward along the SAFZ toward the 
North American coastline (year −2 with opposite polarity). These changes in SLP are accompanied by a weakening of the 
SST anomaly as it narrows down, to clearly demarcate the SAFZ and the subtropical gyre subduction region north of the 
Hawaiian Archipelago (year 4).

Along the northern and eastern Pacific Ocean rims, the patterns are characterized by SST anomalies in opposite polarity to 
those in the central ocean basin. An intensification of SST anomalies occurs from the Gulf of Alaska to the Kamchatka 
Peninsula accompanied by a southward expansion (Fig. 7 , years 0–6). The anomalies make their way into the central 
ocean basin during the following half “cycle”  (Fig. 7 , year −2 with opposite polarity). A south-southwestward expansion 
of subtropical SST anomalies also occurs from the Baja Peninsula south of 30° to 10°N and 140°W (years 2–6 and year −2 
with opposite polarity).



A mirror image of the Northern Hemisphere tropical SST anomalous pattern develops and grows in the Southern 
Hemisphere between South America and 140°W with maximum along 15°S (years 2 to 4) as noted by White and Cayan 
(1998). 

4. Discussion and conclusions  

The evolution of interdecadal HS anomalies is clearly centered on the subtropical gyre region. At the surface the SST 
anomaly pattern is basin wide, with extremes in the subtropical and subarctic gyres, along the northern and eastern ocean 
boundary, and in the Tropics. While the SLP anomaly pattern is mainly confined to the Aleutian low region, small changes 
also occur in the SLP and SST anomaly patterns in the tropical Pacific when weak tropical SST anomalies change polarity 
(Fig. 7 , years −2 and 0). The tropical SLP anomalies are such that the Southern Oscillation index (SOI) must be 
modulated accordingly, yielding a possible contribution of interdecadal SLP anomalies to low-frequency variability of ENSO. 
SST anomalies indeed intensify along the equator with maximum values between 150°E and 170°W (years 4–6). From 1982 
until 1989 the tropical SLP interdecadal signal could have contributed to a weakening of the trade winds. ENSO events were 
then remarkably well formed in both magnitude and periodicity and relatively more predictable as compared to the 1990s (Ji 
et al. 1996). 

For the past 92 years the interdecadal variability in the North Pacific is “quasiperiodic.”  It also represents a coevolution 
among the oceanic and atmospheric variables. As such its evolution can be broken down into four relatively distinct phases 
(each 2–4 yr long) throughout its 20–25-yr cycle: the onset phase (years −4 and 2, Fig. 7 ), the growth phase (years 0 
and 2, Fig. 7 ), the decay phase (years 4 and 6, Fig. 7 ), and the return phase (years −4 and −2 with opposite polarity, 
Fig. 7 ). The onset phase is a transition phase, marked by the slow eastward evolution of relatively weak covarying SST 
and SLP anomalies from the western ocean to the eastern ocean. The growth phase in both surface fields is a stationary 
phase, with rapid growth in SST and SLP anomalies occurring in the central North Pacific Ocean, leading to maximum 
magnitudes there. The decay phase in both surface fields is transitional, marked by evolution of covarying SST and SLP 
anomalies away from the region of maximum SST and SLP variability.

The return phase for the “warm”  part of the cycle occurs at the same time as the onset phase for the “cold”  part of the 
cycle. As such, the growth phase may establish conditions that not only initiates the decay of the warm phase but heralds 
the onset of the cold phase. In the reconstruction presented in Fig. 7  (years −4 and −2), weak North Pacific SST 
anomalies converge into the SAFZ from the Gulf of Alaska, and the region southeast of Japan (30°N and between 140°E and 
the date line). The southward movement of SST anomalies from the Alaskan gyre into the SAFZ region could be associated 
with variability in the volume transport of the gyre identified by Lagerloef (1995). The possibility exists that the weak 
anomalies of the return phase, in opposite polarity to the large SAFZ anomalies during the previous half cycle, could trigger 
the new onset phase (e.g., through an atmospheric response as argued by Latif and Barnett 1994, 1996). If the atmosphere 
responds to these anomalies through an anomalous anticyclonic (cyclonic) wind stress curl in the middle ocean basin, it 
could enhance positive (negative) SST and HS anomalies west of 140°W (Miller et al. 1998). A more quantitative analysis 
that compares the growth of the anomalies with surface heat and momentum fluxes could shed more light on this issue.

The evolution of HS anomaly in the central North Pacific agrees with the subduction of mixed layer thermal anomalies in 
the NPCMW area (Yasuda and Hanawa 1997; Qiu and Huang 1995) and subsequent formation of anomalous subsurface 

temperature by the subtropical gyre at 200–400 m. The average speed of the subduction is found to be 0.01–0.03 m s−1 as 
in Deser et al. (1996). The SST anomaly evolution in the vicinity of the Hawaiian Archipelago (subtropical front region, 
Nakamura et al. 1997) is consistent with the advection of SST anomalies around the subtropical gyre with the surface 
geostrophic flow. Such evolution could be maintained against dissipation by local positive feedback deriving from the 
covarying SLP anomaly pattern (White and Cayan 1998). 

The subtropical front region is the only place where systematic propagation of the upper ocean thermal anomalies is 
detected in our analysis. As discussed in the previous section, we do not observe systematic propagation around the entire 
subtropical gyre as depicted in Latif and Barnett (1994, 1996). We could also not detect variations along the western 
boundary current, indicative of a delayed-negative feedback effect on the midlatitudes associated with the covarying SST, 
SLP interdecadal anomalies. It is possible that the data do not capture the western boundary current phenomenon due to the 
sparsity of the observations or horizontal resolution. Latif and Barnett could have simulated interdecadal variability through 
what appears to be extratropical Rossby waves propagation. From our diagnostic analysis, the role of changes in the heat 
transport by the Kuroshio Current as a viable delayed-negative feedback mechanism responsible for quasiperiodicity in 
interdecadal variability in the North Pacific basin remains in question.

We interpret our results as indicative of the change in the character of the subtropical gyre, brought about by a combined 
process of subduction and wind-stress-induced circulation changes. Note that in the decay phase of the cycle (Fig. 4 , 
years 6 and 8) HS anomalies of the same polarity are arranged in a horseshoe pattern around the subtropical gyre, while 
opposite sign anomalies appear in the middle. It is well known that in a north–south cross section of the midlatitude ocean 



temperature field, the isotherms trace a “bowl”  shaped pattern, with the warmest temperatures located in the center of the 
subtropical gyre. Noting that the HS field is calculated between a depth of 400 m and the surface, the pattern in Fig. 4  
(years 6 and 8) is consistent with the north–south spreading and shallowing of this isothermal bowl during the warm half 
cycle, and the narrowing and deepening of the bowl in the cold half cycle. In the same Fig. 4 , we also note that the SLP 
field, during the years leading to the decay phase, indicates a wind-stress curl anomaly over the central ocean region that 
would induce upward (downward) Ekman pumping in the warm (cold) half cycle. This is consistent with the vertical 
displacement of the isotherms as discussed above. A more quantitative analysis is needed. Indeed, recent work by Deser et 
al. 1996 (personal communication) confirms our assertion through a quantitative analysis based on wind stress data. 

At the surface, warm anomalies in the SAFZ are followed with some delay (about 1 yr) with the appearance of cold 
anomalies along the North American seaboard, which then spread westward and into the Tropics, As suggested by 
Trenberth and Hurrell (1994), Graham (1994), and Zhang et al. (1997) these anomalies could feed back positively on the 
midlatitude atmospheric circulation, enhancing the year-to-year persistence of the weaker Aleutian low to the north. This 
positive feedback will work in the opposite phase when the Aleutian Low is stronger than normal, midlatitude SSTs are cold 
and tropical SSTs are warm. Notably, during the last century the SST record does not always follow a full interdecadal 
cycle such as it did during the last two and a half decades (Fig. 1 , lower panel). It could be that what we are watching is 
a weak tropical–extratropical feedback loop that accounts for the persistence of anomalies in the Aleutian low region (from 
one winter season to the next) but is not enough to withstand the chaotic variability of the midlatitudes. Hence the 
phenomenon decays and reemerges after some delay with an arbitrary phase with respect to the previous appearance. 
However, such a mechanism could only explain the interannual persistent SLP anomalies but not the timescale of the 
phenomenon observed in the SST and HS analyses (Figs. 1  and 3 ) and in that of SLP (Fig. 2 ). 
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Fig. 1. Top: First CEOF pattern (36% of total variance) of winter SST for 1900–91. The data is low-pass filtered using an 8-yr 
cutoff Butterworth filter. The amplitude of the anomalies are in °C. The vectors represent the phase of the anomalies as well as 
their amplitudes. An eastward displacement associated with a clockwise rotation of the phase, indicates an eastward propagation 
of the signal. Bottom: The normalized temporal coefficient (amplitude in solid line and phase in solid circles) of the CEOF pattern 
above. The angles of the phase are displayed to the right.
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Fig. 2. Top: First CEOF pattern (55% of total variance) of winter SLP for 1900–91. The data is lowpassed using an 8-yr cutoff 
Butterworth filter. The amplitude of the anomalies are in mb. The vectors represent the phase of the anomalies as well as their 
amplitudes. The propagation convention is the same as in Fig. 1. Bottom: The normalized temporal coefficient (amplitude in solid 
line and phase in solid circles) of the CEOF pattern above. The angles of the phase are displayed to the right.
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Fig. 3. Top: Second CEOF pattern of January centered 12-month averaged 0–400-m heat content anomalies (HS) for 1970–94. 

The mode explains 19% of the total variance. The amplitude of the anomalies is in 109 J m−2. The vectors represent the phase of 
the anomalies as well as their amplitudes. The propagation convention is the same as in Fig. 1. Bottom: Time evolution of the 
second CEOF pattern of HS. The solid line indicates the time amplitude and the dots indicate the phase. The angles of the phase 
are displayed to the right.
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Fig. 4. Reconstructed space–time evolution of 10 yr of the interdecadal half cycle, obtained from the second CEOF mode of HS 
(units are in °C m, with contours every 30 units). Solid contours (dashed contours) represent positive (negative) anomalies. 
Areas with absolute values larger than 30°C m are shaded. All frames which represent Januarys are separated by 2 yr starting 
from year 0 to year 10.
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Fig. 5. Averaged Hövmoller diagrams of the temperature anomalies (°C) at depth associated with the interdecadal signal in the 
subtropical gyre. The three sections of the gyre are determined from the spatial distribution of the HS interdecadal signal in Fig. 4 

. The northern section (top), eastern section (middle), and southern section (bottom) represent averaged anomalies during 25 
yr (1970–94). Negative anomalies are shaded. Horizontal black solid lines (top and bottom) represent depth at which anomalies 
are maximum. Slanted black solid lines (middle) represent maximum anomalies for the warm and cold events (respectively) during 
the 1970–94 period. 
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Fig. 6. Top: Projection of cold season mean SST data (Nov–Mar) against the second CEOF mode for HS, and for the joint 
period 1970–91. The amplitude of the SST anomalies are in °C. The vectors represent the phase of the anomalies as well as their 
amplitudes. An eastward displacement associated with a clockwise rotation of the phase, indicates an eastward propagation of 
the signal. Bottom: Projection of cold season mean SLP data (Nov–Mar) on the CEOF second mode for HS, and for the joint 
period 1970–91. The amplitude of the SLP anomalies are in mb. The vectors represent the phase of the anomalies as well as their 
amplitudes. The propagation convention is the same as in Fig. 1.
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Fig. 7. Reconstruction of the joint evolution of cold season SST, SLP anomalies corresponding to half a cycle of the 
interdecadal signal (from year −4 to year 6). The evolution is obtained by projecting the original SST and SLP datasets on the 
CEOF second mode for HS, and for the period 1970–91. The amplitude for SST anomaly (thin solid lines and thin dashed lines for 
positive and negative anomalies respectively) is in °C every 0.1°C. Areas with absolute values larger than 0.2°C are shaded. The 
amplitude of SLP anomaly (thick solid contours and thick dashed contours for positive and negative anomalies, respectively) is 
in mb every 0.5 mb.
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