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ABSTRACT

Decadal variability of the Indo-Pacific warm pool (IPWP) sea surface temperature (SST) and its asso-
ciation with atmospheric and oceanic circulations are investigated with observed 50-yr (1952-2001) SST, and
the NCEP-NCAR atmospheric and Simple Ocean Data Assimilation (SODA) oceanic reanalysis data. The
decadal variability of the IPWP SSTs was analyzed by applying an empirical orthogonal function technique
to low-pass-filtered SSTs. Two leading empirical modes (EMs) well represent the IPWP SST decadal
variations. EM1 is an ENSO-like pattern with out-of-phase SST anomalies in the western Pacific and the
Indian Ocean, whereas EM2 displays an in-phase relationship between SST anomalies in the two regions.
Consequently, spatial evolution of EM1 is dominated by opposing changes in zonal and meridional dimen-
sions and thus a strong deformation of the warm pool on decadal time scales. EM2 is dominated by changes
in size and intensity of the warm pool.

Analyses of ocean thermodynamic fields associated with the two SST EMs indicate that decadal changes
in the IPWP can extend down to 300-m depth. Oceanic processes may thus be involved in the IPWP decadal
variability, including advections of mean temperature by both mean and anomalous ocean currents and
effects of shallow tropical circulations (STCs) on the IPWP SST, which is consistent with some previous
studies on tropical decadal variability. The results may also indicate the existence of both positive and
negative feedbacks between the IPWP SST and the STCs.

Both December-January-February (DJF) and June-July-August (JJA) atmospheric circulations exhibit
thermally direct responses to the two decadal IPWP SST EMs by altering the Hadley and Walker circu-
lations. In addition, significant upper-level rotational flow anomalies in the extratropics are found to be
associated with the decadal IPWP SST variability. Consistent with the upper-level flow anomalies and
850-hPa convergence—divergence patterns associated with the two SST EMs are rainfall anomalies over the
United States. In DJF, the rainfall anomalies are mainly in Florida, the Gulf Coast, southern Texas,
Arizona, and along the West Coast. In JJA, the rainfall anomalies are mainly in the Midwest and the
Southeast. Since these rainfall anomalies are a significant fraction of seasonal-average rainfall and since
these anomalies persist for many years, they potentially make a significant impact on U.S. water resources
and agriculture. Further analysis of observations and modeling studies are required to understand the
physics of the IPWP SST decadal variability and its impacts on global climate, and to assess its predictability.

1. Introduction

The Indo-Pacific warm pool (IPWP) contains some
of the warmest ocean water in the world. Its formation
is fundamentally driven by ocean dynamics, but atmo-
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spheric processes also play an important role (Ra-
manathan and Collins 1991; Waliser and Graham 1993;
Ramanathan et al. 1995; Schneider et al. 1996; Clement
et al. 2005). The IPWP is characterized by persistently
warm sea surface temperature (SST) higher than 28°C,
which is a threshold for atmospheric deep convection
(e.g., Fu et al. 1994). Since saturation vapor pressure is
an exponential function of SST (Graham and Barnett
1987; Fu et al. 1994), the intensity of deep convection is
very sensitive to changes in SST over the warm pool
region. Even small changes in IPWP SST can cause
large changes in atmospheric convection, which in turn
can dramatically alter atmospheric divergent flow lo-
cally, and further significantly modify planetary-scale
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wave activity and atmospheric heating globally
(Sardeshmukh and Hoskins 1988; Neale and Slingo
2003). The IPWP is also a region of net 1-2 m yr !
atmospheric freshwater input to the ocean (Chen et al.
2004; Huang and Mehta 2004). This mass and buoyancy
flux significantly affects the dynamics and thermody-
namics of the IPWP via its effect on salinity and ocean—
atmosphere heat flux (Lindstrom et al. 1987; Godfrey
and Lindstrom 1989; Lukas and Lindstrom 1991; Huang
and Mehta 2004, 2005). The IPWP is thus an important
source of energy for driving atmospheric circulation, an
important sink of atmospheric freshwater, and consti-
tutes an important component of the global climate sys-
tem.

The IPWP exhibits large variations in area on in-
traseasonal to decadal time scales. Its spatial coverage
(SST > 28°C) may vary as much as 25%, 22%, and
11%, respectively, on seasonal, interannual, and decad-
al time scales, with respect to its climatology. These
variations influence both mean and anomalous atmo-
spheric circulations and also interact with a number of
important weather—climate systems, including the Mad-
den-Julian oscillation (MJO), the El Nifio-Southern
Oscillation (ENSO), and the Asian monsoon (e.g., Fa-
sullo and Webster 1999; Matsuura and lizuka 2000;
Tian et al. 2001; D’Arrigo et al. 2006). For example,
Wang and Xie (1998) demonstrated that the mean state
of warm SST in the IPWP favors atmosphere—ocean
coupled unstable modes on the intraseasonal time scale
and thereby sustains the MJO. On the interannual time
scale, the strong east—west migration of the warm pool
in the equatorial western Pacific is closely tied to the
surface current variation driven by the ENSO-related
surface winds (Picaut et al. 1996). Both analytical and
modeling studies (Clarke et al. 2000; Solomon and Jin
2005) indicate that the interannual variability of SST
over the western Pacific warm pool has a positive feed-
back to the ENSO cycle.

The decadal variability of the IPWP has not received
much attention until recent years. Analyses of coral-
based proxy records show significant and consistent de-
cadal to multidecadal thermal and hydrologic variations
in the IPWP region, which correlate with the ENSO
and Asian monsoon in decadal frequency bands
(D’Arrigo et al. 2006; Brijker et al. 2007). The decadal
changes in the IPWP SST can be a response to basin-
scale heat advection forced by large-scale net atmo-
spheric freshwater flux (Huang and Mehta 2005).
Mehta and Fayos (2005), illustrated that the decadal-
multidecadal IPWP variability can modulate the inter-
annual variability of ENSO. Significant signals of 850-
hPa wind anomaly on a global scale are also found
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associated with the decadal-multidecadal IPWP SST
(Mehta and Mehta 2007, manuscript submitted to Geo-
phys. Res. Lett.). These results considerably increase
our knowledge of the IPWP decadal variability and its
climate impact. In these studies, the IPWP variability
was examined by using either oxygen isotopes at iso-
lated spots or area-averaged SST over the whole warm
pool domain. The detailed variation of the IPWP on
decadal time scales, particularly its spatial evolution,
has not been well documented or understood.

Figure 1 shows an example of decadal variation of
the IPWP in the 1990s, which is represented by low-
pass-filtered (>7 yr) annual mean SST anomaly super-
imposed onto a long-term (1948-2005) climatological
annual mean SST derived from the National Oceanic
and Atmospheric Administration (NOAA) recon-
structed SST data (Smith and Reynolds 2004). The
warm pool SST in the 1990s (Figs. 1b,c) was apparently
warmer than the long-term mean (Fig. 1a). In the early
1990s, maximum SSTs were confined to the South Pa-
cific convergence zone (SPCZ) between 160°E and
170°W (Fig. 1b), with little change in the shape of the
warm pool (SST > 28°C, Figs. 1d—f). In the late 1990s,
regions of maximum SST shifted toward the west (Figs.
lc—e). The warmest water piled up to the northeast of
New Guinea at the end of the decade, leading to sig-
nificant zonal withdrawal of its northern branch across
the date line (Fig. 1e) and northward extension of the
warm pool (Fig. 1f). The observational evidence on the
decadal variation of the IPWP SST naturally raises
questions as to whether the changes of the warm pool
shown in Fig. 1 are representative of the dominant
modes of the IPWP decadal variability, and if so, what
atmospheric and oceanic processes are related to them.

Several previous studies describe in detail decadal
variability in the tropical Pacific with an emphasis on
the decadal variation of the ENSO in the eastern and
central Pacific (e.g., Trenberth and Hurrell 1994). The
origin of the tropical decadal variability is proposed to
be in both the tropical Pacific (Graham 1994) and
North Pacific (Gu and Philander 1997) through advec-
tion of temperature by ocean currents and tropical-
extratropical exchanges. An alternative explanation is
an influence of shallow tropical/subtropical overturning
cells (STCs; McCreary and Lu 1994; Liu 1994) on the
tropical Pacific SST decadal variability (Lohmann and
Latif 2005; Zhang and McPhaden 2006). Whether those
mechanisms are also responsible for the IPWP SST de-
cadal variability is not clear. According to the Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC; Solomon et al. 2007), global
temperatures in the last two decades were the highest
since 1850. It is also true for both the intensity and size
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FiG. 1. (a) Long-term (1948-2005) annual mean SST in the IPWP region; 5-yr average annual mean SST during (b) 1990-94 and (c)
1995-99; time—longitude diagram of SST averaged over (d) 10°-5°S and (e) 0°-5°N; and (f) time-latitude diagram of SST averaged over
140°-150°E from 1990 to 1999. The SSTs in (b)—(f) are low-pass-filtered (>7 yr) annual mean anomalies superimposed onto the
long-term annual mean SST climatology. Shaded areas indicate SST greater then 28°C; the SST scale is shown below (a).

of the IPWP SST. The decadal-scale warm pool behav-
ior in the 1990s (Fig. 1) apparently differs from that
associated with the global warming (Solomon et al.
2007). Therefore, a fundamental question addressed in
the present study is whether the decadal variability of
the IPWP is spatially homogeneous across the warm
pool or it has specific patterns that are independent of
the global warming pattern. Understanding this prob-
lem is of particular interest if the IPWP decadal vari-
ability can be used as a potential predictor for decadal
climate predictions. Of interest for this study are also
atmospheric and oceanic circulations associated with
different IPWP regimes on decadal time scales. In the
next section, the datasets and statistical techniques are

described. The variability of the IPWP SST and relative
importance of the decadal variability versus higher-
frequency variability are assessed in section 3. Domi-
nant empirical modes of the IPWP decadal variability
are described in section 4. The atmospheric and oceanic
circulations related to the IPWP decadal variability are
described in sections 5 and 6, respectively. Conclusions
are given in section 7.

2. Data and methods
The data used in this study include SST; U.S. rainfall;
and three-dimensional atmospheric wind, ocean tem-

perature, and ocean current fields. The SSTs are from
the NOAA extended reconstructed SST version 2
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dataset (ERSST.v2; Smith and Reynolds 2004) on a 2°
longitude—2° latitude grid. Unlike the high-frequency
(interannual) component of these SST data, the low-
frequency (decadal-interdecadal) component is not re-
constructed using empirical functions based on recent
SST data, therefore it is not likely that the most recent,
dominant, low-frequency spatial patterns emerge from
the reconstructed SST data further back in time. There-
fore, the robustness of our results based on the 1952-
2001 SST data was addressed by performing a similar
analysis with the 1902-51 SST data. Although these
reconstructed historical SST data are most accurate in
the post-1950 period (Smith and Reynolds 2004), re-
sults must be interpreted with caution because of sparse
spatial and temporal coverage, and unknown accuracy
of SST and subsurface ocean observations in the IPWP
region before the 1980s.

The atmospheric wind fields are the National Centers
for Environmental Prediction-National Center for At-
mospheric Research (NCEP-NCAR) reanalysis prod-
uct (Kalnay et al. 1996) on a 2.5° longitude-2.5° latitude
grid. Ocean temperature and current data are from a
Simple Ocean Data Assimilation (SODA) reanalysis
(Carton et al. 2000) with a spatial coverage of 60°N-
60°S, horizontal resolutions of 1° longitude-0.4° lati-
tude at the equator and increasing to 1° latitude at 60°
latitude, and 20 vertical levels from 7.5- to 3622-m
depth. Both the atmospheric and oceanic reanalysis
fields examined in this study cover a 50-yr period from
1952 to 2001.

Although there are no discontinuities related to
changes in data assimilation systems and model physics
in both the NCEP-NCAR and SODA reanalyses,
problems related to discontinuities in spatial and tempo-
ral distribution of raw observational data exist (Kistler
et al. 2001). Comparisons between the reanalysis data
and some independent data sources in previous studies
(e.g., Schott et al. 2002; Xie et al. 2002; Chelliah and
Bell 2004) indicate that both reanalysis datasets well
represent climate variability of atmospheric and ocean
circulations in the tropics over the 50-yr period. The
NCEP-NCAR reanalyses have also been used to ex-
amine tropical decadal variability by Ashok et al.
(2002) and Chelliah and Bell (2004). The earlier-men-
tioned unreliability of pre-1980s ocean observations,
however, renders the longer data length of the SODA
product problematic. Also, SODA contains internal
sources/sinks of heat generated by the assimilation pro-
cedure in addition to the usual physical terms in the
heat equation. This poses a major difficulty in heat bud-
get analysis using the SODA product (Fukumori, 2006).
But, we used the SODA product in this study only for
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an exploratory purpose as used by Schoenefeldt and
Schott (2006) to explore decadal variability of the In-
dian Ocean circulation.

The U.S. rainfall data are taken from the NOAA/
Climate Prediction Center (CPC) U.S. Unified Daily
Precipitation Analysis for 1948-98 and from the real-
time U.S. Daily Precipitation Analysis for 1999-2005
(Higgins et al. 2000). Both datasets are on a 0.25° lon-
gitude-0.25° latitude grid.

We used monthly-average data. Prior to analyses, the
58-yr (1948-2005) SSTs were processed through a
Lanczos low-pass filter (>7 yr; Duchon 1979) to elimi-
nate interannual and higher-frequency variability. This
procedure reduces the SST data size to 50 yr from 1952
to 2001, which is the focused period of this study. The
seasonality of the IPWP decadal variability and associ-
ated atmospheric and oceanic circulations are exam-
ined by averaging monthly average of December—Janu-
ary-February (DJF) and June-July-August (JJA) for
boreal winter and summer, respectively.

Two statistical methods were used to characterize the
decadal variability of the IPWP and to analyze its rela-
tion to atmospheric and oceanic circulations. One was
empirical orthogonal function (EOF) analysis, and the
other was linear regression. The former is able to ob-
jectively identify dominant patterns of variability if they
exist, which is a conventional and effective technique
used in many previous studies of decadal variability
(e.g., Zhang et al. 1997; Chelliah and Bell 2004; Yeh
and Kirtman 2004). The latter was used to create con-
tour maps of anomalous atmospheric and oceanic cir-
culations associated with the IPWP decadal variability.
The significance of the statistical results was estimated
by the Monte Carlo technique (see, e.g., Wang and Fu
2000). Briefly, in this technique, the statistical signifi-
cance of anomalies constructed with the linear regres-
sion is estimated by the Monte Carlo tests. It is a type
of resampling process to create many new data time
series with the same size as the original time series by
randomly rearranging the temporal order of the origi-
nal data. Linear regression analyses using these syn-
thetic data time series produce a pool of reference test
statistics. If a value calculated using the original data is
high enough to fall into the top 1% rank in the refer-
ence test statistics, then it is defined to exceed the 1%
significance level.

3. Variability of the Indo-Pacific warm pool

To describe the variability of the IPWP, an IPWP
index was constructed by averaging SST over the IPWP
region (20°S-20°N, 90°E-180°) where SST was equal to
or greater than 28°C using unfiltered monthly data of
1948-2005. The 58-yr monthly SST time series, after
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which is indicated by a straight line in (a).

removing its climatological seasonal cycle, is shown in
Fig. 2a. An apparent warming trend indicates a 0.58°C
increase in the warm pool SST over the 58 yr, equiva-
lent to a warming rate of 0.1°C decade ', which is
larger than the global SST warming trend (0.07°C de-
cade™ ') in the same SST dataset. The detrended IPWP
index (Fig. 2b) exhibits large interannual and decadal
variations with significant strong peaks at 1.5, 2.1, 3.5,
and 9.7 yr in a power spectrum analysis (not shown).
The TPWP variability is thus characterized by strong
interannual and decadal variations in addition to the
warming trend. It is also interesting to note that even
with the warming trend removed, there was additional
warming of the IPWP SST from cold anomalies dur-
ing the mid-1970s-mid-1990s to warm anomalies after
the mid-1990s (Fig. 2b). The standard deviations of
the IPWP SST index associated with the interannual
(<7 yr) and decadal variability (>7 yr) are 0.12° and
0.06°C, respectively, suggesting a considerable contri-
bution of decadal SST changes to the total variability
of the IPWP SST. The strength of the decadal variabil-
ity is also comparable to the 0.1°C increase in SST per
decade associated with the warming trend. To highlight
these decadal SST signals and to exclude variations
on the interannual time scales and those associated with
the warming trend, the SST data were detrended
and low-pass filtered (>7 yr) prior to subsequent analy-
ses.

4. Decadal variability of the Indo-Pacific warm
pool

To identify dominant empirical modes (EMs) of the
IPWP decadal variability, an EOF analysis was per-

formed using the variance matrix of monthly SST
anomalies (1952-2001) within the warm pool region
bounded by 25°N-25°S, 60°E-160°W. The results, how-
ever, are not sensitive to the exact boundaries of the
EOF analysis domain. The first two EMs account for
45% and 18% of the total decadal SST variance over
the domain, respectively. They are distinct and well
separated from the rest of the EMs based on a “rule of
thumb,” that is, distinctness of eigenvalues, suggested
by North et al. (1982). Figure 3 shows the spatial pat-
terns of the two EMs in the form of regressions of
filtered SST anomalies against the time series of corre-
sponding EMs. The EM1 is characterized by large areas
of statistically significant SST anomalies at the 1%
level; there are warm SST anomalies in the central and
eastern equatorial Pacific, cold SST anomalies in the
western Pacific, and warm SST anomalies in most of the
Indian Ocean (Fig. 3a). It bears some resemblance to
the El Nifio SST pattern in the tropical Pacific, but with
relatively weak and insignificant SST anomalies in the
eastern Pacific and a much broader meridional extent.
Near the equator, the warmest SST anomalies in the
central Pacific and cold SST in the western Pacific set
up a strong zonal SST gradient between 150°E and
180°. In the IPWP region, there is an out-of-phase re-
lationship between SST anomalies in the Indian Ocean
and the western Pacific. This EM is similar to the
ENSO-like decadal mode in Lohmann and Latif (2005),
suggesting a linkage between the IPWP and ENSO on
decadal time scales. The SST pattern in EM2 shows
statistically significant, coherent warm SST anomalies
in the IPWP as well as in the tropical Pacific, except for
two small areas centered at 180° and 120°W where the
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negative contours are dashed. Dark (light) shadings indicate positive (negative) SST anomaly
at the 1% significance level, estimated by Monte Carlo tests.

anomalies are insignificant (Fig. 3b). The normalized As mentioned in section 2, since the SST data in the

time series of the principal components (PCs) corre-
sponding to the two EMs are shown in Figs. 4a,b, re-
spectively. Both time series exhibit apparent decadal
variations. Their phase diagram, shown in Fig. 4c, also
suggests irregular oscillations on the decadal time scale.
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IPWP region were relatively sparse in the pre-1980s
period, the robustness of the two EMs are tested by a
similar EOF analysis on low-pass filtered and de-
trended 50-yr SST data in the pre-1952 (1902-51) pe-
riod. The spatial patterns of the two EMs in the pre-

(c) Phase Diagram

F1G. 4. Normalized monthly time series (1952-2001) of (a) EM1 and (b) EM2 of the IPWP SST, and (c) phase diagram of EM1 and
EM2 with 2.5-yr averages of each time series.
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1952 period are similar to those in the post-1952 period
(Fig. 3), with pattern correlations of 0.77 and 0.71, re-
spectively, between corresponding modes. This sug-
gests that the two EMs remain robust in the pre- and
post-1952 periods. This similarity of pre- and post-1952
EM patterns is not likely to have been produced by the
SST data reconstruction technique (Smith and Reyn-
olds 2004).

To assess how the decadal variation of the IPWP
SSTs, shown in Fig. 1, is related to the two EMs, Fig. 5
shows reconstructed total SST based on regressions of
low-pass-filtered SST anomalies versus the time series
of each EM and long-term annual-average SST clima-
tology. Associated with a two standard deviation fluc-
tuation in a positive phase of EMI1, that is, positive
values in the time series of Fig. 4a, the IPWP shows a
zonal band of warmest SST (>29.5°C) to the south of
the equator between 160°E and 170°W, with its north-
ern branch (>28°C) reaching 135°W (Fig. 5a). As the
SST anomalies associated with EM1 shift from the posi-
tive phase to the negative phase, significant zonal
changes of the warm pool occur in the western and
central Pacific, and also significant meridional exten-
sion occurs near 150°E (Fig. 5b). The warmest SSTs
(>29.5°C) migrate westward to 150°E. The northern
branch of the warm pool also retreats westward. These
zonal variations of the warm pool are consistent with
the negative phase of EM1 (Fig. 3a), with warmer SST
anomalies in the western Pacific and colder SST to the
east. Differences in the IPWP associated with EM2 be-
tween positive and negative phases are mainly changes
in intensity (or size) of SST (Figs. 5c,d), with little
change in the shape of the warm pool. This is consistent
with the homogeneity of SST anomalies across the In-

dian Ocean and the tropical Pacific in this EM (Fig. 3b).
Figure 5 suggests that each EM describes one aspect of
the IPWP decadal variability. EM1 mainly represents
zonal and meridional spatial variations of the warm
pool in the central and western Pacific, whereas EM2
represents changes in intensity of the warm pool tem-
perature.

Combinations of different phases and amplitudes of
the two EMs based on their respective PC time series
(Fig. 4) can reproduce very well the decadal variation
of the IPWP observed in the 1990s (not shown). In the
first half of the 1990s, Fig. 4 shows a strong positive
phase of EM1 but a weak negative phase of EM2. The
decadal variation of the IPWP in the early 1990s (Fig. 1)
is thus dominated by EM1 and displays a persistent
pattern similar to that in Fig. 5a. In the late 1990s, both
EMs change their phase with larger amplitudes (Fig. 4).
Therefore, in addition to the dominance of EM1 (Fig.
5b) in the westward shift of the warmest SST and north-
ern branch of the warm pool, EM2 (Fig. 5c) also con-
tributes considerably to the maximum SST to the north-
east of New Guinea in the late 1990s (Fig. 1). Both EMs
account for the strong northward expansion of the
warm pool in the subtropics. The results indicate that
the decadal variation of the IPWP in the 1990s is indeed
a manifestation of the dominant EMs of the decadal
variability. In the IPWP region (20°S-20°N, 90°E-180°)
SST on average was increased by 0.38°C from 1990 to
1999 (Fig. 2a). The long-term linear trend (0.1°C de-
cade ") shown in Fig. 2a only contributed to 26% of the
total IPWP SST warming. In contrast, the decadal
variations of EM1 and EM2 caused 0.13° and 0.09°C
increase in IPWP SST, respectively. Together the two
modes account for 58% of the warming. Therefore, the
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IPWP SST warming in the 1990s (Fig. 2a) was largely
contributed by the two EMs and less related to the
global warming linear trend.

5. Atmospheric circulation variability associated
with the IPWP decadal variability

As described in the introduction, warm SSTs in the
IPWP activate tropical deep convection and may con-
tribute to thermally direct Hadley and Walker circula-
tions. Associations between decadal variability of the
IPWP SSTs and variability in these thermally direct
circulations were examined by constructing mean me-
ridional and zonal flows based on linear regressions
versus the two PC time series (Fig. 4). Figure 6 shows
the Hadley circulation and anomalous vertical velocity
field associated with the positive phase of the two EMs
for DJF and JJA, respectively, which are the averages
of meridional divergent flow and vertical velocity
across the warm pool between 60°E and 160°W. Please
note that the negative of vertical velocity in pressure
coordinates is plotted so that it is consistent with circu-
lations (positive upward). In DJF (Figs. 6a,b, top panel)
the Hadley circulation is characterized by low-level
convergence, upper-level divergence, and strong up-
drafts in the middle troposphere between 20°S and
10°N, and downdrafts at higher latitudes. The circula-
tion associated with the negative phase of the two EMs
(not shown) also has this seasonal feature. A close in-
spection, however, suggests that the two EMs modulate
the mean meridional circulation in different ways. The
anomalous vertical velocity related to the two EMs
(Figs. 6a,b, bottom panel) indicates that in their posi-
tive phase both EMs contribute to the upward motion
near the equator. EM1 has much stronger and broader
impact than EM2. Additionally, in the northern extra-
tropics the descending branch is greatly enhanced by
EML1, but weakened by EM2. This is consistent with the
spatial distribution of SST shown in Fig. 3, in which cold
SST anomalies dominate most of the northern extra-
tropics in EM1, while in EM2 there are warm SST
anomalies in the same region. In the Southern Hemi-
sphere, both EMs weaken the meridional circulation by
reducing ascending motion in the subtropics and in-
creasing subsidence in midlatitudes. In general, the con-
trasts in the Southern Hemisphere between the two
EMs are smaller than those in the tropics and the
Northern Hemisphere. In JJA (Figs. 6¢,d), both low-
level convergence and upper-level divergence, as well
as the tropical updrafts, shift into the Northern Hemi-
sphere, consistent with northward movement of the
northern branch of the IPWP (not shown). The down-
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drafts in the Southern Hemisphere are much stronger
in JJA than in DJF. The anomalous vertical velocity
associated with EM1 in its positive phase enhances the
Hadley circulation in the tropics in JJA. In contrast, the
anomalous vertical velocity related to EM2 in JJA only
strengthens the Hadley circulation between 10°S and
the equator, but weakens the Hadley circulation be-
tween 30°N and the equator.

Similar analyses are shown in Fig. 7 for the Walker
circulation, that is, averages of zonal divergent flow and
vertical velocity between 2.5°S and 2.5°N. In the
Walker circulation, low-level cold and dry air from the
tropical eastern Pacific flows westward to the IPWP
where the air is heated and moistened. After moist-
adiabatic ascent and rainfall over the IPWP, the upper-
level outflow moves eastward, and converges and sub-
sides over the tropical eastern Pacific. The two IPWP
decadal EMs exhibit clear associations with the Walker
circulation. In both DJF and JJA (Figs. 7a,c), anoma-
lous circulation related to the positive phase of EM1
reinforces the updrafts in the central Pacific and Indian
Ocean but reduces the ascent over the western Pacific,
resulting from a thermally direct response to the
anomalous SSTs in Fig. 3a. The anomalous vertical ve-
locity associated with EM2 (Figs. 7b,d) is weaker than
that associated with EM1 in both seasons, possibly be-
cause anomalous zonal SST gradient is much stronger
in EM1 than in EM2. In the western Pacific, EM2
strengthens the Walker circulation, which is opposite to
the effect of EM1 and consistent with warm SST
anomalies in EM2 in the same region (Fig. 3b). It is
noted that both EMs in their positive phase weaken
ascending motion over equatorial South America.

Figure 8 presents anomalous components of the Had-
ley and Walker circulations associated with the two
EMs. As Figs. 8a—d show, the modulation of the ther-
mally direct Hadley circulations by the two decadal
EMs has strong seasonality. The statistically significant
contribution of EM1 is slightly stronger and encom-
passes a larger atmospheric column in DJF but is com-
parable to that in JJA with a northward shift, whereas
the statistically significant contribution of EM2 to the
Hadley circulation in DJF is much weaker than that in
JJA. The influence of EM2 is also stronger in the
Northern Hemisphere than in the Southern Hemi-
sphere. It is interesting to note that while the circulation
anomalies in the rising branch of the Hadley circulation
in DJF (Fig. 8a) are significant only in the lower tro-
posphere near the equator, circulation anomalies in the
descending branches are significant over almost the en-
tire troposphere in both Hemispheres.

The anomalous Walker circulation associated with
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F1G. 7. As in Fig. 6, but for Walker circulation averaged between 2.5°S and 2.5°N.

EM1 (Fig. 8e) is large and statistically significant. This
is physically consistent with the large zonal gradient of
SST anomalies in EM1 (Fig. 3a) near the equator. In
both DJF (Fig. 8¢) and JJA (Fig. 8g), the rising branch

of the anomalous Walker circulation associated with
EML1 is near 180° because the warmest SST anomalies
are near 180°. In contrast, the anomalous Walker cir-
culations (Figs. 8f,h) associated with EM2 are weak be-
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Fi1G. 9. 200-hPa geopotential height anomaly for (a), (b) DJF and (c), (d) JJA associated with two leading EOFs
of the IPWP SST. The maps are linear regressions vs each EOF time series with a two standard deviation
departure. Contour interval is 5 m and negative contours are dashed. Dark (light) shadings indicate positive
(negative) height anomaly at the 1% significance level.

cause the zonal gradient of SST anomalies in EM?2 is
weak (Fig. 3b).

The anomalous upper-level divergent flow over the
IPWP (Fig. 8) provides an important source for Rossby
wave to propagate from the tropics to the extratropics
(Sardeshmukh and Hoskins 1988). This type of plan-
etary waves links anomalous convection in the [IPWP to
circulation anomalies in higher latitudes. The northern
extratropical response to the heating and consequent
divergent forcing in the IPWP region is examined in
Fig. 9 by computing 200-hPa geopotential height
anomalies associated with the two PC time series (Fig.
4). The anomalous DJF geopotential height field asso-

ciated with the IPWP EM1 exhibits a wave train across
the Asia—Arctic Ocean—Pacific-North American
(PNA) regions (Fig. 9a). In the anomaly pattern asso-
ciated with EM1 in DJF (Fig. 9a), there are statistically
significant anomaly centers over central and eastern
China, northern Russia and the Arctic, Alaska, and the
central North Pacific. To some extent, this anomalous
circulation pattern resembles the PNA pattern (Wal-
lace and Gutzler 1981), which is a recurrent DJF circu-
lation pattern especially during ENSO years (Wang and
Fu 2000; Straus and Shukla 2002). However, there are
additional centers of action over China, Mongolia, and
Russia associated with the IPWP SST EM1. In addition
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FiG. 10. As in Fig. 9, but for U.S. rainfall (unit: mm day !, shadings), 850-hPa wind (unit: m s~!, vectors) and divergence (contours)

anomalies. Contour value is 1 X 1077 s™!

to its direct association with the PNA region climate
variability at the decadal time scale, this anomalous
200-hPa geopotential height pattern (Fig. 9a) associ-
ated with the IPWP SST may also modulate interannual
ENSO impacts on the PNA region on decadal time
scales in a similar way as the Pacific decadal oscillation
(PDO) does (Gershunov and Barnett 1998). In fact,
there is a marginal correlation (0.31) between the PDO
and EM1 when the IPWP SST leads the PDO by 1 yr
but no measurable correlation (0.11) when the IPWP
SST lags the PDO. The JJA 200-hPa geopotential
height anomaly pattern (Fig. 9c) associated with EM1 is
much more zonal and similar to the JJA North Pacific,
tropical-extratropical teleconnection pattern found by
Barnston and Livezey (1987). The 200-hPa geopoten-
tial height anomalies associated with EM2 in DJF (Fig.
9b) show a spatial structure similar to the Arctic Oscil-
lation (AO; Thompson and Wallace 1998), with oppos-
ing geopotential height anomalies in northern mid- and
high latitudes. Strong correlations (>0.6) between EM1
(EM2) and the 5-yr running mean PNA (AO) index are
found when the IPWP SST leads the circulation indices
by a decade or so. These results clearly indicate a sta-
tistically significant association between major extra-
tropical atmospheric circulation patterns in DJF and
the IPWP SSTs on the decadal time scale. The extra-
tropical circulation anomalies in JJA (Figs. 9c,d) are
relatively weaker compared to their DJF counterparts,
and also display smaller-scale features, presumably due

with negatives dashed and the zero contour omitted.

to weaker jet streams and reduced meridional absolute
vorticity gradient in the northern extratropics.

Figure 10 shows DJF and JJA rainfall anomalies in
the United States, associated with the decadal variation
of the IPWP SST EM:s, together with anomalous 850-
hPa wind and divergence fields. Associated with EM1
in DJF (Fig. 10a), wetter conditions dominate the
southeast coast, Arizona, and California, and drier con-
ditions are dominant in the Pacific Northwest and
middle and lower Mississippi River basin. The pattern
resembles, to some degree, the typical ENSO-related
seasonal-average rainfall anomalies (Ropelewski and
Halpert 1986). Associated with EM2 (Fig. 10b), above-
average rainfall is mainly confined to northern Califor-
nia and the Pacific Northwest coast. The changes in the
rainfall pattern along the West Coast between the two
EMs are consistent with both changes in the 850-hPa
onshore flow (Figs. 10a,b) and the meridional shift of
the 200-hPa cyclonic circulation near the coast (Figs.
9a,b). In JJA (Figs. 10c,d), positive rainfall anomalies
are found over the northern and central Plains, which
are dynamically consistent with low-level convergence
in these areas. Both magnitudes of rainfall anomalies
over the southern states in DJF and central Plains in
JJA are approximately 1 mm day ™', which is compa-
rable or even larger than one standard deviation of
interannual rainfall anomalies in DJF and JJA (Ting
and Wang 1997; Wang and Ting 2000). If these rainfall
anomalies in the United States are indeed caused by
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decadal variability of the IPWP SSTs, these results sug-
gest a significant impact of the IPWP decadal variability
on the U.S. rainfall.

6. Ocean temperature and circulation variability
associated with the IPWP decadal variability

To determine corresponding changes in oceanic cir-
culations associated with the IPWP decadal variability,
Fig. 11 shows the vertical structure of ocean tempera-
ture averaged between 2.5°S and 2.5°N, related to posi-
tive and negative phases of the two EMs of the IPWP
SST, respectively. The distance between two intersec-
tions of the 28°C isotherm with the ocean surface can
be taken as an approximate zonal dimension of the
IPWP near the equator. Associated with EM1, DJF
IPWP exhibits strong zonal variations between the two
phases with an oscillation of thermocline (20°C iso-
therm) depth between the eastern and western Pacific
(Fig. 11a). This is caused by basin-scale out-of-phase
changes in temperature anomalies between the eastern
and western Pacific in the 50-150-m layer, with an ap-
proximate 3°C amplitude (Fig. 11c, bottom panel), sig-
nificant at the 1% level. There are also smaller but
significant temperature anomalies at 100-50-m depth
between the positive and negative phases of EM1 in the
Indian Ocean. Associated with EM2, in contrast, there
is not much zonal variation (Fig. 11b). Instead, the 28°C
isotherm moves vertically between positive and nega-
tive phases, indicating significant changes in intensity
(temperature) of the warm pool. The thermocline also
displays coherent vertical movements between the two
phases. These variations in the thermal structure are
consistent with warm temperature anomalies above 100
m in the western Pacific and cold anomalies centered at
150 m in the central Pacific, and also in the Indian
Ocean. In JJA, the changes in ocean temperature be-
tween the two phases in EM1 (Fig. 11c) are similar to
those in DJF, with an apparent zonal variation of the
warm pool in the Pacific. The out-of-phase midocean
temperature anomalies in the eastern and western Pa-
cific between the two phases in EM1 (Fig. 11c, bottom
panel) are about a half of magnitudes as those in DJF
(Fig. 11a, bottom panel) but significant at the 1% level.
The temperature anomalies between the two phases of
EM1 in the Indian Ocean are at 50-100-m depth in JJA.
Similar to its DJF counterpart (Fig. 11b), the IPWP
shows less zonal variation associated with EM2 in JJA
(Fig. 11d). In the Indian Ocean, however, the warm
pool has a much larger extension in JJA.

A similar vertical-meridional cross section for ocean
temperature along 150°E longitude is shown in Fig. 12,
where the IPWP has the maximum meridional exten-
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sion. Unlike its zonal variation between positive and
negative phases of EM1 (Figs. 11a,c), the meridional
extension of the IPWP changes in an opposite way be-
tween the two phases in both DJF and JJA (Figs. 12a,c).
Specifically, while the IPWP expands along the equa-
tor, it shrinks in meridional direction and vice versa.
This change is accompanied by significant cooling in the
tropical and subtropical western Pacific above 300-m
depth, except for a narrow and shallow layer of warm-
ing above 50-m depth at the equator (Figs. 12a,c, bot-
tom panel). There is also significant cooling between
40° and 60°N in the negative phase of EM1 when the
warm pool expands in the meridional direction; this
cooling is coherent from the surface to 250-m depth.
Related to EM2, the warm pool also behaves differ-
ently in the meridional direction. With little change in
size along the equator between the two phases (Figs.
11b,d), the warm pool exhibits large variations in its
meridional size (Figs. 12b,d), especially in DJF. The
changes between the two phases in EM2, however, are
opposite to those in EM1 in the tropics and midlati-
tudes, which may thereby lead to less latitudinal varia-
tions because of a cancellation of the two EMs. Both
Figs. 11 and 12 illustrate two distinctive variations of
the IPWP on decadal time scales, consistent with the
reconstructed annual-average warm pool based on each
phase of individual EMs in Fig. 5.

To explore dynamical processes responsible for the
IPWP decadal variability, Fig. 13 shows regression pat-
terns of ocean temperature and anomalous ocean cur-
rent at 7.5-m depth, associated with the two EMs. The
warm pool (shaded) associated with different phases of
each EM is similar to the annual-average patterns (Fig.
5), but with pronounced seasonality. The JJA warm
pool has a more zonally extended north branch. The
changes in size and shape of the [IPWP between positive
and negative phases of each EM are consistent with the
results based on the vertical structure of ocean tem-
perature in Figs. 11 and 12. Associated with EM1, the
warm pool displays an out-of-phase relationship in
changing zonal and meridional dimensions, indicating a
strong deformation (Figs. 13a,c). In EM2, the variations
between the two phases are dominated by changes in
size and intensity of the warm pool (Figs. 13b,d). As-
sociated with these temperature variations, strong
anomalous surface currents are found in the equatorial
Pacific and Indian Ocean and weak anomalous currents
are found in the subtropics. Some of the surface current
patterns may suggest an effect of thermal advection on
the warm pool temperature. In the positive phase of
Fig. 13a, for example, strong westerly flow in the central
Pacific and easterly flow in the Indian Ocean can con-
tribute to warming and zonal expansion of the IPWP
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FiG. 13. As in Fig. 11, but for ocean temperature and anomalous current at 7.5-m depth. Light and dark shadings indicate
temperature greater than 28° and 29°C, respectively.

through advection of mean temperature by anomalous
currents. This mechanism, however, seems not to oper-
ate in JJA (Fig. 13c). Given strong horizontal tempera-
ture gradients in the extratropics (Fig. 12) and strong
mean meridional currents near the surface (not shown),
the exchanges between the tropics and extratropics by
mean flow may also be a possible explanation of the
IPWP temperature variations, as suggested by Gu and
Philander (1997) for the tropical Pacific decadal vari-
ability.

Figure 14 shows a vertical cross section of anomalous
meridional velocity at 150°E associated with each EM
in its positive phase. Anomalous meridional currents
are stronger in the Southern Hemisphere than in the
Northern Hemisphere. Compared to seasonal-average
meridional currents (not shown), significant meridional
current anomalies associated with EM1 strengthen the
Southern Hemisphere STC in both DJF and JJA, and

weaken the Northern Hemisphere STC in both DJF
and JJA. Meridional current anomalies associated with
EM2 weaken the total STCs in both Hemispheres.
Stronger STCs may lead to a stronger subduction and
cooling of the ocean temperature (Mehta 1991, 1992).
Since the anomalous meridional velocities are nearly
opposite between the two EMs, the STCs may act dif-
ferently in maintaining the two decadal EMs. Associ-
ated with EM1 in the positive phase, for example, a
stronger Southern Hemisphere STC can cool the warm
pool and may force it toward its negative phase. When
the warm pool is in the negative phase, the anomalous
meridional current in Fig. 14a changes sign and thus can
weaken the total Southern Hemisphere STC that, in
turn, can warm the IPWP, and can force the warm pool
back to the positive phase. The changes in the strength
of the STCs can be induced by subtropical surface
winds (McCreary and Lu 1994; Liu 1994), such as those
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observed in Fig. 8 in response to the decadal IPWP SST
anomalies. Therefore, the STCs, especially that in the
Southern Hemisphere, can provide a negative feedback
to the warm pool in EM1 and a positive feedback in
EM2. Since the variations of the STCs are on a merid-
ional advection time scale of 10-15 yr or more, which is
originated from Ekman drift related equatorial up-
welling, oscillations in tropical horizontal gyres, and in-
teractions between STC pathways and other ocean cur-
rents (Schott et al. 2004; Luebbecke et al. 2008), they
provide a forcing mechanism for the IPWP decadal
variations. The effect of the STCs on the ENSO-like
decadal mode is also suggested by Lohmann and Latif
(2005) using an ocean model.

7. Conclusions

We have investigated decadal variability of the [IPWP
SST and its associations with variability of atmospheric
and oceanic temperatures and circulations, using ob-
served 50-yr (1952-2001) SST data, and atmospheric
and oceanic reanalyses. Relative to the decadal vari-
ability of IPWP SST, there is a very strong warming
trend over the 1952-2001 period of record. The decadal
variability is well-described by two leading EMs of low-
pass-filtered (>7 yr) SSTs. EM1 shows an ENSO-like
pattern with out-of-phase SST anomalies in the western
Pacific and the Indian Ocean, and EM2 shows an in-
phase relationship between SSTs in these two regions.
The reconstructed IPWP temperature patterns based

on the two EMs show distinctive spatial evolutions.
EMI1 represents decadal changes in the shape of the
IPWP by extending or shrinking in zonal extent and
complementary changes in meridional extent. EM2
mainly represents decadal changes in intensity and size
of the IPWP with less deformation.

Both atmospheric circulation, and ocean thermal and
dynamic fields show consistent changes associated with
the IPWP decadal variability. In general, the changes
associated with EM1 are stronger than those associated
with EM2. They also show strong seasonality. These
decadal variations of the IPWP are associated with
changes in the Hadley and Walker circulations. In ad-
dition, significant rotational flow anomalies are also
found in the extratropics, presumably due to atmo-
spheric response to divergent forcing in the IPWP re-
gion related to the decadal heating variability. We have
also assessed the possible association between the
IPWP decadal variability and the U.S. rainfall. Consis-
tent with the upper-level flow anomalies and 850-hPa
convergence—divergence patterns associated with the
two EMs are rainfall anomalies over the United States.
In DJF, the rainfall anomalies are mainly in Florida, the
Gulf Coast, southern Texas, Arizona, and along the
West Coast; and in JJA, the rainfall anomalies are
mainly in the Midwest and the Southeast. Since these
rainfall anomalies are a significant fraction of seasonal-
average rainfall and since these anomalies persist for
many years, they potentially make a significant impact
on U.S. water resources and agriculture.
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Analyses of ocean temperature and currents based
on the two EMs indicate that several physical processes
suggested in previous studies of tropical decadal vari-
ability may also be involved in the IPWP decadal varia-
tions. They include advections of mean upper-ocean
temperature by both mean and anomalous ocean cur-
rents and effects of the STCs on the IPWP decadal SST
anomalies. Results based on the ocean thermodynami-
cal fields suggest the existence of feedbacks between
the IPWP decadal SST and the STCs. A speculative
negative feedback loop picture consistent with EM1
and associated atmospheric and oceanic anomalies is as
follows. Warmer decadal SST anomalies in the IPWP
region intensify the Hadley circulation and associated
surface wind anomalies in the subtropics, which, in
turn, strengthen the wind-driven STCs. Stronger STCs
induce a stronger subduction and cool the warm pool.
Given the fact that the changes in STCs are on decadal
time scales, the above processes provide a negative
feedback between IPWP SST and the STCs to the de-
cadal oscillation of the warm pool SST. Similarly, a
positive feedback loop between warm pool SST and the
STCs is suggested by EM2 and associated atmospheric
and oceanic anomalies.

Although the results of this exploratory study are
exciting and possibly very important for climate predic-
tion at multiyear to decadal time scales, the results must
be considered suggestive. Further observational, mod-
eling, and reanalysis studies are necessary to under-
stand physics of the IPWP decadal variability and its
impacts on global climate, and assess their predictabil-
ity. While the apparent physical consistency between
SST EMs and anomalous Hadley and Walker circula-
tions is encouraging, further research with atmospheric
models and reanalysis systems is necessary to quantify
the IPWP SST EMSs’ impacts on global atmospheric
circulations. Observed SSTs are specified as a lower
boundary condition and actual observations of winds
and temperatures are assimilated in the NCEP-NCAR
reanalyses model. The former may produce anomalous,
thermally direct atmospheric circulations in response to
SST anomalies in the reanalysis model even in the ab-
sence of any such signals in atmospheric observations.
Therefore, multiple realizations of the atmospheric cli-
mate record should be produced by using various com-
binations of observed boundary conditions and ob-
served atmospheric data. Similarly, there is apparent
physical consistency between the IPWP SST variability
and variability of subsurface temperatures and surface
currents produced by the SODA reanalysis system. In
view of SODA’s limitations described in section 2, how-
ever, long records of assimilated ocean data should be
produced either with a more accurate formulation of
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SODA or with another ocean data reanalysis system so
that statistical characteristics of the IPWP decadal vari-
ability can be quantified as well as a more reliable in-
sight into the physics of the variability can be derived.
Also, realizations of atmospheric and oceanic climate
records should be produced with “frozen” observing
systems to see impacts of changing observing systems
on analysis of decadal climate variability. Last, but most
importantly, as mentioned in section 2, oceanic obser-
vations in the IPWP region before the 1980s were
sparse in their spatial and temporal coverage, and the
accuracy of SST and subsurface ocean observations was
unknown. In view of the suggestive but potentially very
important results of this and other studies, continuous
time series of high-quality, in situ and remote sensing—
based ocean observations should be maintained in the
IPWP region.
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