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ABSTRACT

In this report, global coupled ocean–atmosphere models are used to explore possible mechanisms for observed
decadal variability and trends in Pacific Ocean SSTs over the past century. The leading mode of internally
generated decadal (.7 yr) variability in the model resembles the observed decadal variability in terms of pattern
and amplitude. In the model, the pattern and time evolution of tropical winds and oceanic heat content are
similar for the decadal and ENSO timescales, suggesting that the decadal variability has a similar ‘‘delayed
oscillator’’ mechanism to that on the ENSO timescale. The westward phase propagation of the heat content
anomalies, however, is slower and centered slightly farther from the equator (;128 vs 98N) for the decadal
variability. Cool SST anomalies in the midlatitude North Pacific during the warm tropical phase of the decadal
variability are induced in the model largely by oceanic advection anomalies.

An index of observed SST over a broad triangular region of the tropical and subtropical Pacific indicates a
warming rate of 10.418C (100 yr)21 since 1900, 11.28C (100 yr)21 since 1949, and 12.98C (100 yr)21 since
1971. All three warming trends are highly unusual in terms of their duration, with occurrence rates of less than
0.5% in a 2000-yr simulation of internal climate variability using a low-resolution model. The most unusual is
the trend since 1900 (96-yr duration): the longest simulated duration of a trend of this magnitude is 85 yr. This
suggests that the observed trends are not entirely attributable to natural (internal) variability alone, although
natural variability could potentially account for much of the observed trends. To quantitatively explore the
possible role of greenhouse gases and aerosols in the observed warming trends, two simulations (using different
initial conditions) of twentieth-century climate change due to these two radiative forcings were analyzed. These
simulate an accelerated warming trend [;28C (100 yr)21] in the triangular Pacific region beginning around the
1960s and suggest that nearly all of the recent warming in the region could be attributable to such a thermal
forcing. In summary, the authors’ model results indicate that the observed warming trend in the eastern tropical
Pacific is not likely to be solely attributable to internal (natural) climate variability. Instead, it is likely that a
sustained thermal forcing, such as the increase of greenhouse gases in the atmosphere, has been at least partly
responsible for the observed warming.

1. Introduction

An intriguing feature of the Pacific Ocean climate
during the 1980s and early 1990s has been the distinc-
tive triangular-shaped warming anomaly pattern in the
tropical and subtropical Pacific, which has persisted
through much of the period. This pattern is clearly ap-
parent in a linear trend map of Pacific SSTs over the
46-yr period from 1949 to 1994 shown in Fig. 1 (see
also Nitta and Yamada 1989; Parker et al. 1994; Nicholls
et al. 1995; Meehl and Washington 1996). The triangular
region of recent warming extends along much of the
North and South American coasts in the eastern part of
the basin but is confined to low latitudes near the date
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line in the western Pacific. Substantial cooling trends
are apparent in the central and western parts of the ex-
tratropical Pacific in both hemispheres. A number of
investigators have presented evidence for coherent de-
cadal SST variability involving the tropical and extra-
tropical Pacific (e.g., Nitta and Yamada 1989; Graham
1994; Trenberth and Hurrell 1994; Deser and Blackmon
1995).

A time series perspective on the recent warming can
be seen (Fig. 2) by averaging over the region indicated
by the dark outline in Fig. 1, which we will refer to as
the Triangular Pacific (TPAC) region. The 5-month run-
ning mean TPAC index (thin solid curve in Fig. 2)
shows interannual fluctuations associated with El Niño–
Southern Oscillation (ENSO), as seen by comparing
with the NINO3 index (dashed line, scaled by the factor
0.5 to fit on the diagram). The prevalence of warm con-
ditions in the 1980s and 1990s could be interpreted as
unusually frequent and/or prolonged ENSO warm
events or, alternatively, as a low-frequency (decadal
scale) shift to warmer conditions in the mid-1970s (see
also Gutzler 1996) as indicated by the dark solid curve
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FIG. 1. Linear trend in Pacific SST (1949–94) based on the GISST2 dataset (Rayner et al.
1996). Contour interval is 0.58C (100 yr)21. The thick dark line indicates the region used to
construct the Triangular Pacific index.

in Fig. 2, which is a low-pass (.7 yr) filtered version
of the TPAC index.

The central motivating question for this study is, what
is the cause of the recent Pacific anomalies shown in
Fig. 1? In this report we use a series of coupled GCM
experiments to study the possible roles of two potential
mechanisms: 1) natural (internal) decadal-scale vari-
ability of the climate system; and 2) a sustained thermal
forcing, such as that due to increased greenhouse gases
and aerosols. Although our study focuses on the tropical
Pacific region, the above question may also have rele-
vance to our understanding of global SST changes since,
as we will show in this study, SSTs in the TPAC region
have a substantial correlation with global SSTs (see also
Graham 1995 and Schneider et al. 1997).

An interpretation of the recent Pacific anomalies in
terms of natural decadal variability is proposed by
Zhang et al. (1997), who examined observed SSTs from
1900 to 1993. They interpret the recent Pacific pattern
as primarily related to an ENSO-like variability on de-
cadal to century timescales. Latif et al. (1997) propose
that the anomalies of the 1990s in particular were as-
sociated with natural decadal variability as opposed to
greenhouse warming. Recent coupled GCM studies
have begun to present evidence for substantial internally
generated ENSO-like decadal variability in such mod-
els. Yukimoto et al. (1996) found interdecadal Pacific
variability in a 70-yr simulation of their coupled GCM;
this decadal variability also had several characteristics
in common with their model’s simulated ENSO time-
scale variability. Knutson et al. (1997) found decadal-
scale ENSO-like variability in their low-resolution

(R15) global coupled model, which they noted fluctu-
ated strongly in its prominence between different cen-
turies of a 1000-yr model integration.

An alternative view of the recent Pacific anomalies
suggests a possible role for increased greenhouse gases.
Transient simulations using coupled climate models in-
dicate a substantial warming of the tropical Pacific in
response to increasing greenhouse gases (Knutson and
Manabe 1995; Mitchell et al. 1995; Tett 1995; Meehl
and Washington 1996) or combined greenhouse gases
and aerosols (Mitchell et al. 1995; Meehl et al. 1996).
Meehl and Washington (1996) further argue that the
linear trend over the Pacific for the period 1970–91
resembles the pattern of temperature change due to in-
creased greenhouse gases as predicted by their coupled
climate model. From an observational perspective, Tren-
berth and Hoar (1996) describe the recent behavior
(since 1990) of the Southern Oscillation index (SOI) as
unlikely to have been due to a natural climate fluctua-
tion, based on an autoregressive time series analysis of
the index. They suggest that a longer-term climate
change could already be under way in the Pacific. On
the other hand, Cane et al. (1997) argue that SSTs in
the Pacific cold tongue region have cooled since 1900
and that such a response results from an ‘‘ocean dy-
namical thermostat’’ mechanism that is missing from
current coupled GCMs.

In this report, several coupled ocean–atmosphere
GCM experiments are used to explore possible mech-
anisms for the recent observed Pacific changes. In par-
ticular, low- and high-resolution simulations with no
external forcing changes are used to study the mecha-
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FIG. 2. Five-month running mean time series for the NINO3 region (58N–58S, 1508W–908W; dotted curve) and TPAC region (thin solid
line). See Fig. 1 for definition of the TPAC region. The thickest solid curve is the .7-yr filtered version of the TPAC index. The NINO3
index has been scaled by the factor 0.5 to fit on the same diagram with the TPAC curves. The SST data is from the MOHSST6 dataset
(Parker et al. 1995).

nisms of internal decadal (.7 yr) variability in the Pa-
cific and to assess the potential role of such internal
variability in the observed changes. A CO2 perturbation
run with the higher-resolution model and a pair of low-
resolution model simulations of twentieth-century cli-
mate change induced by estimated greenhouse gas and
sulfate aerosol forcing (Haywood et al. 1997) are used
to explore the possible role of these anthropogenic ther-
mal forcings in the recent observed Pacific changes.

2. Description of models, data, and filtering

a. Model description and experiments

The primary coupled ocean–atmosphere model used
here is a higher-resolution version of that described in
Manabe and Stouffer (1994), and references therein. The
model has interactive clouds and seasonally varying so-
lar insolation. The atmospheric component is a global
GCM, with 14 finite difference (sigma) levels in the
vertical. The horizontal distributions of variables in this
model are represented in both spectral and gridpoint
domains (rhomboidal truncation at zonal wavenumber

30, i.e., ‘‘R30,’’ and a 2.28 lat 3 3.758 long computa-
tional grid). The model uses a new spherical harmonic
representation of topography (Lindberg and Broccoli
1996) with substantially reduced ‘‘Gibbs ripples’’ and
associated precipitation simulation artifacts. The ocean
component is a global 18-level gridpoint GCM (MOM1)
with 2.28 lat 3 1.8758 long resolution and a 32-m-thick
top layer.

The model uses the flux adjustment technique for heat
and salinity fluxes at the ocean surface to reduce model
drift so that the CO2 perturbations and internally gen-
erated variability occur relative to a reasonably realistic
control run state (Manabe et al. 1991). For example, if
tropical SSTs were allowed to drift by several degrees
from the observed initial condition, the evaporative
damping of SST anomalies during model ENSO events
would be substantially changed, possibly distorting the
model’s ENSO phenomenon. The flux adjustments are
determined prior to the time integration of the coupled
model, and thus they are not correlated to the transient
surface anomalies of temperature and salinity in the
model. Despite the use of the flux adjustment, this model
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shows symptoms of substantial drift, particularly in the
high North Atlantic and deep Southern Ocean. However,
the local SST trends in the Pacific north of about 308S
are relatively small (less than 60.58C (100 yr)21 in most
areas, and generally less than 60.28C (100 yr)21 in the
Tropics). This suggests that the current model can be
used for regional Pacific studies, although we have cho-
sen not to use it for global studies. Efforts are under
way to reduce the high-latitude drift problems in the
model for a future series of integrations.

Two 120-yr experiments with this higher-resolution
model are used for this analysis. In the control exper-
iment, CO2 remains constant throughout. In the pertur-
bation experiment, CO2 increases at 1% yr21 compound-
ed (corresponding to an approximately linear increase
in radiative forcing) with the CO2 concentration by year
120 reaching 3.3 times that of the control experiment.
To explore the role of ocean dynamics in the CO2 re-
sponse, some results are presented for comparison using
an R30 mixed layer model (which by design does not
include interactive ocean dynamics).

Three experiments with a lower-resolution coupled
model (R15, with rhomboidal truncation at zonal wave-
number 15) are also used in this study. This model has
been discussed in our earlier papers (e.g., Knutson and
Manabe 1995, and references therein). As we will show
in this report, the higher-resolution (R30) model appears
to give a more realistic simulation of internal climate
variability; however, the R15 model results are used here
for specific purposes where a comparable R30 model
simulation is not yet available. For example, a 2000-yr
control integration (with no change in external forcing)
is available for the low-resolution model. This long sim-
ulation of internal variability is important for our as-
sessment of the observed multidecadal to century-scale
SST changes, since a simulation of many centuries is
important for such an analysis. The remaining two low-
resolution experiments are simulations (from slightly
different initial conditions) of twentieth-century climate
change. These experiments use the IS92a scenario
(Houghton et al. 1992) of estimated past or projected
future greenhouse gas and sulfate aerosol forcing for
the period 1765–2065 (Haywood et al. 1997). They are
used here to assess the possible role of anthropogenic
forcing in the recent Pacific SST changes. The radiative
effect of all greenhouse gases is represented in terms of
an equivalent CO2 concentration, and the direct radiative
sulfate aerosol forcing is parameterized in terms of spec-
ified spatially dependent surface albedo changes follow-
ing Mitchell et al. (1995). A higher-resolution (e.g.,
R30) simulation of the CO2 1 aerosol climate changes
is not yet available.

b. Observed data sources

The primary observed SST dataset used for the study
is the GISST2 dataset developed at the Hadley Centre
(Rayner et al. 1996). For this dataset, eigenvector re-

construction techniques have been used to extend SST
global coverage back to 1871; we use data from 1900
to 1994. The period prior to 1949 is particularly de-
pendent on the reconstruction technique due to the great-
er amount of unavailable data, but the GISST2 recon-
struction provides at least a tentative estimate of SST
variations extending back over the past century. Al-
though the GISST2 data is available on a 18 3 18 grid,
the data has an effective resolution of about 48 3 48
prior to 1950 (D. E. Parker 1996, personal communi-
cation). Therefore, we have averaged the 18 data into
58 3 58 regions so that the effective spatial resolution
remains roughly constant over the analysis period. We
also used the Hadley Centre’s Meteorological Office
Historical Sea Surface Temperature version 6 dataset,
updated through February 1996 (Parker et al. 1995).
This dataset does not use EOF reconstruction, but pro-
vides SST anomaly estimates on a 58 3 58 grid for those
locations and months where data is available. Observed
sea level pressure (SLP) anomalies used in this study
are from Trenberth and Paolino’s (1980) Northern Hemi-
sphere SLP dataset, updated through May 1995, avail-
able from the National Center for Atmospheric Research
(NCAR) (http://www.scd.ucar.edu/dss).

c. Time filtering and trend separation

For the comparisons of model and observed vari-
ability, SST time series are first decomposed into three
components: the century-scale linear trend, decadal
variability, and ENSO variability. Decadal variability in
our study is defined as .7-yr variability minus the cen-
tury-scale linear trend. A period of 7 yr is taken as the
dividing frequency (0.5 amplitude response) between
ENSO and decadal variability. Further details and dis-
cussion of the time filter design is contained in the ap-
pendix. An example illustrating the relationship between
the .7-yr filtered and ‘‘unfiltered’’ (5-month running
mean) data was shown in Fig. 2. The century-scale lin-
ear trend component may contain some natural internal
variability that projects onto the linear trend; alterna-
tively, the residual decadal variability could contain an
anthropogenic climate change component that has a
nonlinear time dependence. These possibilities are ex-
plored in more detail in section 5.

For the model, the decadal variability was analyzed
based upon detrended data from the control run rather
than the 11% yr21 CO2 run since the CO2-induced SST
trend in the latter was slightly nonlinear, which would
have resulted in some contamination of the internal vari-
ability estimate, even after removal of a linear trend.

The separation of the low-frequency (.7 yr) vari-
ability into linear trend and decadal components differs
from the approach of Zhang et al. (1997), who compute
low-frequency EOFs after subtracting out a ‘‘global
warming mode’’ that they take to be a spatially uniform
field whose value everywhere is the global mean SST
anomaly. However, we present evidence elsewhere in
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FIG. 3. Time series of the first principal component (PC1) of ob-
served Pacific region SST based on the GISST2 reconstruction over
the region 458N–458S. Circles denote reference dates selected for the
warm (positive) and cold (negative) decadal composite phases. These
dates were selected according to the following criteria: (i) PC1 ex-
ceeded one standard deviation in absolute value, and (ii) the selected
date had the largest anomaly occurring between the previous and
subsequent ‘‘zero-crossing’’ of the PC1 series. The underlying EOF1
was computed from the detrended low-pass filtered (.7 yr) data using
the correlation matrix method; the results presented are based on
unrotated EOF1.

this study that the simulated response to increased CO2

in the Pacific region is not spatially uniform but appears
to have a pattern with some similarity to the model’s
internal decadal variability. By first removing a separate
linear trend at each grid point, we retain the spatial
structure of the linear trend field for comparison to the
model-simulated trend.

3. Decadal and ENSO variability

a. Decadal variability: Observed versus simulated

We begin by describing the decadal variability com-
posites for the observed (GISST2) and R30 model data.
The first principal component (PC1) of the GISST2 data
for the Pacific region (458N–458S) is shown in Fig. 3.
Based on this curve, five warm and five cold events
(circles) were selected as reference dates for construct-
ing composite warm and cold events (see caption). Us-
ing .7-yr filtered data for these dates, a composite
‘‘event’’ (warm phase minus cold phase) for the ob-
served decadal variability is presented in Fig. 4b. Thus
Fig. 4b illustrates the trough-to-peak change in SST
between the cold and warm phases of a composite de-
cadal variability episode.

The observed decadal composite in Fig. 4b shows a
triangular-shaped warm anomaly region extending from
the west coasts of North and South America in the sub-
tropics westward to a region near the date line along
the equator. These pronounced warm anomalies display
considerable symmetry about the equator. In the North-
ern Hemisphere the warm anomalies extend poleward
along the west coast of North America, reaching the
Gulf of Alaska. The warm anomalies are flanked, in the
central and western parts of the Pacific basin, by neg-
ative (cool) anomalies in the subtropical to middle lat-
itudes of both hemispheres. The cool anomalies appear
slightly stronger in the Northern Hemisphere than in the
Southern Hemisphere.

Although the features mentioned above are not all

present in each of the individual events used to construct
the composites (not shown), the composites appear to
provide a reasonable representation of the ‘‘typical’’
event. A local two-sided t test was done for the warm
and cold composite anomaly fields separately, assuming
the warm dates were temporally independent and the
cold dates were temporally independent. According to
this test, the anomalies were generally significant to at
least the 0.1 level over most of the triangular Pacific
region (both warm and cool tropical phases). As for the
negatively correlated anomalies in the extratropical
North Pacific, the anomalies over much of this region
were significant (0.1 level) for the warm Tropics/cool
extratropics phase, but only a small part of the region
had significant anomalies for the opposite (cool Tropics/
warm extratropics) phase. The extratropical central Pa-
cific anomalies are approximately a factor of 2 larger
in the warm Tropics/cool extratropics phase than in the
opposite phase.

The R30 model’s decadal composite (Fig. 4e) shows
considerable similarity to the observed decadal com-
posite (Fig. 4b) in terms of its amplitude and pattern.
The correlation coefficient between the two fields over
the Pacific domain 458N–458S, hereafter denoted by rxy,
was 0.75. Of particular note is the triangular-shaped
warm anomaly pattern in the Tropics, with the warm
anomalies extending northward along the North Amer-
ican coast to the Gulf of Alaska, and the accompanying
cold anomalies in the subtropical to middle latitudes of
both hemispheres. The chief discrepancy appears to be
the overly intense warm anomalies just west of the date
line in the model; in addition, the model’s extratropical
cool anomalies appear somewhat more intense than their
observed counterparts. A map of the composite decadal
variability for the lower-resolution (R15) model (not
shown) has substantially weaker anomalies than the R30
or observed composites in Figs. 4b and 4e, although the
pattern is similar. The decadal composites (R30 model
or observed) are also both similar to the recent (1949–
94) trend pattern in Fig. 1, with rxy of 0.61 and 0.76,
respectively. Although not shown here, during the sim-
ulated warm tropical SST phase, substantial positive
precipitation anomalies (i.e., positive tropospheric con-
densation heating anomalies) are simulated in the west-
ern equatorial Pacific region.

Observed and simulated SLP and SST anomalies over
the extratropical North Pacific and North America re-
gion are shown in Fig. 5. These are constructed for the
warm tropical/cool extratropical phase of the decadal
variability. The agreement between simulated and ob-
served anomalies is fairly good, with negative SLP
anomalies in the region indicating that a strengthening
of the Aleutian low accompanied the pronounced cool
SST anomalies near 408N. In both the observed and
simulated composites, the strengthened Aleutian low,
the weaker high SLP anomalies over North America
and the low SLP anomalies near the east coast of North
America yield an overall pattern reminiscent of the Pa-
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FIG. 4. (a) Linear trend in observed Pacific SST (1900–94, GISST2 58 3 58 dataset) divided by the linear trend in global SST over the same
period of 0.748C (100 yr)21. Contour interval of 0.2. (b) Observed decadal timescale (.7 yr, detrended) SST composite (warm minus cold) for
the years 1900–94. Contour interval of 0.28C. (c) Observed ENSO timescale (,7 yr) SST composite (warm minus cold). Contour interval of
0.58C. (d) Simulated CO2-induced linear trends based on years 21–120 of two R30 coupled model experiments. The net trend (i.e., the trend
from the 11% yr21 CO2 experiment minus the trend from the control experiment) is shown to account for a relatively small trend in the control
run. Contour interval of 0.2. (e) As in (b) but based on years 21–120 of the R30 coupled model control experiment with four warm and four
cold phase dates included in the composites. (f) As in (c) but based on years 21–120 of the R30 coupled model control experiment. The color
scale between each pair of maps [e.g., (a) and (d)] indicates the shading convention used for the pair of maps. The shaded regions on the maps
in (a) and (d) illustrate the domain used for the EOF analyses in this study. See text and Fig. 3 caption for compositing method.
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FIG. 5. Composite decadal SST (shading, white contours) and sea
level pressure (SLP, dark contours) anomalies over the extratropical
north Pacific and North America for the warm tropical/cool extra-
tropical phase of decadal variability. Results are shown for (a) ob-
servations and (b) the R30 coupled model. Due to missing data pe-
riods, the observed SLP composite is based on 5-yr means of all
available data centered on the selected composite dates, rather than
on the low-pass filter described in the appendix. Note that these
composites are constructed using only the warm tropical/cool extra-
tropical phase of the decadal variability (rather than warm minus cold
phases, as in Fig. 4). Thus, the dates used for the observed composites
were the five positive circled dates in Fig. 3. For the R30 coupled
model, .7-yr filtered data are used for both SST and SLP. The contour
interval is 0.18C for SST and 0.1 mb for SLP. The solid white contour
is the zero contour for SST.

cific–North American (PNA) pattern described by Wal-
lace and Gutzler (1981) and others (see also Zhang et
al. 1997). Note that the cool SST anomalies in the North
Pacific are located in regions of northerly or north-
westerly surface wind anomalies, as inferred from the
superimposed SLP contours, whereas the warm SST
anomalies near the west coast of North America occur
in regions of southerly surface wind anomalies. The
particular model processes that produce these extra-
tropical SST anomalies will be examined later in this
section.

b. ENSO variability: Observed versus simulated

The observed ENSO (,7-yr timescale) composite is
shown in Fig. 4c. The composite anomalies (warm mi-
nus cold), were constructed based on 18 warm and 18
cold events in the years 1900–94. The 1990s ‘‘warm
event’’ was not included in the ENSO composite, as it
projected mainly onto the decadal data. The observed
ENSO variability pattern in Fig. 4c appears considerably
more enhanced in the equatorial region than does the
observed decadal variability pattern (Fig. 4b). This dif-
ference in meridional scale has been noted previously,
for example, by Zhang et al. (1997) and Kachi and Nitta
(1997). The subtropical to midlatitude cool anomalies

are much weaker, relative to the magnitude of the trop-
ical warm anomalies for the ENSO timescale (Fig. 4c)
than they are for the decadal timescale (Fig. 4b). Sim-
ilarly, the warm anomalies along the west coast of North
America are much less pronounced on the ENSO time-
scale than on the decadal timescale.

The R30 model’s simulated ENSO variability (Fig.
4f) is generally much weaker than the observed ENSO
variability (Fig. 4c), especially in the eastern equatorial
Pacific. The simulated ENSO variability maximum
(warm minus cold) of about 28C is located near the date
line. In the observed composite, the 28C (warm minus
cold) anomalies extend across the equatorial Pacific
from about 1708 to 908W near the coast of South Amer-
ica. An apparent displacement of the maximum inter-
annual SST variability into the western Pacific also has
been noted for the NCAR coupled model by Meehl and
Arblaster (1998). We speculate that our model’s bias
toward greater variability than observed near the date
line (for both ENSO and decadal timescales) results
from shortcomings in the simulation of the time-mean
tropical Pacific SST and thermocline structure. These
problems include a cold tongue that extends too far to
the west (not shown) thus displacing the region of max-
imum zonal equatorial SST gradients westward toward
the date line in the model. These shortcomings of the
simulated time-mean state occur despite the use of flux
adjustment in the model and are the subject of continued
investigation.

In spite of the shortcomings in the simulated ENSO
variability pattern, many features of the observed ENSO
variability pattern (Fig. 4c) are reproduced by the model
(Fig. 4f). For example, in both model and observations,
the positive ENSO composite anomalies form a similar
broad, triangular, equatorially centered pattern flanked
by weak cooling in the extratropics of both hemispheres.
In addition, for both model and observations, the North-
ern Hemisphere extratropical cooling anomaly is much
weaker (relative to the tropical anomalies) for the ENSO
timescale than for the decadal timescale (i.e., compare
Figs. 4f and 4e and Figs. 4c and 4b). The correlation
between the observed and model ENSO composites, rxy,
was 0.65. The ENSO variability and decadal variability
patterns are quite similar to each other for both the
model (Fig. 4e vs 4f, rxy 5 0.88) and the observations
(Figs. 4b and 4c, rxy 5 0.91).

c. Mechanism of simulated decadal variability

Given that the simulated and observed decadal SST
variability patterns and amplitudes in Fig. 4 are similar,
we assume that the model can provide insight into the
mechanism of the observed decadal variability. There-
fore, in this section, we explore the mechanism of the
model’s decadal variability with the aid of model da-
tasets (such as century-long records of subsurface ocean
temperatures), which are currently not available in the
observational record. While the focus of our study is
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FIG. 6. Time-lagged composite ocean heat content and surface wind anomalies for the ENSO (a)–(f ) and decadal (g)–(l) timescales from
the R30 coupled model control experiment. The sequences of maps [(a)–(f ) and (g)–(l)] depict approximately one-half of a life cycle of the
composite anomalies associated with the decadal and ENSO SST variability shown in Figs. 4e and 4f. The ocean heat content anomalies
are defined as the vertically integrated temperature anomaly over model layers 3–5 (69–237 m), with a contour interval of 308C m. Values
less than 230 and greater than 130 are depicted by light and dark shading, respectively. For the surface wind anomalies, a reference vector
of 3 m s21 is shown at the bottom of the diagram. Compositing dates were selected based on the first EOF of Pacific SST as in Fig. 4.

on decadal variability, we first present some model re-
sults for the ENSO timescale to use as a basis for com-
parison to the decadal-scale results.

For the ENSO timescale, several studies have shown
how the subsurface ocean anomalies evolve during
ENSO to provide the long-term memory of the phe-
nomenon (e.g., Schopf and Suarez 1988, 1990; Graham
and White 1988; Battisti and Hirst 1989; Cane et al.
1990; Chao and Philander 1993; Schneider et al. 1995;
Kirtman 1997). With this mechanism, often referred to
as the ‘‘delayed oscillator’’ mechanism, warm SST
anomalies in the central and eastern Pacific induce sur-
face wind anomalies that gradually cause the thermo-
cline in the west to become elevated. These induced
thermocline perturbations in the west eventually prog-
ress eastward along the equator, elevating the thermo-
cline in the eastern Pacific, initiating the cold (La Niña)
phase of ENSO, and so on.

In an earlier study (Knutson et al. 1997), we showed
that a similar mechanism appears to operate in our low-
resolution (R15) coupled model on the ENSO timescale.

Here, an abbreviated version of the ENSO (,7 yr)
timescale heat content life cycle from the R30 coupled
model is presented. In Figs. 6a–f the composite ocean
heat content (69–237 m) and surface wind anomalies
for the simulated ENSO composites (warm minus cold
phase, based on EOF1 of the SSTs) at various time lags
represent approximately one-half of a life cycle. The
remainder of the life cycle can be inferred from these
panels by reversing the signs of the anomalies. The
corresponding SST anomaly pattern for zero lag (b) is
shown in Fig. 4f. The peak warm SST anomalies in Fig.
4f are accompanied by westerly wind anomalies along
the equator in the western Pacific (Fig. 6b, 0 lag) and
by off-equatorial windstress curl anomalies, which act
to induce negative heat content anomalies (elevated
thermocline) off-equator in the far western Pacific (Figs.
6a,b; 24 months to 0 lag). Meanwhile, positive heat
content anomalies (deep thermocline) are centered on
the equator in the central to eastern Pacific. In the re-
mainder of the half life cycle shown, the elevated ther-
mocline anomalies in the western Pacific merge onto
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FIG. 7. Longitude vs depth cross sections along the equator of decadal ocean temperature composites (time lagged) from the R30 coupled
model. (See caption for Figs. 6g–l for further details. Note that the lags shown in Figs. 6g–l differ slightly from those presented in Fig. 7.)
The contour interval is 0.18C.

the equator, and an eastward phase progression can be
traced along the equator to the central and eastern Pacific
(Figs. 6c–e; lags 14 to 112 months). As the eastward
progressing elevated thermocline anomalies reach the
eastern equatorial Pacific, the model SSTs begin enter-
ing a cooling phase (i.e., the La Niña phase of the ENSO
life cycle), inducing wind stress anomalies that lead to
an anomalously deep thermocline in the west, and so
on. In Figs. 6c–f (lags 14 to 116 months), a westward
off-equatorial phase progression of heat content anom-
alies from the central to western Pacific is apparent near
98N. In situ strengthening of these anomalies occurs in
the extreme western Pacific (e.g., Fig. 6f). Much of the
large-scale structure in the model’s composite wind
anomalies is also seen in Rasmusson and Carpenter’s
(1982) observed ENSO wind composites (e.g., see their
transition and mature phase composites). However, cer-
tain features of their observed wind composites, such
as strong northerly wind anomalies over the northern
tropical Pacific, are not as evident in the model ENSO
simulation.

The simulated heat content and winds life cycle for
the decadal (.7 yr) timescale is shown in (Figs. 6g–l).
Note that the time lag in months between the individual
panels in the decadal life cycle is 15 months compared
with 4 months for the ENSO life cycle discussed above.
The decadal life cycle shows a broadly similar pattern
(and roughly comparable magnitude) to the ENSO life
cycle discussed above. For example, on both timescales,
the heat content anomalies just prior to the time of max-
imum equatorial SST warming (Figs. 6a and 6g) show

a characteristic pattern of two off-equatorial heat content
anomaly regions in the western Pacific and a single
equatorially centered positive heat content anomaly pat-
tern in the eastern Pacific. A closer inspection of the
life cycles indicates that the westward progressing off-
equatorial heat content anomalies are centered at a
slightly higher latitude (;128 vs 98N) for the decadal
timescale than for the ENSO timescale. Also the equa-
torially centered heat content anomalies in the eastern
Pacific tend to be less intense (relative to the western
Pacific anomalies) on the decadal timescale as compared
to the ENSO timescale.

Figure 7 shows a longitude versus depth view of the
decadal ocean temperature anomalies along the equator.
Near the time of maximum SST (Figs. 7a,b; lag 210
to 0 months), cool anomalies are found in the subsurface
western equatorial Pacific at ;70–200-m depth. Warm
anomalies dominate the near-surface layers over most
of the equatorial Pacific. In next three panels (Figs. 7c–
e; lags 110 to 130 months) the cool subsurface anom-
alies in the west show a phase progression eastward into
the east central Pacific and upward to the surface near
1608–1308W. Subsequently, the anomalies in the surface
layer intensify near the date line to produce the SST
pattern seen in Fig. 4e. A similar subsurface temperature
evolution has been shown for the ENSO timescale (us-
ing the R15 coupled model) by Knutson et al. (1997).
In terms of equatorial SST (depicted by the top level
shown in Fig. 7) the composite life cycle shows mainly
a standing pattern, in contrast to the propagating features
appearing in the subsurface levels.
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FIG. 8. Simulated decadal surface-layer heat budget composite
analysis for the northern extratropical Pacific. The composites are
shown for the time 35 months prior to the time of coolest extratropical
(warmest tropical) SST anomalies (e.g., Fig. 4b), which is approxi-
mately the time of maximum cooling tendency in this region; units
are W m22. (a) Net heating rate (shading) and surface wind vector
anomalies (arrows with a reference vector shown of 0.5 m s21). (b)
Net downward surface heat flux anomaly. (c) Net heating anomaly
due to ocean advection and diffusion, computed as the residual of
the net heating anomaly (a) minus the net surface heat flux anomaly
(b). Note the smaller contour interval in (a) (0.5 W m22) vs (b) and
(c) (1 W m22).

The resemblance of the simulated and observed de-
cadal composites shown in Figs. 4–7 to their counter-
parts for the ENSO timescale suggests that a substan-
tially similar delayed oscillator mechanism is involved
for both timescales in the model. The main difference
between the ENSO and decadal variability patterns ap-
pears to be the slightly wider meridional structure of
the heat content anomalies for the decadal scale. In par-
ticular, the westward off-equatorial heat content phase
progression occurs at a slightly higher latitude (and with
a slower apparent phase speed) for the decadal com-
posite. The slower apparent westward phase progression
may be related in part to the decrease with latitude of
the speed of free Rossby waves (e.g., McCreary 1983;
Schopf and Suarez 1990). More specifically, Kirtman
(1997) has used a simple coupled model to diagnose in
more detail how a broader meridional structure for the
off-equatorial wind stress forcing and thermocline
anomalies can lead to a longer period for ENSO-like
oscillations via the effects of a stream of forced off-
equatorial Rossby waves. Upon modifying the meridi-
onal profile of the wind stress in his model such that
the latitude of the maximum thermocline perturbations
in the western Pacific increased from 88S to 128S, the
period of the model’s oscillation increased from 5 to 9
yr. The mechanisms described by Kirtman may provide
at least a partial explanation for how the wider merid-
ional structure of our heat content anomalies leads to
the longer timescale of our model’s decadal ‘‘oscilla-
tion.’’ However, while there is some evidence for a wid-
er meridional scale for both heat content and wind stress
curl anomalies (not shown) in our coupled model on the
decadal scale, it is not yet clear what mechanism leads
to the wider meridional extent of these anomalies. Our
present assessment of the model’s decadal variability
mechanism is based on the composite life cycle results
described above; a more definitive determination of the
mechanism would likely require specialized model ex-
periments (e.g., Schneider et al. 1995) beyond the scope
of the present study.

The processes in our model producing the cooling
anomalies in the extratropical North Pacific during the
decadal tropical warm phase are examined in Fig. 8.
This figure shows a surface-layer heat budget analysis
for approximately the time of maximum cooling ten-
dency (35 months prior to the time of warmest tropical/
coolest extratropical anomalies) in the region. The net
heating anomaly field (Fig. 8a) shows a broad area of
net cooling centered near 408N, 1708W and areas of net
warming along the west coast of North America. Al-
though the SLP anomalies at this stage of the life cycle
(not shown) are much weaker than at the time of max-
imum SST anomalies (Fig. 5b), the surface wind anom-
aly vectors in Fig. 8a indicate anomalous northerly flow
in the cooling region and anomalous southerly flow in
the warming region. The net heating anomaly field is
partitioned into downward surface heat flux anomalies
and heating due to ocean dynamics (advection and dif-

fusive processes) in Figs. 8b and 8c, respectively. This
partitioning shows that the net heating anomalies are
relatively small in comparison to both the surface heat
flux and ocean dynamics anomaly terms. Ocean dynam-
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ics provides for the cooling tendency over much of the
main cooling region (i.e., along 408N to the east of about
1758W), while the surface heat flux contribute a net
warming tendency. The fact that surface heat fluxes act
in opposition to the net cooling tendency on the decadal
scale is quite distinct from the surface budget for the
ENSO timescale (not shown). On the ENSO timescale
in the model, latent and sensible heat fluxes provide the
dominant cooling mechanism, whereas advection effects
are relatively minor. This is in agreement with diag-
nostic simulations of North Pacific SST anomalies as-
sociated with observed tropical SST anomalies during
ENSO (Alexander 1990; Lau and Nath 1996). The more
important role for ocean dynamics on the decadal time-
scale indicated by our results is reminiscent of the di-
agnostic modeling study of North Pacific interdecadal
variability by Miller et al. (1994). In the region of net
warming near the coast of North America, the surface
heat balance patterns are more complex, with both sur-
face heat flux anomalies and ocean dynamics playing
important roles in the model.

The positive downward surface heat flux anomalies
(i.e., warming tendency) in the region of maximum dy-
namical cooling appear to be due primarily to decreases
in the air–sea temperature difference (not shown). The
reduction in the air–sea temperature difference arises in
the region of southerly wind anomalies (near 1408W)
due to the advection of warmer air into the region. On
the other hand, in the region of northerly wind anomalies
(near 1708W) the reduction arises as the local SST cool
anomaly is more pronounced than the overlying air tem-
perature cool anomaly. In either case, the reduced air–
sea temperature difference leads to a reduction in evap-
orative and sensible heat fluxes and hence to a net pos-
itive heating anomaly for the ocean surface layer. The
surface wind speeds are actually slightly enhanced in
the cooling region, which by itself leads to a cooling
tendency in the surface heat fluxes, but this effect is
more than offset by the reduced air–sea temperature
difference.

Whereas the ocean dynamics contribution shown in
Fig. 8c was computed as a residual from the net heating
and net surface heat flux terms, the approximate con-
tributions from ocean advection were also computed
directly based upon monthly mean temperature and cir-
culation data from the model (not shown). These results
indicate that ocean advection (as opposed to diffusive
processes) is the dominant source of the cooling ten-
dency in the main cooling region. An examination of
the individual ocean temperature advection terms in-
dicates that zonal, meridional, and vertical advection
terms all make substantial contributions to this cooling
tendency. As one example, anomalous southward ocean
surface currents in the region of northerly wind anom-
alies advect cooler waters southward.

We speculate that the ocean circulation changes in
the model that produce the advective cooling on the
decadal timescale are induced by overlying atmospheric

wind anomalies. Presumably, the strengthened Aleutian
low is a response to the tropical SST and condensation
heating anomalies (not shown) associated with the trop-
ical warm SST phase. However, to demonstrate this
chain of causality conclusively would require additional
experiments beyond the scope of this study. In any case,
our composite results demonstrate that the processes by
which the extratropical ocean cooling occurs differ sub-
stantially for the ENSO and decadal timescales, with
ocean circulation anomalies in the near-surface layer
becoming relatively more important on the longer (de-
cadal) timescale.

The tropical–extratropical decadal variability de-
scribed in Figs. 4–8 appears to relate to the observed
variability described by Trenberth (1990), Trenberth and
Hurrell (1994), Deser and Blackmon (1995, their
EOF1), and Zhang et al. (1997), with a strong tropical
component and pronounced tropical–extratropical SST
connection. It also resembles the decadal variability re-
cently simulated by Yukimoto et al. (1996) using a cou-
pled model at the Meteorological Research Institute of
Japan. On the other hand, the simulated North Pacific
decadal variability in the present study does not appear
to depend on the subtropical gyre mechanism proposed
by Latif and Barnett (1996). While Latif and Barnett
comment that the Tropics play only a minor role in the
simulated decadal variability they analyze, the Tropics
appear to play a crucial role in our simulated decadal
phenomenon. Although they analyze a different EOF
domain (northern Pacific only), which makes direct
comparison difficult, the decadal variability they discuss
may be more closely related to Deser and Blackmon’s
EOF2, which is primarily an extratropical North Pacific
mode. Although not shown here, the second EOF in our
R30 coupled model’s North Pacific (T. Delworth 1996,
personal communication) describes variability similar
to Deser and Blackmon’s EOF2. This extratropical Pa-
cific variability is the subject of a separate study. Re-
cently, Gu and Philander (1997) have proposed a theory
for decadal climate variability in the Pacific involving
the propagation of subsurface temperature anomalies
along constant density surfaces between the extratrop-
ical Pacific and the equatorial thermocline. Our exam-
ination of composite decadal subsurface temperature
anomalies in the midlatitudes in our model reveals some
evidence for subsurface propagating features similar
those described for the North Pacific by Deser et al.
(1996, their Fig. 10). However, in our model the anom-
alies do not appear to propagate to the equatorial ther-
mocline region to initiate the subsequent event, and thus
Gu and Philander’s mechanism does not appear to be
responsible for the decadal-scale variability simulated
in our study.

4. Simulated versus observed trend patterns
a. Observed linear trends

The observed linear trend for a period of relatively
reliable SST records (1949–94) was shown in Fig. 1
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FIG. 9. (Top) SST anomalies for the NINO3.4 region (58N–58S, 1708–1208W) from the GISST2 and Kaplan et al.
(1997) SST data reconstructions (see legend). (Bottom) Darwin SLP anomalies in mb. All anomalies are relative to a
1961–90 base period and are presented as 10-yr running means in order to highlight very low frequency variability
and trends.

and discussed briefly in the introduction. Figure 4a
shows the linear trend for the period 1900–94 based on
the GISST2 SST reconstruction. For the purposes of
comparison to the model CO2-induced trend later in this
section, the observed trend at each grid point in Fig. 4a
has been normalized by dividing by the trend in the
global average SST over the period. Thus, areas with
red shading (.1.0) indicate regions where the linear
trend exceeds that of the global mean SST, whereas dark
green and blue areas indicate regions of negative (cool-
ing) trends. Positive (warming) trends occur over most
of the domain, with a relatively small cooling trend in
two regions reminiscent of the cooling regions of the
decadal variability pattern. Large regions of the eastern
Pacific basin show warming in excess of the global av-
erage, which, along with a region near the equatorial
date line region, form a triangular-shaped region rem-
iniscent of the observed decadal variability pattern dis-
cussed in the previous section. However, the overall
correlation, rxy, between the observed 1900–94 trend
field and the observed decadal variability composite
(Figs. 4a and 4b) was only 0.14.

Recently Cane et al. (1997) presented a linear trend
(1900–91) map for the Pacific that has some broad fea-
tures in common with that in Fig. 4a, but with some
substantial differences as well. One example of a dif-

ference of particular relevance to the present study is
the pronounced negative (cooling) trend [;20.88C (100
yr)21] emphasized by Cane et al., which is centered near
08, 1408W. No century-scale cooling trend appears in
this region according to the GISST2 reconstruction (Fig.
4a). The trends shown by Cane et al. are based on a
different SST reconstruction technique (Kaplan et al.
1997), which uses as input an earlier version of the
Hadley Centre SST data (MOHSST5). The differences
between the trend map of Cane et al. and that in Fig.
4a imply that the method of SST reconstruction can have
a large impact on the regional structures in century-
scale SST trend fields.

To examine the issue of long term trends in the equa-
torial Pacific in more detail, we show in Fig. 9 (top
portion of graph) a comparison of the SST anomaly time
series for the NINO3.4 region from both the GISST2
and Kaplan et al. reconstructions. The two time series
show good agreement after about the mid-1950s, while
the agreement is rather poor for 1900–40, with the Kap-
lan series systematically higher than the GISST2 series,
at times by more than 0.58C. The century-scale cooling
trend in the Cane et al. analysis is seen to arise due to
the pronounced warm anomalies in the first half of the
twentieth century in the Kaplan reconstruction. We note
that this is a period during which data were particularly
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sparse in the equatorial Pacific. There is no evidence
for an equatorial Pacific cooling during the relatively
well-sampled post-1950 period in either dataset, which
supports the 1949–94 trend results presented in Fig. 1.
To gain some additional perspective on the pre-1950
SST anomalies, we show in Fig. 9 (bottom portion of
graph) a time series of Darwin SLP anomalies, which
is used as an independent proxy measure of the zonal
SST gradient in the equatorial Pacific. We speculate that
if a regional equatorial SST cooling trend (i.e., inten-
sification of the cold tongue) had occurred in the period
1900–50, the Walker circulation would have intensified,
which should have been reflected in an upward trend in
the SOI and possibly a downward trend in Darwin SLP.
(Note that the fluctuations in the Darwin SLP series
track the SST anomaly fluctuations reasonably well in
the post-1950 period.) In the period 1920–45 the Dar-
win SLP record shows a fairly continuous rise, which
seems consistent with the GISST2 record but not with
the Kaplan record, which shows a decrease over the
same time period. The very low SST anomalies around
1912 in the GISST2 record do not seem as consistent
with the Darwin record as most of the other major fluc-
tuations. Overall, the Darwin record from 1900 to 1950
appears more consistent with the GISST2 SST recon-
struction than with Kaplan reconstruction. In particular,
the Darwin SLP data does not appear to support the
notion of a pronounced regional equatorial Pacific cool-
ing trend during the first half of the twentieth century.
This preliminary assessment is just one approach for
examining the issue of equatorial Pacific SST trends,
but based on the results presented here, we have chosen
to rely on the GISST2 reconstruction for the century-
scale trend estimate in Fig. 4a. Nonetheless, the issue
of the reliability and relative merit of different SST
reconstructions remains unresolved at present.

b. Simulated CO2-induced warming pattern

The normalized linear trend for the 11% yr21 CO2

experiment of the R30 coupled model is shown in Fig.
4d. The trend results shown are the net trend (11% yr21

CO2 run trend minus control run trend) for years 21–
120 of the experiments. The first 20 yr of both runs
were skipped to reduce the effect of the slightly non-
linear trend behavior in the CO2 increase experiment,
in which the warming is relatively slow for about the
first 20 yr, followed by a more constant linear trend over
the remaining years (21–120). The net trend at each grid
point has been normalized by the net trend in the global
mean SST of 2.938C (100 yr)21.

The model-simulated CO2 warming pattern (Fig. 4d)
shows the Pacific warming exceeding the global mean
SST warming rate in a triangular-shaped region resem-
bling both the region of warm anomalies for the ob-
served 1949–94 SST trend (Fig. 1) and the simulated
and observed decadal variability pattern discussed pre-
viously (Figs. 4b,e). The triangular region of enhanced

warming in Fig. 4d is flanked in both hemispheres by
subtropical regions of more moderate warming (less
than the global mean rate). These more slowly warming
regions correspond roughly to the cool anomaly regions
in the decadal variability composites (Figs. 4b,e) and
Fig. 1. The correlation rxy between the model’s CO2-
induced warming pattern and the model’s internal de-
cadal variability pattern (Fig. 4d vs 4e) is 0.55. The
correlation between the CO2-induced warming pattern
and the 1949–94 trend (Fig. 1) is 0.39. The overall
correlation between the model’s CO2-induced warming
pattern (Fig. 4d) and the century-scale trend pattern
(Fig. 4a) is negligible (rxy 5 0.02), with the simulated
CO2-induced warming being much more spatially uni-
form than the observed trend pattern. However, one im-
portant aspect of agreement between these two maps is
that they both indicate a positive (warming) trend over
most regions of the Pacific from 458N to 458S. A cen-
tury-scale cooling trend is indicated only in a relatively
small fraction of the Pacific domain in the observations,
whereas no areas of cooling are found in the Pacific
(458N–458S) for the simulated CO2-induced warming.
The maximum CO2-induced warming in the Tropics,
exceeding the global mean by up to 40%, occurs near
the equatorial date line; this is virtually the same region
where the model’s decadal and ENSO variability max-
imum was found. We note, however, that the R30 model
shows a tendency to overestimate the amplitude of
ENSO and decadal variability near the equatorial date
line region, and thus the occurrence of pronounced CO2-
induced warming in date line region in particular may
be related to a model deficiency.

The CO2-induced warming response of the R30 cou-
pled model can be compared to that of the lower-res-
olution (R15) model discussed in Knutson and Manabe
(1995, Figs. 3 and 6). A decade-by-decade inspection
of the R30 model’s CO2-minus-control anomalies (not
shown) indicates that the pattern in Fig. 4d is present
in all decades beyond about year 50. Thus this pattern
is evident much earlier in the integration than the re-
duced zonal SST gradient pattern in the R15 coupled
integration of Knutson and Manabe (1995), in which
the reduced SST gradient was not clearly apparent for
the entire first century of integration. The long (;100
yr) ‘‘delay’’ in the appearance of the nonuniform pattern
in the Knutson and Manabe (1995) study may have been
partially due to a masking of the signal by multidecadal
variability. In any case, the earlier appearance of the
pronounced nonuniform Pacific warming pattern in the
R30 model, compared to the R15 model, is in closer
agreement with the coupled model result of Meehl and
Washington (1996), who found a noticeable reduction
of the equatorial Pacific zonal SST gradient within the
first few decades of their transient CO2 experiment. An-
other distinction between the R30 and R15 model results
is that the pattern of warming in the R30 model (Fig.
4d), with an enhanced warming in a broad triangular
region and less warming in regions of the subtropical



2286 VOLUME 11J O U R N A L O F C L I M A T E

Pacific, bears a somewhat greater resemblance to the
recent observed trend pattern (Fig. 1, rxy 5 0.39) than
does the much more uniform warming pattern from the
first 120 yr of the R15 model 11% yr21 CO2 experiment
(not shown).

One can speculate that the observed century-scale
trend pattern in Fig. 4a could have resulted from a com-
bination of a gradual, relatively uniform CO2-induced
warming trend and a pronounced natural decadal or mul-
tidecadal warm episode near the end of the record (i.e.,
after the mid-1970s). For example, the pattern in Fig.
4a shows positive values (warming) in most regions,
reminiscent of the R30 model’s CO2-induced warming
pattern (Fig. 4d). Many of the remaining features in the
observed trend field are reminiscent of features in the
simulated and observed decadal variability patterns
(Figs. 4b and 4e). However, this interpretation does not
help explain certain other features, such as the strong
warming trends in the far northwestern and southwest-
ern parts of the domain in Fig. 4a.

c. Mechanism and discussion of CO2-induced
warming

In this section, we attempt to provide some insight
into the mechanism producing the distinct CO2 warming
pattern in the R30 coupled model (Fig. 4d). First, the
coupled model pattern is compared with the pattern of
CO2-induced warming from an R30 mixed layer model
experiment with the same atmospheric GCM component
(Wetherald 1996). The mixed layer model uses a heat
flux adjustment technique to ensure a realistic SST sim-
ulation for the model control climate. The heat flux
adjustments are added to the model-computed surface
heat flux into the (50 m) mixed layer in order to maintain
a realistic seasonal cycle of SST in the model. Thus,
they primarily ‘‘correct’’ for the obvious lack of ocean
heat transport in the mixed layer model and also for the
net effect on SST of various other deficiencies in the
model. In the 2 3 CO2 equilibrium experiment, the same
heat flux adjustments are used as in the control (1 3
CO2) mixed layer experiment, with the underlying as-
sumption being that the horizontal heat transport by
ocean currents remains invariant with increasing CO2.
We can infer that features in the coupled model response
that do not appear in the mixed layer model are depen-
dent on interactive ocean dynamics. Conversely, com-
mon features in the coupled and mixed layer model
responses do not depend crucially on interactive ocean
dynamics, since that mechanism is absent in the mixed
layer model.

For the coupled model, Fig. 10a shows the difference
between years 81–120 of a 11% yr21 CO2 transient run
and years 81–120 of a control run; for the mixed layer
model (Fig. 10b), the difference between a 2 3 CO2

and 1 3 CO2 equilibrium experiment are shown. For
both the coupled and mixed layer model results (Figs.
10a,b), the SST difference fields are normalized by di-

viding the SST change at each grid point by the global
mean SST difference for the respective experiments.

We first examine the unique features in the coupled
model result, which we can infer depend on interactive
ocean dynamics. The most pronounced such feature is
the tongue of enhanced warming in the equatorial Pa-
cific in the coupled model (Figs. 10a and 10d). This
enhanced warming appears to result from ocean circu-
lation changes, such as the reduced equatorial ocean
upwelling in the coupled model (Fig. 10c). For example,
the maximum time-mean equatorial upwelling between
the top two layers in the model decreases by over 20%,
from 102 cm day21 in years 81–120 of the control ex-
periment to 79 cm day21 in years 81–120 of the CO2

increase experiment. The reduced upwelling apparently
represents part of a coupled ocean–atmosphere response
to decreased easterly surface wind stress and enhanced
mean meridional surface wind convergence near the
equator in that region (not shown). Associated with
these changes is a CO2-induced reduction in the model’s
Tahiti-minus-Darwin surface pressure difference of
about 1 mb by years 81–120 of the experiments. The
reduced easterly wind stress in the coupled model ap-
pears to be initiated by processes not crucially depen-
dent on ocean dynamics, since it is already evident (not
shown) along with a slightly reduced zonal equatorial
SST gradient (Fig. 10d) in the R30 mixed layer exper-
iment. The pattern of weaker easterlies and zonal SST
gradient in the mixed layer model is then apparently
modified (amplified) in the equatorial region by inter-
active ocean dynamics (e.g., reduced equatorial up-
welling) in the R30 coupled model.

We next consider features that occur in both the mixed
layer and coupled model responses (Figs. 10a and 10d).
Both models show enhanced warming in a region ex-
tending from near the west coast of North America
southwestward past Hawaii and in a second enhanced
warming region near the west coast of South America.
As noted above, the latter feature is much more pro-
nounced and extends much farther west across the equa-
torial Pacific in the coupled model (Fig. 10a) than the
mixed layer model (Fig. 10d). Both models show a re-
gion of less warming extending northeastward from the
northern Philippines, and a second region of relatively
less warming in the southwest Pacific, extending from
the north Australia region southeastward toward Chile.
Finally, a third band of less warming along ;108N in
the coupled model is not as clearly apparent in the mixed
layer simulation.

While the coupled model–mixed layer model com-
parison can indicate where interactive ocean dynamics
is an important mechanism, determining the mecha-
nisms for other features in the simulations is very dif-
ficult without additional experiments. The reduction of
the zonal equatorial SST gradient in the mixed layer
experiments is consistent with the evaporative damping
mechanism proposed in Knutson and Manabe (1995).
There it was noted that evaporative cooling should in-
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FIG. 10. CO2-induced changes in SST (a), (d); surface wind speed (b), (e); ocean vertical motion (c); and midtropospheric relative humidity
(f ) from the R30 coupled model (a)–(c) or R30 mixed layer model (d)–(f ). For the coupled model (a)–(c) the results shown are based on
the difference between the 11% yr21 CO2 experiment (years 81–120) and the control experiment (years 81–120). For the mixed layer model
(d)–(f ), the results shown are based on the difference between decade-length means from 2 3 CO2 and 1 3 CO2 equilibrium experiments.
The SST difference maps (a), (d) have been normalized by dividing by the global mean change in SST of 2.588C (coupled model) or 2.558C
(mixed layer model). The ocean vertical motion is that at the interface between the top two layers of the ocean model. The surface wind
speed is based on time averages of daily wind speed samples, rather than on time averages of the zonal and meridional components. The
midtropospheric relative humidity is based on the model sigma surface on which the pressure is 0.568 times the surface pressure. The contour
interval for (a) and (d) is 0.2; for (b) and (e) 0.15 m s21; for (c) 5 cm day21; and for (f ) 1%. Note the reversal in color shading conventions
for the surface wind speed [(b) and (e)] and ocean vertical motion (c) figures. For wind speeds, ‘‘warmer’’ colors indicate larger decreases
in surface wind speeds. For ocean vertical motion (c) warmer colors indicate a sinking tendency (i.e., reduced upwelling in the equatorial
region).
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crease more (per degree of SST warming) in the western
Pacific than in the east because of the warmer SSTs in
the west (and the nonlinear dependence of saturation
mixing ratios on temperature). They noted that this ef-
fect should act to reduce the SST gradient as the climate
warms. As a preliminary attempt to identify mechanisms
for the other features common to the mixed layer and
coupled model SST response, a number of model vari-
ables were examined for evidence of a similar patterns
to these SST features. One model variable with a pattern
of changes resembling the SST changes is the surface
wind speed field (although with the sign of the changes
reversed), as is shown by comparing Figs. 10b and 10e
with Figs. 10a and 10d, respectively. Apart from the
equatorial date line region (discussed earlier), local
maxima in SST increase tend to be accompanied by a
local maxima in the decrease of surface wind speed. In
particular, note in Fig. 10 the enhanced warming (red)
and pronounced decrease in wind speeds (red) in the
North Pacific near 208N, 1708W. Since a decrease in
surface wind speeds should lead to decreased evapo-
rative cooling, this pattern is consistent with enhanced
SST warming in these regions, from a surface energy
balance perspective. A second variable, which may be
relevant to the enhanced eastern equatorial Pacific
warming, is midtropospheric relative humidity (Fig. 10f,
shown for the mixed layer experiment only). Increased
midtropospheric relative humidity (and decreased at-
mospheric subsidence) tends to occur in the eastern
equatorial Pacific, accompanied by an enhanced down-
ward flux of terrestrial radiation. This preliminary anal-
ysis suggests that several mechanisms, including spatial
differences in the evaporative cooling response and mid-
tropospheric relative humidity changes, may contribute
to the SST warming pattern in the mixed layer model.
The relative magnitudes of the contributions of the in-
dividual mechanisms remain to be evaluated in future
studies. However, each of these mechanisms (as well as
the reduced equatorial upwelling and reduced Tahiti-
minus-Darwin pressure gradient in the coupled model)
is consistent with an overall picture of a slight CO2-
induced decrease in the intensity of the Walker circu-
lation and Pacific trade wind system. The weakening of
the Walker circulation in response to increased CO2 is
consistent with our previous low-resolution coupled
model analysis (Knutson and Manabe 1995).

The simulated response of tropical Pacific SSTs to
increased greenhouse gases has been a subject of in-
creasing interest in the climate modeling community.
For example, a substantial overall warming of the trop-
ical Pacific in response to increased CO2 is indicated in
the recent coupled model studies of Knutson and Man-
abe (1995), Mitchell et al. (1995), Tett (1995), and
Meehl and Washington (1996). In contrast, Clement et
al. (1996) have argued that the influence of ocean dy-
namics could actually cause eastern tropical Pacific
SSTs to cool in response to a uniform positive heating
(see also Cane et al. 1997). The Clement et al. study

was based on the response of the Cane–Zebiak model
(Zebiak and Cane 1987). In that model, the temperature
of equatorial upwelled water is held fixed, whereas in
reality the CO2-induced warming at higher latitudes
should lead to a warmer thermocline after a delay of a
few decades.

In a related study, but where the thermocline tem-
perature was allowed to vary, Seager and Murtugudde
(1997) analyzed the response of a regional (308N–308S)
Pacific ocean GCM–atmospheric mixed layer model to
a uniform surface heating. Since the winds in their mod-
el were externally specified, ocean–atmosphere coupling
through wind stress feedback was not included. They
found warming everywhere, although the warming of
the equatorial Pacific was reduced in the presence of
varying ocean heat transport (but constant winds). In
contrast, in our R30 coupled model, the wind-driven
equatorial upwelling is reduced (Fig. 10c) leading to an
enhancement of the equatorial warming in the coupled
model relative to our R30 mixed layer ocean experiment
(Figs. 10a and 10d). We note that even neglecting ocean
dynamics, the response of our R30 atmosphere–mixed-
layer ocean model is quite different from the response
of Seager and Murtugudde’s atmospheric mixed-layer–
ocean mixed layer model (compare our Fig. 10d vs their
Fig. 7). This suggests that the atmospheric model com-
ponents are an importance source of differences between
our results and those of Seager and Murtugudde. There
are many differences between our R30 atmospheric
GCM and their atmospheric mixed-layer model, which
could potentially be quite important in the context of
climate change experiments. For example, their model
uses externally specified winds, solar radiation, and
cloud cover, and it does not model processes above the
atmospheric mixed layer nor require the climate system
to be in a state of global energy balance at the top of
the atmosphere. Finally, in their experiments a spatially
uniform heating perturbation is imposed, whereas the
radiative forcing due to increased CO2 is not spatially
uniform but larger in the eastern Pacific than in the west
(e.g., Mitchell et al. 1995). How Seager and Murtu-
gudde’s results would be affected by use of a less sim-
plified atmospheric model component or a more spa-
tially varying imposed heating remains to be seen.

5. Pacific triangular region indices

In the previous sections the internal decadal vari-
ability and CO2-induced trends in the R30 coupled mod-
el Pacific region were examined and compared with
observed variability. A broad triangular-shaped region
of the tropical Pacific (TPAC) was identified as an im-
portant region with regard to both decadal variability
and the longer-term trends. In this section, simulated
and observed timeseries over the TPAC region are ex-
amined in more detail.
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FIG. 11. (a)–(c) TPAC indices, based on area-averaged SST over the region of the Pacific encompassed by the dark line in Fig. 1. The
index is shown for the (a) R15 coupled model control experiment, first 120 yr; (b) R30 coupled model control experiment; and (c) observations.
The three dashed lines superimposed on (c) are the linear trends for annual mean series over the periods 1900–95, 1949–95, and 1971–95.
The two darker curves labeled (d) are TPAC indices from two R15 coupled model CO2 1 aerosol experiments starting in 1765 from slightly
different ocean initial conditions. The thin dashed line superimposed on them is the observed TPAC index, repeated from (c). The model
and observed anomalies in (c) and (d) are deviations from the respective time means for the period 1880–1920. The TPAC indices were
constructed using the same domain for the models and observation except for slight modifications due to differences in the data grid
boundaries. All curves have been low-pass filtered to remove most of the variance on timescales less than 7 yr (see the appendix).

a. Assessment of trends versus internally generated
variability

Figure 11c shows the observed TPAC index (.7-yr
filtered), based on the MOHSST6 dataset of Parker et
al. (1995) updated through February 1996. This area-
averaged time series is based upon the available obser-
vations at each time period; missing data periods have
not been reconstructed as with the GISST2 or Kaplan
et al. SST datasets. The time series shows an upward
trend from the early 1900s to the early 1940s followed
by several decades with little trend, followed by a re-
sumed upward trend beginning in the mid-1970s. The
linear trend in the annual mean TPAC index is 0.418C
(100 yr)21 for the entire 96-yr period (1900–95), 1.28C
(100 yr)21 for the relatively data-rich years 1949–95,
and 2.98C (100 yr)21 for the most recent 25 yr (1971–
95). These are illustrated by the three dashed lines su-
perimposed on the thick curve in Fig. 11c.

The R30 coupled model TPAC index (Fig. 11b) de-
picts decadal variability that is greater in amplitude than
that in the R15 coupled model (Fig. 11a). This is con-
sistent with the R15 model’s weaker composite decadal
variability pattern noted earlier. The R30 model’s in-
ternal fluctuations appear more representative of the ob-
served variability curve in terms of typical amplitude
(;0.38C) than do the R15 model’s fluctuations. In par-
ticular, the TPAC index from the R30 control run depicts
some episodes that appear at least somewhat similar in
duration and magnitude to the warming from the mid-
1970s to the mid-1990s in the observed TPAC index.
However, estimating the true level of internal variability
in the observations is problematic, since the variability
in the observed curve (Fig. 11c) presumably is due to
not only internal climate processes, but also to various
external forcings (greenhouse gases, sulfates, volcanoes,
solar variability, etc.) that are not simulated in the model
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FIG. 12. (a) Simulated fractional occurrence rate of least squares linear trends as a function of interval length in years for a 2.898C (100
yr)21 trend based on R15 and R30 model-simulated TPAC indices. This trend occurred in the observed annual-mean TPAC index over the
most recent 25-yr period from 1971 to 1995 (see ‘‘observed duration’’ indicator on diagram). Occurrence rate results are shown for the R15
model (with unadjusted and adjusted variance) and the R30 model (unadjusted). See text for further details. (b) As in (a) but based on the
adjusted R15 model series only for all three observed trends: 2.898C (100 yr)21 (25-yr duration), 1.178C (100 yr)21 (47-yr duration), and
0.418C (100 yr)21 (96-yr duration).

control runs. Therefore, we cannot definitively conclude
that R30 model gives a better representation of the real
internal variability than the R15 model. However, the
results in Figs. 11a–c and 4 strongly indicate that the
observed decadal variability is closer in amplitude to
the R30 model’s simulated internal variability than to
that of the R15 model.

We now address the question of whether the observed
TPAC trends (1900–95, 1949–95, and 1971–95) are
quantitatively consistent in magnitude and duration to
that expected due to internal climate variability alone,
using the model estimates of internal variability. If not,
then our analysis would indicate that some combination
of the external forcings is contributing to the observed
trends. The method we use to assess the trends is to
calculate the frequency of occurrence of trends of a
given magnitude and duration generated in the climate
model control run and compare this with the observed
trend durations. This approach has been used for global
surface temperature by Stouffer et al. (1994). The tech-
nique requires a long simulation, with many temporal
degrees of freedom or independent trend realizations.
Since we want to assess trends as long as a century in
duration, we must rely on the R15 coupled model, since
a multithousand-year record is not available for the R30
coupled model. The 2000-yr record of TPAC region SST
from the R15 model control has a very slight long-term
trend [20.078C (1000 yr)21]; this trend is removed from
the series before performing the assessment results de-
scribed below, although not removing the trend has little
impact on the assessment results.

In Fig. 12a is the model-based assessment for the
observed trend of 2.98C (100 yr)21 over the most recent
25 yr (1971–95). Following Stouffer et al. (1994), least
squares linear trends are computed for all subseries of
sequential years of a given length (e.g., for the 20-yr
interval length, trends are computed for model years 1–
20, 2–21, etc.). The distribution of the resulting trends
is then plotted, for each interval length, in terms of the
fraction of occurrence of trends (positive or negative)
exceeding the magnitude of the observed trend [2.98C
(100 yr)21]. The dark solid line shows the simulated rate
of occurrence of such trends in the 120-yr R30 control
integration. No trend of 2.98C (100 yr)21 or more lasts
longer than 20 yr in the R30 model, although the sim-
ulated record is too short to draw any firm conclusions.
The curve labeled ‘‘R15 model—no adjustment’’ shows
the result using a 2000-yr integration of the R15 model.
The occurrence rate lies below 0.01 for intervals of 19

yr and longer, compared with the 25-yr duration of the
observed trend.

A distinctive feature in Figs. 12a is that the R15 (no
adjustment) curve is systematically shifted to the left of
the R30 curve. As noted earlier (Figs. 11a and 11b) the
internal variability in the R30 TPAC region is substan-
tially larger than that in the R15 model and is closer to
the observed decadal variability (although as mentioned
above the observed series also contains noninternal vari-
ability). To illustrate the effect of the difference in vari-
ability in the models on the assessment results, the R15
model time series was adjusted by the ratio of the R30
.7-yr standard deviation to the R15 .7-yr standard
deviation (a factor of 1.39), and the assessment repeated.
The results, labeled ‘‘R15 model—with adjustment’’ in
Fig. 12a, are in much closer agreement with the R30
model results (dark curve). These results suggest that
the R15 model (with the 2000-yr available record) can
be adjusted to mimic the R30 model fairly closely by
scaling the anomalies as above. Although this procedure
is ad hoc, we believe that the adjusted R15 series de-
scribed above is likely to be more realistic than the
unadjusted series. In addition, the results using the ad-
justed series are more conservative with regard to trend
detection (i.e., one is less likely to conclude that a given
observed trend is outside the range of internal vari-
ability). Therefore, for the assessments of the longer
observed trends (47 and 96 yr) where the R30 model
integration is clearly too short to use, we rely exclu-
sively on the adjusted 2000-yr R15 model series.

In Fig. 12b are the results of the analysis, using the
adjusted R15 series, for all three observed trends (i.e.,
25-, 47-, and 96-yr periods ending in 1995). The results
indicate that for all three of the cases, the observed trend
in the TPAC index is highly unusual in the context of
the model’s internally generated variability. Based on
all possible 25-consecutive-yr samples in the 2000-yr
run, the fractional rate of occurrence of a trend of [2.98C
(100 yr)21] was 0.0030; for 47-yr periods [1.28C (100
yr)21] the occurrence rate was 0.0026; and for 96-yr
periods [0.418C (100 yr)21, the occurrence rate was zero
in the sample, with no trend of that magnitude lasting
longer than 85 yr. These sampled occurrence rates sug-
gest that it is very unlikely that the observed trends are
entirely due to natural internal variability, assuming the
adjusted model-generated internal variability is a real-
istic representation of that expected for the real climate.

Our conclusions are similar to, though apparently not
as statistically significant as, those of Stouffer et al.,
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who found no evidence that the R15 model could gen-
erate a trend in global surface air temperature as large
as 0.58C (100 yr)21 for intervals longer than about 60
yr, in comparison to the 110-yr duration of their ob-
served global trend. The apparently greater statistical
significance of their result compared with ours is likely
due to the fact that as smaller regions are considered
(i.e., TPAC vs global), the variability in the series tends
to increase; thus, the signal to noise ratio is smaller for
the smaller region, making it harder to statistically dis-
tinguish a sustained climate change from the natural
variability. In addition, the TPAC trend of 0.418C (100
yr)21 is somewhat smaller than the global surface air
temperature trend (0.58C 100 yr21) considered by Stouf-
fer et al. (1994).

Although global SSTs are not shown in Fig. 11, many
of the features in the TPAC indices are reflected in the
global average SST, for both model and observations.
For example, the correlations between the TPAC index
and global SST (.7-yr filtered) are 0.75, 0.77, and 0.77
for the observed, R30, and R15 data, respectively. These
correlations suggest that fluctuations in global SST
could be notably influenced by the TPAC region (or
vice versa). An examination of the relationship between
Pacific decadal variability and global SST variability
(e.g., along the lines of Zhang et al. 1997) is beyond
the scope of the present study, although the R30 model
shows promise as a tool for addressing such issues in
a future study.

b. Simulated CO2 1 aerosol warming

The possible role of anthropogenic forcing in the ob-
served TPAC region trends is now explored. For this
purpose, two simulations of twentieth-century climate
change forced by anthropogenic sulfate aerosols and
greenhouse gases are examined (Haywood et al. 1997).
The CO2 1 aerosols forcing in these experiments rep-
resents only an estimate of the actual total radiative
forcing change over the period, with many other po-
tential forcings, such as indirect effects of aerosols upon
the radiative properties of clouds, being poorly con-
strained at present (Schimel et al. 1995). Despite the
large uncertainties in the forcing by aerosols, in the
sensitivity of climate to thermal forcing, etc., these ex-
periments appear to simulate the global mean surface
air temperature change during this century quite well,
which is why we have chosen to analyze the tropical
SST changes from this experiment in our present study.

The dark solid and dark dotted curves in Fig. 11d
show two realizations of the experiment that use the
same model and radiative forcing, but begin in 1765
from slightly different ocean initial conditions. The
years shown correspond to 1900–2020. Note that the
thin dashed line in Fig. 11d is the observation for the
TPAC region and is repeated from Fig. 11c. There is
fairly good agreement between the observed TPAC in-
dex and the simulations. Both of the CO2 1 aerosol

simulations in Fig. 11d indicate a relatively gradual
warming through the first half of the twentieth century,
followed by a much more rapid warming (;0.28C per
decade) from around the 1960s through 2020. [For com-
parison, the warming rate in the R30 coupled model for
the 11% (yr CO2)21 forcing experiment without aer-
osols is about 0.38C per decade, or roughly equivalent
to the observed trend over the years 1971–95.] Note
that the unusually pronounced TPAC region warm
anomalies observed in the 1980s and 1990s, which are
unprecedented in the available SST records, are close
to the thermally forced warming level for those decades
as simulated in the CO2 1 aerosol experiments. The
pronounced observed warming beginning in the mid-
1970s also coincides roughly in time with the apparent
onset of the accelerated anthropogenic warming trend
in the simulations.

The internal multidecadal variability in the R15 mod-
el apparently creates a somewhat different low-fre-
quency evolution in the experiments, particularly from
the 1940s through the 1970s. For example, one exper-
iment (solid) shows a fairly pronounced cooling from
about 1950 to 1970, with a more rapid warming trajec-
tory apparently beginning around 1970. In the other
experiment (dotted), the apparent transition to the more
rapid warming trajectory is more gradual and appears
to begin in the mid-1950s. If the R15 model is any guide
to the relative roles of internal decadal variability and
thermally forced warming in this region, then the results
imply that the transition between more gradual and more
rapid thermally forced warming in the real TPAC region
could be difficult to identify precisely using this index
because of the confounding effects of natural variability.

The more rapid warming rate in both experiments
after about 1970, if it occurs in the real world, should
lead to a situation where the thermally forced ‘‘signal’’
begins to clearly rise above the internal variability
‘‘noise’’ (as estimated above) within the next few de-
cades. Whether this actually occurs or not will depend
on the numerous assumptions made here, including the
estimated levels of natural variability, the climate sen-
sitivity of the real world, and the role of other radiative
forcings (indirect aerosol effects, volcanic activity, solar
variability, etc.) not included in these experiments.

There is little similarity between the spatial pattern
of the observed trends (Figs. 1 and 4a) and the Pacific
SST trend map from the R15 CO2 1 aerosol experiment
(not shown). For example, while the observed trends
show a cooling in the extratropical North Pacific, the
R15 simulated trend patterns (for 1903–94) show a
slightly enhanced warming in that region compared to
the tropical Pacific. On the other hand, as mentioned
previously, details of the CO2-only warming pattern dif-
fer substantially between the R30 and R15 models. Be-
cause of this apparent sensitivity of the thermally forced
patterns to model resolution, we have chosen to present
here only a preliminary analysis of the R15 model CO2

1 aerosol response, based on the TPAC region alone.
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A more detailed analysis, including a comparison of the
spatial patterns, will be attempted once a comparable
R30 CO2 1 aerosol experiment is available.

6. Summary and conclusions

In this report, we have explored possible mechanisms
for observed decadal variability and trends in Pacific
SSTs over the past century, including the distinctive
triangular-shaped pattern of warm anomalies found in
the tropical and subtropical Pacific from the late 1970s
through the present. We have used the Geophysical Flu-
id Dynamics Laboratory global coupled ocean–atmo-
sphere model to simulate both internal decadal vari-
ability and the response of the Pacific region to increased
CO2 or to the estimated forcing of CO2 and aerosols
combined.

a. Decadal variability—Simulated versus observed

The leading mode of decadal internally generated
variability in the R30 model control run (defined in
terms of EOF1 of .7-yr filtered, detrended data) is sim-
ilar in amplitude and pattern to the observed decadal
variability, similarly defined, as contained in the
GISST2 dataset. These observed and simulated decadal
variability patterns also closely resemble the observed
trend in Pacific SSTs in recent decades (1949–94). The
model’s internal decadal variability appears to have a
similar tropical delayed oscillator mechanism to that on
the ENSO timescale, based on the pattern and time evo-
lution of the model’s subsurface heat content and surface
wind anomalies. The westward phase propagation of
heat content anomalies is slower and centered slightly
farther from the equator (;128 vs 98N) for the simulated
decadal variability compared to the simulated ENSO
variability. This may provide at least a partial expla-
nation (following Kirtman 1997) for the longer time-
scale (vs ENSO) of the simulated decadal phenomenon.
The preferred timescale of the model’s internal decadal
events is ;12 yr, based on the 120-yr sample available
from the R30 model. The warm tropical phase of the
decadal SST variability is accompanied by cool anom-
alies, particularly in the north-central extratropical Pa-
cific. An analysis of SLP and the model’s surface heat
budget suggests that these extratropical SST cool anom-
alies are a remote response to the tropical SST anomalies
via an ‘‘atmospheric bridge.’’ On the decadal timescale,
the extratropical atmospheric surface wind anomalies
appear to induce a local SST cooling in part by modi-
fying the three-dimensional ocean near-surface current
structure that results in anomalous advective cooling.
This is in distinct contrast to the model’s ENSO time-
scale variability, where the extratropical cooling is pro-
duced mainly by surface heat flux anomalies.

b. Simulated CO2-warming pattern

The pattern of CO2-induced Pacific warming in the
higher-resolution (R30) model has a broader, more tri-
angular shaped structure and emerges from the model’s
internal variability more quickly (;50 yr) than the trop-
ical Pacific warming pattern simulated in the lower-res-
olution (R15) model analyzed by Knutson and Manabe
(1995). By comparing the R30 coupled model pattern
to that from an R30 experiment with a simple mixed
layer ocean, the interactive ocean dynamics is seen to
produce decreased upwelling and a locally enhanced
warming over the central and western equatorial Pacific.
Apart from that feature, much of the triangular structure
in the R30 coupled model’s Pacific warming pattern is
also present in the mixed layer model and thus appar-
ently does not depend crucially on interactive ocean
dynamics. Although several mechanisms appear to con-
tribute to these features of the models’ response, the
overall change can be characterized as a slight CO2-
induced decrease in the Walker circulation and Pacific
trade wind system, as found for the R15 model by Knut-
son and Manabe (1995). The R30 coupled model’s CO2-
induced warming pattern shows some similarity to the
simulated internal decadal variability (rxy 5 0.55), al-
though a clear distinction is that the model’s CO2-in-
duced pattern is more spatially uniform and is of one
sign (positive) over the entire Pacific domain. The sim-
ilarity in the model trend and decadal variability patterns
suggests (by analogy) that in the real world, the CO2-
induced warming might be expected to share some spa-
tial characteristics with the observed decadal variability.
This could complicate efforts to distinguish between a
CO2-induced warming and natural decadal variability
on the basis of the SST patterns alone.

c. Interpretation of observed trends

A trend map for observed SSTs from 1949 to 1994
shows warming in a broad triangular-shaped region cen-
tered in the tropical Pacific (TPAC region), flanked by
cooling trends in the extratropical Pacific. The century-
scale trend (1900–94) in the GISST2 data indicates
warming over most of the Pacific, with only a few
regions of cooling—located away from the equatorial
Pacific—and a relatively pronounced warming in the
TPAC region. The century-scale trend should be con-
sidered less reliable than the 1949–94 trend since the
SST reconstruction is less reliable for the pre-1949 pe-
riod. An index of observed SST averaged over the TPAC
region indicates warming trends of 10.418C (100 yr)21

since 1900, 11.28C (100 yr)21 since 1949, and 12.98C
(100 yr)21 since 1971. The simulations of internal vari-
ability presented here show examples of periods resem-
bling the observed trend of the last 25 yr, indicating
that natural variability potentially could have accounted
for much of the warming in the region in recent decades.
However, a quantitative comparison of simulated and
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observed trends indicates that the durations of the ob-
served trends are highly unusual in the context of model-
generated internal variability for the region. All three
of the observed trends mentioned above have occur-
rence rates of less than 0.5% in an adjusted 2000-yr
record of internal variability from a low-resolution cou-
pled model. The observed trend since 1900 [0.418C (100
yr)21, 96-yr duration] is the most unusual, with the lon-
gest simulated trend of that magnitude lasting only 85
yr. These results suggest that the TPAC region trends
are not entirely attributable to natural internal variability
alone but may have resulted in part from a sustained
thermal forcing, such as that due to greenhouse gases,
aerosol loading, or solar variability. Our assessment of
recent tropical Pacific SST changes as highly unusual
and our model’s weaker Walker circulation in response
to increased CO2 are reminiscent of Trenberth and
Hoar’s (1996) conclusion that the recent Southern Os-
cillation behavior is unlikely to have been a result of
natural variability alone.

To quantitatively assess of the potential role of ther-
mal forcing in the warming of the TPAC region over
the past century, we have examined two low-resolution
(R15) model simulations forced with estimated past con-
centrations of greenhouse gases and tropospheric sulfate
aerosols, as these experiments appear to simulate
changes in global temperature over the past century
quite well (Haywood et al. 1997). The TPAC indices
from these simulations track the observed TPAC index
fairly well. The pronounced warm anomalies observed
in the TPAC region during the 1980s and 1990s, which
are unprecedented in the available SST records, are
close to the thermally forced warming level for those
decades as simulated in the CO2 1 aerosol experiments.
Thus, these results suggest that essentially all of the
recent TPAC region warming could potentially be at-
tributable to thermal forcing.

At present, we are not able to determine what fraction
of the observed eastern tropical Pacific warming is ac-
tually due to natural variability or to thermal forcing.
The observed cooling trends in the extratropical North
Pacific (Fig. 1) are not evident in the thermally forced
trend field in our CO2 1 aerosol simulations. Rather,
these cooling trends may be related to the R30 model’s
internal decadal variability described here or to extra-
tropical multidecadal variability similar to the EOF2
mode of Deser and Blackmon (1995). However, it is
difficult to infer how much of the recent tropical warm-
ing is due to natural variability based upon the extra-
tropical North Pacific cooling, since some forms of
North Pacific variability (such as the internal decadal
variability described in this report, or EOF1 of Deser
and Blackmon) are strongly linked to the Tropics while
other forms (e.g., EOF2 of Deser and Blackmon) appear
not to be. In addition, similarities in the spatial structure
of our model’s internal decadal variability and CO2-
warming patterns complicate the use of pattern-based
techniques such as conventional EOF analysis to dis-

tinguish natural variability and thermally forced signals
over the Pacific region.

In summary, our model results indicate that the ob-
served warming trend in the eastern tropical Pacific is
not likely to be solely attributable to internal (natural)
climate variability. Instead, it is likely that a sustained
thermal forcing, such as the increase of greenhouse gas-
es in the atmosphere, has been at least partly responsible
for the observed warming.
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APPENDIX

Time Filter Design

To separate variability associated with El Niño–
Southern Oscillation (ENSO) from decadal- and longer-
scale variability, a 73-weight finite impulse response
low-pass filter with a Chebyshev window was applied
to the data after removal of the mean seasonal cycle.
This filter was designed using the MATLAB digital filter
design software. The filter has a magnitude response at
3, 5, 7, 10, and 20 yr of 0.03, 0.3, 0.6, 0.8, and 0.94,
respectively. In designing the filter to have both a de-
sirable frequency response curve with a minimal loss
of data at the ends of the record, a 30-dB ripple was
allowed. This compromise resulted in some residual
high-frequency noise in the filtered data that was sup-
pressed using a separate application of a 5-month run-
ning mean filter. The same filtering technique was ap-
plied to both observed and model data. The low-pass
filter is very roughly equivalent to a 5-yr running mean
filter (although without many of the undesirable fre-
quency response features of such a filter). Thus the in-
dividual ‘‘events’’ in our composites are roughly equiv-
alent to 5-yr averages centered on the composite dates.

The choice of 7 yr as the approximate dividing line
between ENSO and decadal variability is somewhat ar-
bitrary and is based on examination of the spectra of
the first principal components for both the model and
observed detrended monthly anomalies. The observed
SST spectra has the strongest peaks at about 5 and 3.5
yr, with a smaller peak at about 12 yr. The R30 model
spectra have the strongest peaks at about 12 and 7 yr,
with a smaller peak at about 4 yr. A separate spectral
analysis for 10 separate 92-yr segments of a 1000-yr
R15 coupled model experiment showed a strongest ‘‘av-
erage’’ peak at about 12 yr but with considerable scatter
in the location and magnitude of the spectral peaks
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among the separate 92-yr segments. This suggests that
the detailed structure of the observed and R30 spectra
probably should not be interpreted too literally on the
basis of only a century-long record. We conclude that
for the purpose of our analysis, 7 yr is a reasonable
dividing line between the ‘‘conventional wisdom’’
ENSO timescale (roughly 2–6 yr) and the longer-scale
variability, although the true timescale of ENSO appears
to still be an open question. As for the real world, the
timescale of internal Pacific variability is still uncertain,
since the contribution of external forcing to the observed
decadal- to century-scale variability cannot yet be un-
ambiguously distinguished.

As a test of the sensitivity of our results to the choice
of filter bands, we repeated the composite analysis using
a second filter that used 241 weights and had a mag-
nitude response at 5, 7, 10, and 20 yr of 0.003, 0.06,
0.51, and 0.99, respectively. Using this lower-pass (.10
yr) filter, the compositing procedure selects fewer events
(two warm and two cold cases), but the composite
warm–cold anomalies are similar to those for the larger
set of events obtained using the .7-yr filter.
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