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Abstract:

Two popular reconstructions of observed sea surface temperature, HadISST1 and NOAA
ERSST (recently released version 3), are analyzed to clarify the evolution of the equatorial
Pacific zonal SST gradient over the period 1880-2005. A brief survey of recently published
analyses illustrates the widespread disagreement over the observed change in the SST gradient,
which has implications for its projected response to global warming. Differences exist between
the two reconstructions, but our straightforward analyses show that the observations allow us to
be confident of three things: (1) the western equatorial Pacific has been warming, (2) the eastern
equatorial Pacific has not been warming as much as the west, and (3) the equatorial Pacific zonal
SST gradient has not been weakening. Rather, the observations suggest that the mean SST in the
eastern equatorial Pacific has remained quite steady. Remaining uncertainties, however, prohibit
making a stronger statement such as that the SST gradient has been strengthening.

The observational results are compared with and discussed in the context of IPCC AR4
model simulations of the twentieth century climate and beyond. Five of the six models analyzed
indicate a strengthening of the zonal SST gradient over the 20™ century, while the GFDL CM2.1
exhibits a substantial weakening of the zonal SST gradient caused by a large warming in the east.
Beyond the 20" century, there is no convergence of results among the six models regarding the

response of the zonal SST gradient to a continued increase of atmospheric CO, concentration.
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1. Introduction

The basic pattern of sea surface temperature (SST) in the equatorial Pacific Ocean is
characterized by a vast warm pool in the west, and a relatively narrow band of cold surface water
extending westward from the coast of South America. The result is a rather linear zonal SST
gradient of roughly -0.04°C per degree longitude (Figure 1). Variations in this pattern, which
occur strongly on interannual and decadal timescales, cause measurable climate variations
around the world transmitted through the large-scale atmospheric circulation. During the
twentieth century, the Earth was subject to unprecedented radiative forcing driven by rising
anthropogenic carbon dioxide emissions. If rising greenhouse gases cause a change in the
equatorial Pacific zonal SST gradient, it will impact the pattern of associated global climate
change. A change of just a fraction of the zonal SST gradient is important because the Dust
Bowl in the 1930s and other major droughts were caused by persistent changes in the SST
gradient by such amounts (Schubert et al. 2004a, b; Seager et al. 2005, Herweijer et al. 2006).
Therefore, it is worth examining equatorial Pacific climate change over the past century,
particularly its response to radiative forcing and how well the response is represented in models
used for future climate change projection.

Unlike models, nature has only one realization, and there are three possibilities as to what
that realization has been. Either (1) the SST gradient has been strengthening, (2) trends in SST
have been zonally uniform and thus the SST gradient has not been changing, or (3) the SST
gradient has been weakening. What prevents universal agreement upon nature’s single
realization is the fact that observations of nature are imperfect. Several attempts have been made
at characterizing twentieth century changes in the equatorial Pacific zonal SST gradient using

observations. Using the Kaplan et al. (1998) SST data set, which is based on monthly anomalies
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from the United Kingdom Meteorological Office historical SST data set MOHSSTS (Parker et al.
1994), Cane et al (1997) and Cane (2005) showed that the linear trend in the east-central
equatorial Pacific SSTs from 1900-1991 is negative (cooling), while in the western equatorial
Pacific the trend is positive (warming), and thus the zonal SST gradient is strengthening. The
analysis of Latif et al. (1997) of the GISST data set (Rayner et al. 1996), based on a newer
version of the data set of historical SST observations MOHSST®6, indicated that the linear trend
in SST between 1949-1991 is highly uniform within 10° latitude of the equator, with the
exception of a localized relative minimum warming (but not cooling) at 140°W. The results of
Latif et al. (1997) therefore suggest no change in the zonal SST gradient. More recently, Liu et
al. (2005) analyzed the HadISST1 data set (Rayner et al. 2003) and showed greater warming in
the eastern equatorial Pacific than in the west over 1940-2000, and claimed that similar results
could be obtained with other data sets, including the Kaplan et al. (1998) data set. Liu et al.
(2005) therefore suggests a weakening of the zonal SST gradient.

Finally, Vecchi and Soden (2007) compared maps of the linear trends from the
HadISST1, Kaplan et al. (1998), and NOAA Improved Extended Reconstruction of SST version
2 (NOAA ERSST v.2; Smith and Reynolds 2004) data sets over 1880-2005. HadISST1 and
Kaplan et al. (1998) indicated weak cooling (approx. -0.25°C per 125 years) in the eastern and
central equatorial Pacific, and warming (approx. 0.5°C per 125 years) in the western equatorial
Pacific. In contrast, NOAA ERSST v.2 indicated strong warming in the eastern and central
equatorial Pacific (up to 1°C per 125 years), and much weaker warming (~0.25°C per 125 years)
in the western equatorial Pacific. Therefore, based on the spatial maps of linear trends in Vecchi

and Soden (2007), the HadISST1 and Kaplan et al. (1998) reconstructions would seem to be
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consistent with a strengthening of the zonal SST gradient, while the NOAA ERSST v.2
reconstruction suggests a weakening of the zonal SST gradient.

Despite the perceived importance of the distinction, there remains considerable
disagreement on the response of the equatorial Pacific zonal SST gradient over the twentieth
century to global warming. Mechanistic theories have been constructed to explain or justify both
a strengthening SST gradient (e.g., Clement et al. 1996) and a weakening SST gradient (e.g.,
Held and Soden 2006). Which of these mechanisms dominates the response is important to
climate change because the former implies a delayed response on the timescale, potentially
decadal or longer, over which the temperature of the water upwelled at the equator adjusts to the
surface warming. Determining the nature of the response is difficult because of inconsistencies
among aspects of the observational analyses of the twentieth century evolution of the mean state
of the equatorial Pacific Ocean. To date, no attempt has been made to summarize what general
conclusions of climatic importance can and cannot be safely extracted from the observations.
Trends computed over different temporal periods can be difficult to interpret, and the use of
spatial maps of linear trends can potentially mask some important aspects of the variability. The
aim of this note is to provide a simple and uniform analysis of the twentieth century evolution of
the equatorial Pacific zonal SST gradient using minimal temporal filtering, minimal dependency
on such choices as spatial domains over which to average variables, and disclosure of the time
evolution of the data behind such statistics as linear trends. Section 2 briefly describes the data
sets and analysis methods used, and Section 3 is a presentation of the results, including
comparisons with coupled models forced by observed and projected greenhouse gases. The

paper concludes in Section 4 with a summary and discussion.
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2. Data and methodology
a. Data sets and models

In this paper, we focus on tropical Pacific SSTs from the 1880s to the 2000s. For SSTs
beginning in the late 1800s, we use two popular data sets: the U.K. Hadley Centre sea ice and
temperature data set version 1 (HadISST1; Rayner et al. 2003), and the recently released NOAA
Improved Extended Reconstruction of SST version 3 (NOAA ERSST v.3; Smith et al. 2008).
HadISST1 replaced GISST version 2.3b in 2002, and NOAA ERSST v.3 very recently replaced
NOAA ERSST v.2 (Smith and Reynolds 2004). Of the handful of SST reconstructions presently
used within the climate community, we have chosen the Hadley Centre and NOAA data sets
because they differ significantly in their analysis methods and bias corrections to the
observations, and because they have been shown to produce very different portrayals of the
historical evolution of the equatorial Pacific zonal SST gradient (e.g., Vecchi and Soden 2007
who used the now superseded NOAA ERSST v.2). However, no such analyses using the NOAA
ERSST v.3 data set have been presented to date. For comparison with modern SST, we use the
satellite and in situ-based NOAA Optimal Interpolation version 2 (NOAA OI v.2; Reynolds et al.
2002). The NOAA OI v.2 is based on in situ (ship and buoy) and satellite derived SSTs, and is
widely considered to be the best SST product covering the 1980s to the present.

In the following section, we also compare our observational results with outputs from a
handful of coupled general circulation models (CGCMs) included in the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC AR4). We analyze six
CGCMs, which were chosen based on the criterion that the ocean components of the CGCMs
should be of reasonably high spatial resolution (~1°). These models are the NCAR CCSM3.0,

NOAA GFDL CM2.0 and CM2.1, U.K. Met Office HadCM3 and HadGEM 1, and the University
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of Tokyo CCSR MIROC3.2h (Table 1). For comparison with the observational reconstructions,
we analyze the first two available runs of the Climate of the 20" Century experiment (20C3M),
which is an experiment initialized at a stable pre-industrial state, and forced by the historical
record of greenhouse gases, aerosols, volcanoes, and solar forcing. The exception is that only
one 20C3M run from the MIROC3.2h is available.

To illustrate what these six CGCMs project for the future, we also show their results from
the A1B scenario of the IPCC Special Report on Emissions Scenarios (SRES-A1B). The SRES-
AI1B scenario is thought to be a ‘middle of the road’ scenario in terms of CO, emissions,
corresponding to low population growth, very high GDP growth, very high energy use, low land-
use changes, medium resource availability, and rapid introduction of new and efficient
technologies. In the SRES-A1B experiments, the CGCMs were initialized with the end of the
20C3M experiments and integrated through the twenty first century with atmospheric CO,
concentration increasing approximately linearly to 720 ppm (roughly equivalent to a doubling of
the CO; present in the year 2000). Beyond the year 2100, CO, was held fixed at 720 ppm. We
analyze the single available SRES-A1B run from each model from January 2001 through
December 2199, with the exception that outputs from the CCSM3.0 and MIROC3.2h are only
available through the year 2099. All model outputs were obtained from the World Climate
Research Program (WCRP) Climate Model Intercomparison Project 3 (CMIP3) Multi-Model

database (https://esg.llnl.gov:8843).

b. Analysis methods
Our analysis methods are quite simple. We first aim to characterize changes in the

climatically important features of the mean state of the equatorial Pacific Ocean. Figure 1 shows
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the long-term mean SST field of the tropical Pacific Ocean, and two boxes over which spatial
average SST indices are computed. The two boxes, which are both of equal size and centered on
the equator, capture the bulk of the climatically important features at the extrema of the zonal
SST gradient: the western Pacific warm pool and the eastern Pacific cold tongue. Beginning
with the monthly mean data from the reconstructions and model outputs, decadal mean SST
indices are generated for both regions. Here we analyze total SST values, thus avoiding potential
problems associated with choosing a climatology for computing monthly anomalies.

In addition to defining the western and eastern SST indices, we quantify the zonal SST
gradient. We employ a method that utilizes the data available at all longitudes of the equatorial
Pacific Ocean, which yields a quantity more aptly defining a gradient, without the traditional
dependency on the exact bounds of the boxes used in spatial averaging. Note that a gradient
minimizes the effect of systematic data corrections that may affect a time series at a single
location. The method of calculating the zonal SST gradient is illustrated graphically in Figure 1
(right panel). An equatorial SST SSTgq is computed at each longitude by averaging SST
between 2.5°S and 2.5°N. Next, a line is fit to SSTgo(x) between 140°E and 80°W using the
least-squares method. The slope of that line defines the zonal gradient of equatorial SST across

the Pacific Ocean.

3. Results
a. Observations

Shown in Figure 2 are the time series of decadal mean SST in the western and eastern
equatorial Pacific from HadISST1 and NOAA ERSST v.3. In the west (left column), the two

reconstructions are in close agreement, including interdecadal variability (correlation 0.84). Also
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shown as triangles on the time series in Figure 2 are index values computed from NOAA OI v.2
(matching periods and domains). In the west, HadISST1 is reasonably close to NOAA OI v.2 in
the 1990s and 2000s (within 0.1°C), and NOAA ERSST v.3 is a near-perfect match to NOAA OI
v.2. In both reconstructions, a positive trend is evident and significant at the 90% confidence
level, which is not affected by omitting data prior to 1900. The magnitude and significance of
trends are listed in Table 2. Based on the data, one can conclude that SST in the western
equatorial Pacific has been significantly warming over the twentieth century, which does not
contradict any previously published analysis of observations known to the authors.

In the eastern equatorial Pacific (Figure 2, right column), there is less agreement between
the reconstructions (correlation 0.68). There is agreement, in terms of absolute SST, in the
middle of the twentieth century (the 1940s through the 1970s), but before (after) that period
NOAA ERSST v.3 is generally colder (warmer). Strongly manifest in both reconstructions is the
so-called climate shift of 1976-1977 (e.g., Trenberth 1990) which, in addition to a warmer
overall equatorial SST, included a transition into a multidecadal period of increased frequency of
El Nifio events. Despite the large signal of the climate shift (~0.5°C in the mean absolute SST),
the HadISST1 reconstruction shows no significant trend over 1880-2005. However, because of
the shift, computing linear trends over the latter half of the twentieth century (cf. Latif et al.
1997, Liu et al. 2005), emphasizes the warming in the east. In contrast, the NOAA ERSST v.3
reconstruction shows a significant warming trend in the east over the period 1880-2005 (0.03°C
per decade), which is nevertheless smaller than the trend in the west (0.05°C per decade).
Further, while the NOAA ERSST v.3 reconstruction is in near-perfect agreement with NOAA OI
v.2 during the 1990s and 2000s in the west, it exhibits a warm bias in the east (~0.2°C). This

warm bias has a substantial effect on a linear trend fitted to the time series. If we replace the
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decadal mean SST computed from NOAA ERSST v.3 in the 1990s and 2000s with that
computed from NOAA OI v.2 (i.e., the triangles), the trend reduces to 0.0203°C per decade,
which is not significant at the 90% confidence level. This fact, coupled with the lack of a
significant trend in HadISST1, merits the conclusion that there is no significant warming trend in
the eastern equatorial Pacific Ocean over the twentieth century.

The zonal SST gradient as depicted by HadISST1 and NOAA ERSST v.3 is shown in
Figure 3. Consistent with the previous discussion of trends in the western and eastern equatorial
Pacific, HadISST1 indicates a strengthening of the SST gradient of approximately 0.0003 °C
°lon” per decade, significant at the 90% confidence level. Such a trend is equivalent to a
strengthening by 7% of the twentieth century mean gradient per century. In NOAA ERSST v.3,
there is also a strengthening trend (but not a significant one, using the same confidence level). In
both reconstructions, the 2000s (defined in this analysis as the six year period from January 2000
through December 2005) saw the strongest mean equatorial Pacific zonal SST gradient on
record. The comparison given in Vecchi and Soden (2007) of trends in the HadISST1, Kaplan
SST, and NOAA ERSST v.2 (Smith and Reynolds 2004) reconstructions showed disagreement
over the evolution of the SST gradient between the Hadley and Kaplan data sets on the one hand
and the NOAA dataset on the other hand. However, using the most recent version of the NOAA
data set, ERSST v.3 (Smith et al. 2008), suggests much less disagreement among the SST
reconstructions. We therefore find it is safe to conclude that the equatorial Pacific zonal SST

gradient has not been weakening over the twentieth century.

b. Coupled models

10
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Given that CGCMs are among our primary tools for predicting the future evolution of the
state of the climate system, especially in response to increasing radiative forcing, it is worthwhile
to apply the analyses described above to the output from CGCMs that have a reasonably high
ocean resolution (Table 1). Each 20C3M run effectively represents one model realization of the
response of the twentieth century climate system to the observed rise in greenhouse gases, plus
other forcing and any natural variability the model is capable of generating. Shown in Figures 4
and 5 are time series of decadal mean SST in the western (left column) and eastern (right
column) equatorial Pacific from each of the six models. Although the y-axis limits in Figures 4
and 5 differ, the total range of each y-axis is 1.5°C, facilitating visual comparison among the
models and with the observational depiction (Figure 2). In the west, the models show warming
trends ranging from 0.04°C per decade (HadCM3) to 0.14°C per decade (MIROC3.2h) (all
trends are listed in Table 2). The trend in MIROC3.2h is considerably higher than the next
largest trend (0.08°C per decade; CM2.1) and appears to be an outlier. In the east, the models
show warming trends ranging from 0.02°C per decade (HadGEMI) to 0.09°C per decade
(CM2.1, MIROC3.2h). The CM2.1 and MIROC3.2h have the strongest warming trends in the
east; they are approximately 3 times the trend in NOAA ERSST v.3.

Shown in Figures 6 and 7 (left column) are the model trends in the zonal SST gradient
from the 20C3M experiment, computed in the same manner as for observations. The CCSM3.0,
CM2.0, HadCM3, and HadGEM1 all show remarkably similar results in terms of the SST
gradient: a slight strengthening consistent with the observations. The MIROC3.2h shows a

larger strengthening (-0.0006 °C °lon™" per decade)'. Only the CM2.1 shows a weakening, but at

' The 20C3M runs from the medium resolution version of the MIROC3.2 were also analyzed, and produce nearly
identical results as the high resolution version with regard to the west, east, and SST gradient indices.
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0.0002 °C °lon™ per decade it is not significant at the 90% confidence level. Based on Figure 4,
it is clear that the weakening trend in the CM2.1 comes from the large warming trend in the east.

Beyond the 20" century, the simulated SST gradients under the SRES-A1B scenario
show no consistency (Figures 6 and 7, right column). We begin with the five CGCMs that
indicated a strengthening SST gradient over the 20™ century. Beyond the 20" century, the
CCSM3.0 shows a continued slow and steady strengthening, the CM2.0 a slow and steady
weakening, the HadCM3 a large weakening, the HadGEM1 neither, and the MIROC3.2h a very
strong weakening similar in magnitude to its twentieth century strengthening. The large
interdecadal variability in the CM2.1 makes it difficult to decipher any trend, but its evolution
could be described as a ‘jump’ in the early-middle 21* century to a state of persistently stronger
SST gradient. CGCMs do not appear helpful for predicting what the “A1B” extension to Figure
3 (the observations) will look like. Regardless of what the six models showed for the twentieth
century, under the SRES-A1B scenario, three predict a weakening of the SST gradient and two
predict a strengthening of the SST gradient while the remaining model shows no significant
trend. One model, the MIROC3.2h, gives an opposite sign of significant trends in the equatorial
Pacific zonal SST gradient for the twentieth and twenty first centuries.

Vecchi et al. (2006) used the CM2.1 to illustrate a model weakening of the atmospheric
overturning circulation in the twentieth century. It is interesting to note that, of the six models
analyzed in this study, the CM2.1 is the only model whose 20" century trend in the SST gradient
(although not significant at the 90% confidence level) is consistent, in the sense of the Bjerknes
(1966) theory, with a weakening of the Walker circulation. Vecchi and Soden (2007) showed
that all IPCC AR4 models indicate a weakening of the atmospheric overturning circulation in the

SRES-A1B scenario. Since not all models show a weakening of the SST gradient in the SRES-
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AI1B scenario, this indicates that the coupling between the SST gradient and the Walker
circulation may be more complex than envisaged by Bjerknes (1966).

It is also necessary to point out that none of the six CGCMs accurately reproduce the
twentieth century mean state of the equatorial Pacific Ocean, which could limit the usefulness of
their projections of that state beyond the twentieth century. Figure 8 indicates the range of
SSTeq(x) from observations and models. Each of the six models has a cold bias of at least 1°C
in the western and central equatorial Pacific, and a warm bias of at least 1°C east of the
Galapagos Islands. HadGEMI has a particularly strong cold bias: note the range change if that
model is excluded from the sample (Figure 8). The shapes of the SSTgq(x) curves in the western
equatorial Pacific suggest that the models lack a well-defined western Pacific warm pool, which
is centered in observations at ~155°W. In the east, the problems appear to be caused primarily
by a lack of the coastal upwelling along South America connecting with the equatorial upwelling

west of the Galapagos Islands.

4. Summary and discussion

In this note, we have presented a simple and uniform analysis of the twentieth century
evolution of SSTs in the western and eastern equatorial Pacific Ocean and the zonal gradient
thereof. Given existing data uncertainties, observations allow us to conclude three things:
1. The western equatorial Pacific has been warming.
2. The eastern equatorial Pacific has not been warming as much as the west.
3. The equatorial Pacific zonal SST gradient has not been weakening.

An identical analysis applied to the Kaplan et al. (1998) SST reconstruction, extended to

the present using the NOAA OI v.2 data set (Kaplan et al. 2003), yielded similar results (not
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shown) to those of HadISST1. The strengthening trend of the zonal SST gradient in that data set
is 14.6% smaller than that in HadISST1, but is significant at the 90% confidence level.

One of the fundamental challenges motivated by the results of this study is to understand
why the eastern equatorial Pacific has not been warming as much as the western Pacific and
other basins such as the tropical Indian and Atlantic Oceans (e.g., Cane et al. 1997; Cane 2005).
This understanding is required for an assessment of the realism of model simulations of past and
future climate changes. The results of this study remain too uncertain to confirm the so-called
ocean dynamical thermostat mechanism proposed by Clement et al. (1996) and augmented by
Cane et al. (1997) and Seager and Murtugudde (1997) (see also Sun and Liu 1996). While it is
true that the SST gradient has not weakened, the theory for why the zonal SST gradient at the
equator and Walker circulation should intensify in response to positive radiative forcing does not
account for the solid reasons, later developed, based on analysis of the atmospheric energy
budget, for why the tropical circulation should slow (Betts 1998, Held and Soden 2006, and
Vecchi and Soden 2007) and, hence, reduce the SST gradient.

A consistent analysis of six state-of-the-art coupled climate models, each included in the
IPCC Fourth Assessment Report, suggests that several of the models are capable of producing a
20™ century greenhouse warming-driven trend in the equatorial Pacific zonal SST gradient that is
consistent with observations, while the CM2.1 in particular overestimates the warming trend in
the east and therefore produces a weakening of the SST gradient. It is interesting to note that
such varied results can be obtained from models with similar ocean resolutions. Apparently
other model characteristics are more important than the spatial resolution of the ocean. In
response to a continued rise in atmospheric CO, (the SRES-AIB scenario), there is no

convergence of results for the change of the SST gradient in the six models analyzed. It is also
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not encouraging that all of the models fail to reproduce the observed twentieth century mean
state of the equatorial Pacific Ocean.

Interestingly, the twentieth century evolution of the equatorial Pacific zonal SLP gradient
using reconstructions from the same institutions as presented herein (HadSLP2 [Allan and Ansell
2006] and NOAA ERSLP [Smith and Reynolds 2004]) yields results that apparently contradict
the SST products of the same institutions. Based on Figure 3, and our understanding of the
coupling of the tropical ocean and atmosphere on interannual timescales, one might expect
HadSLP2 to indicate a strengthening of the SLP gradient, indicative of a strengthening Pacific
Walker circulation. However, when the SLP gradient is computed in the same manner as we
computed the SST gradient, HadSLP2 yields a significant weakening trend of the SLP gradient
roughly by 10% of the twentieth century mean equatorial SLP gradient per century. The latter
result is consistent with previous analyses of observed SLP (e.g., Vecchi et al. 2006) and SOI
(Doherty and Hulme 2002). The inconsistency between trends in the SST and SLP gradients
raises major concerns over whether our understanding of coupled interannual variability (i.e., the
Bjerknes feedback) can effectively translate to longer timescales such as the tropical climate’s
response to global warming.

A complete understanding of the tropical Pacific atmosphere-ocean response to radiative
forcing has not yet been achieved. While the ocean-centric theory developed by Clement and
coworkers ignores the constraints imposed by atmospheric and planetary energy balances, the
atmosphere-centric theory developed by Vecchi, Soden and coworkers largely bypasses the
possibility for changes in tropical ocean heat transport to modify the spatial pattern of SST
response to forcing. A potentially fruitful way forward is to realize that the two theories need not

be inconsistent with each other. There are two lines of argument for why global warming should
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induce a weaker tropical circulation. The first follows from energy budget and moist
thermodynamic constraints and notes that precipitation increases with temperature at a slower
rate than does boundary layer atmospheric water vapor. Consequently the mass transport from
the boundary layer into the free troposphere in regions of deep convection must decrease to
enable both these constraints to be met. However, while this constraint implies a weakening
tropical circulation, it applies to the circulation overall and need not imply a weaker Walker
Circulation if the Hadley Cell is capable of accomplishing the balances on its own. The second
line of argument notes that throughout the tropics away from regions of convection subsidence
warming is balanced by radiative cooling. In a warmer atmosphere the static stability increases
and, hence, the radiative cooling can be balanced by weaker subsidence, i.e., a weaker circulation
(Betts 1998). However, the radiative cooling of the atmospheric column does increase in a
warmer and moister atmosphere and will introduce a tendency to stronger subsidence that will
offset the tendency to reduced subsidence imposed by increased static stability. More work
remains to be done assessing how the tropical Pacific Ocean has responded to past radiative
forcing, how well models represent this response, and how the Pacific Ocean will respond in the
future. The range of oceanic, atmospheric and planetary energy balance constraints, which will

determine the actual response, needs to be taken into account.
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Figure 1. Left: observed twentieth century mean SST (°C) in the tropical Pacific Ocean from
HadISST1. The shaded boxes denote areas over which SST indices are calculated and discussed
in the main text (west: 150°E-170°W, 5°S-5°N; east: 120°W-80°W, 5°S-5°N). Right:
corresponding equatorial SST (°C) as a function of longitude from HadISST1 and linear fit using
the least-squares method.

Figure 2. Time series of observed decadal mean SST (°C) in the western (left column) and
eastern (right column) equatorial Pacific Ocean from HadISST1 (top row) and NOAA ERSST
v.3 (bottom row). Dashed lines represent linear trends, the magnitudes and significance of which
are listed in Table 2. Triangles represent corresponding values from the NOAA OI v.2 data set.
The decade marked 2000 includes January 2000 through December 2005.

Figure 3. Time series of observed decadal mean equatorial Pacific zonal SST gradient (°C °lon’
" from HadISST1 (left) and NOAA ERSST v.3 (right). Dashed lines represent linear trends, the
magnitudes and significance of which are listed in Table 2. Triangles represent corresponding
values from the NOAA OI v.2 data set. The decade marked 2000 includes January 2000 through

December 2005.
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Figure 4. Time series of simulated decadal mean SST (°C) in the western (left column) and
eastern (right column) equatorial Pacific Ocean from the 20C3M experiment of the CCSM3.0
(top row), CM2.0 (middle row), and CM2.1 (bottom row). Thin lines are individual realizations,
and the heavy line is the mean. Dashed lines represent linear trends of the means.

Figure 5. As in Figure 4 but of the HadCM3 (top row), HadGEM1 (middle row), and
MIROC3.2h (bottom row).

Figure 6. Time series of simulated decadal mean equatorial Pacific zonal SST gradient (°C °lon’
" from the 20C3M (left column) and SRES-A1B (right column) experiments of the CCSM3.0
(top row), CM2.0 (middle row), and CM2.1 (bottom row). Thin lines are individual realizations,
and the heavy line is the mean. Dashed lines represent linear trends of the means.

Figure 7. As in Figure 6 but of the HadCM3 (top row), HadGEM1 (middle row), and
MIROC3.2h (bottom row).

Figure 8. Range of observed (HadISST1 and NOAA ERSST v.3; black) and model simulated
(gray) mean equatorial SST (averaged from 2.5°S to 2.5°N; °C) as a function of longitude (°east)
over the twentieth century (January 1900 through December 1999). The light and dark grays
together represent the range from all six CGCMs analyzed in the present study, and the light gray

represents the range if HadGEMI1 is excluded.
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487

CGCM Zonal Meridional Levels Reference

NCAR CCSM3.0 1.1° 0.27-1° 40 Collins et al. 2006
NOAA GFDL CM2.0 1° 0.33-1° 50 Delworth et al. 2006
NOAA GFDL CM2.1 1° 0.33-1° 50 Delworth et al. 2006
UKMO HadCM3 1.25° 1.25° 20 Gordon et al. 2000
UKMO HadGEM1 1° 0.33-1° 40 Johns et al. 2006

CCSR MIROC3.2h 0.28° 0.19° 47 Hasumi and Emori 2004

488  Table 1. List of coupled general circulation models (CGCMs) analyzed in the
489  present study, including their zonal, meridional, and vertical ocean resolutions,

490  and published reference.



491

492

493

494

495

496

497

Reconstruction 1880s - 2000s or 20C3M SRES-AI1B

or CGCM West FEast  Gradient Gradient
HadISST1 0.03 0.01 -0.0003
ERSSTv3 005 003 00001

CCSM3.0 0.05 0.05 -0.0001 -0.0001
CM2.0 0.06 0.06 —0.0000 0.0001
CM2.1 0.08 0.09 0.0002 —0.0000
HadCM3 0.04 0.03 —0.0001 0.0004
HadGEM1 0.05 0.02 -0.0003 —0.0000
MIROC3.2h 0.14 0.09 -0.0006 0.0007

Table 2. Linear trends of decadal mean: SST in the western
and eastern equatorial Pacific (°C per decade), and the
equatorial Pacific zonal SST gradient (°C °lon™ per decade)
from observations, 20C3M experiments, and SRES-AIB
experiments. Bold indicates statistical significance at the

90% confidence level, based on a two-tailed Student’s t-test.
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Figure 1. Left: observed twentieth century mean SST (°C) in the tropical Pacific Ocean from
HadISST1. The shaded boxes denote areas over which SST indices are calculated and discussed
in the main text (west: 150°E-170°W, 5°S-5°N; east: 120°W-80°W, 5°S-5°N). Right:
corresponding equatorial SST (°C) as a function of longitude from HadISST1 and linear fit using

the least-squares method.
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Figure 2. Time series of observed decadal mean SST (°C) in the western (left column) and
eastern (right column) equatorial Pacific Ocean from HadISST1 (top row) and NOAA ERSST
v.3 (bottom row). Dashed lines represent linear trends, the magnitudes and significance of which
are listed in Table 2. Triangles represent corresponding values from the NOAA OI v.2 data set.

The decade marked 2000 includes January 2000 through December 2005.
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") from HadISST1 (left) and NOAA ERSST v.3 (right). Dashed lines represent linear trends, the
magnitudes and significance of which are listed in Table 2. Triangles represent corresponding
values from the NOAA OI v.2 data set. The decade marked 2000 includes January 2000 through

December 2005.
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517  Figure 4. Time series of simulated decadal mean SST (°C) in the western (left column) and
518  eastern (right column) equatorial Pacific Ocean from the 20C3M experiment of the CCSM3.0
519  (top row), CM2.0 (middle row), and CM2.1 (bottom row). Thin lines are individual realizations,

520  and the heavy line is the mean. Dashed lines represent linear trends of the means.
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522 Figure 5. As in Figure 4 but of the HadCM3 (top row), HadGEM1 (middle row), and

523  MIROC3.2h (bottom row).
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525  Figure 6. Time series of simulated decadal mean equatorial Pacific zonal SST gradient (°C °lon’
526 ') from the 20C3M (left column) and SRES-A1B (right column) experiments of the CCSM3.0
527  (top row), CM2.0 (middle row), and CM2.1 (bottom row). Thin lines are individual realizations,
528 and the heavy line is the mean. Dashed lines represent linear trends of the means.
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over the twentieth century (January 1900 through December 1999). The light and dark grays
together represent the range from all six CGCMs analyzed in the present study, and the light gray
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