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1Department of Geosciences, University of Arizona, Tucson, Arizona, USA, 2Jet Propulsion Laboratory/NASA, California
Institute of Technology, Pasadena, California, USA

Abstract During 1998–2012, climate change and sea level rise (SLR) exhibit two notable features: a
slowdown of global surface warming (hiatus) and a rapid SLR in the tropical western Pacific. To quantify
their relationship, we analyze the long-term control simulations of 38 climate models. We find a significant
and robust correlation between the east-west contrast of dynamic sea level (DSL) in the Pacific and global
mean surface temperature (GST) variability on both interannual and decadal time scales. Based on linear
regression of the multimodel ensemble mean, the anomalously fast SLR in the western tropical Pacific
observed during 1998–2012 indicates suppression of a potential global surface warming of 0.16° ± 0.06°C. In
contrast, the Pacific contributed 0.29° ± 0.10°C to the significant interannual GST increase in 1997/1998. The
Pacific DSL anomalies observed in 2015 suggest that the strong El Niño in 2015/2016 could lead to a 0.21°
± 0.07°C GST jump.

1. Introduction

Following a significant jump in 1997/1998, the increase in GST has slowed down during 1998–2012, a phe-
nomenon often referred to as a warming hiatus (Figure S1 in the supporting information). Given that green-
house gas emissions continue to increase, different mechanisms have been proposed to explain the warming
hiatus, including internal variability [Dai et al., 2015; Kosaka and Xie, 2013; Meehl et al., 2011; Steinman et al.,
2015; Thompson et al., 2015; Trenberth and Fasullo, 2013; Watanabe et al., 2013], reduced external forcing
[Huber and Knutti, 2014; Schmidt et al., 2014; Solomon et al., 2010;Watanabe et al., 2014], uncertainty in obser-
vational data [Karl et al., 2015] and sensitivity of trend over a relatively short period. For example, the role of
the Pacific Ocean in the warming hiatus has been emphasized [Dai et al., 2015; England et al., 2014; Kosaka
and Xie, 2013; Steinman et al., 2015]. These previous studies mainly focused on sea surface temperature
(SST) and wind stress associated with ENSO and the Pacific Decadal Oscillation (PDO).

Unlike SST, which only captures surface conditions, SLR reflects vertically integrated ocean temperature
anomalies and temporally accumulated ocean heat uptake. It is therefore a more robust indicator of climate
variability and change, though salinity changes also influence regional sea level, sometimes with compensat-
ing effects [Griffies et al., 2014; Landerer et al., 2007; Yin et al., 2010]. For example, the continuous global SLR
without any apparent slowdown is in sharp contrast with the leveling off of global SST during 1998–2012
(Figure S1) [Watson et al., 2015]. In the Pacific, the patterns of the SST and DSL changes during the hiatus
period indicate a negative PDO phase (Figure S2). Despite the rich information about heat sequestration
that is embodied in sea level variability and change, no work thus far has directly utilized accurate sea level
observations to quantify the role of the Pacific in GST variability. Here we employ a model-data approach to
advance this research.

Satellite and in situ observations since the 1990s indicate that SLR in thewestern tropical Pacific has proceeded
up to four times faster than the global mean rate of about 3mmyr�1 (Figures 1a and S1 and Table S1)
[Bromirski et al., 2011; Church et al., 2013; Griffies et al., 2014; Hamlington et al., 2014; Han et al., 2014;
Merrifield, 2011; Zhang and Church, 2012]. The ocean heat uptake and fast SLR in this region (i.e., the thermos-
teric effect) have been linked to stronger typhoons, higher storm surges, and greater coastal damages in East
and Southeast Asia [Lin et al., 2014]. In sharp contrast, sea level in the eastern Pacific and along the U.S. West
Coast has shown a pronounced rising hiatus or even a decline during the same period [Dalrymple et al., 2012].
Although both are related to the Pacific variability [Dai et al., 2015; England et al., 2014; Merrifield, 2011;
Steinman et al., 2015; Zhang and Church, 2012], the global warming hiatus and rapid SLR in the western
tropical Pacific have been largely treated as independent phenomena. In fact, the SLR directly reflects a
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subsurface sequestration of heat that contributes to the changing rate of atmospheric temperature rise. Here
we examine both phenomena in combination and quantify their relationship.

2. Data and Models

For global surface temperature, we use the HadCRUT4 data set from the Met Office Hadley Centre (http://
www.metoffice.gov.uk/hadobs/hadcrut4/) and the GISTEMP data from the NASA Goddard Institute for
Space Studies (http://data.giss.nasa.gov/gistemp/). We also use two data sets for ocean temperature and heat
content. The monthly ocean temperature data from Ishii and Kimoto [2009] cover the upper 1500m of the
oceans and span from 1945 to 2012 (http://rda.ucar.edu/datasets/ds285.3/). The anomalies of ocean tem-
perature and heat content (0–700m and 0–2000m) from Levitus et al. [2012] span from 1955 to 2012

Figure 1. Pacific sea level variability and change. (a) Linear trend (mm yr�1) from AVISO (shading) and tide gauge records (colored circles) during the hiatus period
(1998–2012). (b) EOF1 of the AVISO data (1993–2015). (c) EOF1 of the ocean reanalysis (1961–2015). (d) Ensemble mean of EOF1 of 38 CMIP5 models (200–year
control simulations). (e) PC1 of the AVISO and reanalysis data. The EOF analysis on the annual mean data is performed in the Pacific (30°S–45°N) with the global mean
SLR removed. In Figures 1b–1d, the shading shows EOF1, while contours are the mean DSL in meter (AVISO: 1993–2012; reanalysis: 1961–2015; CMIP5 models:
200 years). The percentage shows the total variance explained by EOF1. The boxes in Figure 1b indicate the eastern and western tropical Pacific for the calculation of
the Pacific DSL seesaw.
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(https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/). The monthly Niño3.4 indices from January 1982 to
December 2015 are taken from the National Centers for Environmental Prediction of NOAA (http://www.cpc.
ncep.noaa.gov/data/indices/sstoi.indices).

Satellite altimetry data show the departure of sea surface height from the geoid (i.e., DSL). We use the
Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) with 1/4° × 1/4° resolution
from January 1993 to December 2015 (http://www.aviso.altimetry.fr/en/data/data-access.html). The tide
gauge data are from the Permanent Service for Mean Sea Level (http://www.psmsl.org/data/obtaining).
The global mean sea level reconstruction during the past century is obtained from (http://www.cmar.csiro.
au/sealevel/sl_data_cmar.html).

The 38 CMIP5models used in the present study are listed in Table S2. Detailed model description, experimental
design, and data availability can be found at http://cmip-pcmdi.llnl.gov/cmip5/. We also use an ocean reanalysis
product from the coupled data assimilation system developed at the Geophysical Fluid Dynamics Laboratory
(GFDL) [Chang et al., 2013]. The reanalysis data span from 1961 to 2015 (http://data1.gfdl.noaa.gov/).

3. Results
3.1. GST and Pacific DSL Variability

The EOF analysis of the altimetry data since 1993 and the ocean reanalysis product since 1961 reveals an east-
west see-saw as the dominant mode of DSL variability in the Pacific (Figures 1b and 1c). The leading principal
component (PC1) shows both interannual fluctuations and low-frequency variability (Figure 1e). So EOF1 is
likely a mixture of ENSO and PDO signals as well as possible trends of the DSL in the Pacific. For example,

Figure 2. SimulatedGST and DSL variability. (a and b) Time series of GST and SSI in the control simulations of twomodels (GFDL ESM2M andNCAR CCSM4) for illustration
purpose. See Figure S3 for all models. The two numbers at the corner indicate correlation and regression (°Cm�1) of the two time series, respectively. (c and d) Long-term
mean and standard deviation of GST and SSI in the 38 CMIP5models and a subset (11 models) that best simulate the SSI variability. The red cross indicates the ensemble
mean of the 38 models. The observational GST variability is based on the detrended HadCRUT4 (Figure S9b). The observed SSI variability is based on AVISO.
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external forcing and factors outside of the Pacific may have contributed to the recent unprecedented
changes in this basin [Hamlington et al., 2014; McGregor et al., 2014].

Long-term preindustrial control simulations are suitable to study internal GST and DSL variability and quan-
tify their relationship. The long-term mean GST simulated by 38 CMIP5 models (Table S2) shows a spread,
with a multimodel ensemble mean of about 13.5°C (Figures 2a–2c and S3). The standard deviation of the
GST time series ranges from 0.06°C to 0.16°C, indicating that internal GST variability differs in strength among
models. GST is mainly dominated by interannual fluctuations in some models, while it shows decadal to
multidecadal variability in others.

Most models capture the east-west DSL see-saw mode in the Pacific but generally underestimate its amplitude
(Figure 1d). Themultimodel ensemblemean of EOF1 shows a pattern correlation of 0.68 with the altimetry data.
Differences can be found in the North Equatorial Current region and east of Philippines. It should be noted that
EOF2 in some models also explains significant variance of DSL. The CMIP5 models reproduce the Pacific DSL
variability reasonably well on interannual time scales but underestimate decadal to multidecadal time scale
variability. Without ocean initialization, models are unlikely to produce unforced decadal variability at the same
time as the real world. These may partially explain why climate models did not capture the current warming
hiatus in their projection runs [England et al., 2014; Kosaka and Xie, 2013; Schmidt et al., 2014].

The CMIP5 models show a significant and robust correlation between simulated GST and DSL in the Pacific
(Figures 3a and S4). Positive correlation is found in the eastern Pacific and along the west coast of the

Figure 3. (a) Multimodel ensemble mean correlation of the annual mean GST and DSL in the 38 CMIP5 models. Stippling indicates regions where the absolute value
of the ensemblemean divided by the ensemble standard deviation is greater than 1.5. (b and c) Correlation and regression of GST and SSI on interannual and decadal
time scales. They are calculated based on the annual mean data and the running decadal trend of the time series, respectively. Red dots and blue circles indicate the
full set and the subset of the models, respectively, with crosses indicating the ensemble mean. The dashed line indicates a perfect consistency on interannual and
decadal time scales.
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Americas and negative correlation in the western tropical Pacific. This indicates higher sea levels in the
western tropical Pacific during relatively cool periods of global climate and lower during warm periods.
Therefore, the surface warming hiatus and muted SLR along the U.S. West Coast during the past two decades
(Figure S1) are not a coincidence but rather inherently linked.

3.2. Correlation and Regression of GST and DSL See-Saw

To take into account the total variation in the critical regions, next we define a see-saw index (SSI) as the
east-minus-west DSL difference in the tropical Pacific. The eastern Pacific DSL is represented by the mean
in 20°S–20°N, 160°W–100°W, and the western Pacific by 20°S–20°N, 120°E–180°E. The two regions are chosen
based on the DSL variability (Figure 1b) and GST-DSL correlation in both observations andmodel simulations
(Figure 3a). Most models simulate a pronounced east-west contrast of the mean DSL in the tropical Pacific.
The simulated long-term mean SSI is consistent with the observed value of �0.28m in AVISO during
1993–2012. The negative value indicates that the mean DSL in the tropical Pacific tilts “down” from west
to east and the SSI varies around its long-term mean (Figure S5). The modeled variability of SSI is generally
weaker than the observed (Figure 2d). It should be noted that the 23 year satellite and 55 year reanalysis data
are relatively short compared to the long-term model simulations (200 years) and include both internal

Figure 4. Contributions of the Pacific Ocean to significant GST variability. (a) Monthly SSI (AVISO) and Niño3.4 index (NOAA NCEP) from January 1993 to December 2015.
Black, red, blue, and green color shows the SSI during different periods. Grey color shows Niño3.4. The dashed line indicates the linear trend of the SSI andNiño3.4 during
1998–2012. (b) 1997/1998 GST jump (relative to 1996), 1998–2012 warming hiatus, and 2015/2016 GST predictions (relative to 2014) from the DSL- and SST-based
methods. We use the AVISO SSI and NOAA Niño3.4 index, as well as the ensemble mean regression from the CMIP5 models for these estimates. The box plot shows the
spread of different models with circles indicating outliers. The model ensemble size for each estimate is also listed. (c) GST jump in 1997/1998 relative to 1996 and its
components. (d) Warming hiatus during 1998–2012 and its components. The Pacific contributions in Figures 4c and 4d are DSL-based estimates with the full model set
(solid) and the subset (diagonal cross hatching), and the SST-based estimates (horizontal lines). The error bar indicates the ensemble standard deviation.
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variability and forced responses. Although the decadal-multidecadal variability is generally weaker in models
than observations, we find that the observed trend of SSI between 1998 and 2012 falls within the range of
model simulations (Figure S6).

The annual mean GST and SSI covary in the CMIP5 models (Figures 2a and 2b). The multimodel ensemble
mean GST-SSI correlation is about 0.5 with the maximum correlation of up to 0.75 in individual models
(Figures 3b and S3). It is largely driven by many overlapping GST and SSI spikes associated with El Niño
events. This synchrony indicates that the Pacific can influence GST in an immediate and efficient way. For
some models, there is a slight lag between GST and SSI spikes, as El Niño usually straddles two consecutive
years. The lag disappears if the year is redefined from July 1 to next June 30, leading to higher GST-SSI corre-
lation (Figure S7). To assess the GST-SSI correlation on decadal time scales, we calculate the running decadal
trend for both time series. The results reveal a running trend correlation of 0.51, consistent with that on the
interannual time scale (Figure 3b).

3.3. Estimates of the Pacific Contribution

Given the significant GST-SSI correlation, we use the SSI as a metric for GST variability and estimate the Pacific
contributions to the 1997/1998 GST jump and 1998–2012 warming hiatus. The analyses of the 38 models
indicate an ensemble mean GST-SSI linear regression of 1.91°Cm�1 and 2.31°Cm�1 on interannual and
decadal time scales, respectively (Figure 3c). The regression coefficients across different models show a rela-
tively weak correlation of this regression with the standard deviation of SSI. In addition, we find that external
forcing does not systematically alter the GST-SSI regression in model simulations. By applying the annual
regression (1.91°Cm�1) to the 1997/1998 GST jump, the satellite-observed SSI increase of 149mm during
1996–1997 (Figures 4a and S2a) would be associated with a GST increase of 0.29° ± 0.10°C (multimodel
ensemble mean± ensemble standard deviation) (Figure 4b and Table 1).

Similarly, applying the decadal regression (2.31°Cm�1) to the 1998–2012 warming hiatus, the satellite-
observed SSI decrease of 47mmdecade�1 (Figure 4a) would indicate a GST decrease of 0.11°C decade�1

(in the absence of anthropogenic warming). Thus, the anomalously fast SLR in the western tropical Pacific,
mainly responsible for the decreasing SSI over the 15 year period (1998–2012), indicates suppression of a
potential global surface warming of 0.16° ± 0.06°C (Figure 4b). This warming suppression is reduced to
0.13° ± 0.02°C if a subset of the CMIP5 models are used, which better replicate the observed variability of SSI
(Figure 2d). However, the ensemble mean is well within the uncertainty range (0.5σ) of the full model set
estimate (Figure 4b). For comparison, we also calculate the correlation and regression between GST and
the SST-based Niño3.4 index using another subset of the CMIP5 models (Figure S8 and Table S2). The SST-
based method underestimates the Pacific contribution to the 1997/1998 GST jump and especially to the
1998–2012 warming hiatus (Figure 4 and Table 1).

4. Discussion and Conclusions

Wu et al. [2011] used the Ensemble Empirical Mode Decomposition (EEMD) to show that the observed GST
time series can be decomposed into a secular trend mainly induced by anthropogenic forcing (Figure S9a)
and a quasiperiodic multidecadal variability (MDV) mode mainly associated with the Atlantic Multidecadal
Oscillation (Figure S9c) [Schlesinger and Ramankutty, 1994]. We perform a similar EEMD analysis on the
HadCRUT4 data set (Figure S9). The results show that the secular trend and general upward phase of the
MDVmode would have caused 0.15°C and 0.08°C of GST increase during 1998–2012, respectively (Figure 4d).
The observed warming (HadCRUT4) is 0.08°C during this period (Figure S1), indicating a warming deficit of
0.15°C. This compares closely with our calculation that the Pacific suppressed 0.13°–0.16°C. Putting every-
thing together, the Pacific sufficiently explains the 1998–2012 slowdown of global surface warming on
decadal to interdecadal time scales (Figure 4d). On the interannual time scale, extreme DSL anomalies in

Table 1. Contributions of the Pacific Ocean to Recent GST Variability

1997/1998 GST Jump 1998–2012 Warming Hiatus 2015/2016 GST Prediction

DSL-based estimate (38 models) 0.29° ± 0.10°C �0.16° ± 0.06°C 0.21° ± 0.07°C
DSL-based estimate (11 models) 0.25° ± 0.05°C �0.13° ± 0.02°C 0.18° ± 0.04°C
SST-based estimate (19 models) 0.22° ± 0.11°C 0.01° ± 0.01°C 0.17° ± 0.09°C
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1997, up to +20 cm in the eastern equatorial Pacific and�20 cm east of Philippines (Figure S2a), were respon-
sible for about 80% of the 0.35°C GST jump during 1996–1998 (Figure 4c).

Our study quantifies for the first time an important, physically based relationship between the GST and
DSL variability, in particular, between the global warming hiatus and anomalously fast SLR in the western
tropical Pacific during 1998–2012. Using a large ensemble of climate models, we show that the two
notable phenomena are well correlated. Their quantitative relationship, along with accurate sea level obser-
vations, allows us to determine the contributions of the Pacific to significant GST variability. Extreme DSL
anomalies in the Pacific during 1997 led to a significant jump of the observed GST time series that outpaced
background warming.

In contrast, the west-high/east-low SLR pattern subsequently observed in the Pacific indicates that a potential
global surface warming of 0.13°–0.16°C has been avoided during 1998–2012. To a remarkable degree, this
value quantitatively reconciles the increase in atmospheric greenhouse gas concentrations, the lack of global
surface warming, and the rapid increase in the total ocean heat content since 1998 (Figure S1). During
2015–2016, a strong El Niño has been occurring in the Pacific. Near-real-time altimetry data show that relative
to 2014, the SSI has increased by 111mm in 2015 (Figures 4a and S2b). We predict, based on the 1.91°Cm�1

regression of the full model set, that this change would lead to a 0.21° ± 0.07°C GST jump in 2015/2016
(Figure 4b and Table 1).

Our results suggest that compared to traditional SST-based studies on climate variability and change, DSL as
an integrated quantity should be more widely utilized and incorporated into climate detection and attribu-
tion. Considering that since 1999, the SSI has reached its lowest levels and started to increase (Figures 1e
and 4a), a flip to the opposite phase would release the global surface warming suppressed by the Pacific
variability. Meanwhile, SLR would accelerate along the U.S. West Coast and taper off in the western Pacific.
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