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Abstract Historical trends in the tropical Pacific zonal sea surface temperature gradient (SST gradient) are
analyzed herein using 41 climate models (83 simulations) and 5 observational data sets. A linear inverse
model is trained on each simulation and observational data set to assess if trends in the SST gradient are
significant relative to the stationary statistics of internal variability, as would suggest an important role for
external forcings such as anthropogenic greenhouse gasses. None of the 83 simulations have a positive trend
in the SST gradient, a strengthening of the climatological SST gradient with more warming in the western
than eastern tropical Pacific, as large as themean trend across the five observational data sets. If the observed
trends are anthropogenically forced, this discrepancy suggests that state-of-the-art climate models are not
capturing the observed response of the tropical Pacific to anthropogenic forcing, with serious implications for
confidence in future climate projections. There are caveats to this interpretation, however, as some climate
models have a significant strengthening of the SST gradient between 1900 and 2013 Common Era, though
smaller in magnitude than the observational data sets, and the strengthening in three out of five
observational data sets is insignificant. When combined with observational uncertainties and the possibility
of centennial time scale internal variability not sampled by the linear inverse model, this suggests that
confident validation of anthropogenic SST gradient trends in climate models will require further emergence
of anthropogenic trends. Regardless, the differences in SST gradient trends between climate models and
observational data sets are concerning andmotivate the need for process-level validation of the atmosphere-
ocean dynamics relevant to climate change in the tropical Pacific.

1. Introduction

The tropical Pacific zonal sea surface temperature (SST) gradient (hereinafter SST gradient) plays an outsized
role in the global climate system. The mean state of the tropical Pacific, for instance, modulates the El Niño–
Southern Oscillation (ENSO), the dominant mode of internannual to decadal time scale global climate varia-
bility (e.g., Fedorov & Philander 2000; Sarachik & Cane 2010). Small changes in the SST gradient, in particular,
drive precipitation changes in much of the extratropics in observations (e.g., Schubert et al., 2004; Seager,
2015) and in future climate projections by coupled general circulation models (CGCMs—e.g., Seager &
Vecchi, 2010). Such changes also have an impact on global temperature variability and have been implicated
as causing the recent so-called hiatus in global warming (Kosaka & Xie, 2013). The importance of the SST gra-
dient to global climate necessitates an understanding of how it will respond to anthropogenic forcing, spe-
cifically whether the climatological SST gradient, with warmer SSTs in the west than east, is expected to
strengthen (a positive trend) or weaken (a negative trend).

Theory offers a number of possible outcomes. First, an atmosphere-centric theory has been proposed,
wherein the zonally asymmetric tropical atmospheric (Walker) circulation should weaken in response to
anthropogenic forcing as a consequence of the mass and energy balances of the hydrologic cycle (Held &
Soden, 2006; Vecchi & Soden 2007). Because the atmosphere and ocean are tightly coupled over the tropical
Pacific, particularly on interannual time scales, the weakening Walker circulation should lead to a weakening
SST gradient by reducing the strength of upwelling in the eastern equatorial Pacific. Second, an ocean-centric
theory proposes that the SST gradient should strengthen in response to anthropogenic forcing, because the
vigorous mean upwelling and poleward divergence of heat flux in the eastern equatorial Pacific should dilute
surface warming, resulting in a stronger SST contrast with the western tropical Pacific that is then amplified
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by a Bjerknes-type feedback (Clement et al., 1996; Seager &Murtugudde, 1997; Sun & Liu, 1996). Finally, when
the thermodynamic coupling of the atmosphere and ocean is considered, it has been proposed that the SST
gradient will weaken because of more effective surface evaporative cooling in the western than eastern
tropical Pacific (Xie et al., 2010).

Motivated by these theories, efforts have been made to relate observed changes in the tropical Pacific to
anthropogenic forcing, leading to a number of opposing conclusions (Cane et al., 1997; Compo &
Sardeshmukh, 2010; Compo et al., 2013; Deser et al., 2010; Karnauskas et al., 2009; Kumar et al., 2010;
L’Heureux, Collins, et al., 2013; Solomon & Newman, 2012; Tokinaga, Xie, Deser, et al., 2012; Tokinaga, Xie,
Timmermann, et al., 2012; Vecchi et al., 2006; Zhang et al., 2010). For instance, observations of the atmosphere
suggest that the Walker circulation is weakening as a consequence of the mass and energy balances of the
hydrologic cycle and that this response, at least in CGCMs, leads to a weakening SST gradient (Vecchi et al.,
2006; Vecchi & Soden, 2007). SST reconstructions based on observations, however, suggest that the SST gra-
dient has actually strengthened over the twentieth century (Cane et al., 1997; Karnauskas et al., 2009). While
this discrepancy could indicate that CGCMs have a different forced response than the real world, atmospheric
GCMs (AGCMs) forced with observations of SSTs suggest that in order to reconcile observations of the Walker
circulation and SST gradient, SST reconstructions must be biased and, further, that observed atmospheric
changes are actually a response to a weakening SST gradient (Tokinaga, Xie, Deser, et al., 2012; Tokinaga,
Xie, Timmermann, et al., 2012). To further complicate matters, recent observations of the Walker circulation
suggest that it is actually strengthening, albeit over a shorter time period (Kociuba & Power, 2015;
L’Heureux, Lee, et al., 2013; Sandeep et al., 2014; Sohn et al., 2016), although the opposite has also been sug-
gested (Bellomo & Clement, 2015).

Of particular interest is whether CGCMs will correctly simulate changes to the SST gradient over the coming
century. To begin validating CGCMs, SST gradient trends in observational data sets and CGCMs can be
assessed for consistency, and herein, we quantitatively analyze these trends in five SST reconstructions
and one set of uninterpolated observations of SSTs (hereinafter observational data sets) as compared to an
ensemble of 83 simulations from 41 state-of-the-art CGCMs completed as part of the Coupled Model
Intercomparison Project phase 5 (CMIP5—Table S1—Taylor et al., 2012). This work represents an advance
in two regards: First, SST gradient trends in all available observational data sets and CGCM simulations are
compared within a single consistent framework, and second, we use a linear inverse model (LIM) to assess
the significance of these trends relative to the stationary statistics of internal variability. The latter develop-
ment is important because the magnitude of interannual and decadal internal variability in the tropical
Pacific (along with observational uncertainties—e.g., Deser et al., 2010; Tokinaga, Xie, Deser, et al., 2012;
Tokinaga, Xie, Timmermann, et al., 2012) has largely precluded a confident attribution of long-term changes
in the SST gradient to anthropogenic forcing—see, for instance, the many opposing conclusions on observed
anthropogenic changes referenced above. For climate models “large” ensembles of simulations can be used
to separate anthropogenic and internal changes (e.g., Kay et al., 2015; Rodgers et al., 2015), but these ensem-
bles are computationally expensive and we still only have a single trajectory of the observed climate system
against which to compare the CGCMs. LIMs are a computationally efficient approach that can be applied to
both observational data sets and CGCMs to produce ensembles of trajectories that have a demonstrated abil-
ity to reproduce the internal characteristics of the climate system (e.g., Newman et al., 2016, 2011; Penland &
Matrasova, 1994). Solomon and Newman (2012), for instance, use a LIM-based approach to assess the consis-
tency of SST trends in observational data sets, finding that any discrepancies between data sets can be
explained by their representation of the ENSO. Herein, we apply the same LIM to both observational data sets
and CGCMs to answer two questions: Are trends in the SST gradient significant relative to the stationary
statistics of internal variability, as would suggest that they may be anthropogenic in origin? If so, are SST gra-
dient trends in the CGCMs and observational data sets consistent, as would suggest that CGCMs realistically
simulate this response to anthropogenic forcing?

2. Methods

All data sets based on instrumental observations of SST are listed in Table S2 in the supporting information.
Five of the data sets (Hirahara et al., 2014; Huang et al., 2015; Kaplan et al., 1998; Liu et al., 2015; Rayner et al.,
2003; Reynolds et al., 2007; Smith et al., 2008) are reconstructions of SST that are based on observations of
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SSTs that have been bias corrected and then interpolated onto an even grid, while one (Kennedy et al., 2012a,
2012b) is observations of SST that are bias corrected and binned. All CGCM data are from the CMIP5 (Taylor
et al., 2012) and the simulations employed herein are listed in Table S1. All data used for calculating trends
were smoothed using a 3 month running average filter to prevent aliasing the highest frequencies in the
long-term trends and for use in the linear inverse model (LIM)-based filtering and significance testing (out-
lined below). The historical analysis period is 1900–2013 Common Era (C.E.), unless otherwise noted.
Because the CMIP5 historical simulations end in 2005 C.E., these are appended to the 2006–2013 C.E. period
in the representative concentration pathway (RCP) 8.5 simulations to analyze historical SST trends. Analyses
of future SST trends employ the RCP 8.5 simulations for the period 2006–2100 C.E. A LIM is a simple and
computationally inexpensive method to emulate the statistics of dynamical systems for which the decorella-
tion time scale of nonlinear processes is short relative to linear processes (Penland & Matrasova, 1994;
Penland & Sardeshmukh, 1995; Solomon & Newman, 2012). This is demonstrably valid for internal
atmosphere-ocean variability in the tropical Pacific on monthly-to-decadal time scales (Newman et al.,
2016, 2011; Penland & Matrasova, 1994); thus, the evolution of tropical Pacific SST anomalies can be approxi-
mated by a linear dynamical system forced by white noise:

dX
dt

¼ LXþ ζ

where X is the SST anomaly state vector between 1900 and 2013 C.E. with amonthly time step (but smoothed
with a 3month running average), L is the deterministic feedbackmatrix, and ζ is the white noise forcing term.
With analogy to univariate red noise, this can be described as multivariate red noise when X is an m dimen-
sional vector (in this case representing them spatial locations of SST anomaly data over the tropical Pacific—
40°E to 290°E; 30°S to 30°N), L is anm bymmatrix and ζ is alsom dimensional and allows for spatial structure
across them spatial locations. As noted above, SST anomalies are smoothed with a 3 month running average
before constructing the SST anomaly state vector. This is done to emphasize the linear sources of SST varia-
bility in the tropical Pacific, effectively averaging multiple nonlinear processes (which have inherently short
time scales) into each time step. L can be estimated from the SST anomaly state vector:

L ¼ n�1 ln CnC�1
0

� �

where Cn is the covariance matrix of the SST anomalies at lag n and C0 is the covariance matrix with no lag.
Following Penland and Matrasova (1994), n is set at 3 months; however, L is not sensitive to this choice if the
dynamical system being approximated is effectively linear (e.g., Penland & Matrasova, 1994; Penland &
Sardeshmukh, 1995). The covariance matrix of the noise term (Q= iζ ζ Thdt) is estimated from the fluctuation
dissipation relationship (with dC0/dt= 0, because C0 is assumed to be unchanging with time):

0 ¼ LC0 þ C0LT þ Q

Together these equations can be used to produce random realizations of tropical Pacific SST anomalies (X(t))
in a two-step process following Penland and Sardeshmukh (1995):

Y t þ Δtð Þ ¼ Iþ Δtð ÞY tð Þ þ
ffiffiffiffiffi
Δt

p
VDr;

X t þ Δtð Þ ¼ Y t þ Δtð Þ þ Y tð Þð Þ=2
where I is the identity matrix, r is zero-mean unit variance Gaussian random numbers generated at each time
step, Δt is the time step, and V and D are the eigenvectors and the square root of the eigenvalues of Q. The
114 year (the length of the historical analysis period—1900–2013 C.E.) or 95 year (the length of the future
analysis period—2006–2100 C.E.) realizations of the stochastically forced LIM are produced using a 6 h time
step and a 10 year spin-up time. For computational efficiency all calculations use the first 20 empirical ortho-
gonal functions (EOFs) of tropical Pacific SST anomalies over the historical analysis period (this represents a
range of 71% to 91% of the variance across the 83 model simulations and 5 observational data sets—average
of 83%); X(t) is thus 20 principal components that must be projected onto the 20 EOFs to produce full tropical
Pacific SST anomaly fields. To assess significance of SST trends relative to internal variability, 100 random
realizations of tropical Pacific SST anomalies are produced and linear trends are calculated from each. A trend
is significant if it is larger than 95 or smaller than all but 5 of the realizations. Hereinafter, all use of the terms
significant or insignificant is relative to the stationary statistics of internal variability derived from the LIM
realizations.
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The filter used for removing ENSO from the observational SST data sets is the LIM-based optimal perturbation
filter of Solomon and Newman (2012). Following Solomon and Newman (2012), the maximum anomaly

growth eX t þ tnð Þ over a time period (tn) is initiated by the optimal initial condition eX tð Þ ¼ Φ1 where is Φ1

is the first right singular vector of L(tn). It has been shown that in the real world (i.e., observational SST data
sets) this maximum anomaly growth is realized by ENSO events for tn of 3 to 9 months. ENSO events can thus
be filtered from these observational SST data sets by removing the evolution (over some time period t1) of the
projection of Φ1 on tropical Pacific SST anomalies at each time step. In Solomon and Newman (2012) t1 is set
at 21months and tn at 3months. The same parameter choices and filter setup are used herein with the excep-
tion of the time period over which it was implemented (1900–2013 C.E. as opposed to 1900–2010 C.E.). Using
the optimal perturbation filter on the CGCMs would allow for an ideal comparison of anthropogenic trends in
observational data sets and CGCMs. As noted in Solomon and Newman (2012), however, the optimal pertur-
bation filter will erroneously remove long-term trends if the SST pattern of those trends projects on the SST
pattern associated with the ENSO. While Solomon and Newman (2012) demonstrate that this is not the case
for the observational data sets, it is the case for many CGCMs. Adding additional variables to the LIM, as
suggested therein, was not sufficient to prevent the aliasing of short-term variability and long-term trends
by the optimal perturbation filter (not shown). Therefore, we instead test the significance of trends relative
to the stationary statistics of internal variability using the stochastically forced LIM, as noted above.

LIMs of the tropical Pacific often include other variables, such as wind stress, thermocline depth, and sea
surface height. In order to maximize the number of CGCMs (many of which do not make these variables
available) and the length of the analysis period (instrumental records of these variables tend to be
shorter), the LIM used herein includes only SSTs. Nevertheless, for CGCMs that make these other variables
available sensitivity testing suggests that including them in the LIM-based significance testing does not
appreciably change results (not shown). Likewise, LIMs can be constructed after detrending the input
fields (in this case SSTs) to remove the influence of anthropogenic forcing. To maintain consistency with
Solomon and Newman (2012), and further encouraged by the fact that LIMs are not highly sensitive to
long-term trends in their input fields (e.g., Newman et al., 2013), the LIMs used herein do not employ
detrended SSTs. Nevertheless, the same analyses were also completed with LIMs that employ detrended
SSTs and the results are largely consistent.

Figure 1. (a) SST climatology (°C) between 1982 and 2013 C.E., blue colors are cooler than the regional mean (26°C) and red colors are warmer. (b) Trend (°C/century)
in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) between 1900 and 2013 C.E. in all 100 realizations of HadSST3
(Kennedy et al., 2012a, 2012b). (c) SST trend (°C/century) between 1900 and 2013 C.E. The SST reconstructions used in each panel are listed on the y axis and the
references can be found in Table S1. (d) SST trend (°C/century) between 1900 and 2013 C.E. after filtering ENSO using an optimal perturbation filter (Solomon &
Newman, 2012). The boxes used to define the SST gradient are plotted and the value of the trend in the SST gradient is labeled in the map inset of Figures 1c and 1d
(black trend values are significant at the 95% level). All trends are estimated from a linear least squares fit to the 3 month running average SST time series.
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The SST gradient is defined as the difference in average SSTs between the western and eastern tropical Pacific
(SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E). This definition is based on the
climatology in Figure 1a, and it is positive in the climatological mean, with warmer SSTs in the west than east.
A strengthening SST gradient or positive trend in the SST gradient thus indicates an enhancement of the
climatological SST gradient. Themetric of Walker circulation strength is the sea level pressure (SLP) difference
between those same two boxes but in the opposite sense (east minus west—SLP difference between 2.5°N-S,
205°E–275°E and 2.5°N-S, 117°E–173°E). This SLP gradient is likewise positive in the climatological mean, with
higher SLPs in the east than west. A strengthening Walker circulation or positive trend in the Walker circula-
tion thus indicates an enhancement of the climatological SLP gradient.

3. Results

There are positive trends in the SST gradient as large as 0.58°C per century between 1900 and 2013 C.E. in
some observational data sets (i.e., HadISST—Rayner et al., 2003), and a positive trend in all five (Figure 1c).
However, not all observational data sets have a positive trend in the SST gradient that is significant relative
to the stationary statistics of internal variability (Figure 1c) and there are inconsistent patterns of SST trends
across the full tropical Pacific basin in each (e.g., Figure 1c, top and bottom). Nevertheless, when ENSO is
filtered from these observational data sets following the methodology of Solomon and Newman (2012), all
indicate a consistent pattern and magnitude of SST trends (Figure 1d). This suggests that any differences
in the SST trends between the observational data sets can be explained by different estimates of ENSO varia-
bility (Solomon & Newman, 2012). Uninterpolated observations of SSTs also indicate a strengthening SST
gradient between 1900 and 2013 C.E., with a positive trend in all 100 realizations of HadSST3 (Kennedy
et al., 2012a, 2012b)—each with a different treatment of bias correction and associated uncertainties
(Figure 1b). This suggests that the interpolation methodologies used to produce the SST reconstructions in
Figure 1c are not likely to explain the positive SST gradient trends. Since part of the positive SST gradient
trend could be related to a shift in Pacific Decadal Variability (PDV) toward colder conditions after the 1980s
(e.g., Mantua et al., 1997—see also the characteristic extratropical horseshoe pattern of SSTs in Figure S1,
right), we confirm that the positive trend is present without the modern shift toward cold PDV conditions
(Figure S1, left). Together these results suggest that there has been an increase in the SST gradient between
1900 and 2013 C.E.

In response to projected future anthropogenic forcing (RCP8.5—2006–2100 C.E.), CMIP5 CGCMs overwhel-
mingly (74% of the 83 simulations, with 53% being significant) project a weakening SST gradient (negative
trends in Figures 2a and 2c). There are 11 simulations (13% of the total—10 of the 11 simulations are from
the CSIRO-Mk3-6-0) with significant positive trends in the SST gradient. It is interesting to note that these sig-
nificant positive trends are largely manifest as an interhemispheric pattern of temperature change, with
greater warming in the Northern than Southern Hemispheres (Figures 2b and 4—with the exception of F-
Goals, which is addressed below)—a response to anthropogenic forcing that has been noted elsewhere
(Xie et al., 2010; Zhang & Li, 2014) and demonstrated to be reproduced without ocean dynamics (Cai et al.,
2015; Zhang & Li, 2014).

The CMIP5 CGCMs, on average (63% of the 83 simulations), also simulate a weakening SST gradient over the
period in common with the observational data sets (1900–2013 C.E.—Figures 3a and 3c) and this weakening
appears to be related to a weakeningWalker circulation (Figure S2—e.g., Vecchi & Soden, 2007; Tokinaga, Xie,
Timmermann, et al., 2012). The patterns comprising Figure 3a, however, are less consistent than for the future
projections (not shown), likely suggesting a weaker response to what are weaker forcing conditions over the
observational interval and, subsequently, a more important role for internal variability. This is also manifest in
the significance of trends in the SST gradient relative to internal variability, with only 11% being significant
(5% positive and 6% negative) as compared to 66% in the future projections (13% positive and 53% nega-
tive). Not one of the CMIP5 CGCMs, however, simulates a positive trend in the SST gradient over the period
1900–2013 C.E. as large as the mean trend of the unfiltered observational data sets in Figure 1c (Figure 3a),
and only two simulations have a positive trend as large as the smallest trend among the observational data
sets. This result is largely insensitive to the use of only a single ensemble member from each of the 41 models
(Figure S3), the trend start date (Figure S4), or the location of the boxes used to define the SST gradient
(Figure S5).
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There are CGCMs that while weaker than the observational data sets, have a significant increase in the SST
gradient between 1900 and 2013 C.E. (Figure S6). It is interesting to analyze the climate changes that corre-
spond to these SST trends in the simulations for which ocean variables are available (no ocean variables are
available for CSIRO-MK3-6-0). One consistent feature is a strengthening and shoaling of the equatorial under-
current (EUC) on the order of 25% per century (consistent with Drenkard & Karnauskas, 2014; Karnauskas
et al., 2016) and spatially concurrent moderation of warming of the equatorial eastern Pacific Ocean over
the top few hundred meters including the surface (Figure 4). Interestingly, the mechanism of EUC strength-
ening in these CGCMs is not consistent. Within the IPSL-CM5A-LR simulation the strengthening EUC is weaker

Figure 2. SST trends (°C/decade) between 2006 and 2100 C.E. for 83 CMIP5 simulations from 41 CGCMs (Table S2). (a) Ensemble mean of the SST trend (°C/decade)
between 2006 and 2100 C.E. for the CMIP5 simulations. (b) Mean of the SST trend (°C/decade) between 2006 and 2100 C.E. for the CMIP5 simulations with
positive trends in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) that are significant at the 95% level (11 simulations,
Figure 4). (c) Range in the trend (°C/decade) in the SST gradient between 2006 and 2100 C.E. for the CMIP5 simulations. Black line is the median, dark grey the 25th to
75th percentiles, light grey the 5th to 95th percentiles and whiskers are the full range. All trends are estimated from a linear least squares fit to 3 month running
average SST time series. The 83 CMIP5 simulations are using the RCP8.5 emissions scenario.

Figure 3. SST trends (°C/century) between 1900 and 2013 C.E. for 83 CMIP5 simulations from 41 models (Table S2). (a) Ensemble mean of the SST trend (°C/century)
between 1900 and 2013 C.E. for the CMIP5 simulations. (b) Mean of the SST trend (°C/century) between 1900 and 2013 C.E. for the CMIP5 simulations with positive
trends in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) that are significant at the 95% level (four simulations, Figure 4).
(c) Range in the trend (°C/century) in the SST gradient between 1900 and 2013 C.E. for the CMIP5 simulations. Black line is the median, dark grey the 25th to
75th percentiles, light grey the 5th to 95th percentiles and whiskers are the full range. The range in trends from the raw observational data sets in Figure 1c is plotted
as the lightly shaded region with the red line indicating the mean. All trends are estimated from a linear least squares fit to the 3 month running average SST
time series. The 83 CMIP5 simulations are using the historical simulations appended to simulations using the RCP8.5 emissions scenario.
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and is part of a canonically La Niña-like strengthening of zonal wind in the central equatorial Pacific, asso-
ciated increase in wind stress divergence driven upwelling and strengthening of the sea surface height gra-
dient and pressure gradient force that drives the EUC (Figure 4). This mechanism is largely consistent with the
ocean dynamical thermostat mechanism as originally posed (Clement et al., 1996), although the EUC in this
model also strengthens via a strengthening Northern Hemisphere western boundary current (not shown but
with a mechanism similar to the Southern Hemisphere wind stress curl mechanism in CMIP3 CGCMs—Sen
Gupta et al., 2012). In theMIROC-ESM simulation, by contrast, the zonal winds weaken over the tropical Pacific
(Figure 4). While this should weaken both equatorial upwelling and the EUC, the off equatorial wind stress
curl trends project strongly on the climatological wind stress curl pattern and thus provide a compensating
increase in pycnocline convergence at both the interior and western boundaries (i.e., strengthening subtro-
pical cells—Figure 4). SST trends in the F-Goals model, which has a significant increase in the SST gradient in
the future but not over the historical interval, are driven by a mechanism similar to that in the IPSL-CM5A-LR
simulation with an increase in wind stress divergence driving upwelling in the central equatorial Pacific
Ocean (not shown).

4. Discussions and Conclusions

Not one of 83 analyzed CMIP5 simulations have a positive trend in the SST gradient between 1900 and 2013
C.E. as large as the mean trend across five observational data sets (Figure 2). While this discrepancy suggests
that state-of-the-art CGCMs are not capturing the observed response of the tropical Pacific to anthropogenic
forcing, there are caveats to this interpretation. For instance, there are multiple simulations (four total from
three CGCMs) with significant (relative to the stationary statistics of internal variability) positive trends in
the SST gradient between 1900 and 2013 C.E., although the underlying physical mechanisms are not consis-
tent across these models (Figure 4). Furthermore, the majority of SST gradient trends in CGCMs (11%, relative
to 66% in the future projections) and SST gradient trends in three of the five observational data sets are not
significant relative to the stationary statistics of internal variability. This is perhaps unsurprising given the
large magnitude internal variability on interannual-to-decadal (and potentially longer time scales—e.g.,
Karnauskas, Smerdon, et al., 2012) in the tropical Pacific. By consequence, the “signal” of anthropogenic
forcing is likely to emerge relatively late from the “noise” of internal variability. Techniques to remove internal
variability from observational data sets have proved successful (Compo & Sardeshmukh, 2010; Solomon &

Figure 4. Trends (colors) and climatology (contours) between 1900 and 2005 C.E. for the first ensemble member of the IPSL-CM5A-LR and MIROC-ESMmodels, both
of which have a significant positive trend in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) over the historical interval
(1900–2013 C.E.—Figures 3 and S6). (a and b) The three-dimensional fields are averaged between 2°S and 2°N. For the climatology, the thick dashed line is either the
regional mean (Temp and Taux) or the zero contour (u, SSH, and Tau Curl). Thin dashed lines are values greater than the regional mean or zero contour, and solid
lines are values less than the regional mean or zero contour. All trends are estimated from a linear least squares fit to the monthly time series at each depth by
longitude or latitude by longitude grid point.
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Newman, 2012) but have remained elusive in CGCMs. A more confident validation of anthropogenic SST
gradient trends in CGCMs is thus likely to require further time for emergence of anthropogenic changes.

Despite these caveats, there is still sufficient evidence to suggest that the SST trends in the CMIP5 CGCMs are
inconsistent with the increase in the SST gradient in the observational data sets. For instance, this discrepancy
is unlikely to result from having too few simulations to fully sample internal variability, as 83 simulations from
41 CGCMs is a large and diverse ensemble, although CGCMs may still be underestimating centennial time
scale internal variability that is also not sampled by the LIM. The inconsistency between the observational
data sets and CGCM simulations is instead likely to result from model biases or observational uncertainties.
If model biases are the issue, one possibility is that the CGCMs simulate too strong of a response of the atmo-
sphere to anthropogenic forcing (i.e., weakening Walker circulation—although biases in simulated Walker
circulation variability can impact trends, e.g., Sohn et al., 2016) and/or that such changes unrealistically dom-
inate any attempt by ocean dynamics to mitigate surface warming (e.g., Clement et al., 1996). A further pos-
sibility is that the models are lacking or underrepresenting such ocean dynamics, for instance the vigorous
mean upwelling and poleward divergence of heat in the eastern equatorial Pacific that underlies the ocean
dynamical thermostat mechanism as originally posed (Clement et al., 1996). These ocean dynamics, however,
are simulated reasonably well by CGCMs—or at least within observational error (e.g., Karnauskas, Johnson,
et al., 2012—see also the seasonal cycle in SST trends in CMIP5 CGCMs noted by Xie et al., 2010). Other pos-
sible biases include, but are not limited to, representation of interannual and decadal variability and their rec-
tification on the mean state (Cai et al., 2015; Johnson, 2013; Kohyama et al., 2017) and other ocean dynamics
like the equatorial undercurrent (EUC—Drenkard & Karnauskas, 2015; Karnauskas, Johnson, et al., 2012). A full
treatment of potential model biases and their impact on trends in the SST gradient is outside the scope of this
paper but is a critical area of previous and ongoing research. If observational uncertainties are the issue, these
could include changes in the spatial distribution and frequency of observations (Deser et al., 2010; Giese et al.,
2010; Kennedy, 2014; Yasunaka & Hanawa, 2011), observation techniques (e.g., Thompson et al., 2008;
Tokinaga, Xie, Timmermann, et al., 2012), and issues with the statistical methodologies used to reconstruct
the SST field from sparse inputs (e.g., Deser et al., 2010). It is important to note, however, that uninterpolated
observations of SSTs with a quantification of the uncertainties associated with bias correction indicate a posi-
tive trend in the SST gradient between 1900 and 2013 C.E. (Figure 1b), which at least partially addresses the
latter two observational uncertainties.

Process-level validation of the atmosphere-ocean dynamics relevant to climate change in the tropical Pacific
will help to better understand the inconsistency of SST gradient trends in observational data sets and CGCM
simulations. Such endeavors are critical because if CGCMs do not capture the response of the tropical Pacific
to anthropogenic forcing, then they will struggle to project the many climate impacts that are tightly coupled
to this region. This would be reflected most obviously in Pacific-centric climate impacts including the magni-
tude and frequency of ENSO, tropical rainfall, Hadley cell width, and the position of the intertropical conver-
gence zone. Remote regions would also be affected via atmospheric teleconnections. Particularly sensitive is
the American West, where small increases in the SST gradient are known to have caused drying in observa-
tions (Seager, 2015) and where CMIP5 CGCMs already project future drying well in excess of any period over
the last 1,000 years (Cook et al., 2015; Seager et al., 2013). Such projections are of utmost importance to
society’s ability to plan for and adapt to climate change, rendering any potential mismatch between the
observed and simulated response of the SST gradient to anthropogenic forcing critically important to resolve
before further confidence can be placed therein.
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