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Contribution of the Interdecadal Pacific
Oscillation to twentieth-century global
surface temperature trends
Gerald A. Meehl1*, Aixue Hu1, Benjamin D. Santer2 and Shang-Ping Xie3

Longer-term externally forced trends in global mean surface
temperatures (GMSTs) are embedded in the background noise
of internally generated multidecadal variability1. A key mode
of internal variability is the Interdecadal Pacific Oscillation
(IPO), which contributed to a reduced GMST trend during the
early 2000s1–3. We use a novel, physical phenomenon-based
approach to quantify the contribution from a source of
internally generated multidecadal variability—the IPO—to
multidecadal GMST trends. Here we show that the largest
IPO contributions occurred in its positive phase during the
rapidwarming periods from 1910–1941 and 1971–1995,with the
IPO contributing 71% and 75%, respectively, to the di�erence
between the median values of the externally forced trends and
observed trends. The IPO transition from positive to negative
in the late-1990s contributed 27% of the discrepancy between
model median estimates of the forced part of the GMST trend
and the observed trend from 1995 to 2013, with additional
contributions that are probably due to internal variability
outside of the Pacific4 and an externally forced response
from small volcanic eruptions5. Understanding and quantifying
the contribution of a specific source of internally generated
variability—the IPO—to GMST trends is necessary to improve
decadal climate prediction skill.

Several previous studies have addressed the issue of identify-
ing internally generated contributions to GMST by starting with
a multi-model average (MMA) estimate of the externally forced
GMST response and subtracting this response from observations,
thus yielding internally generated decadal variability as a residual.
TheGMST residuals (‘noise’) are assumed to represent the combined
effects of all modes of internal variability, and an IPO-like surface
temperature pattern has been shown to be associated with the
decadal variability of GMST since 19204. But use of a global em-
pirical orthogonal function (EOF) analysis did not explicitly isolate
the contribution of the IPO. An alternate approach for estimation of
an IPO contribution involved specifying the observed time-evolving
sea surface temperatures (SSTs) in the eastern tropical Pacific in a
global coupled climate model2. This simulation successfully repli-
catedmany key features of observedGMST changes, particularly the
muted post-2000 surface warming trend6, suggesting that knowl-
edge of the time evolution of the IPO could inform our under-
standing of multidecadal variability of GMST. Although external
forcings were not explicitly varied, their influences were included
in the prescribed SSTs2,7—that is, variability in the prescribed SSTs
does not solely reflect variability in the IPO.

These approaches do not improve understanding of the processes
and mechanisms that contribute to the residual GMST variability.
Furthermore, they do not consider the possibility of interaction
between the forcing and internal variability8. Another problem
lies with the assumption that the MMA provides the most
reliable estimate of the forced response. Systematic errors in the
MMA (for example, arising from the neglect of early twenty-first
century volcanic forcing, incorrect representation of solar irradiance
changes during the last solar cycle, possible underestimation of
anthropogenic SO2 emissions from China, and so on) are aliased
in the observed GMST residuals. Thus, some component of the
residual GMST variability is due to forcing errors, hampering
reliable quantification of the IPO contribution. This difficulty is also
a factor in techniques that use multivariate regression on spatio-
temporal patterns of forced response and IPO variability to estimate
the relative contributions of each factor to the time evolution of
the GMST.

Here we take the novel approach of addressing the problem from
the opposite direction. Rather than inferring ‘total’ internal variabil-
ity as a residual, we start with an estimate of internally generated
variability from a specific source—SSTs associated with the IPO in
the Pacific from a long unforced climatemodel control run.We then
compare the size of the IPO contribution to the observed time series
of twentieth-century GMST, with the size of the contribution from
the externally forced response (estimated from the multi-model
average of simulations with combined anthropogenic and natural
external forcings; see Methods in Supplementary Information).

In this Letter we are concerned with the influence of all causes
of the interdecadal variability of Pacific SST on globally averaged
surface temperature, which we summarize in the form of the IPO.
We recognize (Supplementary Section 3) that the IPO concept may
include aspects of the interdecadal modulation of high-frequency
ENSO variability, but unravelling the detailed mechanisms is not
essential to the validity of the conclusions we draw. A caveat is
that systematic errors in model response could affect internally
generated variability as well as the response to external forcings.
A second caveat (as noted above in discussion of estimating total
internal variability by subtraction) is that systematic errors in
external forcings influence the size of simulatedGMST changes, and
thus impact inferences about the relative sizes of IPO and externally
forced contributions.

The second EOF of low-pass-filtered observed SSTs is shown in
Fig. 1b. Its principal component (PC) time series (Supplementary
Fig. 7b) is typically taken to be an index of the IPO9. In Fig. 1c,
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Figure 1 | Observed IPO compared to multi-model internally generated
IPO and externally forced response from aerosols and greenhouse gases.
a, Multi-model average EOF1 pattern from the control runs (the models’
IPO). b, Pattern of the observed IPO (see Supplementary Fig. 7). c, Pattern
correlations from projecting the models’ IPO pattern in a onto the
time-varying low-pass-filtered observed SSTs (black line, comparable to
observed IPO index in Supplementary Fig. 7b), and for the time-invariant
multi-model average EOF1 from AERO (green dash-dot) and GHG (blue
dotted) experiments (Supplementary Fig. 6) projected onto the observed
SSTs. The significance of the pattern correlations from a Pearson R test are
shown at the top: when a line is plotted, correlations are significant at the
5% level or better. %Var in a and b refers to the per cent variance that is
explained by the EOF. The colour scale denotes correlation values.

the time-invariant EOF1 patterns from the multi-model ensemble
mean AERO (sulfate aerosol only), GHG (greenhouse gas only),
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Figure 2 | IPO contributions to observed GMST trends. a, Annual mean
observed GMST anomalies and individual ensemble members from the
CMIP5 models (1986–2005 base period). b, Observed decadal trends
(coloured dots, see legend in a) corresponding to positive or negative IPO
epochs in a. The multi-model ensemble average forced response is shown
by the black dots. The box plots show the distribution of GMST trends. The
black lines are the median values, boxes are the 25th and 75th percentiles
and whiskers indicate the 5th and 95th percentiles. The grey boxes denote
externally forced trends; coloured boxes (red for positive IPO, blue for
negative IPO) are for GMST trends adjusted from the corresponding
externally forced GMST model trends to take into account the contributions
from the distribution of positive and negative decadal IPO GMST trends
computed from the CCSM4 control run.

and control runs (EOF1 pattern in Fig. 1a taken to be the internally
generated IPO, pattern correlation with the observed IPO in Fig. 1b
is +0.70; EOF1 patterns and PC time series for AERO and GHG
are shown in Supplementary Fig. 6) are projected onto the time-
varying low-pass-filtered observed SSTs. Themodel IPO (solid black
line) is comparable to the time evolution of the observed IPO index
(Supplementary Fig. 7b, correlation of+0.91), and has larger ampli-
tude values in Fig. 1c than AERO and GHG. This confirms previous
single model results9 in that the internally generated IPO from the
models has the greatest correspondence to the observed IPO, and is
the dominant contributor to the time-evolving patterns of observed
low-frequency SST variability in the Pacific. AERO and GHG single
forcings show generally smaller contributions. Section S5 in the
Supplementary Information discusses the relationship between the
pattern correlation calculations in Fig. 1 and the trends in the PC
time series from the individual forcings in Supplementary Fig. 6.

Figure 2a compares the CMIP5 multi-model median (MMM)
GMST changes with observed GMST anomalies over 1910 to 2013
(see Methods in Supplementary Information). The lengths of the
simulated IPO epochs are defined based on the years when the index
begins trending towards opposite sign epochs (Fig. 1c and Supple-
mentary Fig. 7b, see Methods in Supplementary Information).

To quantify howmuch the IPOmay have contributed to observed
GMST trends over these specific periods of time (Fig. 2a), we choose
a multi-century unforced control run (the last 1100 years from a
1300-year integration) fromCCSM4. Thismodel is appropriate here
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because it has been analysed the most extensively of any current
climate model with regards to IPO processes and mechanisms, and
compares favourably in those aspects to observations10–12 and to
the multi-model average IPO pattern in Fig. 1a (pattern correlation
of +0.90). CCSM4 control run output was used to compute the
distributions of unforced ten-year trends in globally averaged
GMST. We considered only those GMST trends occurring at times
of positive and negative ten-year trends in the model IPO (see
Methods in Supplementary Information). The box and whisker
plots in Fig. 2b show the result of accounting for CCSM4’s estimate
of the IPO influence on GMST trends when the IPO is trending
positive (red boxes) or negative (blue boxes). By adding the IPO-
mediated trend distributions inferred from the CCSM4 control run
to the median trend calculated from the multi-model ensemble
of CMIP5 simulations with historical forcing (representing the
externally forced response, grey boxes), we form ‘IPO-adjusted’
distributions of GMST trends for each epoch. The observational
trend results for each epoch are compared with both ‘IPO-adjusted’
and ‘unadjusted’ (externally forced) model GMST trends (see
Methods in Supplementary Information).

We consider first the two epochs when the IPO is in its positive
phase (1910–1941 and 1971–1995). During both observational
periods with positive trends in the IPO, the distributions of the
‘IPO-adjusted’ model trend values shift upwards compared to the
forced trend distributions. The ‘adjusted’ results are noticeably
closer to the observed trend values (coloured dots) than the
corresponding distributions of externally forced model trends (grey
boxes). Additionally, the observational trends are closer to the
median of the IPO-adjusted distributions (the solid black line in the
red boxes) than to the median of the unadjusted trends (the solid
black line in the grey boxes). In each of the ‘positive IPO phase’
epochs, all of the observational trends are within the 25–75% range
for the IPO-adjusted values (red boxes), but not the externally forced
trend distributions (grey boxes).

For the 1910–1941 period, the median of the observations is
+0.13 ◦C per decade (range +0.12 to +0.14 ◦C per decade), the
multi-model median of the unadjusted trends is +0.06 ◦C per
decade (25–75% range of +0.04◦ to +0.09 ◦C per decade), and
the IPO-adjusted median value is +0.11 ◦C per decade (+0.07◦
to +0.25 ◦C per decade). Thus, the IPO accounts for 71% of the
discrepancy between the median values of the forced response and
the observed GMST trends during this period. For the 1971–1995
period, the observed median value of +0.19 ◦C per decade (+0.16◦
to+0.25 ◦C per decade) is closer to the IPO-adjusted median value
of +0.17 ◦C per decade (+0.13◦ to +0.30 ◦C per decade) than to
the externally forced trend value of+0.11 ◦C per decade (+0.08◦ to
+0.15 ◦C per decade). Thus, the IPO could account for 75% of the
discrepancy between the median values of the forced response and
the median of the observed GMST trends during this time period.

For the big hiatus period from 1941–1971, the IPO-adjusted
median value produces a larger-than-observed trend of −0.06 ◦C
per decade, compared with the multi-model forced value of
−0.01 ◦C per decade and observed median value of −0.03 ◦C
per decade. In this case, there is a slight over-correction in the
adjustment for the negative phase of the IPO. However, the two
pulses of negative IPO during the big hiatus (Fig. 1c) probably had
contributions from a combination of internally generated variability
from the IPO and external forcing (see Supplementary Information
and Supplementary Fig. 1).

For the recent hiatus from 1995–2013, the median of the
observed results of 0.14 ◦C per decade (+0.11◦ to +0.19 ◦C per
decade) is closer to the median of the IPO-adjusted trend value of
+0.22 ◦C per decade (+0.17◦ to +0.26 ◦C per decade) than to the
median of the unadjusted results of +0.25 ◦C per decade (+0.20◦
to +0.31 ◦C per decade) (Fig. 2b). In this period, therefore, the
CCSM4-based estimate of IPO variability can account for 27% of

the difference between the observed trends and the median of
the unadjusted externally forced model trends. Similar results are
obtained for a slightly different definition of the negative IPO period
from 2000–2013 (Fig. 2b). We note that both the unadjusted and
adjusted model results do not include the effects from a series of
moderate volcanic eruptions in the early twenty-first century, and
thus are likely to be biased warm5,13. Accounting for these effects
would probably bring both the unadjusted and adjusted multi-
model median trends in Fig. 1b closer to the observed values5,7,14,15.
Thus, the results shown here indicate that discrepancies between
simulated and observed trends over the early twenty-first century
warming slowdown are likely to be attributable not only to the
IPO, but also to volcanic (and other) external forcings, as well
as to possible contributions from Atlantic SSTs associated with
the Atlantic Multidecadal Oscillation4 (AMO, see Supplementary
Information). Another factor is that the changing background
base state, which is characterized by a long-term warming trend,
would produce less of a contribution from the IPO to a slowdown
in decadal GMST trends as the forcing from greenhouse gases
continues to increase into the twenty-first century16. This was also
noted in future climate simulations where the IPO influence on
decadal GMST trends is reduced in scenarios with large greenhouse
gas forcing compared to medium or lower forcing scenarios17. IPO
variability also has been shown to influence trends in other parts
of the climate system in addition to GMST, such as Antarctic sea
ice expansion from 2000–2014 during the negative phase of the
IPO18. Therefore, understanding and quantifying IPO contributions
to climate variability in conjunction with the forced response (from
factors such as increasing GHGs) will help improve decadal climate
predictions19.
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