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CMIP5 data processing. We consider 126 realizations 
(from 41 models, see Table S20.1) of the “historical” 
experiment to represent current conditions from 
1953–2005, integrated with observed time-evolving 
changes in all forcings that include anthropogenic 
(due mainly to an increase in greenhouse gases and 
aerosols) and natural forcings (solar irradiance and 
volcanic activity). We extend the historical experi-
ment utilizing the “RCP4.5” (representative concen-
tration pathway with a 4.5 W m-2 long-run radiative 
forcing stabilization level post 2100) from 2006–14, 
resulting in a 62-year long all forcing experiment 
period, referred to as ALL_P1 in the main report. 
Because RCP scenarios do not diverge appreciably 
until the near-term future (Moss et al. 2010), we 
chose RCP4.5 data, which provide the largest number 
of model samples, for this extension. Pre-industrial 
control (referred to as CTL_P0) experiments provide 
a measure of the unforced internal climate variability, 
and represent conditions with a weaker or no major 
human contribution. All period data were used from 
CTL_P0 to analyze the 2014 SST anomalies. Overall, 
we obtained 294 and 126 ensemble members for 
CTL_P0 and ALL_P1, respectively (Table S20.1). We 
also use 30 “historicalGHG” (GHG_P1) runs and 
41 “historicalNat” (NAT_P1) runs for 1953–2012 
(note that we use a slightly different period for these 

experiments since they end in 2012). Individual forc-
ing experiments impose conditions as in the control 
experiment (CTL_P0), in addition to an individual 
forcing. For example, NAT_P1 includes only forcing 
from volcanoes and solar variability, with no varia-
tion of aerosols in association with human anthropo-
genic forcing such as those from fossil fuel burning. 
Similarly, GHG_P1 includes only the forcing contri-
bution of greenhouse gas concentrations, and does 
not include offsetting forcing such as anthropogenic 
aerosols or natural forcing. 

All modeled SST fields, which are internally 
calculated from atmosphere–ocean coupling, are 
interpolated onto 1° × 1° grids. SST anomalies from 
observations are with respect to the 1971–2000 
mean while SST anomalies from all model runs are 
obtained relative to each 1971–2000 mean of ALL_P1 
to account for different climatology responses to dif-
ferent forcing factors. 

Model internal variability. It is important to assess 
whether the CMIP5 models simulate suitable inter-
nal variability in the regions of interest, potentially 
hampering the fraction of attributable risk (FAR) 
analysis. When comparing distributions of observed 
(detrended) and pre-industrial control SST vari-
ability smoothed with a kernel smoothing function 
(Fig. S20.5), the modeled internal variability agrees 
reasonably well with the distribution of observed SST 
annual and boreal summer (JJA) SST anomalies in the 
western tropical Pacific (WTP) and northeast Pacific 
(NEP) regions, except that the modeled WTP (NEP) 
has a larger (smaller) variability. The standard devia-
tion (or interquartile range) of the observed annual 
anomalies for the WTP is 0.12°C (0.15°C), compared 
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Table S20.1. List of CMIP5 models used in this study. Numbers represent the number 
of ensemble members from each model for different experiments. Numbers in CTL_
P0 represent number of 62-year non-overlapping chunks. See text for details.

Model Pre-industrial 
(CTL_P0)

ALL_P1 
(1953–2014)

NAT_P1 
(1953–2012)

GHG_P1 
(1953–2012)

ACCESS1-0 8 1

ACCESS1-3 8 1

bcc-csm1-1-m 6 1

bcc-cms1-1 8 1 1 1

CanESM2 16 5 5 5

CCSM4 16 6

CESM1-BGC 8 1

CESM1-CAM5 4 3

CESM1-CAM5-1-FV2 1

CMCC-CM 4 1

CMCC-CMS 8 1

CNRM-CM5 14 1 1 1

CSIRO-Mk3-6-0 8 10 5 5

EC-EARTH 1

FGOALS-g2 10 1

FIO-ESM 12 3

GFDL-CM2.1 10

GFDL-CM3 1

GFDL-ESM2G 1

GFDL-ESM2M 1

GISS-E2-H 12 16 10 5

GISS-E2-H-CC 4 1

GISS-E2-R 14 17 10 5

GISS-E2-R-CC 4 1

HadCM3 10

HadGEM2-AO 10 1

HadGEM2-CC 4 1

HadGEM2-ES 8 4 4 4

inmcm4 8 1

IPSL-CM5A-LR 16 4 3 3

IPSL-CM5A-MR 4 1 1

IPSL-CM5B-LR 4 1

MIROC-ESM 10 1

MIROC-ESM-CHEM 4 1

MIROC4h 3

MIROC5 10 3

MPI-ESM-LR 16 3

MPI-ESM-MR 16 3

MRI-CGCM3 8 1

NorESM1-M 8 1 1 1

NorESM1-ME 4 1

Sum Total 294 126 41 30
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with 0.14°C (0.16°C) for CTL_P0 (Fig. S20.5a), there-
fore internal variability is slightly over-estimated 
(+17%). The standard deviation (interquartile range) 
of the observed annual anomalies for the NEP is 
0.39°C (0.61°C), compared with 0.36°C (0.48°C) for 
CTL_P0 (Fig. S20.5b), therefore internal variability 
is underestimated (−8%). In addition, comparing 
observed and ALL_P1 simulated (detrended) SST 
variability, the ALL_P1 simulations over 1953–2014 
from the 41 models for the WTP also has larger vari-
ability, and the NEP smaller variability, compared to 
observations (Fig. S20.5). We test the sensitivity of the 
FAR for SST anomalies that occurred during 2014 
by scaling the modeled variability to better match 
observed variability (Fig. S20.6). The FAR is found to 
be robust in the WTP to scaling factors, and the bias 
of modeled internal variability makes little difference 
to anomaly distributions (Fig. S20.6a). For the NEP, 
scaling modeled simulations up by 10% (slightly more 
than the internal variability bias) reduces the annual 
FAR by 0.04 (0.82 compared to 0.78), and reduces the 
JJA FAR by 0.1 (0.94 compared to 0.84) (Fig. S20.6b). 

Observation sensitivity. We use monthly SST data 
from the Hadley Centre sea ice and SST version 1 
(HadISST; Rayner et al. 2003) to assess uncertainty 
in observational data set and the 2014 anomaly. We 
repeat the FAR approach as conducted in the main 
report, except using new values obtained from Had-
ISST (see Table S20.2). Results for the WTP can 
be considered insensitive to the observational data 
used. However, the likelihoods of 2014 annual and 
summer SST anomalies in the NEP are found to 
be approximately three times as likely with human 
influences using HadISST, compared to at least five 
times as likely using ERSST. Overall, the conclusions 
of the study do not change, where in the WTP, a 
strong long-term warming in SST can be explained 
only when greenhouse gas forcing is included. The 
record extreme 2014 annual and summer mean SST 

anomalies in this region were also 100% attributable 
to anthropogenic forcing. For the NEP, the probabil-
ity of SST anomalies such as those observed during 
2014 has increased with human influences (range of 
three-to-ten times as likely), suggesting the likely role 
of natural internal variability. 

A sensitivity test of the observed trend and its 
uncertainty is also carried out to assess robustness of 
the FAR for long-term trends in the WTP and NEP 
regions. We recalculated the FAR using the lower 
bound in the observed ERSST trend uncertainty 
(Figs. 20.2a,b of main text and Fig. S20.3) and find 
that the results of the main text do not change for the 
WTP, and the FAR reduces by no more than 0.1 (0.8 
compared to 0.7) for the NEP.

This study focuses on the latter half of the 
twentieth century (since 1953) as it is when human 
influences were more significant, but also when ob-
servational coverage improved substantially. Prior 
to this, observations were sparse in many regions 
of the global oceans, which raises the issue of large 
uncertainty arising from the observations (Deser et 
al. 2010; Yasunaka and Hanawa 2010). Moreover, SST 
anomalies in the early twentieth century of ALL_P1 
are close to CTL_P0 due to little anthropogenic forc-
ing, therefore including such data in the ALL_P1 
SST anomaly distributions would not be relevant in 
order for ALL_P1 to represent a hypothetical world 
of the year 2014 with human influences. Using the 
period 1953–2014 produces a mean of ALL_P1 close 
to zero and comparable with observations. Despite 
this, repeating our analysis considering the entire 
twentieth century, from 1901–2014, makes a stronger 
statistical case for SST trends in the WTP and NEP 
(Table S20.3 and Fig. S20.8), more so for the NEP. 
There are no long-term trends in CTL_P0 for either 
region that are comparable to observed trends over 
such a long period. Further, impact of multidecadal 
variability is evident in the NEP during the earlier 
twentieth century, as was detailed in the main report. 

Table S20.2. Same as Table 20.1 of the main text but using HadISST data as SST 
observations. See Supplemental text for details.

Observations ALL_P0 ALL_P1 GHG_P1

Trend in WTP 
Ann/JJA SST

0.58/0.58°C 62 yr-1 0/0%
63.49/65.08%  

FAR = 1
100/100%  
FAR = 1

Trend in NEP  
Ann/JJA SST

0.27/0.19°C 62 yr-1 11.56/20.41%
80.16/85.71%  

FAR = 0.86/0.76
90/100%  

FAR = 0.87/0.80

2014 WTP Ann/JJA 
SST anomaly

0.41/0.46°C 0/0%
7.83/6.69%  
FAR = 1

39.33/32.78% 
FAR = 1

2014 NEP Ann/JJA 
SST anomaly

1.12/1.45°C 0.33/0.31%
1.02/1.04%  

FAR = 0.68/0.70
19.44/14.89%  

FAR = 0.98/0.98

46 DECEMBER 2015|



Fig. S20.1. Ratio of record breaking high (a) annual and (b) boreal summer (JJA) SST anomaly area 
over the global oceans, with the record 2014 value indicated by red circles. The ratio is calculated 
each year as the fraction of global ocean with the highest annual or JJA SST from the start of the time 
series (i.e., 1880, however we only present the ratios for the twentieth century) until the target year. 
(c),(d) Same as (a),(b) but only considering the western tropical Pacific region (see dashed box in Fig. 
20.1a in the main text). (e),(f) Same as (a),(b) but only considering the northeast Pacific region (see 
dashed box in Fig. 20.1a in the main text).

Table S20.3. Probability of occurrence exceeding the observed annual 
mean SST long-term trend ending in 2014 in the western tropical Pacific 
(WTP) and northeast Pacific (NEP) Ocean regions. The fraction of 
attributable risk is calculated as FARALL_P1=1–PCTL_P0/PALL_P1 and 
FARGHG_P1=1–PCTL_P0/PGHG_P1. 

Observations CTL_P0 ALL_P1 GHG_P1

Trend in WTP Annual 
1953–2014

0.62°C 62 yr-1 0%
50.79%  
FAR = 1

100%  
FAR = 1

Trend in WTP Annual 
1901–2014

0.71°C 100 yr-1 0%
27.64%  
FAR = 1

93.33%  
FAR = 1

Trend in NEP Annual 
1953–2014

0.23°C 62 yr-1 16.67%
84.92%  

FAR = 0.80
96.67%  

FAR = 0.83

Trend in NEP Annual 
1901–2014

0.60°C 100 yr-1 0%
29.27%  
FAR = 1

63.33%  
FAR = 1
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Fig. S20.2. Observed seasonal mean SST anomalies (°C) during 2014 averaged 
over the (a) western tropical Pacific Ocean and (b) northeast Pacific Ocean, 
relative to the 1971–2000 climatology. Note: December–February (DJF) is cal-
culated using December of 2013. The figure highlights that June–August (JJA) 
exhibited the highest seasonal SST anomalies in both regions. 

Fig. S20.3. Same as Figs. 20.2a,b in the main report but histogram of the boreal summer (JJA) SST 
trends in the (a) western tropical Pacific Ocean and (b) northeast Pacific Ocean from pre-industrial 
(CTL_P0, gray), historical (NAT_P1, blue), all (ALL_P1, green) and greenhouse-gas only (GHG_P1, 
red) forcing experiments compared with the observed trend (vertical solid black line).
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Fig. S20.4. Best estimate of the FAR for annual SST trends over a range of trend periods (all ending in 2014) in 
the (a) western tropical Pacific Ocean and (b) northeast Pacific Ocean, using the all (ALL_P1, green curves) and 
greenhouse-gas only (GHG_P1, red curves) forcing relative to pre-industrial conditions (CTL_P0). Increases 
in likelihood by factors of 2, 3, 4, and 10 are indicated. Trends ending in 2013 are also shown for sensitivity test 
of end year (dashed green lines). (c),(d) Same as (a),(b) but for boreal summer (JJA). (e),(f) Same as (a),(b) but 
for best estimate of the FAR over a range of thresholds in units of standard deviations above the 1971–2000 
climatology annual SST (Tclim). The 2014 threshold and a more conservative threshold (previous record) are 
indicated by vertical solid and dashed lines, respectively. (g),(h) Same as (e),(f) but for JJA.
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Fig. S20.5. Smoothed distributions of the (a) western tropical Pacific Ocean and (b) northeast Pacific 
Ocean annual SST anomalies for observations (ERSST v3, black) and all forcing (ALL_P1, green) for 
1953–2014, and pre-industrial conditions (CTL_P0, gray). For each distribution, the standard deviation 
and interquartile range are shown. (c),(d) Same as (a),(b) but for boreal summer (JJA) SST anomalies. 

Fig. S20.6. Best estimate of the FAR for annual (solid green line) and boreal summer (JJA, 
dashed green line) SST anomalies over a range of internal variability scaling factors in the 
(a) western tropical Pacific Ocean and (b) northeast Pacific Ocean. The FAR values are 
calculated using the anthropogenic forced conditions from all forcing (ALL_P1) relative 
to pre-industrial conditions (CTL_P0). Increases in likelihood by factors of 2, 3, 4, and 10 
are indicated. Vertical black lines highlight the sensitivity of the FAR given the modeled 
internal variability (a scaling of 1, solid) and after scaling (dashed) has been applied so 
modeled internal variability better match observations.
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Fig. S20.7. Same as Fig. 20.2 in the main text but using only models (9 in total) that have all simulations 
of pre-industrial (CTL_P0, gray), historical (NAT_P1, blue), all (ALL_P1, green) and greenhouse-gas 
only (GHG_P1, red) forcing experiments. The interquartile range for each distribution is shown, which 
highlights potential variability (spread) arising due to intermodel spread of climate-sensitivity to the 
different forcing experiments (NAT_P1, ALL_P1, and GHG_P1) compared to unforced experiments 
(CTL_P0).
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Fig. S20.8. (a),(b) Extended time series (starting in 1901) of annual SST anomalies (°C), averaged over 
the (a) western tropical Pacific Ocean and (b) northeast Pacific Ocean, relative to the 1971–2000 cli-
matology. Green lines and shading indicates the all forcing (historical and RCP4.5, ALL_P1) ensemble 
mean and 10%–90% range across ensemble members, blue indicates the natural forcing (historicalNat, 
NAT_P1) ensemble means, and the dashed black indicates the observed (ERSST v3), with the 2014 
record-breaking value represented by black circles. (c),(d) Best estimate of the FAR for annual SST 
trends over a range of trend periods (all ending in 2014) in the (c) western tropical Pacific Ocean and 
(d) northeast Pacific Ocean, using the all (ALL_P1, green curves) and greenhouse-gas only (GHG_P1, 
red curves) forcing relative to pre-industrial conditions (CTL_P0). Trends longer than 62 years (pre-
sented in the main results) highlight the impact of multidecadal variability on trends in the NEP over 
the entire twentieth century. Trends ending in 2013 are also shown for sensitivity test of end year 
(dashed cyan lines).
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Fig. S20.9. SST anomalies (°C) associated with the (a) first and (b) second principal variability pattern 
of North Pacific Ocean SST anomalies for the period 1953–2014, depicting the structure of anomalies 
associated with a warm phase of the Pacific decadal oscillation (PDO) and a negative phase of the North 
Pacific Gyre Oscillation (NPGO), respectively. The patterns are obtained through linear regression 
of monthly SST anomalies onto the principal component time series of EOF1 and EOF2. (c),(d) Time 
series of the (c) PDO and (d) NPGO index, with monthly values indicated by red and blue shading, and 
12-month running mean filtered values indicated by black lines. 
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