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ABSTRACT: Small Island Developing States in the tropical western Pacific are among the most vulnerable to climate change.
While a great deal of information on the observed climate change trends and their cause is available for many other regions
and for the globe as a whole, much less information has been available specifically for the Pacific. Here, we show that
warming over the past 50 years in the western Pacific is evident in recently homogenized tropical station data, and in gridded
surface temperature data sets for the region. The warming has already emerged from the background climate variability.
The observational data and Coupled Model Intercomparison Project Phase 5 climate model output are used to show that
the observed warming was primarily caused by human-forced changes to the earth’s radiative balance. Further warming is
projected to occur in the same models under all three Representative Concentration Pathways (RCPs) considered (RCP2.6,
RCP4.5 and RCP8.5), with the magnitude far exceeding the warming to date under the two scenarios with higher emissions

(RCP4.5 and RCP8.5).
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1. Introduction

Small Island Developing States including those in the
western Pacific Ocean are among the most vulnerable to
climate change (Nurse et al., 2014). During this century,
these islands will face increasing threats to sustainable
development from the impacts of climate change. Sec-
tors that are likely to be most affected include human
health, infrastructure, coastal resources, disaster man-
agement, water resources, agriculture, fisheries, forestry,
marine ecosystems and tourism. It is important, therefore,
that these nations have access to sound scientific informa-
tion about the magnitude of any observed climatic changes,
their possible causes and projections of future changes
(ABoM-CSIRO, 2011, 2014; Power et al., 2011).

The most recent Intergovernmental Panel on Climate
Change (IPCC) Working Group 1 Assessment Report
(IPCC, 2013) concluded that ‘it is extremely likely that
more than half of the observed increase in global average
surface temperature (SAT) from 1951 to 2010 was caused
by the anthropogenic increase in greenhouse gas concen-
trations and other anthropogenic forcings’, and that ‘over
every continental region except Antarctica, anthropogenic
forcings have likely made a substantial contribution to
SAT increases since the mid-20th century’. While this is
very useful information, additional information specifi-
cally focused on the western Pacific will provide a clearer
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picture of how climate change affects nations in the region
(ABoM-CSIRO, 2011; Power et al., 2011). In this study,
we will determine whether or not a similar statement can
be made for the western Pacific region alone.

Using results from the Coupled Model Intercomparison
Project Phase 3 (CMIP3, Meehl et al., 2007) and Phase 5
(CMIPS5, Taylor et al., 2012) projects, several studies have
been devoted to SAT detection and attribution (D&A) at
regional scales (e.g. Sakaguchi et al., 2012; Jones et al.,
2013b; Knutson et al., 2013). Knutson et al. (2013) found
an anthropogenic warming signal was detectable in the
observed temperature records over large parts of the globe.
However, there was no systematic detectable warming over
the tropical Pacific region. Sakaguchi et al. (2012) found
that the multimodel ensemble mean (MMEM) of three
CMIP3 climate models reproduced robust signals in zonal
mean SATs over the 20th century at 30° spatial scale. Jones
et al. (2013b) found that the observed warming trend over
the western tropical Pacific in HadCRUT4 over the period
1951-2010 is consistent with CMIP5 model simulations
that incorporate both anthropogenic and natural factors.
They also found, however, that the same trend was largely
inconsistent with simulations incorporating natural factors
over the same period.

Additional methods have been developed in recent years
focusing on the time when mean temperature has devi-
ated from the range of natural variability and stay out-
side that range permanently, a process recently referred
to as climatic expulsion (Power, 2014). The time that cli-
matic expulsion occurs is sometimes referred to as the
time of emergence (ToE; Hawkins and Sutton, 2012).
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The concept of ToE is particularly useful for regional cli-
mate change detection as it takes into account of regional
climate signal and noise (Kattsov and Sporyshev, 2006;
Mahlstein ef al., 2011). Using an 11-year running mean of
temperature against 1910—1959 baseline climate, Kattsov
and Sporyshev (2006) find significant change has already
occurred in the tropical Indian Ocean and the Western
Pacific. Defining the temperature signal as its mean dif-
ference over the last 10 years of the 20th century and over
the whole 20th century, and the noise as its interannual
variability, Mahlstein ez al. (2011) show that due to the
small temperature variability from one year to another,
the largest signal to noise ratio in surface air temperature
occurs in low latitude countries, implying that the earliest
emergence of significant warming might occur here. They
pointed out, however, that the lack of high-quality observa-
tional data might preclude this in many tropical countries.

Fortunately, a new homogeneous data set for Pacific
Island station temperatures has recently been developed
through collaboration between scientists from the national
meteorological services in the western Pacific region under
the Pacific Climate Change Science Program (PCCSP,
2009-2011; Power etal., 2011) and Pacific Australia
Climate Change Science and Adaptation Planning pro-
gram (PACCSAP, 2012-2013). The station observations
have undergone systematic quality control and homog-
enization in which non-climatic step changes and other
inconsistencies were removed. This improves both spatial
and temporal consistencies among the data records for
both variability and trends (Jones et al., 2013a). This
homogenization builds on earlier work by Manton ef al.
(2001), Page eral. (2004) and Griffiths et al. (2005).
The availability of this new monthly scale data set is an
important contribution to currently available SAT data, as
only a fraction of these station data have been exchanged
internationally and incorporated into global data sets
such as the Global Historical Climatology Network
(Menne et al., 2012).

Jones et al. (2013a) show a larger than natural variabil-
ity warming trend in a regional mean of Pacific island
station temperature series in the new data set and find
this regional mean station series compares well with a
regional mean series extracted from a global gridded data
set over 1961-2010. Here, we expand their study by using
an updated Pacific island station data set and compare a
regional mean of this newer station data set with several
other global gridded data sets over 1953-2010. We also
compare the observed warming in this region with sim-
ulated warming from CMIP5 climate models in order to
examine the extent to which anthropogenic forcing causing
the warming, and whether the warming signal has already
emerged. We then examine the amount of additional warm-
ing that could occur over the western Pacific under differ-
ent greenhouse gas emission scenarios for the remainder
of the 21st century.

This work is part of the PCCSP/PACCSAP science pro-
grams, which sought to understand past climate trends
and variability and provide regional and national climate
projections to the partner countries in the programs and
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associated capacity building (ABoM-CSIRO, 2011, 2014;
Power et al., 2011).

2. Data and methods

2.1.  Observational station and gridded data

The PACCSAP (formerly PCCSP) program includes the
following 14 partner countries: Cook Islands, Federated
States of Micronesia, Fiji, Kiribati, Marshall Islands,
Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon,
Tonga, Tuvalu and Vanuatu (ABoM-CSIRO, 2011, 2014)
(refer to Figure 1). The observational station data that
we use is limited to currently operational homogenized
monthly mean surface air temperature (hereafter SAT)
data for stations in 13 of the 14 partner countries where
data is available (Jones et al., 2013a). In order to define a
representative annual mean temperature anomaly for the
region, we first derive annual mean temperature anoma-
lies for each station following the method outlined by
Jones et al. (2013b) with modification. An annual mean
anomaly is defined if there are nine or more monthly
data values available in a given calendar year. The results
are not sensitive to the choice of the minimum num-
ber of months of monthly data, from 2months (as in
Jones et al., 2013b) to all 12 months. For example, the
trends over 1953—2010 in the station temperature average
index Tgion. defined below, are 0.77, 0.76 and 0.76 °C
per 50years for minimum monthly data of 2, 9 and
12 months, respectively. A 30-year period (1961-1990) is
used to define a reference period from which anomalies are
derived.

The maximum number of stations for which annual
mean anomalies can be derived in any year using the
above procedure is 37. However, there are missing data,
particularly prior to 1950 as indicated by Figure 2. From
these records, we use a common subset of stations which
meet two criteria: (1) data are available in at least 20
of 30years during the reference period and (2) data is
available for at least 80% of the time during the entire
analysis period 1953-2010. We use 1953 as the first year
of the analysis period. This choice ensures that 20 or more
stations meet these criteria. Details of these stations are
given in Table S1, Supporting Information. From hereon,
we refer to this subset as the station data.

To examine temperature changes at the regional scale,
a time series of regional annual mean temperature was
created by averaging the annual mean temperature anoma-
lies of the station data. Different averaging methods were
tested: (1) a plain average of the station data; (2) averaging
station data within each Exclusive Economic Zone (EEZ)
first (14 of 19 zones are defined, see Figure 1), and then
a plain average of the values from the 14 zones; (3) same
as (2) but a weighted average of the values from the 14
zones with weights being the area of the zones. The result-
ing indices of the average annual mean station tempera-
ture anomalies are not sensitive to the choice of averaging
methods (figure not shown). We use the first method in this
article and denote this as Tg;on-
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Figure 1. The standard deviation of detrended SST variability: (a) the observed (HadISST) and (b) the average of 14 CMIP5 models, with the EEZs
and sub EEZs for the 14 partner countries superimposed (Source: Pacific Climate Futures, Clarke ef al., 2011, and Whetton et al., 2012). The standard
deviation is estimated using linearly detrended annual mean anomalies over the period 1953-2010. The model standard deviation presented is the
multimodel mean of each model’s standard deviation over the same period 1953—-2010. SST variability in the Historical was used for 1953-2005,
while RCP8.5 was used for 2006—-2010. For the purposes of this article, we use 19 subregions based on EEZs of the 14 countries. We use the entire
EEZ for ten countries, and we break up the large EEZs of the remaining four countries into two or three, to give a total of 19 subregions (for details
see Pacific Climate Futures, Clarke ef al., 2011). Zone boundaries come from Flanders Marine Institute (Claus et al., 2013). Zones encircled with
green lines indicate there are no station data available for use in the article. The remaining 14 zones (in pink lines) are used in calculating the regional

average temperature.

We compare Tg;,, to other gridded climate data
sets: HadCRUT4 (Morice et al., 2012); NOAA Merged
Land-Ocean Surface Temperature Analysis (MLOST)
v3 (Smith et al., 2008) and NASA GISS Surface Tem-
perature Analysis (GISTEMP, Hansen et al., 2010). The
CRUTEM4 (Jones et al., 2012), the land component of
HadCRUT4, is also used as a separate data set in the
comparison. Sea surface temperatures (SSTs) are closely
related to SATs in the tropical Pacific (Whan et al., 2014)
and so we also make use of four gridded SST data sets:
HadISST (Rayner et al., 2003); Kaplan SST (Kaplan
et al., 1998); ERSSTv3b (Smith ef al., 2008) and COBE
SST (Ishii et al., 2005). All these data sets are largely
drawn from the same sources, but differ in dealing with
data quality control, measurement bias adjustments and
data set gridding methodologies. Three gridded SAT data
(HadCRUT4, MLOST and GISTEMP) are all a blend
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of land SAT and SST data sets. All these gridded data
sets are subject to some degree of spatial interpolation
except HadCRUT4 and CRUTEM4, neither of which
employ any form of spatial infilling. In addition, the
HadCRUTH4 estimates we use here are the medians of 100
realizations of complex uncertainty and bias correction
models (see Morice et al., 2012 for more details) as
the best estimate of the data set. We mainly use Had-
CRUT4 when comparing CMIP5 results with gridded
observations for SAT.

The gridded data sets and the CMIP5 model output (see
next section) are all re-gridded to a common 1.5° X 1.5°
grid before analysis. To be consistent with the Tg, ... the
same 14 EEZs are used as the study region over which the
annual mean anomalies of the gridded data and the model
outputs are averaged and weighted by grid cell size. These
averages are denoted as T4 hereafter.

Int. J. Climatol. (2015)

International Journal of Climatology © 2015 Royal Meteorological Society



G. WANG et al.

$tation n|.1|mbers 1930—201q

40

30

20

10

s ([ TTTTT[TTTTTTTTI T I oI T I I I I T oITTITIToTTd

© ©
w
o

1940

1970

Lio v e iv o v eep iyt rrteriierntl

1980 1990 2000 2010 2020

Year

Figure 2. The number of stations that reported temperature observations with time in the study region. Dark grey (red in online): all available stations
where annual mean temperature can be derived; light grey (light blue in online): the subset of all stations used in defining regional average temperature
starting from 1953. The box indicates the climatological reference period 1961-1990.

2.2. CMIP5 model data

The CMIPS5 results represent climate model experiments
with different forcings referred to as piControl, Histori-
cal, HistoricalNatural and Historical GHG. The piControl
experiment is a simulation with no variations in exter-
nal forcings. The greenhouse gas concentrations applied
in piControl experiment represent preindustrial concentra-
tions. We use the piControl experiment to estimate vari-
ability that is generated internally by the models.

The other experiments can be considered as con-
tinuations of piControl simulations but with varying
forcings. These forcings include combined natural and
anthropogenic forcings (Historical), natural forcings
such as solar variations and volcanic eruptions only
(HistoricalNatural) and anthropogenic greenhouse forc-
ings only (HistoricalGHG). The 21st century simulations
begin by using initial conditions from the end of the
equivalent Historical experiment, and then continue from
2006 to 2100 under different greenhouse gases ‘Repre-
sentative Concentration Pathways’ (RCP). In this article,
we consider three such experiments (RCP2.6, RCP4.5 and
RCP8.5).

We use a subset of CMIP5 model data from 14 mod-
elling groups whose models have required outputs from
all of the piControl, Historical, Historical GHG (GHG),
HistoricalNatural (Natural) and three RCP experiments
(see Table 1 for details). For each model and each member
the temperature anomalies from the Historical, GHG
and Natural experiments as well as RCP projections are
expressed as deviations relative to the respective model’s
Historical experiment ensemble mean during the refer-
ence period (1961-1990). We use one member from each
model in the D&A analysis. The MMEM of temperature
anomalies of all models and members and its uncertainty
are estimated according to the method outlined in the
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Appendix S1, Supporting Information. The method esti-
mates the MMEM and uncertainty that are not biased to
models with more members.

CMIPS5 model performance has been evaluated exten-
sively in the western Pacific (e.g. Brown et al, 2015;
Grose et al., 2014). Grose et al. (2014) have assessed 27
CMIPS5 models which include all models used here with
one exception of FGOALS-g2. The FGOALS-g2 has been
included in regional SAT D&A in Knutson et al. (2013).
Both Brown et al. (2015) and Grose et al. (2014) indicate
that SAT and SST simulations from CSIRO-Mk3-6-0
model have peculiar behaviour over the western
Pacific region. We therefore excluded this model in
our analysis.

As a further test of CMIP5 model performance, Figure 1
shows the spatial structure of the standard deviation
of detrended SST variability in both the observations
(HadISST) and in the models over 1953—-2010. The latter
is equal to the MMEM of the standard deviation in each
model. The EEZs of the PACSSAP partner countries are
superimposed. The observed and modelled standard devi-
ation pattern exhibits similar characteristics to variability
associated with ENSO, with maximum variability in the
eastern equatorial Pacific. The 14 EEZs where station
data are used (zones encircled by pink lines, which we
will henceforth refer to as the study region) almost all lie
in areas where SST variability is low. The study region
also exhibited low variability on decadal time scales.
Temperature variability here is therefore less susceptible
to phase changes of the Interdecadal Pacific Oscillation
(IPO; e.g. Power et al., 1999; Christensen et al., 2013)
that is considered to have contributed to the recent global
temperature hiatus (Meehl and Teng, 2012; Flato et al.,
2013; Kosaka and Xie, 2013; Meehl et al., 2013; England
et al., 2014; Dai et al., 2015).

Int. J. Climatol. (2015)
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Table 1. CMIP5 models and number of members used for SAT and SST. Number of members for SST is given in bracket if it differs
from SAT. Numbers under piControl are simulation duration in years and (in bracket) number of samples used for estimate of internal
variability in SAT trend. Model code names instead of full modelling group names are shown for brevity.

Model name piControl Historical Natural GHG RCP2.6 RCP4.5 RCP8.5
years (samples) ~ 1900-2005  1900-2005  1900-2005  2006-2100  2006-2100  2006-2100
bce-csml-1 500 (18) 3 1 1 1 1 1
CanESM?2 996 (38) 5 4(5) 5 5 5 5
CCSM4 501 (18) 6 4 3(4) 6 6 6
CNRM-CM5 850 (32) 10 5(6) 6 1 1 5
FGOALS-g2 700 (26) 5 3 13) 1 1 1
GFDL-CM3 500 (18) 5 3 3 1 1 1
GFDL-ESM2M 500 (18) 1 1 1 1 1 1
GISS-E2-H 480 (18) 6 5 5 1 5 1
GISS-E2-R 850 (32) 6 5 5 1 6 1
HadGEM2-ES 577 (21) 5 4 4 4 4 4
IPSL-CM5A-LR 1000 (38) 6 3 3 4 4 4
MIROC-ESM 630 (24) 3 3 3 1 1 1
MRI-CGCM3 500 (18) 3 1 1 1 1 1
NorESM1-M 501 (18) 3 1 1 1 1 1
2.3. Detection and attribution analysis The 2.5-97.5% confidence interval for a zero trend is then

D&A seeks to determine whether climate is changing
significantly (detection) and, if it is, to determine the
likely causes of such changes (attribution). There exists
a variety of D&A methods (see e.g. Hegerl et al., 2007
and Bindoff et al., 2013 for reviews). Here, we follow
the framework proposed by Schneider and Held (2001),
which has previously been applied in various regions of
the world by, for instance, Drost and Karoly (2012) and
Knutson ef al. (2013). An observed measure of temper-
ature change (e.g. trend) is ‘detected’ if it is inconsistent
with simulated measure from the piControl (preindus-
trial) results and from the Natural (natural forcing only)
results. The observed measure is ‘attributable to anthro-
pogenic forcing’ if it is both detectable and consistent
with Historical (all-forcing runs) results that contain both
anthropogenic forcing (e.g. changes in greenhouse gases
and aerosols) and natural forcings (e.g. changes in solar
insolation or volcanic aerosol loading).

To facilitate a formal D&A assessment, we use the linear
trend in temperature over the 53-year period (1953-2005)
as a measure. The year 2005 is the last year of the CMIP5
Historical and Natural experiments. To examine whether
the observed trend is ‘detected’, we need to estimate
‘background noise’ of internal or natural climate variabil-
ity associated with the trend. We estimate the ‘noise’ by
using climate control simulations, following the procedure
used by Drost and Karoly (2012). First we calculate sam-
ple trends over a period of 53 years with a moving gap of
25 years taken from piControl simulations, for each of the
models listed in Table 1, second column. A sample size
of 53 years is used to match the sample size in the station
data. The allowance of some overlapping in taking sam-
ples from the piControl simulations is employed in order
to create more samples from the model simulations. Only
those models with piControl runs of at least 480 years
in duration are used. This ensures that at least 18 trend
samples are available for estimating uncertainty ranges.

© 2015 Australian Bureau of Meteorology

given by +1.96 times the standard deviation of the trend
samples, assuming that data are approximately normally
distributed. This confidence interval is estimated for each
model separately. The average of the confidence intervals
of all models is used as a threshold for the detection of the
observed trend.

For our ToE estimate, we adopt methods similar to those
used by Kattsov and Sporyshev (2006) and Mahlstein
etal. (2011). The method employed depends on testing
whether two mean temperatures are significantly different
between two time periods: a running 20-year window and
a fixed baseline period. Here, we use the first 30 years of
the analysis period for the station data (1953—-1982) as the
baseline period. The running windows start in 1953—1972
and end in 1991-2010 for the station data, 1993-2012 for
the observed gridded data and 20812100 for the 21st cen-
tury simulations under the RCP8.5 scenario. The ToE is
defined as the last year in a 20 year window where the tem-
perature mean in the window and all subsequent windows
(1) deviates from the baseline mean, (2) retains its sign and
(3) remains statistically significant at the 5% level. The
results are not significantly different for using different
lengths of the moving window (e.g. 10 or 30 years).

The significance test methods include the Stu-
dent’s difference of means test, the non-parametric
Kolmogorov—Smirnov test (K-S test) and a simple
test. The simple test detects a significant change when
the difference of the mean temperature of the two time
periods exceeds 1.96 times the standard deviation of the
internal variability. The internal variability is estimated
by the standard deviation of the detrended time series
over 1953-2010 (58 years) for the station data and the
observed gridded data. The standard deviation of internal
variability for the models is estimated using samples of
detrended 58-year time series of piControl simulations.
The samples are taken in the same manner as described
above for trends with a moving gap of 25years. The
average of the sample standard deviations for a particular

Int. J. Climatol. (2015)
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Figure 3. Time series of 11-year running mean of (a) station temperature Ty, (green), gridded temperature Tg;4 of the observed (HadCRUT4 in
blue; HadISST in red) and MMEM of CMIP5 Historical (SAT in black; SST in grey) and (b) T4 from GISTEMP (pink), CRUTEP4 (red), MLOST
(orange), Kaplan SST (black), ERSSTv3b (light blue) and COBE SST (blue). The station temperature T, is repeated in (b) for reference.

model is taken as that model’s standard deviation. This
procedure is carried out for each model separately. The
results show that the ToE values estimated using the
Student’s test are lower than those from the K-S test, and
the K-S test estimates are lower than the ToE estimates
from the simple test. Here, we present ToE results based
on the K-S test and the simple test. Note that we do not
address the possible influence of autocorrelation of the
time series on the test. Here, we partially compensate the
possible influence by use of interannual standard deviation
o instead of standard deviation of the mean difference
oy/1/N + 1/M, where N, M are sample numbers of the
two time periods, in the simple test. This results in later
estimates for ToE. The true ToEs are unknown, but by
using different test methods and incorporating multiple
climate models we can better estimate them.

3. Results
3.1.

In this section, we first examine whether the mean tem-
perature evolution in the station data is consistent with the

Temperature change in the 20th century

© 2015 Australian Bureau of Meteorology

gridded data and CMIP5 model results for the same period.
Then, we estimate ToEs in each of these data sets for the
periods they allow.

The 11-year running mean temperature anomaly aver-
age over the western Pacific study region is shown in
Figure 3(a). The Tg,;,, anomaly time series shows a
steady upward trend from about —0.2°C in the 1950s,
to above +0.4°C in the 2000s, relative to the refer-
ence period 1961-1990. The warming rate from our
analysis is +0.15°C decade™!, which is close to that
reported by Jones et al. (2013a), who found a long-term
trend of +0.16°Cdecade™! based on a regional mean
of Pacific island temperature series over the period
1961-2011.

The Tgo, time series also closely follows the trend
derived from the HadCRUT4 Tg,4, which shows an
approximately constant rate of warming since 1980. The
main difference appears during the years prior to 1975
when T4 appears relatively warmer. A similar warming
signal is also evident in the HadISST data, as can be
expected given oceanic dominance in the region. The
warming in both the station and gridded data is broadly
similar to the range in the global average temperature

Int. J. Climatol. (2015)
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Figure 4. Time series of T, (grey line) and its linear trend (red line) over 1953—-2010. The shading is the 2.5-97.5% range of Ty, interannual

variability centred on its mean over the 1953-1982 baseline period. ToE estimates are provided based on the K-S test (open circles) and the simple

test (solid circles) for Ty, (green), Tgyy from HadCRUT4 (blue) and HadISST (red). ToE estimates based on the CMIP5 models are shown by

the median values for SAT (black circles) and SST (grey circles), and the minimum to maximum ranges for SAT (black horizontal lines) and SST
(grey horizontal lines). ToEs are displayed along the x-axis in unit of year and at arbitrary y-axis for presentation purpose only.

anomalies (Trenberth et al., 2007; Drost and Karoly,
2012).

The difference between Tg,,, and observed Ty
appears related to SST. Figure 3(b) shows land-based
CRUTEM4 Tg,q does follow Tg,, better than the
blended land and SST data. Figure 3 shows that since
1980 temperature evolution in Tg,,, and T,y are more
or less consistent. This is not the case for period prior to
1980, when there are differences between the land-based
temperature data and the blended land and SST data. We
suspect the difference is due to fewer observations in the
SST in the earlier part of the study period.

The MMEM results for SAT and SST in Historical
(Figure 3(a)) show a similar evolution to the observed
changes in the gridded data. Overall, both Historical and
the observed record indicate a temperature rise since the
late 1960s. Compared with the observations, the simulated
changes are smoother and the warming in SST appears
stronger than that was observed in recent decades. How-
ever, there are sizeable differences among the observed
SST data sets in recent decades (Figure 3(b)).

The above comparison shows that there are consistent
warming signals from the station data and from the grid-
ded data sets, particularly after 1980. As mentioned earlier,
the study region is characterized by relatively low temper-
ature variability compared with other parts of the tropical
Pacific Ocean. Thus, the warming signal may have already
surpassed the noise level associated with natural variability
(Jones et al., 2013a). Indeed Figure 4 shows the ToE esti-
mated from Tg,,, 15 1986 (green open circle) using K-S
test and 1991 (green solid circle) using the simple test.
Figure 4 also shows the time series of Tg,;,, (grey line)
and its linear trend (red line). The shading indicates the
2.5-97.5% range of internal variability in Tg;,, centred
on its baseline mean. After 1994, the actual annual mean
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anomalies in Tg;,, are all larger than the upper (97.5%)
level of the internal variability range.

The data length in Tg,;,, may not be long enough to have
a robust estimate of ToE. We address this by comparing
ToEs from Tg,,, with ToEs from other observed data
sets and, more importantly, from models. For the observed
gridded data sets, the records span 1953-2012, two more
years than in Tg,;,,. For models, we extend time series
Tiiq by combining Historical and RCP8.5 and thus model
ToEs can be estimated over 1953-2100. ToEs from T4
of HadCRUT4 and HadISST are in a range from 1999 to
2009 (blue and red circles in Figure 4). ToEs from the
other observed gridded data occur on or before 2009 for
SAT and 2012 for SST (see Table 2). ToEs from the 14
CMIP5 models are presented by their median and range of
minimum to maximum. The median of ToEs for SAT(SST)
are 1993 (1997) with K-S test and 2003 (2004) with the
simple test (Figure 4 and Table 2). For SAT, the earliest
ToE is 1985 with K-S test and the latest is 2012 with the
simple test (Table 2). The ToE estimates from the CMIP5
models change little if other RCPs are used in extending
the Historical time series Tg,iq-

Our ToE estimates are consistent with previous stud-
ies (Kattsov and Sporyshev, 2006; Mahlstein et al., 2011,
Hawkins and Sutton, 2012) despite different data sets
and different baseline periods and windows being used.
For instance, using a 50-year period (1910—-1959) base-
line and 11-year windows Kattsov and Sporyshev (2006)
obtain ToEs during the third quarter of the 20th century
for temperature and SST in low latitudes, particularly, in
the Indian Ocean and western Pacific, in both the obser-
vations and CMIP3 simulations. Using 30-year moving
windows with 1900—-1929 as a baseline, Mabhlstein et al.
(2011) conclude that a number of countries at low lati-
tudes (e.g. Indonesia, parts of the Middle East and Central
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Table 2. ToE values (in year) estimated with Kolmogorov—Smirnov test (K-S test) and the simple test from observations and models.
The model results are presented by the median, minimum and maximum of 14 ToE values of the models listed in Table 1.

SAT SST

Data K-S test Simple test Data K-S test Simple test
Observation Station 1986 1991

HadCRUT4 1999 2009 HadISST 1996 2006

MLOST 1998 2005 Kaplan 1997 2012

CRUTEM4 1988 2002 ERSSTv3b 1998 2006

GISTEMP 1998 2005 COBE SST 1999 2011
Models Median 1993 2003 Median 1997 2004

Min 1985 1990 Min 1986 1990

Max 2003 2012 Max 2004 2016

America and large parts of Africa) are already experienc-
ing significant warming based on CMIP3 models. These
previous studies, together with the results presented in this
article, using the newly updated station data, the gridded
observational data and more recent CMIP5 model simula-
tions, indicate that the surface warming is clear, and that
the warming has emerged in the western Pacific unam-
biguously (i.e. climatic expulsion or emergence has taken
place).

3.2. Temperature trend over 1953-2005

Figure 5 shows the observed trends from the station
data and gridded data accompanied by estimates of the
2.5-97.5% confidence interval for zero trends based on
piControl. The confidence interval is estimated for each
model, and the average of the model values is used for
the detection of the observed trends. The fact that the
observed trends lie outside this interval suggests that they

are unusual and cannot be explained by natural variability
alone. For reference, the observed trend for SST is also
displayed.

We now compare the observed trends with those sim-
ulated from CMIP5 experiments under different external
forcings. The trends in T, 4 from each model in Historical
are shown by grey circles (SAT) and grey diamonds (SST)
in Figure 5. They are all located outside the 2.5-97.5%
range of trends estimated from respective piControl runs.
The trends from the GHG and Natural experiments are
shown by red and green symbols, respectively. It is clear
that the observed trends are consistent with trends from
Historical (both anthropogenic and natural forcings), but
obviously inconsistent with those in Natural (with natural
forcings only). Trends from Natural are all within the
uncertainty ranges, which mean they are not significantly
different from zero. The one exception is bcc-csml-1.
However, it is negative in sign. We thus conclude that the

Temperature trend 1953-2005
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Figure 5. Trends over 1953—2005 of annual mean SAT and SST averaged over the study region. Observed trends (indicated by asterisks) are provided

for station temperature (Stn-T), the gridded SAT over land (Grid-L), the other three gridded SATs (Grid-T) and four gridded SST (Grid-SST). Trends

from CMIP5 models are displayed for each model, for both SAT (circle) and SST (diamond) from Historical (grey), GHG (red) and Natural (green).

The 2.5-97.5% uncertainty ranges of trends in SAT estimated from piControl are provided for each model (green bars). The multimodel mean of
uncertainty ranges are indicated by the two dashed horizontal lines.
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Observed and CMIP5 temperature anomalies to 1961-1990
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Figure 6. Time series of 11-year running mean of SAT, Ty, from observations and climate model simulations for the period 1950-2095. The

observational time series is from HadCRUT4 during 1950—-2007 (black line). MMEMs of CMIP5 Historical (forced with both anthropogenic and

natural forcing, grey solid line) and Natural (natural forcings only, green solid line) are shown for the period 1950—-2005. MMEMs of projections

under three different future greenhouse gas and aerosols concentrations RCP2.6 (blue solid line), RCP4.5 (brown solid line) and RCP8.5 (red solid

line) are shown during 2006—2095. The shading (dashed lines) is the 5—95% range of uncertainty associated with the internal variability (combined

internal variability and model-to-model differences in model sensitivity). A reflective condition (Mann, 2004) has been used for Natural near the
year 2005 for presentation purposes only. The uncertainty estimate method is given in the Appendix S1.

observed surface warming trend during 1953-2005 over
the study region is largely attributable to anthropogenic
forcing.

The trends in GHG tend to be larger than the observed
trend and trends in Historical with one exception, again in
the model bce-csml-1. The larger trends in GHG can be
attributed to the cooling effect of anthropogenic aerosols
in Historical, which is absent in GHG (see e.g. Stott et al.,
2006).

In summary, the results shown in Figure 5 indicate
that the observed trends cannot be explained by natural
forcings alone, and that a portion of the observed trends are
very likely caused by combined anthropogenic greenhouse
gas and aerosols forcing and natural forcings [indicating
>90% probability as used in IPCC assessment reports (see
Mastrandrea et al., 2010)].

3.3.

Having detected and attributed the observed temperature
changes for the past 50 years in the study region, we now
turn to temperature projections for the 21st century for
the same region. Figure 6 provides an 11-year running
mean of Tg,y in the observations (1950-2007) and in
climate model simulations from Historical and Natural
(1950-2005) and projection experiments (2006—2095).
Prior to 2006, the observed SAT from gridded data (black
solid line) lies within the 5-95% ranges of internal
(grey shade) and total (grey dashed line) uncertainty of
the MMEM of the Historical experiment. In contrast,
the MMEM of SAT in Natural (green solid line) has
no statistically significant trend and is markedly cooler
than both the observed and the simulated Historical val-
ues, particularly around 1985 (2005) onwards when the

Temperature projections 2006—2100
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internal (total) uncertainty range of the MMEM time series
in Natural separates from the Historical time series. The
timing of the significant separation in MMEMs between
Natural and Historical simulations is consistent with the
ToE estimates above.

The simulated Tg,q during the 21st century increases
at a similar rate among the scenarios in the near term
(i.e. to approximately 2020s), then diverges depending
on scenarios of future greenhouse gas concentrations.
This behaviour is consistent with the behaviour of global
temperature (Collins et al., 2013; IPCC, 2013; Kirtman
et al., 2013). Two of the emission scenarios (RCP4.5 and
RCP8.5) cause rate of temperature increases over the 21st
century that are greater than the observed warming rate
in the late 20th century. The third time series [RCP2.6,
a strong mitigation scenario (IPCC, 2014)] also shows
additional warming but this warming is milder than under
the other two scenarios. The scenario with the greatest
warming can be regarded a ‘business-as-usual’ scenario
in which policies to reduce greenhouse gas emissions
are not implemented (RCP8.5). The RCP2.6 scenario
assumes that global emissions of greenhouse gases are
drastically reduced over coming years and decades (IPCC,
2014). Current emissions are tracking close to the RCP8.5
business-as-usual scenario (Peters et al., 2013).

4. Conclusion

We used recently homogenized Pacific island station
temperature data and global gridded data sets to clearly
establish that the western Pacific has warmed over the past
50 years. Furthermore, the analysis indicates the observed
warming to date is so large that it has forced SAT in the
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region beyond historical limits, a process recently referred
to as climatic expulsion. The observed temperature change
and warming trend can only be reproduced by climate
models (such as those in CMIP5 used in this study) if
the models include forcing associated with anthropogenic
increases in greenhouse gases and aerosols. The tempera-
ture trends in the observations and in the climate models
with full forcings over the past50 years are positive
(warming trend) and exceed the 5% significance level.
In contrast, the trends in models without anthropogenic
forcing are not significantly different from zero.

The current warming as shown by the temperature
anomaly multimodel mean is projected to increase by
approximately 0.5—1.7 °C under the strong mitigation sce-
nario RCP2.6, and by approximately 2.0—4.5 °C under the
business-as-usual RCP8.5 scenario by the end of 21st cen-
tury, relative to 1961-1990.

It needs to be borne in mind that 1961-1990 has
been used as the climatological reference period. The
global mean temperature had already warmed up by
approximately 0.61°C from the latter half of 19th cen-
tury to 1986-2005 (IPCC, 2013; Kirtman et al., 2013).
The observed and projected warming anomalies therefore
need to include an additional amount in order to estimate
changes relative to the latter half of 19th Century. Fur-
ther warming is also possible beyond 2100 (Collins et al.,
2013; IPCC, 2014).

In summary:

e Western Pacific mean surface air temperature has
steadily increased during the last 50 years without a
hiatus in recent years.

e The observed warming due to external forcings has
emerged unambiguously from natural variability in the
western Pacific where the relatively low natural vari-
ability assists the early emergence of the anthropogenic
signal.

e QOur results support the conclusion that humans have
largely caused the observed warming of the western
Pacific. In other words, the observed warming was not
due to natural processes alone.

e Future warming rate over the remainder of the 21st
century is projected to be greater than warming rate
over the last 60 years under the two business-as-usual
scenarios (RCP8.5 and RCP4.5).

e Future warming is greatest under RCP8.5 (2.0-4.5°C
relative to 1961-1990) and least under RCP2.6
(0.5-1.7°C relative to 1961-1990) by the end of
the 21st century. Future warming anomalies would be
greater if warming that occurred prior to the reference
period is included.

e The magnitude of projected warming is directly and
strongly linked to future global emissions of greenhouse
gases, with greater emissions leading to greater warm-
ing in the Pacific.

Figure 6, together with this supporting scientific infor-
mation, is a valuable communication tool that can be
used to address major questions relating to Pacific climate

© 2015 Australian Bureau of Meteorology

change for nations in the region that are among the most
vulnerable to climate change.
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