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1 | INTRODUCTION increase accelerated during the 1980s and 1990s but has

slowed or paused since 2000 (Easterling and
Since the Industrial Revolution, increased anthropogenic Wehner, 2009). Then, this global warming hiatus is com-
greenhouse gases have raised the global mean surface monly recognized to have ended around 2012 (Medhaug
temperature (GMST; Hegerl et al., 2007). The GMST et al., 2017). These decadal modulations in the increase
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rate of GMST are largely attributed to the internal
climate variability (ICV) of the ocean-atmosphere rather
than to modulations in radiative forcing (Kosaka and
Xie, 2016). Hence, the observed long-term climate varia-
tions contain both the ICV and an externally forced
component (EFC).

Several studies have linked the slowdown of the
global warming trend to increased ocean heat uptake
(Meehl et al., 2011; Chen and Tung, 2014). The increased
ocean heat uptake over the tropical Pacific (TP) is associ-
ated with a transition to the negative phase of the Inter-
decadal Pacific Oscillation (IPO), which significantly
contributes to the slowdown of global warming (Kosaka
and Xie, 2013; England et al., 2014). The uptaken heat at
the TP has been advected through the Indonesia archipel-
ago and stored in the surface layers of the Indian Ocean
(Lee et al., 2015; Maher et al., 2018). Whereas the Pacific
climate variability is dominated by ICVs such as the IPO,
the long-term climate variability over the Indian Ocean is
predominantly affected by external forcing (Han
et al., 2014a). Under global warming conditions, the sea
surface temperature (SST) over the Indian Ocean has
warmed more rapidly than the global average SST
(Du and Xie, 2008). This trend has influenced the long-
term climate variability over the Pacific by modulating
the atmospheric Walker circulation (Luo et al., 2012).
Thus, an excess heat exchange between the Pacific and
Indian Ocean is found in both the upper ocean and tro-
posphere. Elucidating the background mechanism of this
heat exchange is essential for understanding future
climate change and its decadal modulation over the
Indo-Pacific region.

Based on the existing records, estimating the relative
contributions of the external forcing effect and the ICV of
the ocean-atmosphere system to the long-term climate
variability is a challenging task, because external forcing
causes a nonuniform effect on the tropical ocean and is a
nonlinear function of the increase rate of external radia-
tive forcing. As the ICV is difficult to extract from the
observed records, the trans-basin internal decadal vari-
ability between over the Pacific and over the Indian
Ocean remains incompletely understood.

Han et al. (2014b) attempted to extract the ICV from
the observed SST records by removing the linear trends
at individual grid points. They found a positive correla-
tion between the IPO index and the decadal SST variabil-
ity over the Indian Ocean during the early period (1900-
1984), but a negative correlation during the latest years
(1984-2008). However, Han et al. (2014b) did not discuss
the primary reasons for the sign change of the correla-
tion. Dong and McPhaden (2017) attempted a different
extraction of the ICV from the observed SST records and
discussed whether the sign change of the correlation was

a truly observed finding or an aliasing artefact caused by
inappropriate statistical treatment. After removing the
multi-model ensemble mean (MME) of the historical
simulations of the Coupled Model Intercomparison Pro-
ject 5 (CMIP5) from the observed SST records at individ-
ual grid points, they found that the IPO index was
positively correlated with the decadal SST variability over
the Indian Ocean throughout the analysed span
(1900-2012).

Assuming that the MME truly represents the
nonlinear effect of external forcing at any location, a lin-
ear detrending treatment is expected to generate artificial
ICV. To discuss the background mechanism of the ICV
over the Indo-Pacific region, we require an appropriate
statistical analysis of all observed climate variables in the
ocean and atmosphere as well as the SST. Although Xu
and Hu (2018) removed the EFC from the simulated SST
in long-term ocean-atmosphere coupled model simula-
tions, ways of removing the EFC from the observed
records of the SST and other climate variables are
unexplored. To bridge this gap, the present study
compares the results of different procedures in EFC
estimation and seeks the most appropriate procedure for
estimating the decadal ICV over the Indo-Pacific sector
from the observed records.

The remainder of this paper is organized as follows.
Section 2 describes the data and methods for obtaining
the internal variability. Section 3 compares the ICVs over
the Indo-Pacific sector extracted from the observed
records by different methods. In section 4, we discuss the
discrepancies between the ICVs of the observed records
and of the historical simulations. Our findings are sum-
marized in section 5.

2 | METHODS

2.1 | Observations

The observation data were three pairs of monthly SSTs
and sea level pressures (SLPs) collected from 1958 to
2017 inclusive. These pairs are referred to as (a) Japanese
Reanalysis (JRA), (b) the National Center for Environ-
mental Prediction (NCEP) and (c) the European Re-
Analysis (ERA) project (see Table 1). The SLP data were
extracted from atmospheric reanalysis datasets and the
SST data were the lower boundary conditions of these
reanalysis datasets (see references in Table 1). To
lengthen the records, we combined the global (sea) Ice
and SST (GISST) and Optimum Interpolation SST
(OISST) as consecutive SST records for the NCEP SST.
Similarly, we combined the ERA-40 and ERA-Interim
data as the ERA SLPs. To avoid atmospheric variability
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TABLE 1 Datasets of observed SST and SLP
Variable Dataset Period Resolution (latitude x longitude)
JRA SST COBE-SST 2 (Hirahara et al., 2014) 1958-2017 1°x1°
SLP JRA-55 (Kobayashi et al., 2015) 1958-2017 1.25° x 1.25°
NCEP SST GISST 2.3b (Rayner et al., 1996) 1958-1981 1°x1°
OISST v2 (Reynolds et al., 2007) 1982-2017 0.25° x 0.25°
SLP NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996) 1958-2017 2.5° x 2.5°
ERA SST HadISST 1 (Rayner et al., 2003) 1958-1978 1°x1°
ERA-Interim (Dee et al., 2011) 1979-2017 0.75° X 0.75°
SLP ERA-40 (Uppala et al., 2005) 1958-1978 2.5° %X 2.5°
ERA-Interim 1979-2017 0.75° X 0.75°
TABLE 2 CMIP5 models and numbers of ensemble members

used in this study

Model name Historical RCP4.5
CanESM2
CCsSM4
CNRM-CM5
CSIRO-Mk3L-1-2
GFDL-CM3
GISS-E2-H
HadGEM2-ES
IPSL-CM5A-LR
MIROCS5
MPI-ESM-LR
MRI-CGCM3

NorESM1-M

W W W W W W W W W W W W
= W W W W W W W - W W

over the land, we analysed only the SLP data over the
ocean. To standardize the different spatial resolutions of
the individual datasets, all SST and SLP data were
regridded at a horizontal resolution of 2° longitude x 2°
latitude by using bilinear interpolation. Monthly anoma-
lies were obtained by removing the monthly climatol-
ogies averaged over the 1958-2017 period from the
original monthly records and then passing those monthly
anomalies through an 8-year lowpass filter to extract the
decadal variations.

Each of the SST datasets was reconstructed from dif-
ferent instrumental measurements using different
spatial-smoothing and temporal-interpolation methods
(Yasunaka and Hanawa, 2011). Likewise, each of the
atmospheric reanalysis datasets was produced by assimi-
lating different observations with different numerical
models (Zhang et al., 2016). Thus, the individual datasets
may include systematic errors in the 50-year records. To
obtain the common features of the long-term signals in

those datasets, we merged the three SST (SLP) datasets
into a virtually single SST (SLP) field for the EOF analy-
sis. The EOF analysis (see section 2.3 for details) provided
the solid observed evidence that is independent of the
dataset selection.

2.2 | Multi-model data

We utilized multi-model climate simulations in the
CMIP5 (Taylor et al., 2012) to evaluate the EFC contained
in the observed datasets. We employed the SST, SLP and
surface air temperature (SAT) data of 1958-2005 for the
historical runs and the RCP4.5 runs for 2006-2017. Fol-
lowing the previous studies (Dong and Mcphaden, 2017),
the RCP4.5 runs were selected among several runs of
future projection because the number of the climate
models with ensemble members was largest under the
RCP4.5 scenario than in other scenarios. We thus
selected 12 climate models with three ensemble members
(see Table 2) to suppress the ICVs in the MMEs that were
calculated from 36 and 30 simulations over the 1958-
2005 and 2006-2017 periods, respectively. Note that the
scenario selection is unlikely to affect the following
results because the GMST spread among the future pro-
jections of different scenarios was reasonably small dur-
ing the 2006-2017 period.

As described for the observations, the simulated GPVs
were regridded onto a horizontal resolution of 2° longi-
tude x 2° latitude and passed through an 8-year lowpass
filter.

2.3 | Method

Long-term observed records of ocean and atmospheric var-
iables tend to contain both ICVs in the ocean-atmosphere
system and EFCs introduced by anthropogenic and natural
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radiative forcing. To investigate the remote effect of the
internal IPO on the climate variations in other tropical
basins, the ICV must be accurately extracted from the
observed records by isolating the EFC. In most of the previ-
ous studies, a linear trend estimated by the least-squares
method was removed from the observed record, and the
remaining signal was treated as the ICV. This linear
detrending method is easy and simple, but whether the
ICVs are properly represented in the linearly detrended sig-
nal is doubtful. As introduced in the previous section,
Dong and McPhaden (2017) report that a 21-year running
window correlation of the decadal SST variability between
the Indian and Pacific Ocean undergoes a dramatic trans-
formation around 1985 with a change in the sign, when
the linear detrend is applied in isolating the ICVs. Mean-
while this interbasin correlation shows the sustained sign
over several decades when the ICVs are calculated by
removing the MME of the historical simulations from the
observed records.

Based on observations, we here investigate the
cross-basin relationship of the decadal SST variability
between over the Indian Ocean and over the TP. To
discuss the likely background mechanism of the cross-
basin relationship, we statistically analysed the
observed records and attempted to accurately obtain
the ICV of both the SST records and the other ocean
and atmosphere variables.

In later sections, we perform an intercomparison of
three methods (Methods I, II, and III) and estimate
the EFC of each variable. Method I utilizes the MME
of GMST (GMSTmMmEg) as a representative index of the
EFC (see next paragraph for details). Method II applies
the conventional detrending method to each variable
at each grid point. In Method III, first we calculate
the MME time series of each variable at each grid
point based on the selected 36 simulations. The ICVs
are expected to be suppressed in that MME time series
because the ICVs among individual simulations tend
to be temporally uncorrelated. Thus, we remove these
MME time series from the observed records at the
same grid points in order to extract the ICVs in the
observed records. Method III follows Dong and
McPhaden (2017) but is here extended to all variables
(not the SST alone).

Method I assumes that the EFC of each variable at
each grid point is synchronized with the time series of
the GMSTyEe- In Dai et al. (2015), this assumption is
applied only to the SAT, but is here applied to all climate
variables.

Let t be time steps and e be assigned numbers of sim-
ulated ensemble members. GMSTyvg (f) is calculated
from 36 GMST (t, e) as

1 36
GMSTMME(I)zgz GMST(t,e). (1)
e=1

where GMST(t,e) is time series of an area-average of SAT
over the globe in the individual ensemble members. Since
the ICVs in 36 time series of GMST are assumed to be
uncorrelated each other, the GMSTyg(f) is expected to
reflect only the external forcing. Therefore, the EFC of the
observed variable at each grid point i can be calculated as

XEFC(I, i)=ax(i)XGMSTMME([) +ﬂ(i>, (2)

where Xgpc(t, i) is the EFC of observed variable X(t, i),
ax(t, i) is the regression coefficient of the observed X onto
the GMSTyvg, and f(i) denotes the constant residuals.
Consequently, the ICV (Xicv) is determined as

Xiev(t,1) =X (6,1) = Xpre(6,0). (3)

Given a large number of the ensemble members as in
Watanabe et al. (2021) who employed 220 members in
total based on a combined set of large ensembles only
from four different climate models, the EFC of each vari-
able at each grid point is most appropriately evaluated by
Method III. In contrast, Method I is expected to properly
remove the ICV from the GMST time series because it
performs spatial averaging over the globe and also aver-
ages over the 36 simulations, thus suppressing the ICV in
the surface temperature time series.

We further compared Methods I, IT and III against an
analysis of nonextracted anomalies that retains both the
EFC and ICV (Method 1V).

2.4 | Combined EOF analysis

Let N be the number of grid points over the target analy-
sis domain (e.g., the TP) and T be the number of time
steps. Expressing the SST anomalies in the individual
dataset as x(t, n), the covariance v(n1,n2) between loca-
tions n1 and n2 is calculated as follows:

1
v(nl,n2)=——

71 x(t,n1)x(t,n2). (4)

-
i

Recall that the SST anomalies from the three SST
datasets (JRA, NCEP and ERA) are combined into a sin-
gle EOF analysis by concatenating in space. Hence, the
3N X 3N covariance matrix of this combined EOF analysis
is given by
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v(1,1)
1%4 =|: o ,

V(3N,1) .. V(3N,3N) 5)
Viragra  Virancer  VIrRaERA

v(1,3N)

= | Vncepgra VNcEPNCEP VNCEPERA

VeEraJra  VERANCEP VERAERA

For example, Virajra and Vncepra are described by
Equations (6) and (7), respectively,

v(1,1) v(1,N)
VIRAJRA= ) (6)
V(N,1) V(N,N)
V(N+1,1) V(N+1,N)
VNCEPJRA= | - B . (7)
V(2N,1) V(2N,N)

Here, V‘]RA’JRA, VNCEP,NCEP and VERA,ERA are the N x
N covariance matrices calculated from the JRA, NCEP
and ERA SSTs, respectively. The individual elements in
the covariance matrices were calculated from x(¢t, n) in
the same datasets, as done in the conventional EOF anal-
ysis. Meanwhile, the matrix elements in VjgraNcep,
VirarEra and Vncepera and their transposed elements in
V are calculated from the x(t, n) of the different datasets.
If the SST anomalies of the different datasets are corre-
lated, the leading modes of the matrix V' in the combined
EOF analysis are expected to emphasize the common sig-
nals of decadal climate variability among the datasets.

The combined EOF analysis of these three SST
datasets obtains the single principal component of the
leading mode with T steps (SST PC1) from the covariance
matrix V. The associated spatial loadings of the leading
mode (hereafter denoted by EOF1) are the regressed SST
anomalies onto the SST PC1. The regression pattern is
presented as the average of the regression patterns of the
three individual datasets.

Applying this combined EOF analysis to the
remaining SST anomalies extracted by Methods I-IV, we
obtained four types of SST PC1s and their associated SST
EOF1s.

Applying the same analysis to the remaining SLP
anomalies extracted by Methods I-IV, we also obtained
four types of SLP PC1 and their associated SLP EOF1s.

In addition to the above combined EOF analysis by
concatenating in space (S-EOF analysis), we also applied
an alternative combined EOF analysis by concatenating

of Climatology

in time (T-EOF analysis), following Neeti and Eastman
(2014). In the T-EOF analysis, we obtain the PC1 with
3 X T steps from the N X N covariance matrix. Therefore,
after separating into the three single PCls with T steps,
those three PCls are averaged. The PC1 from the S-EOF
analysis and the one from the T-EOF analysis are highly
correlated each other, for any variable of SST or SLP in
any domain, as well as in any Methods I-IV. This means
that we will reach the same conclusion, no matter which
method we choose, S-EOF analysis or T-EOF analysis.
For simplicity, we will present the results with S-EOF
analysis in later sections.

In the next section we will present temporal correla-
tion coefficients (TCCs) among time series of PCls, as
well as spatial correlation coefficients (SCCs) among spa-
tial pattern of EOF1s. To test significances of those corre-
lation coefficients, we performed a two-tailed significance
test based on the Student's t distribution with eight
degrees of freedom. Significant correlation coefficients at
95% confidence level are shown with asterisks in
Figures 1-6 and Tables 3-8.

3 | COMPARISONS OF METHODS

3.1 | Individual domains

The combined EOF analyses of Methods I-IV were
applied to the remaining anomalies over three domains
of the SST field: the TP (120°E-80°W, 20°S-20°N), the
tropical Indian Ocean (TIO; 40°-110°E, 20°S-20°N), and
the whole Indo-Pacific sector (WIP; 40°E-80°W, 60°S—
60°N). The same procedure was applied to the remaining
SLP anomalies. Finally, we obtained 12 leading EOFs
and their accompanying PCs for the SST field, along with
12 sets of EOFs and PCs for the SLP field. To simplify the
analysis, we represent the EOFls and PCls of the
remaining SST anomalies as MeM*dgQF19°omain-SST and
Methodpnydomain_SST ' pespectively. For example, the EOF1
and PC1 of Method I in the TP domain are represented
by 'EOF1™"-55T and 'PC1™"-55T, respectively.

In the present study, the TP rather than the whole
Pacific was selected as an analysis domain because the
climate variabilities over the Pacific and Indian Ocean
are coupled over the Tropics (Chikamoto et al., 2015).
The TIO domain was adopted for the same reason. How-
ever, in an EOF analysis over the whole Pacific, the
intercomparison among Methods I-IV led to the same
conclusions as the TP analysis (data not shown).

Tropical Pacific
Figure 1 shows the patterns of the leading EOFs of the
TP obtained by Methods I-IV, namely 'EOF1T"-55T,
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HEOF].TP_SST, IIIEOFlTP_SST and IVEOFlTP_SST, along
with their accompanying time series of 'PC17"-5T,
TpCyTP-5ST MpCTP-SST and ™VPC1™-55T, An individual
PC1 in Figure 1 is calculated by projecting SST anomalies
of the three datasets at a particular time onto the EOF1
obtained from the combined EOF analysis for SST anom-
alies over the TP domain. Then, onto this PC1, we can
calculate regressed SST anomalies over the whole Indo-
Pacific sector rather than only over the TP domain. Since
those regressed SST anomalies are obtained for the three

(a) Method I, TP SST, EOF1
60°N

datasets, the average of the three regressed anomalies at
a particular grid point is plotted as the spatial pattern as
in the left panels in Figure 1. In all spatial pattern in the
later figures, the averages of the three regressions are
plotted.

The regressed spatial pattern of "EOF1™-55T shows
basin-wide positive anomalies in the TP, along with nega-
tive anomalies over the mid-latitudes in the North and
South Pacific (Figure 1a). This tripole pattern of SST
anomalies over the whole Pacific was characterized as an

(b) Method I, TP SST, 50.4%

2 »
30°N
EQ- O 0
! o A
30°S 1 -
- -2
60°5 L ———= i :
60°E  120E 180  120°W 1960 1980 2000
-0.3 -0.15 0 0.15 0.3 Corr.=0.984 "

(c) Method Il, TP SST, EOF1

(d) Method Il, TP SST, 53.6%

60°N
2
30°N 7
—
- 0
EQ 8 av/
30°S
-2
60°S FIGURE 1 Regressed anomalies of
1960 1980 2000 EOF1 (left panels) and time series of PC1
-0.3 -0.15 0 0.15 0.3 Corr.=0.984 " (right panels) in the combined EOF analysis

(e) Method Ill, TP SST, EOF

(f) Method lll, TP SST, 44.6%

of SST (in K) across the three datasets over
the tropical Pacific (TP, 120°E-80°W, 20°S-

60°N 2 20°N). Rows show the internal variabilities
30°N extracted by Methods I-IV. The contour
— interval is 0.075 K and positive (negative)
EQ 8 0 values are represented by solid (dashed)
30°5 lines in the left panels. Grey dashed lines in
-2 the right panels denote the SLP PC1s over
60°S— o the TP obtained by the same method. All
60t 1960 1980 2000 time series are standardized. The top right
-0.3 -0.15 0 0.15 0.3 Corr.=0.621 and bottom centre of each panel state the

(g) Method IV, TP SST, EOF1

(h) Method IV, TP SST, 41.5%

percentage of the explained variance and the
temporal correlation coefficients between

60°N | "‘g 2 the SST PC1 and the SLP PC1, respectively.
30°N The correlation coefficients with asterisks
— are statistically significant at 95% confidence
EQ E 0 level with eight degrees of freedom by
30°S 2-tailed test based on the Student's ¢
-2 distribution. The boxes (dashed line) in the
60°S - left panels enclose the TP domain [Colour
Ll 1960 1980 2000 figure can be viewed at
-03 -0.15 0 015 0.3 Corr.=0.745 " wileyonlinelibrary.com]
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IPO-like pattern in previous studies (Power et al., 1999;
England et al., 2014), although the latitude range of the
TP domain in our EOF analysis is narrower than in the
earlier studies. Besides, slight positive SST anomalies
were widespread over the Tropics and subtropics of the
Indian Ocean. The temporal evolution of 'PC17F-55T
(Figure 1b) depicts a negative-to-positive phase transition
in the late 1970s and an opposite transition in the late
1990s. Decadal variations such as the climate-regime shift
over the Pacific in 1976/1977 (Nitta and Yamada, 1989;

60°N

(a) Method I, TP SLP, EOF1

of Climatology

Trenberth and Hurrell, 1994; Deser and Phillips, 2006)
and the persistent negative phase of the IPO after 2000
(Henley, 2017) also appeared in the time series.

The decadal SST variations were associated with pro-
nounced decadal SLP variations all over the Pacific. The
regressed spatial pattern of 'EOF1™"-S'* (Figure 2a)
appeared as a zonal seesaw over the TP with a positive
(negative) centre in the west (east), along with negative
anomalies in the North and South Pacific with a centre of
action in the mid-latitudes. The decadal variations in the

(b) Method I, TP SLP, 66.2%
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(h) Method IV, TP SLP, 52.1%

60°N
FIGURE 2 As for Figure 1 but showing

the SLP (in hPa) over the tropical Pacific
(TP; 120°E-80°W, 20°S-20°N). The contour -
interval is 0.1 hPa and positive (negative) EQ
values are represented by solid (dashed) lines 30°S
in the left panels. Grey dashed lines in the

right panels denote the SST PC1s over the TP 60°S
obtained by the same method [Colour figure
can be viewed at wileyonlinelibrary.com] -0.4 0.2

60°E  120°%E

,‘&; 2
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Corr.=0.745 "
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(a) Method I, TIO SST, EOF1
60°N ;

(b) Method I, TIO SST, 42.6%

FIGURE 3 As for Figure 1 but
showing the SST (in K) over the tropical

2 Indian Ocean (TIO; 40°-110°E, 20°S-20°N).
3 Grey dashed lines in the right panels
U 0 denote the SST PC1s over the TIO obtained
o by the same method. The boxes (dashed
line) in the left panels enclose the TIO
— — -2 domain [Colour figure can be viewed at
- 60°E 120°E 180  120°W 1960 1980 2000 wileyonlinelibrary.com]
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temporal evolution of "PC1™"-"F (Figure 2b) were similar
to those in the temporal evolution of 'PC1™"-55T,

As revealed in many previous studies, the decadal
SST and SLP anomalies over the TP interact through
Bjerknes feedback (Bjerknes, 1969; Bordbar et al., 2017).
As feedback theory has proven valid and dominant in
reality, the dominant internal variabilities of the observed
SST and SLP should be significantly correlated. Indeed,
the TCC between 'PC1""-T and "PC1™"-%" was statisti-
cally significant (0.984; Figures 1b and 2b). In the spatial

Corr.=-0.066
(f) Method Ill, TIO SST, 38.8%

1960 1980 2000
Corr.=-0.608

(h) Method IV, TIO SST, 71.9%

1960 1980 2000
Corr.=0.604

patterns of 'EOF1™"-55T and 'EOF1™-°'*) a zonal SST
gradient and a zonal SLP seesaw involved in Bjerknes
feedback appeared over the TP. Those SST and SLP spa-
tial patterns in the "EOF1™"-55T and '"EOF1™"-5'" typify
Bjerknes feedback in which weakened (enhanced) east-
erly trade winds associated with a decreased (increased)
zonal gradient of SLP over the equatorial Pacific relax
(enhance) the zonal SST gradient over the TP. These gra-
dient changes are fed back to the original SLP gradient
(L'Heureux et al., 2013; Bordbar et al., 2017).
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FIGURE 4 As for Figure 1 but

(a) Method I, TIO SLP, EOF1
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(b) Method I, TIO SLP, 62.3%

showing the SLP (in hPa) over the tropical 60°N
Indian Ocean (TIO; 40°-110°E, 20°S-20°N).

Grey dashed lines in the right panels SO°N

denote SST PC1s over the TIO obtained by EQ- .

same method. The boxes (dashed line) in

the left panels enclose the TIO domain 30°S

[Colour figure can be viewed at 60°S

wileyonlinelibrary.com] 60°E  120°E
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The large-scale anomalies in SST and SLP over the TP
are accompanied by extratropical anomalies (see
Figures 1a and 2a). Over mid-latitudes in the North Pacific,
the negative (positive) SLP anomalies with a centre of
action around the Aleutian low enhance (weaken) the
westerly surface winds. Negative (positive) SST anomalies
in the central North Pacific then arise through the
increased (decreased) upward surface heat fluxes and
southward Ekman advection (Tanimoto et al., 1997; Alex-
ander et al., 2002). The same anomalies occur at mid-

2
O 0
o
= _2 -
180 120°W 1960 1980 2000
0.2 0.4 Corr.=0.604

latitudes of the South Pacific (Shakun and Shaman, 2009),
albeit with weaker amplitudes than in the North Pacific.
Hence, the spatial patterns of "TEOF1™-55T and 'EOF1™"-51F
are temporally related. This inference is corroborated by
the similarities of "PC1™-5T and 'PC1™-5'*. The relation-
ship between these patterns can be physically interpreted
in both the TP and the extratropical Pacific, as discussed in
the aforementioned studies.

The spatial patterns of "EOF1™-55T and "EQF1™"-5*
(Figures 1c and 2c, respectively) and the time series of
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FIGURE 5 As for Figure 1 but
showing the SST (in K) over the whole
Indo-Pacific sector (WIP; 40°E-80°W, 60°S—
60°N). Grey dashed lines in the right panels
denote the SST PC1s over the WIP obtained
by the same method. The boxes (dashed
line) in the left panels enclose the WIP
domain [Colour figure can be viewed at
wileyonlinelibrary.com]
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TpC1™-55T and "PC1™-5" (Figures 1d and 2d, respec-
tively) obtained by Method II were similar to those of
Method 1, implying that "PC1™"-%T and "PC1™-5"F are
significantly correlated (TCC = 0.984). Therefore,
Methods I and II obtain the same relationship between
the SST and SLP patterns.

After applying Method III, the spatial pattern of
EOF1™-5" (Figure 2e) and its associated time series of
MpC1™-SLP (Figure 2f) were similar to those of Methods
I and II. However, along the time series of Wpq TP-_SST

Corr.=-0.470
(h) Method IV, WIP SST, 43.3%

1960 1980 2000
Corr.=0.779 *

(Figure 1f), positive values appeared during the 1960s
and weak negative values appeared during the 1970s. The
2000-2017 period was marked by strong negative values.
These features differed from those of 'PC1™"-*°T and
TpC1™-55T and led to a smaller TCC between
UpcTP-SST gnd MpC1™-5MF (0.621) than in Methods I
and IL.

The four types of EOFs obtained by Methods I-IV
give visually identical fields of SST (Figure la,c,e,g) and
SLP (Figure 2a,c,e,g). However, while the interdecadal
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FIGURE 6 As for Figure 1 but

(a) Method I, WIP SLP, EOF1
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(b) Method I, WIP SLP, 54.8%

showing the SLP (in hPa) over the whole
Indo-Pacific sector (WIP; 40°E-80°W, 60°S—
60°N). Grey dashed lines in the right panels
denote the SST PC1s over the WIP obtained
by the same method. The boxes (dashed
line) in the left panels enclose the WIP
domain [Colour figure can be viewed at

wileyonlinelibrary.com] 60°E  120°E
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variations in the time series of the PCs obtained by
Methods I and 1T show correlations between the SST and
SLP anomalies (Figures 1b,d and 2b,d), the distinctly des-
cending trend in the SST time series obtained by Method
III (Figure 1f) was also obtained by Method IV
(Figure 1h), which retained the EFC. These results indi-
cate that Method III does not actually isolate the EFC.

Tropical Indian Ocean
The analytical procedures of Methods I-IV were repeated
in the TIO domain (see Figures 3 and 4). The regressed

02 0.4 Corr.=0.779 "

spatial pattern of "TEOF1™°-5T (Figure 3a) shows positive
anomalies over the entire TIO, along with the typical
tripole pattern of the IPO over the whole Pacific (also
found in EOF1™-55T; see Figure 1a). The time series of
'PC1™9-55T (Figure 3b) was mainly similar to that of the
TP, with limited deviations during the 1960s. Meanwhile,
the spatial pattern of 'EOF1™°-S'* displays positive
anomalies over most of the TIO along with the coherent
SLP pattern associated with the IPO (Figure 4a) (also
found in "EOF1™"-5""; see Figure 2a). The time series of
'PC1™O-5P (Figure 4b) is also similar to that over the TP
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apart from a limited mismatch during the 1960s. Conse-
quently, the TCC between "PC1M°-5T and 'PC1™O-5L* is
significantly positive (0.701).

The regressed pattern of "EOF1™°-5T (Figure 3c)
obtained by Method II captured the positive anomaly over
the TIO, but at weaker amplitude than Method I. Over the
Pacific, however, the tripole pattern of the IPO was ambigu-
ous. In the spatial pattern of "EOF1™°-°'F the coherent
SLP pattern associated with the IPO included a dominant
zonal SLP seesaw over the TP (Figure 4c). The
corresponding time series of "PC1™-55T (Figure 3d) and
TpC1™OSLP (Figure 4d) were uncorrelated (TCC =
—0.066). The TCC differences between the Methods I and II
(0.701 vs. —0.066) means that the Method I was successful
in extracting the ocean-atmosphere coupled variability in
the TIO as the leading EOFs, but the Method II failed.

The spatial pattern of ""EOF1"'°-5T depicted negative
and positive anomalies over the eastern and western parts
of the TIO, respectively, along with basin-wide positive
anomalies over the Pacific (Figure 3e). The corresponding
time series of ™PC1™°-55T trended obviously downward
(Figure 3f). The spatial pattern of ™EOQF1T9-5P
(Figure 4e) displayed the same features as the spatial pat-
terns of 'EOF17O-SYY and "EOF1™°-S'® but the time
series of ™PC1™9-5M" (Figure 4f) exhibited an upward
trend with a quite weak and short negative phase in the
2000s, inconsistent with the time series of 'PC1™O-55T,

As the EFC was not removed in Method IV, the spa-
tial pattern of "VEOF1™°-55T shows the geographical
intensities of global SST warming (Figure 3g). Significant
positive anomalies over the entire TIO of ™VEOF1™°-55T
and the upward trend in "VPC1™9-55T (Figure 3h) indi-
cate that SST warming associated with global warming
dominates over the TIO. The "VPC1™°-5"F also contained
an upward trend, but this trend was superimposed with
interdecadal variations (Figure 4h). The similarity
between ™PC1T°-5"F and VPC1™O-SMP indicates that
over the TIO, the EFC is less effectively removed from
the observed SLP in Method III than in Methods I and II.

The upward trends in "VPC1™°-55T (Figure 3h) and
VpC1™O-5IF (Figure 4h) meant that both time series were
positively correlated (TCC = 0.604). Conversely, the down-
ward trend in ™PC1™°-5T (Figure 3f) opposed the upward
trend in ™PC1™-5F (Figure 4f), resulting in a negative
TCC (—0.608) between these time series. Thus, in Methods
IIT and IV, the SST PC1 and SLP PC1 were significantly
correlated through the common features in their long-term
trends. These results indicate that the EFCs over the TIO
were not sufficiently removed by Method III.

Whole Indo-Pacific sector
In the previous sections, we obtained the leading EOFs
and corresponding PCs of the remaining SST and SLP

anomalies in Methods I-IV over the TP and TIO. We
now repeat the EOF analysis over the WIP sector
(Figures 5 and 6) which covers the whole study domain.

In the regressed spatial pattern of 'EOF1W'-SST
(Figure 5a), the IPO tripole pattern appeared over the
whole Pacific. Positive anomalies appeared over the
entire TIO, as observed in both "EOF1™-55T (Figure 1a)
and 'EQF1TO-S5T (Figure 3a). The SLP fields were also
similar among 'EOF1V'*-S'* (Figure 6a), 'EOF1™"-5'P
(Figure 2a), and "EOF1™°-5" (Figure 4a). The time series
of 'PC1V*-5ST (Figure 5b) and "PC1V™*-SF (Figure 6b)
were significantly correlated (TCC = 0.874) as observed
in the Method I analyses of the individual TP and TIO,
although the WIP domain is considerably larger than the
TP and TIO domains.

The "EOF1V™-5T (Figure 5c) and "EOF1W'"-St*
(Figure 6¢) obtained by Method II displays a coherent
IPO pattern over the whole Pacific, and the associated
SLP pattern includes a zonal SLP seesaw over the TP
along with negative anomalies over the mid-latitudes of
the North and South Pacific. These findings are consis-
tent with Method I over the WIP domain. Also consistent
with Method I, the behaviours of YpC1W!P-SST
(Figure 5d) and "PC1V'™-S* (Figure 6d) were similar
and thus the two time series were significantly correlated
(TCC = 0.866).

The time series of ™ trended obviously
downward (Figure 5f) and the decadal oscillation in the
IPO signal found in 'PC1W'"™-5T and "pC1V™-55T was
absent here. Although the spatial pattern of ™EOF1"*-55T
hints at the IPO tripole pattern, the amplitudes of the SST
anomalies were larger in the TP and smaller in the mid-
latitudes of the North and South Pacific (Figure 5e) than
"TBOF1V™-55T and "EOF1W'*-%5T, As in the EOF analysis
over the TIO, the time series of "'PCTV-SM* contained an
upward trend (Figure 6f), unlike the 'PC1W'*-5 and
TpCcIWIP-SEF - Consequently, the TCC  between
and "PC1VTPSIP wag negative. However, the
result was insignificant (TCC = —0.470).

The spatial pattern of "VEOF1"'"™5T must contain
the effect of global warming (Figure 5g). In contrast to
the downward trend in ™PC1WVIP-SST  the VpC1WIP-SST
monotonically increased (Figure 5h). How the geographi-
cal contrast in SLP responds to global SST warming is
debatable (Tokinaga et al., 2012), but our VEQF WIP-SEP
(Figure 6g) and "VPC1V™-S'* (Figure 6h) were mainly
identical to the ™EOF1™'""-5"F and ™PC1™V""-5LF pair.

These intercomparisons between Methods III and IV
suggest that Method III is not appropriate for removing
the EFC from observed records. The downward trend in
MpC1WIP-SST (Figure 5f) probably comes from over-
removal of the EFC. In section 4, we will discuss that
over-removal is mainly related to overestimations of the

PC 1WIP_SST

IIIPC 1WIP_SST
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EFC in the individual historical simulations. The high
similarities between ™EOF1V'*-5L* and VEOF1W'F-SLP
and between ""PC1V'*-SF and VPC1WP-SMF indicate that
the current Method III cannot properly isolate the EFC.
An insufficient number of ensemble members in the
employed CMIP5 data may lead to a biased ensemble
mean that fails to represent the EFC of each variable at
each grid point.

3.2 | Cross-domain correlation
3.2.1 | Temporal correlations obtained by
Method I

Thus far, we have obtained the SST PC1s in three different
domains (the TP, TIO and WIP). Table 3(a) is a matrix of
the cross-domain TCCs among the three SST PCls
obtained by Method I. All TCCs are significant and exceed
0.733. Table 3(b) is a similar matrix of cross-domain TCCs
of the SLP PC1s obtained by Method 1. All values are sig-
nificant and exceed 0.891. In addition, we calculated the
cross-domain TCCs between SST PC1 and SLP PC1 by
Method I (Table 3(c)). The diagonal components in Table 3
(c) are the cross-variable TCCs given in Figures 1b, 3b and
5b. The significant positive values in this table are unsur-
prising if the SST and SLP anomalies extracted by Method
I represent the true ICV over each domain. These signifi-
cant cross-domain TCCs indicate that the dominant SST
and SLP variabilities in the TP and TIO are well correlated
with each other and are closely related to interbasin air-
sea interactions over the WIP.

3.2.2 |
Method I

Spatial correlations obtained by

In addition to the cross-domain TCCs among the PCls, we
calculated the SCCs among the EOFls (i.e., the cross-
domain SCCs). Table 4(a), (b) are matrices of the cross-
domain SCCs among the SST EOF1s and SLP EOF1s,
respectively, obtained by Method I. All SCCs were calcu-
lated for the regressed anomalies over the WIP sector (plot-
ted in the (a) panels of Figures 1-6), although the
individual EOF1s were calculated for the SST or SLP
anomalies over the individual domains (TP, TIO or WIP).
All values in both matrices of Method I are statistically sig-
nificant (>0.934 for the SST EOF1s and >0.984 for the SLP
EOF1s).

We further compared the spatial patterns of SLP
EOF1 (Figures 2a, 4a and 6a) and the regressed SLP
anomalies onto the SST PCls over the three domains
(data not shown). In the same way, the spatial patterns of

of Climatology

TABLE 3 Cross-domain temporal correlation coefficients
(TCCs) between the time series of (a) SST PC1 and (b) SLP PC1
over the tropical Pacific (TP; 120°E-80°W, 20°S-20°N), the tropical
Indian Ocean (TIO; 40°-110°E, 20°S-20°N) and the whole Indo-
Pacific sector (WIP; 40°E-80°W, 60°S-60°N) based on the ICVs
obtained by Method I. Part (c) lists the cross-variable TCCs between
the SST PC1 and SLP PC1

(a) Cross-domain TCCs of SST PC1

Method I TP SST TIO SST WIP SST
TP SST 1.000*

TIO SST 0.733* 1.000*

WIP SST 0.980* 0.805* 1.000*
(b) Cross-domain TCCs of SLP PC1

Method I TP SLP TIO SLP WIP SLP
TP SLP 1.000*

TIO SLP 0.891* 1.000*

‘WIP SLP 0.900* 0.970* 1.000*

(c) Cross-domain TCCs of SST PC1 vs. SLP PC1

Method I TP SLP TIO SLP WIP SLP
TP SST 0.984* 0.823* 0.831*
TIO SST 0.720* 0.701* 0.668*
WIP SST 0.975% 0.860* 0.874*

Note: Significance for each TCCs is tested by a 2-tailed test based on the
Student's ¢ distribution. TCCs with asterisk are statistically significant at 95%
confidence level with eight degrees of freedom.

SST EOF1 (Figures 1a, 3a and 5a) and the regressed SST
anomalies onto the SLP PC1s over the three domains are
compared. As summarized in Table 4(c), (d), all SCCs
were statistically significant (>0.894). Together, the TCCs
in Table 3 and the SCCs in Table 4 indicate that Method
I successfully extracted the dominant ocean-atmosphere
coupled internal variability across the Indo-Pacific.

3.2.3 | Cross-domain correlations by the
other methods

We additionally compiled matrices of the cross-domain
TCCs and cross-domain SCCs in Method II (Tables 5 and
6) and Method III (Tables 7 and 8). Note that these correla-
tion coefficients were not always statistically significant.

3.3 | Advantages of Method I

In Method I, the leading PCs and EOFs of the remaining
SST and SLP anomalies over the three domains had sig-
nificantly positive TCCs and SCCs (Tables 3(a), (b) and 4
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TABLE 4 Cross-domain spatial correlation coefficients (SCCs)
between the leading patterns of the combined EOF1 of (a) SST and
(b) SLP over the TP, TIO, and WIP (see Table 3 caption for details)
based on the ICVs obtained by Method I. Part (c) lists the SCCs
between the leading pattern of SLP EOF1 and the regressed pattern
of SLP onto the SST PC1 and (d) lists the SCCs between the leading
pattern of SST EOF1 and the regressed pattern of SST onto the

SLP PC1

(a) Cross-domain SCCs of SST EOF1

Method I TP SST TIO SST WIP SST
TP SST 1.000*

TIO SST 0.934* 1.000*

WIP SST 0.996* 0.950* 1.000*
(b) Cross-domain SCCs of SLP EOF1

Method I TP SLP TIO SLP ‘WIP SLP
TP SLP 1.000*

TIO SLP 0.984* 1.000%*

WIP SLP 0.987* 0.998* 1.000*

(c) Cross-domain SCCs of SLP EOF1 vs. regressed SLP on
SST PC1

Method I TP SLP TIO SLP WIP SLP
TP SST 0.997* 0.949* 0.998*
TIO SST 0.966* 0.935* 0.978*
WIP SST 0.969* 0.932* 0.981*

(d) Cross-domain SCCs of SST EOF1 vs. regressed SST on
SLP PC1

Method I TP SST TIO SST WIP SST
TP SLP 0.996* 0.948* 0.949*
TIO SLP 0.928* 0.901* 0.894*
WIP SLP 0.997* 0.965* 0.966*

Note: Significance for each TCCs is tested by 2-tailed test based on the
Student's ¢ distribution. TCCs with asterisk are statistically significant at 95%
confidence level with eight degrees of freedom.

(a), (b)). The cross-variable TCCs and SCCs of the PCs
and EOFs by Method I were also significant (Tables 3(c)
and 4(c), (d)). The spatial patterns of these SST and SLP
EOFs indicate an interbasin interaction over the Indo-
Pacific sector (Dong and McPhaden, 2017) or a portion of
the trans-basin variability over the whole Tropics
(Chikamoto et al., 2015), implying that Method I well iso-
lated the EFC and thereafter reliably extracted the
ocean-atmosphere ICV from the observed records.

In contrast to these advantages in the Method I, the
obtained SST PC1 and the SLP PC1 over the TIO of the
Method II are uncorrelated (Figure 3d), implying that the
Method II failed to extract the dominant ocean-
atmosphere coupled variability. In Method III, as shown

TABLE 5 As for Table 3, but based on the ICVs obtained by
Method II

(a) Cross-domain TCCs of SST PC1

Method II TP SST TIO SST WIP SST
TP SST 1.000*

TIO SST 0.224 1.000%*

‘WIP SST 0.980* 0.251 1.000*
(b) Cross-domain TCCs of SLP PC1

Method IT TP SLP TIO SLP WIP SLP
TP SLP 1.000*

TIO SLP 0.889* 1.000*

‘WIP SLP 0.890* 0.954* 1.000*

(c) Cross-domain TCCs of SST PC1 vs. SLP PC1

Method II TP SLP TIO SLP WIP SLP
TP SST 0.984* 0.820* 0.817*
TIO SST 0.161 —0.066 —0.072
‘WIP SST 0.981* 0.856* 0.866*

TABLE 6 As for Table 4, but based on the ICVs obtained by
Method II

(a) Cross-domain SCCs of SST EOF1

Method II TP SST TIO SST WIP SST
TP SST 1.000%*

TIO SST 0.459 1.000%*

‘WIP SST 0.996* 0.443 1.000*
(b) Cross-domain SCCs of SLP EOF1

Method IT TP SLP TIO SLP WIP SLP
TP SLP 1.000*

TIO SLP 0.979* 1.000*

WIP SLP 0.982* 0.996* 1.000*

(c) Cross-domain SCCs of SLP EOF1 vs. regressed SLP on
SST PC1

Method II TP SLP TIO SLP WIP SLP
TP SST 0.996* 0.122 0.999*
TIO SST 0.958* —0.032 0.973*
WIP SST 0.960* —-0.019 0.975*

(d) Cross-domain SCCs of SST EOF1 vs. regressed SST on
SLP PC1

Method II TP SST TIO SST WIP SST
TP SLP 0.996* 0.945* 0.943*
TIO SLP 0.412 0.245 0.244
‘WIP SLP 0.998* 0.964* 0.963*
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TABLE 7 Same as Table 3, but based on the ICVs obtained by
Method III

(a) Cross-domain TCCs of SST PC1

Method III TP SST TIO SST WIP SST
TP SST 1.000*

TIO SST 0.445 1.000*

WIP SST 0.922* 0.707* 1.000*
(b) Cross-domain TCCs of SLP PC1

Method III TP SLP TIO SLP ‘WIP SLP
TP SLP 1.000*

TIO SLP 0.718* 1.000*

WIP SLP 0.622 0.962* 1.000*

(c) Cross-domain TCCs of SST PC1 vs. SLP PC1

Method III TP SLP TIO SLP WIP SLP
TP SST 0.621 —0.043 —0.203
TIO SST —0.246 —0.608 —0.682*
WIP SST 0.336 —0.315 —-0.470

TABLE 8 As for Table 4, but based on the ICVs obtained by
Method III

(a) Cross-domain SCCs of SST EOF1

Method III TP SST TIO SST WIP SST
TP SST 1.000%*

TIO SST 0.531* 1.000%*

‘WIP SST 0.947* 0.762* 1.000*
(b) Cross-domain SCCs of SLP EOF1

Method III TP SLP TIO SLP WIP SLP
TP SLP 1.000*

TIO SLP 0.886™* 1.000*

WIP SLP 0.849* 0.996* 1.000*

(c) Cross-domain SCCs of SLP EOF1 vs. regressed SLP on
SST PC1

Method III TP SLP TIO SLP ‘WIP SLP
TP SST 0.311 —0.580 —0.096
TIO SST —0.196 —0.858* —0.564
WIP SST -0.276 —0.892* —0.632*

(d) Cross-domain SCCs of SST EOF1 vs. regressed SST on
SLP PC1

Method III TP SST TIO SST WIP SST
TP SLP 0.663* —0.053 -0.218
TIO SLP —-0.217 —0.759* —0.839*
WIP SLP 0.405 —0.339 —0.493

in the panels (f) of Figures 1-6, SST PC1s and SLP PCls
over the three analysis domains contained a long-term
upward or downward trend. Hence, the TCCs among
those PCl1s in the Method III are not always statistically
significant. These trend-like features indicate that the
EFCs are not sufficiently removed by the Method III.

In conclusion, we recognize that Method I is the most
appropriate method for extracting the ICV from the
observed records over the Indo-Pacific sector.

In the next section, we apply Method I to simulated
historical records rather than the observed SST and/or
SLP records.

4 | APPLICATION TO MULTI-
MODEL HISTORICAL
SIMULATIONS

Applying Method I to simulated datasets, we now exam-
ine how much the observed ICV and EFC are reproduced
in the selected CMIP models. Following Method I, we
calculated the regressed SST anomalies agsr v onto the
GMSTyE at each grid point from the results of 36 histor-
ical simulations as described in section 2. Here, we show
the area-averages [asst m] on the eastern TP domain
(ETP, 180°-80°W, 10°S-10°N), where a distinct SST vari-
ance appeared in the ICV extracted from the observed
SST records (Figures 1, 3 and 5).

Figure 7a is a histogram of the individual models'
[asst m] averaged over the ETP along with their
corresponding [ogst] values based on the observed
records (Figure 7a). In most of the models, the calculated
[asst m] was much larger than the observed [assr]. Such
discrepancies were also found in other regions but were
especially pronounced over the ETP (Figure 8).

Figure 7b is a histogram of the TCCs between the sim-
ulated decadal SST variability over the ETP and the
GMSTyme. The significant TCCs are unrealistic and
thereby responsible for the overestimated [ogst m] We
should note that each individual historical simulation con-
tributes less than 3% to the MME, thereby invalidating
such high TCCs. We can reasonably conclude that most of
the models overestimated the EFC over the ETP.

Owing to the larger [ogsT Mm] than [asst], the MME of
the simulated variances in the EFC was 6.5 times larger
than the observed one (second row of Table 9). Conse-
quently, in our definition of Method I, the MME of the
simulated variances in the residual ICVs is one-half that
of the observed variances (third row). Therefore, the sim-
ulated variance ratio of the weak ICVs to the intense
EFCs was only 20% of the observed ratio.

Coats and Karnauskas (2017) revealed that vigorous
mean upwelling and poleward divergence of the heat flux
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Histograms of (a) regression coefficients and (b) correlation coefficients of SST (in K) over the eastern tropical Pacific (180°-

80°W, 10°S-10°N) onto the GMSTypyg (in K), derived from 36 multi-model members. Each panel shows the multi-model mean (black
dashed vertical line), +1c range (grey dashed vertical line), and mean observed values (red solid vertical line) [Colour figure can be viewed

at wileyonlinelibrary.com]
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FIGURE 8 Differences in regression coefficients of SST (in K)

onto GMST (in K) between the MME obtained from 36 historical
simulations and the average of the observed records (MME minus
the observed records). The box (dashed line) encloses the eastern
tropical Pacific (180°-80°W, 10°S-10°N) [Colour figure can be
viewed at wileyonlinelibrary.com]

TABLE 9 Temporal variances of SST over the eastern TP
(180°-80°W, 10°S-10°N) obtained from multi-model historical
simulations and the observed records

Obs. Model
Non-extracted 0.030 0.062 +0.031
EFC 0.008 0.052 +0.028
Icv 0.022 0.013 +0.010
ICV/EFC 2.792 0.371 +0.432

Note: Listed are the temporal variances in the non-extracted anomalies (row
2), EFCs estimated by Method I (row 3), and ICVs estimated by Method I
(row 3). The bottom row gives the ratios of the EFC to ICV variances. The
errors in the right column are the standard deviations among the multi-
model members.

in the eastern equatorial Pacific might inhibit surface
warming associated with anthropogenic forcing (Clement
et al., 1996) in the observed records, but such an ocean
thermostat mechanism is not always represented in

simulations. As pointed out by Seager et al. (2019), when
the relative humidity and wind speed over the ETP in the
mean states of the CMIP5 models are excessively high
and low, respectively, the local SST sensitivity to the radi-
ative forcing is overestimated. Misrepresenting either the
regional response of the external forcing or the ocean-
atmosphere ICV in a climate model will lead to over-/
under-estimations of the other. Therefore, to improve cli-
mate models, appropriate evaluations of the EFC and
ICV based on the isolating methods (such as Method I)
are necessary. Furthermore, the poor representation of
the ICV in historical simulations still keeps an impor-
tance of the climate research based on the observed
records as well as proxy climate data.

5 | SUMMARY

Applying three statistical procedures, we isolated the
decadal ICV and the EFC from observed SST and SLP
records over the Indo-Pacific sector during the 1958-2017
period. In Method I, the EFC is represented by the
GMSTymE in historical simulations because the ICV must
be negligible when the GMSTypg is derived from suffi-
ciently many ensemble members. The regressed anomalies
of each variable at each grid point onto the GMSTy\E are
regarded as the EFCs. After removing these regressed
anomalies, the remaining anomalies are regarded as the
ICVs. Method II is the conventional detrending method
that removes the linear trend on each variable at each grid
point. In Method III, the time series of the MME of each
variable is calculated at each grid point based on selected
simulations, and the time series is removed from the
observed records at the same grid points. In an EOF analy-
sis of the remaining anomalies obtained by the three
methods, we demonstrated that in the most appropriate
method, the leading EOFs and their associated PCs repre-
sent the background physics of the large-scale air-sea inter-
actions in any analysis domain. Although the remaining

85UB017 SUOWILLIOD 8A1T1D) 3|qeo![dde au Aq peuIsnob afe Sajole YO ‘85N JO SaINI 10} Akeiqi8UIIUQ AB|IM UO (SUONIPUOD-PUR-SULIBY WO A8 | 1M ATRIq 1 BU1|UO//STIY) SUORIPUOD pue SWie | 8y} 89S *[202/70/LT] Uo ARiqi7auluO ABIM e1feisny 8UeIyo0D euoieN D4 IWHN Ad 6222°901/200T 0T/10p/wod A8 | Afe.d jpuluo'siewy//sdny wouy papeojumod ‘T ‘€202 ‘8800260T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

MIYAIJI ET AL.

International Journal RMetS

SST and SLP anomalies were statistically independent, the
decadal time series of the leading EOFs of those anomalies
were significantly correlated in Method I. However, an
EOF analysis of the remaining anomalies by Methods II
and III often yielded peculiar appearances in the spatial
patterns and time series, which were attributable to over-
or under-removal of the EFC. Therefore, among the tested
methods, we conclude that Method I best extracts the
decadal ICV from the observed SST and SLP records over
the Indo-Pacific sector.

By applying Method I to 36 individual historical simu-
lations, we evaluated the reproducibilities of both the
decadal ICV and the EFC. Most of the climate models
artificially enhance the EFC and reduce the ICV when
simulating SST over the ETP, where a centre of active
ICV appears in the observed SST records.

Instead of the three methods in evaluating the local
EFCs, we may introduce an alternative method by
regressing the observed anomalies of a certain variable at
the individual grid points onto the MME of SAT at the
same grid point. This method is basically similar to the
Method I, while the GMSTynE is replaced by the MME
of local SAT in this method. However, we are not ready
for this alternative method because the MME at the local
grid point based only 36 ensemble members still fails to
represent the EFCs in local SAT/SST, as discussed in sec-
tion 3. Recently, the large ensemble simulations such as
>100 members for a single model (Watanabe et al., 2021)
become available. Further research with large ensembles
is desired to re-evaluate the EFCs in the MME of local
SAT or SST.

For accurate decadal climate predictions, we must
understand the background mechanisms of the ICV and
the effect of external forcing, and properly express these
effects in climate models. By clarifying the importance of
isolating the ICV and EFC in each climate variable on
each region, we expect to stimulate further investigations
of the mechanism underlying the decadal ICV and evalu-
ations of climate model performances, thereby improving
future climate projections over decades and centuries.
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