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Abstract

Since the early twentieth century, observations have shown that the ocean surface has warmed almost globally, but the
rate of sea surface temperature (SST) rise in the Kuroshio region (KR) has been twice that of the global-mean. This study
focuses on the mechanisms driving long-term changes in SST in the KR during the period 1951-2010 using observations,
reanalysis data, and 10-member ensembles of historical simulations based on a global climate model (GCM) called MIROC
5.2. The observational data indicates that SST in the KR slightly decreased until around 1980, but rapidly increased after-
wards. The MIROCS.2 historical experiment reproduced the observed multidecadal changes in the KR SST, and a signal-
to-noise analysis showed that one third to half of the changes were attributable to a forced component, represented by the
ensemble mean. Comparison of historical runs with another ensemble in which sulfate aerosols were fixed at preindustrial
levels, highlighted that multidecadal SST changes in the KR were primarily driven by sulfate aerosols, contributing to the
warming for 1981-2010 as much as greenhouse gases. Analyses of the MIROCS5.2 ensemble mean revealed that the key
factor for enhanced warming after the 1980s in the KR was a high-pressure trend over the North Pacific. This is because it
advects warm air to the northwestern Pacific in the lower troposphere and causes a northward shift in the Kuroshio current.
The presence of this mechanism was supported by a significant correlation between SST trends in the KR and high-pressure
trends over the North Pacific based on historical simulations from 27 GCMs, and a large ensemble of historical simulations
using MIROCS6. These results demonstrate the importance of an externally forced atmospheric circulation response over the
North Pacific as it relates to enhanced ocean surface warming in the KR.

1 Introduction pattern, in which SST in the eastern tropical Pacific Ocean

increases more than the western Pacific, and a La Nifa like

Changes in sea surface temperature (SST) patterns are
known to be a primary driver of changes in precipitation
and atmospheric circulation under global warming (Chad-
wick et al. 2014; Xie et al. 2010). Much of the excess
energy in the climate system since 1955 is estimated to be
absorbed by oceans (IPCC 2013), inevitably accompany-
ing SST increases over most of the globe. However, it is
still challenging to precisely predict regional changes in
SST in the future climate because of the complexity in the
atmosphere—ocean coupled system. For example, there are
two types of changes in the tropical Pacific SST in general
circulation models (GCMs); an El Nifio like SST change
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warming pattern (Collins et al. 2010; Andrews et al. 2014).

There are long term measurements of SST, and several
datasets commonly show that the global-mean SST has
increased during the twentieth century. Of particular interest
is SST in the Kuroshio region (KR), which has increased twice
as much as the global-mean SST. The linear trend of global-
mean SST from 1891-2016 was 0.53 K per century, but in the
KR the SST trend was 1.09 K per century (Japan Meteorologi-
cal Agency 2018). While changes in SST in the KR may be
driven by changes in the Kuroshio current, they could also be
affected by atmospheric temperature changes over the eastern
side of the Eurasia continent in association with changes in the
winter monsoon (Liu et al. 2005). This geographical feature
may give rise to multiple factors that can affect changes in SST
in the KR. As the ocean in the KR acts as a heat reservoir that
maintains weather over East Asia, understanding the mecha-
nism of long-term changes in the SST is important to detect
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and attribute weather conditions over these regions since the
twentieth century.

Several studies have investigated possible changes in the
western boundary currents under global warming scenarios
using global warming experiments. Saenko et al. (2005)
showed that western boundary currents migrate poleward
from their global warming experiments, while Sakamoto et al.
(2005) indicated a strengthening of the Kuroshio current with-
out the latitudinal shift of the currents. This research suggests
that changes in the Kuroshio current could occur in response
to future changes in radiative forcing. However, the nature of
the change to the western boundary currents is dependent on
the climate model used in the global warming experiments.
Furthermore, it is difficult to detect changes in the Kuroshio
current during the twentieth century due to the lack of long-
term measurements of ocean currents.

Wu et al. (2012) demonstrated that the observed SST during
the twentieth century increased in areas of the western bound-
ary currents compared to other parts of the ocean. They also
suggested that the large increase in SST around the western
boundary currents occurred in association with a strengthening
and a poleward migration of the currents. However, the ocean
reanalysis data employed in their study includes consider-
able potential errors and may not represent reliable long-term
changes, leading to conclusions that are insufficiently robust.

The research to date, suggests that there is a possibility
that changes in SST in the KR during the twentieth century
were at in part driven by changes in the Kuroshio current.
However, there is little research that comprehensively attrib-
utes the SST change in the KR to external forcing and inter-
nal variability, both of which would have affected the SST
by alternating circulation in the atmosphere and ocean. As
such, this study investigates the mechanisms of multidecadal
SST changes in the KR from the mid twentieth century using
observations and ensemble climate simulations by a GCM.

This paper is organized as follows. Section 2 describes
the datasets, model, and numerical experiments. Sec-
tion 3 examines the characteristics of SST changes in the
KR, including the contribution of external forcing to SST
changes. In Sect. 4, detailed mechanisms of long-term SST
changes in response to forcing are clarified using the ensem-
ble of historical simulations. This is followed by a valida-
tion of the mechanisms using multi-model simulations and
reanalysis data in Sect. 5. Section 6 provides a summary
and discussion.

2 Methods
2.1 Definition of the KR

In this study, the KR refers to a region that includes the
Kuroshio and Oyashio currents, Sea of Japan (East Sea),
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and East China Sea, as represented by a rectangular box
(25° N-47° N, 120° E-155° E) shown in Fig. 1a. Between
1901-2000, the SST increased by 1.1 K in this region, which
is a considerably large increase compared to the warming
witnessed in the other areas of the Pacific (Fig. 1a).

2.2 Observational data

Several SST datasets are available from the middle of the
nineteenth century. However, measurement methods vary
depending on the period and analysis methods adopted in
these datasets. As such, the reliability of earlier datasets is
questionable. We investigated the time after which different
datasets agree with each other. In this study, we used three
datasets; COBE-SST (Ishii et al. 2005), Hadley Centre Sea
Ice and SST (HadISST, Rayner et al. 2003), and National
Oceanic and Atmospheric Administration Extended SST
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Fig.1 a Observed sea surface temperature (SST) trend (K per cen-
tury) for 1901-2000 based on COBE-SST. The dots indicate the
value that is statistically significant at the 95% confidence level. The
spatial extent of the Kuroshio region (KR) is indicated by the black
box (25°-47° N, 120-155° E). b The time series of the observed
annual-mean SST averaged in the KR from the three datasets (colored
curves). The bar graph illustrates the variance among the three obser-
vational datasets
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(ERSST, Smith et al. 2008). The horizontal resolution was
1°x 1° in COBE-SST and HadISST, and 2°x 2° in ERSST.
Figure 1b presents a time series of the SST anomaly, relative
to the 1900-2010 climatology, averaged in the KR for the
three datasets and also includes the variance among them.
It is evident that the discrepancy across the datasets is large
prior to 1950. As such, we restricted the analysis of the
COBE-SST data to post-1951.

We also analyzed atmospheric data of winds, temperature,
and geopotential height derived from the Japanese 55-year
Reanalysis (JRA-55, Kobayashi et al. 2015). The JRA-55
includes monthly data since January 1958, with a horizontal
resolution of 1.25° % 1.25° and on 37 pressure levels.

2.3 Model and numerical experiments

We used the Model for Interdisciplinary Research on Cli-
mate version 5.2 (MIROC5.2) CGCM (Watanabe et al.
2014), which was cooperatively developed at the Atmos-
phere and Ocean Research Institute (AORI) of The Univer-
sity of Tokyo, the National Institute for Environmental Stud-
ies (NIES), and the Japan Agency for Marine Earth Science
and Technology (JAMSTEC). The resolution of the atmos-
pheric model was T85 (approximately 150 km) and 40 verti-
cal levels. The oceanic component has a 1° longitudinal grid
spacing. The meridional grid spacing varies from approxi-
mately 0.5° near the equator to 1° in the mid-latitudes. There
are 63 vertical levels, and the lowermost level was located
at a depth of 6300 m.

We conducted two sets of 10-member simulations from
1921 to 2015 using the MIROC5.2 CGCM. One was a his-
torical experiment (HIST) in which all the external condi-
tions were given following the Coupled Model Intercompari-
son Project (CMIPS5) experimental set up before 2005 and
the Representative Concentration Pathway 4.5 (RCP4.5) run
after 2006 (Taylor et al. 2011). The model was branched off
from the official CMIP5 historical run beginning in 1850,
and used slightly different initial conditions to create the
ensemble post-1921. The other experiment, referred to as
SO2CONST (Takahashi and Watanabe 2016), was the same
as the HIST, except that emissions of sulfate aerosols (both
natural and anthropogenic) were fixed at 1850 levels. Given
that sulfate aerosols are an important driver of large-scale
SST pattern changes (Booth et al. 2012; Xie and Xiang
2013; Watanabe and Tatebe 2019), we compared HIST and
SO2CONST to identify the contribution of sulfate aerosols
in forcing SST changes over 1951-2010. In SO2CONST,
forcing other than sulfate aerosols was included, but the
greenhouse gasses (GHGs) effect dominated. In this study,
we assumed that SO2CONST represents a response to forc-
ing by GHGs. All numerical experiments analyzed in this
study are summarized in Table 1.

2.4 CMIPS5 historical simulations and a large
ensemble historical run by MIROC6

To validate the mechanisms observed in MIROCS5.2
CGCM, we performed an analysis of historical simula-
tions using 22 GCMs in the CMIP5 for 1951-2010. We
used runO1 for models presented in Table 2. The RCP4.5
run was connected to the historical run to extend the analy-
sis period beyond 2006. The horizontal resolution of SST
in each model was re-gridded to 2.5° X 2.5° prior to the
analysis.

In addition to the CMIP5 multi model analysis, we
also performed an analysis of large ensemble histori-
cal simulations of MIROC6 with 50 ensemble members
over 1951-2010 (Tatebe et al. 2019). MIROCS is a slight
updated version of MIROCS5.2, with an identical horizon-
tal resolution and has been used for CMIP6 experiments
(Eyring et al. 2016). The SST data from the large ensemble
was re-gridded to 1°x 1°.

2.5 Analysis procedure

We used annual-mean datasets other than the analysis for
seasonality. For most time series, an anomaly was defined
as the deviation from the average over the 1951-2010
period. In some analyses, we applied a low-pass filter to
the anomaly fields in order to eliminate variations shorter
than 10 years.

Using the MIROCS.2 ensembles, we decomposed SST
anomalies into an externally forced component defined
by the respective ensemble mean and internal variability
represented by deviations from the ensemble mean. As
described above, HIST includes all external forcing and
SO2CONST includes external forcing other than sulfate
aerosols. To evaluate the role of sulfate aerosol forcing,
we defined the responses to sulfate aerosols as HIST minus
SO2CONST, herein referred as AERO.

Table 1 Experiments conducted in this study by using MIROC 5.2
CGCM

Experiment name GHGs Sulfate aerosols
HIST Historical Historical
SO2CONST Historical Pre-industrial

Each experiment had ten ensemble members and was integrated from
1921 to 2015

@ Springer



4132

M. Toda, M. Watanabe

Table2 CMIP5 GCMs used

Lo GCMs SST trend in the Global-mean SST Ratio of SST trends in
in this study and sea surface KR [K/100 yr] trend [K/100 yr] the KR to the global-
temperature (SST) trends for mean
1951-2010 in each model
1 BCC 1.57 +0.12 1.29 +0.09 1.22+0.13
2 CAMESM?2 1.24 +0.11 1.30 + 0.09 0.95+0.11
3 CCSM 1.75 +£0.14 1.25 +0.09 1.40 +0.15
4 CMCC 1.07 +0.09 0.80 +0.06 1.33+0.15
5 CNRM-CM5 0.52 +0.07 0.76 + 0.06 0.68 +0.11
6 CSIRO-MK3.6 1.01 +0.10 0.26 +0.03 3.90+0.6
7 FGOALS-G2 1.61 +0.12 0.94 +0.06 1.72+0.17
8 GFDL-CM3 —0.09 +0.07 0.86 +0.07 —0.10+0.08
9 GFDL-ESM2G 0.83 +0.09 1.23 +0.09 0.67 +0.09
10 GFDL-ESM2M 1.26 +0.11 0.84 +0.06 1.51+0.17
11 GISS-EH 0.09 +0.06 0.75 +0.05 0.12 +0.08
12 HADGEM2 1.06 +0.10 0.81 +0.06 1.31 +0.16
13 INMCM4 0.38 +0.07 0.63 +0.04 0.60 +0.12
14 IPSL-CM5-LR 2.09+0.16 1.30 +0.09 1.61 +0.17
15 IPSL-CM5-MR 1.83+0.14 1.20 + 0.08 1.53+0.16
16 MIROC-ESM 0.40 +0.06 0.75 +0.05 0.53 +0.09
17 MIROC5 0.27 +0.06 0.63 +0.05 0.42 +0.10
18 MPI-ESM-LR 1.70 £ 0.13 1.09 + 0.08 1.57 +0.16
19 MPI-ESM-MR 1.33 +£0.11 1.10 £ 0.08 1.21 +0.13
20 MRI-CGCM3 0.42 +0.05 0.30+0.02 1.38 +0.19
21 NCC-NORESM1 0.88 +0.09 0.79 + 0.06 1.11 +0.13
22 NCC-NORESM1-ME 1.04 +0.10 0.83 +0.06 1.25 +0.15
MME mean 1.01 +0.12 0.90 +0.09 1.18 +0.13
MME std dev 0.61 0.30 0.79

Multi model ensemble (MME) mean and multi model standard deviation are also indicated

3 Attribution of long-term SST changes
in the Kuroshio region

3.1 Observed features and reproducibility
in MIROC5.2

Figure 2a, b illustrate the time series of observed SST
anomalies averaged in the KR and averaged globally over
1951-2010 (red curves), respectively. While global-mean
SST increased monotonically during this period, this was
not the case for the regional SST anomaly in the KR. SST
decreased from the 1950s to 1980s and then proceeded to
increase, leading to a positive trend for 60 years. We exam-
ined whether the observed long-term change in SST in the
KR was reproduced in the model. Figure 2a also presents
the time series of the simulated SST anomaly in the KR in
HIST (blue curve). The observed time series were within a
95% confidence interval in HIST. The ensemble-mean SST
anomaly also show multidecadal SST changes in the KR
that are very similar to observations. This suggests that the
multidecadal SST change as well as the long-term trend in
the KR reflects a response to external forcing.

@ Springer

Figure 2c presents the annual-mean SST trend ratio in
the KR to the global-mean in each period (1951-2010,
1961-2010, 1971-2010, and 1981-2010). The global-mean
SST trends were roughly the same in all periods. This means
the varying ratio of the SST trends (small for long term and
large for short-term), was caused by a difference in the trend
for the KR. Although the SST trend in the KR for 1951-2010
was slightly smaller than the global-mean (the ratio less
than unity), the SST trend in the KR was larger than the
global-mean in all other periods. There was a seasonality in
the SST in the KR, showing that the SST increases during
the late twentieth century are larger in winter than in sum-
mer (Fig. 2d). The SST trend ratio between the KR and the
global-mean and its seasonality were well reproduced in the
ensemble mean of HIST (blue curves in Fig. 2¢, d). This
supports our hypothesis that the multidecadal SST changes
in observations arise from the externally forced component,
not from internal variability.

Each HIST ensemble member consists of a combi-
nation of a forced component (i.e., signal) and internal
variability inherent to the climate system (i.e., noise). To
quantify the extent to which the forced component was
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Fig.2 a, b Time series of annual-mean sea surface temperature (SST)
averaged in the Kuroshio region (KR) and the global ocean, respec-
tively. The observed SST is shown in red and the simulated SST from
the HIST ensemble mean is presented in blue, a shade indicating the
50, 75, and 95% confidence level. ¢ The ratio of the annual-mean SST
trend in the KR to the global-mean SST trend for different time win-

dominant in HIST, we calculated the signal-to-noise (SN)
ratio. Here the signal is defined by the ensemble mean
and noise was represented by subtracting the ensemble
mean from individual members (Sect. 2.5). The SN ratio
is defined as (64/(0g + oy)), 05 is one standard deviation
of signal calculated using the ensemble-mean time series
for 60 years; and oy is one standard deviation of noise
calculated using deviations from the ensemble mean in 10
members (600 years in total). Table 3 presents the SN ratio
of annual-mean SST calculated for each experiment. The
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Ratio: KR SST trend / GLB mean SST trend
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dows from observations (red) and HIST (blue). The end year for the
trend was fixed at 2010, and the start year is indicated by the horizon-
tal axis. The vertical error bar indicates 5-95% confidence interval of
trends in observation and each experiment based on residual variance.
d As in (c), but for JJA (X marks) and DJF (triangles)

SN ratio for the KR SST was 27% in HIST, which is only
slightly larger than the global mean of 23.6%. However,
the SN ratio using the 10-year low-pass filtered anomalies
increase to 48% for the KR SST; this is larger than the
global mean of 40.4%. This indicates that half the decadal
SST changes in the KR can be attributed to responses to
external forcing in HIST. This large impact of the exter-
nal forcing on SST in the KR is remarkable considering
the possible influence of the Pacific Decadal Oscillation
(PDO) to the SST variability in this region.
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Table 3 The signal-to-noise (SN) ratio of the Kuroshio region (KR)
sea surface temperature (SST) in each experiment

KR (%) Global-mean (%)
HIST 27.0 (48.0) 23.6 (40.4)
SO2CONST 30.6 (56.1) 27.2 (48.3)
AERO 21.8 (40.0) 19.1 (12.2)
MIROCS historical run 13.9 (31.6) 12.8 (29.7)

The signal was defined by the ensemble mean and noise was repre-
sented by subtracting the ensemble mean from individual members
(Sect. 2.5). The SN ratio was calculated as (o5/(0g + oy)), Where og
is one standard deviation of signal and oy is one standard deviation
of noise. We used the results of SST for 1951-2010. The SN ratio
was calculated using the 10-year low-pass filtered SST as indicated
in brackets. 5-95% confidence interval of trends of each model and
MME are based on residual variance

3.2 Relative contributions of greenhouse gasses
and aerosol forcing

In Sect. 3.1, we illustrated multidecadal SST changes in
the KR during the late twentieth century, and suggested
that they were partly caused by radiative forcing. In this
section, we attribute the forced component to different
radiative forcing agents, specifically GHGs and sulfate
aerosols. Figure 3a presents a time series of SST anomaly
in the KR in HIST (blue curve) and SO2CONST (green
curve). The figure shows that the KR SST increases mono-
tonically in SO2CONST. As the impact of time varying
radiative forcing due to sulfate aerosols was excluded
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Fig.3 a Time series of the annual-mean sea surface temperature
(SST) anomalies in the Kuroshio region (KR) obtained from HIST
(blue, replicated from Fig. 2a) and SO2CONST (green). The other
convention follows Fig. 2a. b SST trends in the KR for 1981-2010:
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in SO2CONST, the multidecadal SST change identified
in HIST (and possibly in observations), was primarily
driven by sulfate aerosols. We evaluated the SST trends in
SO2CONST to verify whether the SST increase in the KR
was also larger than the global-mean in this ensemble. The
ratio of SST trends in the KR to the global-mean in each
period in SO2CONST was calculated in a similar manner
to Fig. 2c. These ratios were 1.44 +0.23 for 1951-2010,
1.39+0.21 for 1961-2010 1.45+0.4 for 1971-2010, and
1.21 +£0.64 for 1981-2010. The ratio was greater than
unity and similar in most periods. These results suggest
that the mechanism enhancing ocean surface warming is
GHG forcing.

As the SST increase post-1980 is the most conspicuous
in the KR (Fig. 2a), the relative contribution of GHGs
and sulfate aerosols forcing the SST trend for 1981-2010
was assessed. This was done using a combined analysis
of HIST and SO2CONST in which the response GHGs
was found to be dominant (see Sect. 2.5). We compared
the SST trends in COBE-SST, HIST, SO2CONST, and
AERO (see Sect. 2.5 for the definition) in Fig. 3b. Over
this period, SST trends due to sulfate aerosols were com-
parable to those due to GHGs, although the uncertainty in
the former was large. In general, sulfate aerosols cool the
surface of the Earth, but SST trends in the KR caused by
sulfate aerosols vary depending on the period. For exam-
ple, a weakening of the cooling effect by sulfate aerosols
due to reduced emissions, could result in a positive trend.
Section 4.3 provides further discussion on SST change in
the KR forced by sulfate aerosols.
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4 Mechanisms of SST changes
in the Kuroshio region

In Sect. 3, we described features of SST trends in the KR
and the role of external forcing in the simulated SST trend.
However, the SST trend depends on the time period chosen
(cf. Fig. 2¢). As such, trend analysis alone is not enough to
reveal the mechanisms underpinning the increase of SST
in the KR. In this section, we analyze the low-pass filtered
anomalies derived from HIST to clarify the mechanisms
influencing multidecadal SST variability, including a lin-
ear trend, generated in the KR. To determine the horizon-
tal patterns in low-frequency SST anomalies associated
with SST variability in the KR, we obtained a regression

of low-pass filtered SST anomalies against the low-pass
filtered SST time series in the KR in HIST for 1951-2010.
As in the previous section, we used the ensemble-mean
anomalies to isolate the forced component while ensemble
deviations were used to identify internal variability.
Figure 4 presents global maps of regression patterns
in low-frequency SST anomalies. The time period for the
regression was 1951-2010, but the 2011-2015 period was
discarded when low-pass filtered data was used. In the KR,
there is little difference between the forced component and
internal variability (Fig. 4b, d). However, the regression pat-
terns were found to be different at a larger scale (Fig. 4a, c).
The spatial pattern of internal variability (Fig. 4c), shows
that the positive SST anomaly in the KR extends to the
northwestern Pacific surrounded by negative anomalies.
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Fig.4 a Annual-mean sea surface temperature (SST) anomalies
regressed on the SST time series in the Kuroshio region (KR) and
b the enlarged view of the KR. The regression was calculated using
the 10-year low-pass filtered anomalies from the ensemble mean. The
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dots indicate the regressed anomaly that was statistically significant
at the 95% confidence level. ¢, d As in (a, b), but for the regression
based on the ensemble deviations
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This is reminiscent of the negative phase of the PDO. The
spatial pattern of the forced component also includes posi-
tive SST anomalies in the northwestern Pacific, but negative
SST anomalies were absent in the North Pacific. Addition-
ally, large positive SST anomalies were found in the North
Atlantic. This suggests that the mechanism of multidecadal
SST variability in response to radiative forcing was different
from that for internal variability. In Sect. 4.1, we examine
processes that may drive the forced SST anomaly in the KR.

4.1 Mixed-layer heat budgets

To identify the source of ocean surface heating in the KR,
we calculated heat budgets for the ocean mixed layer tem-
perature (7,,), assuming mixing in the layer leading to SST
could be approximated by T,

aTm _ Qnet

—r=E+ (1)
ot pC,H

where Q,,,, denotes the net heat flux at the ocean surface, p is

sea water density; C, is the specific heat, H is the mixed layer
depth (MLD); and E represents the sum of ocean dynamical
terms induced by geostrophic and Ekman flows. By lineariz-
ing (1) with respect to climatology denoted by overbars, we
obtain the anomaly equation in which the prime indicates
low-frequency anomalies:

aT/m — Q;let _ QnetH, +E/
ot pC,H  pC,H?

@

We calculated each term in (2) for individual ensem-
ble members. We ignored the cross terms in the ensemble
members assuming that ensemble deviations were not cor-
related with each other. The left-hand side of (2) indicates
the anomalous temperature tendency in the mixed layer,
to which three source terms appear on the right-hand side.
The first term indicates the net surface heating anomaly, the
second term denotes anomalous heat due to changes in the
MLD, and the third term represents the bulk effect of ocean
dynamics, estimated as a residual of the budget equation.
Following (2), we evaluated the contribution of each term
to the SST anomaly in the KR.

Figure 5a—c present the regression of each term against
the filtered ensemble-mean time series of SST averaged over
the KR. Based on a comparison with Fig. 4b, it is likely
that the positive SST anomaly in the north-eastern KR was
induced by ocean dynamics, whereas the net surface flux
anomaly acts to warm the entire region except for the north-
eastern KR (Fig. 5a, ¢). Unlike these two terms, anomalous
heat due to changes in the MLD act to diminish the SST
anomaly (Fig. 5b). This occurs with a shallowing MLD,
effectively cooling the mixed layer when coupled with the
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climatological net heat flux from the ocean to the atmos-
phere (upward in the KR). The mixed layer becomes shal-
low in response to a weakening of the Kuroshio current, as
discussed in Sect. 4.2.

The contribution to the SST anomaly in the KR was
estimated by averaging the budget terms change, over the
region (Fig. 5d). As expected, the anomalous heating due
to ocean dynamics and the net surface flux were equally
important for warming the mixed layer in the KR. The net
surface flux can be further decomposed into four compo-
nents; longwave radiation (LR), shortwave radiation (SR),
sensible heat flux (Q;) and latent heat flux (Q,), (see Fig. 5d).
It was found that heating due to anomalous sensible heat
flux was the largest, followed by the heating due to long-
wave radiation. In the forced component, the longwave
heating would have occurred due to GHGs and the water
vapor feedback which does not necessarily favor warming
the KR. This was confirmed by the regressed heating rate by
longwave radiation which was slightly smaller than global
mean (0.24 K year™! K™!). Therefore, the anomalous sen-
sible heat flux represents an atmospheric driving of ocean
surface warming in the KR.

Sensible heat flux is proportional to the difference
between SST and the near-surface atmospheric temperature.
Thus, the positive contribution of the anomalous sensible
heat flux to the SST increase in the KR suggests that the
lower troposphere warms more than the SST when the KR
SST shows a positive anomaly. Indeed, the regression of
low-frequency temperature anomalies at 850 hPa (T850)
against the ensemble-mean SST time series in the KR shows
a large positive anomaly over the northwestern Pacific to
the north of the KR (Fig. 6a). Climatologically, SST in the
KR is cooled by cold air advection from the continent due
to the winter Asian monsoon. In the twentieth century, the
Eurasian continent experienced a large temperature increase.
As such, it is possible that the warming anomaly in T850 in
the KR (Fig. 6a), was associated with a large warming over
the continent through horizontal advection, as mentioned
in Sect. 1.

To determine whether the positive T850 anomaly in the
KR was caused by horizontal temperature advection asso-
ciated with the continental warming, we quantified the
regression of horizontal temperature advection at 850 hPa,
corresponding to the T850 anomaly pattern (Fig. 6b). The
positive advection anomaly was found over the eastern edge
of the Eurasian continent and the northwestern Pacific. This
anomaly in horizontal advection can be decomposed into
two terms; v oV T + v oVT. The first term was the advec-
tion by anomalous circulation (called the dynamic compo-
nent), and the second term represents the advection of the
temperature anomaly by the mean winds (called the ther-
modynamic component). The regression maps for the above
two terms illustrate that the positive temperature advection
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Fig.5 a-c Spatial patterns of mixed layer heat budgets regressed on
to the sea surface temperature (SST) anomaly in the Kuroshio region
(KR): Contributions by the net surface heat flux, anomalous mixed-
layer depth (MLD), and ocean dynamics. All the values were calcu-
lated using the 10-year low-pass filtered ensemble-mean anomalies in

anomaly was caused by changes in atmospheric circulation
(Fig. 6¢, d), not by the increase in temperature over the Eura-
sian continent.

The low-frequency geopotential height anomalies at
500 hPa (Z500) regressed on the ensemble-mean SST time
series in the KR, as shown in Fig. 7a. There exists a large
high-pressure anomaly over the North Pacific, indicating
an anomalous anticyclonic circulation, transporting warm
air into the western side of the high-pressure anomaly and
resulting in a positive horizontal advection anomaly. The
high-pressure anomaly was also found in the regression of
sea level pressure (SLP; Fig. 7b). This analysis indicates
that the forced high-pressure anomaly has led to heating in
the lower troposphere, causing the KR SST to increase via
suppression of the sensible heat flux from the ocean surface.

HIST. d Regressed budget terms averaged in the KR. Right four bars
indicate the decomposition of the net surface heat flux into each com-
ponent; longwave radiation (LR), shortwave radiation (SR), sensible
heat flux (Q,) and latent heat flux (Q))

The sensible heat flux anomaly can also be generated by
anomalous wind speed at the surface. Indeed, surface west-
erly winds weaken over the KR in association with the high-
pressure anomaly found in Fig. 7. However, the regressed
change in the wind speed was not statistically significant for
the KR. Therefore, we may conclude that the temperature
advection in the lower troposphere induced by the high-pres-
sure anomaly was the primary driver of the upward sensible
heat flux anomaly over the KR.

4.2 Changes in ocean circulation
In this section, we discuss the oceanic circulation change

that may potentially cause large SST increases in the
north-eastern KR in HIST, as shown in Fig. 5c. Figure 8a
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presents a climatology of SST and oceanic currents averaged
in the mixed layer in HIST. The Kuroshio currents were
observed along Japan and leave the shore at around 36° N
as in observations. However, ocean eddies are not resolved
in MIROCS.2. There exists a south-westward current at
42°-47° N and 145°-155° E, transporting cold water from
the north. Its velocity was much slower than that observed
in the Oyashio current. Figure 8b presents a regression of
low-frequency anomalies in SST (color) and ocean horizon-
tal velocity (vector) against ensemble-mean time series of
SST in the KR in HIST. A significant positive SST anomaly
was found for the region 37°-44° N, 141°-155° E, where
a north-eastward current was strengthened bringing warm
water flow from the south. This increase in oceanic velocity
occurs to the north of axis of the mean Kuroshio current
(Fig. 8a). South of 32° N, the north-eastward Kuroshio cur-
rent was weakened. This indicates a poleward migration of
Kuroshio currents against radiative forcing, consistent with
Saenko et al. (2005) and Wu et al. (2012).

As the western boundary current was formed via a propa-
gation of long Rossby waves excited by wind stress curl over
the basin, the changes in stress curl over the North Pacific
were expected to be consistent with the change in the Kuro-
shio current. The regression map of low-frequency wind
stresses (vector) and their curl (color) against the ensem-
ble-mean time series of SST in the KR in HIST shows an
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culated using the 10-year low-pass filtered ensemble-mean anomalies
in HIST. The dots indicate the regressed anomaly that was statisti-
cally significant at the 95% confidence level

anticyclonic anomaly over the North Pacific (Fig. 8c). This
anomaly would be a surface signature of high-pressure
anomalies over the North Pacific (Fig. 7). It is also likely
that the poleward migration of the Kuroshio current indi-
cated in Fig. 8b can be explained by the strengthening of
negative stress curls at 30°-37° N. These results suggest
that the high-pressure anomaly over the North Pacific affects
the SST increase in the KR via atmospheric circulation and
changing wind-driven ocean circulation.

4.3 High-pressure response to greenhouse gasses
and sulfate aerosols over the North Pacific

In the above two sections, we presented two mechanisms
of externally forced changes in SST in the KR identified in
HIST. The first mechanism was a decrease in the upward
sensible heat flux to the atmosphere and the second mecha-
nism was a change in oceanic currents. In both mechanisms,
the high-pressure anomaly over the North Pacific appears
to play a crucial role. In this section, we attempt to reveal
the differences between changes in the pressure field over
the North Pacific forced by GHGs and those forced by
sulfate aerosols in MIROCS5.2 using the results of HIST,
SO2CONST, and the AERO component (i.e., HIST minus
SO2CONST). We essentially adapted a similar analysis with
HIST to the results of SO2CONST and AERO.
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(b)

Fig.7 As in Fig. 6a, but for the geopotential height at 500 hPa (Z500,
a) and sea level pressure (SLP, b)

SN ratio for the KR SST shows the SST in the KR in both
SO2CONST and AERO was large enough to be detected
and was larger than the global-mean (Table 3). Regres-
sion maps of the low-frequency SST anomaly against the
ensemble-mean time series of SST in the KR in SO2CONST
and AERO are depicted in Fig. 9a, b, respectively. Overall,
these were similar but some key differences were present. In
SO2CONST, statistically significant increases in SST were
observed in ocean basins around the globe even in the South-
ern Hemisphere. This suggests that the GHG forcing has a
global impact. In AERO, a large positive SST anomaly was
confined to the north-western Pacific.

Figure 9c, d present regression maps of Z500 against
ensemble-mean time series of SST for the KR in
SO2CONST and AERO. A high pressure anomaly was
found in both SO2CONST and AERO. The position of the
high-pressure anomaly in AERO was more northwest than
in SO2CONST, consistent with a slight difference in the
location of the maximum SST anomaly.

This indicates that the high-pressure anomaly over the
north Pacific emerges in association with the positive SST
anomaly in the KR, irrespective of the type of radiation
forcing. However, the time series of SST anomaly in the

KR in HIST and SO2CONST show a clear difference in the
magnitude of multidecadal changes (Fig. 3a). We investi-
gated the cause of this difference. Figure 10a—c presents the
time series of the 10-year low-pass filtered Z500 anomaly
over the North Pacific (i.e., 30°-50° N, 140° E-150° W; the
area was determined according to the position of the high-
pressure anomaly in HIST in Fig. 7). Again, a multidecadal
change was found in HIST (Fig. 10a) corresponding to the
multidecadal SST change in the KR (Fig. 2a). Much of this
multidecadal variability was found to be due to multidecadal
pressure change in response to the sulfate aerosol forcing
because it exists in AERO but not in SO2CONST (Fig. 10b,

).

5 Validating physical mechanisms

5.1 Enhanced ocean surface warming in CMIP5
multi-models and a large ensemble simulation
by MIROC6

In previous sections, we found that the positive Z500 anom-
aly over the North Pacific plays a major role in giving rise to
the positive SST anomaly in the KR in the ensemble-mean
fields. The 10-member ensembles by MIROCS.2 were useful
to detect such forced multidecadal variability, but the above
results were based on a single model experiment. In this
section, we analyze the CMIP5 multi-model ensemble (cf.
Table 2) and the MIROC6 large ensemble historical simula-
tion to identify whether these support the close relationship
between the high-pressure anomaly over the North Pacific
and the SST anomalies in the KR.

Figure 11a presents a 10-year low-pass filtered time series
of SST in the KR from COBE-SST (red curve) and the 22
historical and RCP4.5 runs (black curve for the ensemble
mean). The multi-model ensemble (MME) mean, roughly
reproduced observed long-term SST changes in the KR.
The ensemble spread was clearly larger than that of HIST
(Fig. 2a), because it reflects uncertainty due to internal vari-
ability and the different model biases. The observed SST
changes in the KR were within a 95% confidence interval of
the CMIP5 multi-models. Table 2 presents the values of SST
trends for 1951-2010 in the KR and global-mean as well as
their ratios. In 14 of 22 models, a larger increase occurred in
the KR SST than the global-mean. The MME also exhibited
an enhanced SST increase in the KR, although the standard
deviation was large. To identify the relationship between
the enhanced ocean surface warming in the KR and high-
pressure tendencies over the North Pacific, we calculated the
linear trends of both quantities from 1951-2010 for each of
the 22 GCMs. The results are shown in Fig. 11b, in which
the SST trends in the KR and the Z500 trends over the North
Pacific have been scaled with the global-mean trends for
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Fig.8 a Climatological SST (shading) and ocean current veloc-
ity averaged in the mixed layer (arrows) in HIST. The climatology
is based on the average for 1951-2010. b As in Fig. 6a, but for sea

the same period to eliminate the effects of different mag-
nitudes on the global warming signature. The scatter plot
indicates that the 1951-2010 trends in SST and Z500 were
tied with each other, as represented by a high correlation
where r=0.88. This result indicates that the larger the North
Pacific Z500 trend, the greater the ocean surface warming
in the KR.

A close relationship in the linear trends in SST and Z500
across CMIP5 models can be caused by different magnitudes
of the forced component and internal variability. To identify
whether the unforced variability explains the above relation-
ship, the same analysis was repeated using the MIROC6
50-member large ensemble. This also provides a verifica-
tion of the HIST 10-member ensemble mean as a surrogate
of the externally forced response. The low-frequency SST
time series in the KR obtained from the ensemble mean was
very similar to the CMIP5 MME (Fig. 11c). The SN ratio
for the MIROCS6 historical large-ensemble run was 31.6%
(Table 3). This value is smaller than the SN ratio from HIST.
indicating that the 10-member ensemble underestimates
variance due to internal variability. Yet, about one third of
the simulated multidecadal SST changes can be attributed to
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surface temperature (SST) (shading) and mixed-layer ocean currents
(arrows). ¢ As in Fig. 6a, but for wind stress curl (shading) and wind
stresses (arrows)

external forcing when the contribution of internal variability
was fully represented with a large ensemble.

The scatter plot between SST and Z500 trends for
1951-2010 show that they are positively correlated but the
coefficient was smaller than the CMIP5 ensemble (r=0.48,
Fig. 11d). Given that this low correlation arises from inter-
nal variability alone, the high correlation in the CMIP5
multi-models represent the difference in magnitude of the
externally forced responses among models. These results
suggest that the magnitude of the North Pacific Z500 trend
is a controlling factor for long-term SST increase in the KR.
This supports the mechanism identified from the MIROCS5.2
ensembles.

5.2 Observed changes

Thus far, we have demonstrated the importance of trop-
ospheric pressure changes over the North Pacific for
enhanced ocean surface warming in the KR based on
GCMs. In this section, we revisit this relationship in
observations and reanalysis data. Figure 12a illustrates
the observed SST trends from 1981 to 2010. This period
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was selected as the SST increases linearly in the KR, with
a significantly large trend (Fig. 2c), even though the trend
for this shorter period may be more affected by internal
variability. In this period, the SST trend in the KR was 2.3
times larger than the global-mean (Fig. 2c), which may
partly be attributed to the negative phase of PDO as seen
in Fig. 12a.

The SST trend pattern from the HIST ensemble mean
shows some similarity to observations, except it lacks the
negative trends in the eastern basin of the tropical Pacific
(Fig. 12b). Figure 12c depicts the trend of Z500 derived
from the JRA-55 reanalysis for the same period. A sig-
nificant high-pressure tendency was observed over the
North Pacific and again this was reproduced by the HIST
ensemble mean (Fig. 12d). It is not possible to eliminate
the PDO-related trends from observations and reanalysis
data, but the similarity with the ensemble mean suggests
that the effect of internal variability, i.e., PDO, was not
dominant. Additionally, the phase change of the PDO was
partly forced by radiative forcing (Boo et al. 2015).

6 Summary and discussion

We investigated the mechanisms underpinning the large
SST increases in the KR during the late twentieth cen-
tury based on observational data and numerical experi-
ments using MIROCS5.2. Observed SST changes in the
KR demonstrate a slight decrease since 1951 until around
1980, but a subsequent rapid increase. Due to this non-
monotonic change in SST in the KR, the SST trend in
the KR varies depending on the period. Nevertheless,
for any time period, the SST trend in the KR was larger
than the global-mean SST trend. The SST trend in the
KR has a clear seasonality that shows a larger warming
in winter than in summer. We showed that the external
radiative forcing can account for one third to half of the
multidecadal SST change in the KR based on MIROC 5.2
and MIROC 6 historical simulation. Using two sets of
10-member ensemble historical simulations by MIROCS.2
we found that GHGs and sulfate aerosols play an equally
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Fig. 10 a—c Time series of the 10-year low-pass filtered Z500 anomaly averaged over the North Pacific (30° N-50 N, 140° E-150° W) from
HIST, SO2CONST, and AERO, imposed on the time series from JRA-55 reanalysis. Other conventions follow Fig. 2a

important role. Namely, GHGs alone generate a monotonic
SST increase in the KR larger than the global-mean SST
increase. However, the multidecadal change was mainly
driven by the sulfate aerosol forcing.

The mechanisms of distinctively large SST increases in
the KR consist of two processes; increased sensible heating
from the atmosphere caused by a large warming of the lower
troposphere and the anomalous temperature advection in the
ocean mixed layer associated with a poleward shift of the
Kuroshio current (Fig. 13). Both processes are explained
by a positive tropospheric pressure anomaly over the North
Pacific and are not dependent on the type of forcing (i.e.,
GHGs and aerosols). The close relationship between the
forced high-pressure trend over the North Pacific and SST
increase in the KR for 1951-2010 was also identified in
the CMIP5 multi-model ensemble and the MIROCS6 large
ensemble. A comparison of the 1981-2010 linear trends in
observations, atmospheric reanalysis data, and the ensem-
ble-mean fields of MIROCS.2 HIST suggests that the high-
pressure trend over the North Pacific was a combination of
the PDO-related internal variability and externally forced
components.
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In the CMIP5 multi-model ensemble, all but one model
shows the high-pressure anomaly over the North Pacific
when the KR SST increases. However, the position and the
amplitude vary among models (Fig. 11b). Previous studies
reported that the MME-mean Z500 exhibits high-pressure
tendencies over the North Pacific in future projections (Hori
and Ueda 2006; Kimoto 2005). Gan et al. (2017) showed a
northward intensification of the Aleutian Low, accompany-
ing a high-pressure anomaly in the mid latitude of the North
Pacific, under the greenhouse warming due both to an El
Nifio-like SST warming pattern in the tropical Pacific and a
positive tendency of the Arctic Oscillation. Thus, it seems
that the high-pressure trend over the North Pacific observed
for 1951-2010 is an emerging signal of global warming.

Our analyses highlight the effect of sulfate aerosol forc-
ing on the rise of multidecadal changes in Z500 over the
North Pacific. Although the mechanism for aerosols driving
multidecadal pressure changes is unclear, this result is con-
sistent with Boo et al. (2015) who showed SLP changes over
the North Pacific forced by sulfate aerosols. Several studies
suggest that the aerosol induced atmospheric changes over
the North Pacific were remotely connected to SST changes
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Fig. 11 a Time series of 10-year low-pass filtered sea surface temper-
ature (SST) anomalies in the Kuroshio region (KR) from COBE-SST
(red curve) and the CMIP5 multi-model mean (black curve). Colored
shading indicates the 50, 75, and 95% confidence levels of the ensem-
ble. b Scatter plot between the 1951-2010 trends in the KR SST and

in the Atlantic. This was where the phase of the Atlantic
multidecadal variability was affected by volcanic forcing
and anthropogenic sulfate aerosol emissions over the Euro-
Atlantic sector (Booth et al. 2012; Watanabe and Tatebe
2019). While sulfate aerosol emissions have continuously
increased over east Asia, they are apparently not forcing
multidecadal pressure changes over the North Pacific.

The attribution of forced changes in the Kuroshio cur-
rent is still challenging. Ocean components of the CMIP5
models, including MIROCS5.2, do not resolve oceanic
eddies due to their coarse horizontal resolution. This
leads to large errors in reproducing the Kuroshio current
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the North Pacific Z500 across 22 CMIP5 models. Both linear trends
were scaled with the global-mean trends of the respective variable.
The correlation coefficient is also shown in the panel. ¢, d As per (a,
b) but for the MIROCG6 large ensemble historical simulations

in the present climate. The enhanced SST increase due to
a poleward shift of the Kuroshio current was concentrated
to a narrow region in the northeastern KR, and it contains
uncertainty. In addition to the challenges in reproducing
western boundary currents using GCMs, ocean reanaly-
sis data are less reliable than the atmospheric reanalysis,
hampering observational analysis of past changes in the
Kuroshio current. To acquire a better understanding of the
Kuroshio’s response to radiative forcing, it is necessary to
carry out ensemble historical runs using high-resolution
GCMs that resolve oceanic eddies. Such simulations will
be available in future studies.
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Fig. 12 a, b Sea surface temperature (SST) trends for 1981-2010 from COBE-SST and the ensemble mean of HIST. ¢, d As per (a, b), but for

7500 from JRA-55 and the HIST ensemble mean

Fig. 13 A schematic diagram depicting mechanisms of forced sea
surface temperature (SST) increase in the Kuroshio region (KR)
found in this study. Two major processes are labelled ® and @; ©®
represents extensive enhancement of SST (orange shade) by warm
temperature advection in the lower troposphere that transport heat to
the ocean via sensible heat flux (thin red arrows) and @ indicates a
local enhancement of the SST (wine red shade) increase caused by
the poleward shift of the Kuroshio current associated with a nega-
tive stress curl (think pink arrows). Both processes are induced by the
tropospheric high-pressure tendency over the North Pacific (ellipse in
the upper panel labelled ‘H’)
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