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Abstract Land–sea surface air temperature (SAT) con-

trast, an index of tropospheric thermodynamic structure

and dynamical circulation, has shown a significant increase

in recent decades over East Asia during the boreal summer.

In Part I of this two-part paper, observational data and the

results of transient warming experiments conducted using

coupled atmosphere–ocean general circulation models

(GCMs) are analyzed to examine changes in land–sea

thermal contrast and the associated atmospheric circulation

over East Asia from the past to the future. The interannual

variability of the land–sea SAT contrast over the Far East

for 1950–2012 was found to be tightly coupled with a

characteristic tripolar pattern of tropospheric circulation

over East Asia, which manifests as anticyclonic anomalies

over the Okhotsk Sea and around the Philippines, and a

cyclonic anomaly over Japan during a positive phase, and

vice versa. In response to CO2 increase, the cold north-

easterly winds off the east coast of northern Japan and the

East Asian rainband were strengthened with the circulation

pattern well projected on the observed interannual vari-

ability. These results are commonly found in GCMs

regardless of future forcing scenarios, indicating the

robustness of the East Asian climate response to global

warming. The physical mechanisms responsible for the

increase of the land–sea contrast are examined in Part II.
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1 Introduction

The summertime climate over East Asia, located between

the Eurasian continent and the western North Pacific, is

characterized by two anticyclonic circulations: one over the

Pacific Ocean and the other over East Siberia with an

extratropical rainband in between. These two anticyclones

exhibit great control over interannual variabilities of the

large-scale climate over East Asia (e.g. Ninomiya and

Murakami 1987). The one located in the western Pacific,

i.e. the subtropical high, is an essential component of the

East Asian summer monsoon system including the warm

moist southwesterly winds from the tropics (e.g. Seo et al.

2012; Imada et al. 2013; Wang et al. 2013). Previous

studies have investigated the influence of convective

activity over the tropical western Pacific, around and to the

east of the Philippines, on the East Asian climate through a

teleconnection pattern called Pacific-Japan (PJ) pattern

(e.g. Nitta 1987) and its relationship with tropical inter-

annual variability (e.g. Kawamura et al. 1998; Wang et al.

2001; Kosaka et al. 2011). The present study focuses on the

influence from the north on the East Asian climate, namely

the intensity of the anticyclone over East Siberia and the

Okhotsk Sea (e.g. Suda and Asakura 1955; Wang 1992;

Hirota and Takahashi 2012; Park and Ahn 2014). The East

Siberian blocking high and the Okhotsk high at the surface

are known to be coupled tightly (Nakamura and Fukamachi

2004; Tachibana et al. 2004; Wakabayashi and Kawamura
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2004; Arai and Kimoto 2005; Sato and Takahashi 2007).

The anomalous high over the Okhotsk Sea is associated

with an anomalously cold summer in northeastern Japan

caused by a cold northeasterly wind called Yamase, which

has a significant influence on rice crops (e.g. Ninomiya and

Mizuno 1985; Kodama 1997; Endo 2012; Kanno et al.

2013). The Okhotsk high also has great impact on the

location of the Meiyu-Baiu front (e.g. Kurashima 1969;

Wang 1992). Several studies have shown that anomalous

surface warming over the Far East, including East Siberia

and East Asia, relative to the ocean, intensifies the anti-

cyclone over East Siberia and the Okhotsk Sea on an

interannual timescale (Nakamura and Fukamachi 2004;

Tachibana et al. 2004; Arai and Kimoto 2005). The land–

sea thermal contrast over the Far East is an essential factor

in the observed interannual variabilities of the East Asian

climate through the variations of atmospheric circulation

patterns (e.g. Li and Yanai 1996; Jin et al. 2013).

The changes of surface air temperature (SAT) and the

intensity of the anticyclone over the Far East might play a

key role in future climate change projections over East

Asia (e.g. Arai and Kimoto 2008). Recent studies have

revealed that the land–sea thermal contrast increases

gradually under global warming as a robust feature sim-

ulated in general circulation models (GCMs, e.g. Manabe

et al. 1991; Lambert and Chiang 2007; Joshi et al. 2008;

Dommenget 2009; Boer 2011). Previous studies have

documented well the projected future changes in surface

pressure patterns and atmospheric circulation in response

to changes in the land–sea thermal contrast (Ueda et al.

2006; Sun et al. 2010; Fasullo 2012; Wu et al. 2012; Bayr

and Dommenget 2013) and sea surface temperature (SST)

patterns in the tropics and subtropics (Inoue and Ueda

2012; Fan et al. 2013). The land–sea thermal contrast

over the Asian monsoon region varies under different

climate forcings, which induce changes in the strength of

the Asian monsoon (e.g. Ueda et al. 2011; Man et al.

2012).

In contrast, the influence of the land–sea thermal con-

trast in the mid- and high-latitudes of the Far East on

future changes in atmospheric circulation has received

little attention. The anomalous surface warming over the

Far East in the mid- and high-latitudes under global

warming could influence the East Asian climate through

changes in the atmospheric circulation pattern. Zhu et al.

(2012) suggested that the recent changes of the circulation

pattern over East Asia might be associated with a surface

warming trend over the continental interior of Asia.

Kimoto (2005) revealed that continental warming in an

atmosphere-only GCM, due solely to an increasing CO2

radiative effect, could generate an anticyclonic circulation

over the Far East similar to that simulated in global

warming experiments. Arai and Kimoto (2008)

demonstrated a significant land–sea SAT contrast and its

contribution to the anticyclonic circulation anomaly over

East Siberia during boreal summer in ensemble global

warming experiments. However, recent changes in the

land–sea SAT contrast and circulation patterns over the

Far East in observational data have not been compared

with the modeled changes and previous studies have not

confirmed the consistency of the simulated changes

among the different models.

It is not always true that spatial patterns of climate

changes due to imposed external forcings are similar to that

of natural variability in climate system. However, previous

studies revealed that some parts of projected future changes

in mean states have similar structures to interannual cli-

mate variabilities (e.g. Palmer 1999; Corti et al. 1999;

Yamaguchi and Noda 2006; Arai and Kimoto 2008; Ko-

saka and Nakamura 2011). Yamaguchi and Noda (2006)

showed some similarities in spatial patterns of natural

variabilities and projected changes under global warming

over the Pacific region. Kimoto (2005) and Kosaka and

Nakamura (2011) revealed that climatological response in

atmospheric circulation under global warming over the

summertime western North Pacific resembles to the PJ

pattern associated with convective activity over the tropical

western Pacific. Over the Far East, the land–sea thermal

contrast that is essential for the interannual variability

could also be an important factor for the projected future

change.

On a global perspective, anomalous surface warming

over land relative to the ocean is a robust trend that is

confirmed both by observations and by GCM simulations

in a warming climate (Sutton et al. 2007; Compo and

Sardeshmukh 2009; Jones et al. 2013). In this study, we

examine how the land–sea thermal contrast over the Far

East explains the change in atmospheric circulation

under global warming, and the consistency of the

observed trend of the land–sea contrast and simulated

changes in recent decades. We also compare the change

in atmospheric circulation under the global warming and

its interannual variability associated with land–sea ther-

mal contrast over the Far East. In Kamae et al. (2014,

hereafter Part II), a companion paper, the physical

mechanisms of the changes in regional land–sea thermal

contrast and associated atmospheric circulation are

examined in detail. Section 2 describes the observational

data, models and experiments analyzed in this study.

Section 3 presents the observed variations of surface and

tropospheric land–sea contrast and the associated circu-

lation patterns during boreal summer over East Asia. In

Sect. 4, the historical and future changes modeled by an

ensemble of GCMs are examined. Section 5 presents a

summary and discussion, and outlines the remaining

issues leading to Part II.
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2 Data and methods

2.1 Observational and reanalysis data

We used SAT data compiled at the Met Office Hadley

Centre and the Climate Research Unit, University of East

Anglia, referred to as HadCRUT4 (Morice et al. 2012) to

investigate the variability and trends over the land and

ocean during 1850–2012. The data used was limited to

those years in which enough samples are available (see

Sect. 3.1). Three-dimensional atmospheric data were taken

from ERA-Interim for 1979–2012 (Dee et al. 2011), the

latest global atmospheric reanalysis product from the

European Centre for Medium-Range Weather Forecasts. To

investigate the precipitation variability over land associated

with land–sea contrast over East Asia we used the gauge-

based high-quality precipitation dataset, APHRODITE

v1101 (Yatagai et al. 2012). We selected the Monsoon Asia

version of APHRODITE with a spatial resolution of

0.5� 9 0.5�. The APHRODITE data enable the investiga-

tion of long-term (1951–2007) and high-resolution spatial

variations of precipitation over land. We also compared our

results with other precipitation dataset compiled in the

Global Precipitation Climatology Project (version 2.2,

Adler et al. 2003) for 1979–2011 and confirmed that no

significant discrepancy was found in their large-scale vari-

abilities. In this study, we only show the results of the

former dataset. All the data were averaged from June to

August (JJA) for each year prior to the analysis.

2.2 CMIP5 models and experiments

We use the multi-model dataset archived under the Cou-

pled Model Intercomparison Project phase 5 (CMIP5,

Taylor et al. 2012) to quantify past and future changes.

Specifically, outputs of the following experiments are

analyzed: idealized 1 % per year CO2 increase run (here-

after 1 % CO2), historical run from the late nineteenth

century to 2005 (historical), and representative concentra-

tion pathway (RCP) run from 2006 to 2100. In 1 % CO2,

the atmospheric CO2 concentration was prescribed and

increased by 1 % per year, starting from the value for the

pre-industrial control simulation (hereafter control run),

until quadrupling after 140 years. All other external forc-

ings including aerosols were kept at their pre-industrial

values. The models used in this study are 16 GCMs for

which all the outputs used are available (Table 1). Note

that the models used in Part II paper are 9 out of 16 GCMs

Table 1 Changes in global-mean SAT (DSATg), land–sea SAT

(DSATlnd–DSATocn) and thickness contrasts (DZ3085lnd–DZ3085ocn)

over the Far East (110�E–170�E, 30�N–70�N), and axis-orthogonal

wind speed at 150�E, 500 hPa level (DUorth500150E) simulated in

RCP8.5 run with CMIP5 16 models

n DSATg (K) DSATlnd–DSATocn (K) DZ3085lnd–DZ3085ocn (m) DUorth500150E (m s-1)

ACCESS1-0 1 4.08 0.74 14.80 –0.15

BCC-CSM1-1* 1 3.88 0.96 19.91 –0.77

CCSM4 6 4.08 ± 0.05 1.43 ± 0.16 3.67 ± 4.46 –0.19 ± 0.19

CNRM-CM5* 5 3.63 ± 0.03 0.00 ± 0.04 –1.15 ± 1.94 0.06 ± 0.17

CSIRO-Mk3-6-0 10 4.02 ± 0.06 –0.12 ± 0.14 –21.75 ± 7.21 0.33 ± 0.24

CanESM2* 5 4.96 ± 0.03 1.82 ± 0.08 41.63 ± 5.61 –0.92 ± 0.37

HadGEM2-ES* 4 4.46 ± 0.03 0.90 ± 0.08 25.40 ± 2.66 –1.84 ± 0.23

INMCM4 1 2.80 0.40 11.24 –0.33

IPSL-CM5A-LR* 4 4.92 ± 0.04 0.66 ± 0.09 31.81 ± 6.22 –1.64 ± 0.22

IPSL-CM5A-MR 1 4.87 1.74 17.10 –1.00

MIROC5* 3 3.30 ± 0.03 0.39 ± 0.10 16.72 ± 3.55 –0.82 ± 0.16

MIROC-ESM 1 4.90 1.60 20.61 –1.15

MPI-ESM-LR* 3 3.97 ± 0.02 1.10 ± 0.12 4.96 ± 4.53 –1.07 ± 0.29

MPI-ESM-MR* 1 3.87 0.55 –9.86 –0.03

MRI-CGCM3* 1 3.12 0.03 10.90 –0.54

NorESM1-M 1 3.38 1.80 45.44 –1.90

9-model ensemble (*) 4.01 ± 0.62 0.71 ± 0.54 15.59 ± 15.35 –0.84 ± 0.60

16-model ensemble 4.02 ± 0.65 0.88 ± 0.64 14.46 ± 16.92 –0.75 ± 0.66

Numbers in n column indicate ensemble members in the models. The anomalies are calculated by the differences between 30 years (2071–2100)

and 111 years (1850–1960) in the historical run except HadGEM2-ES (1860–1960). DZ3085lnd–DZ3085ocn is calculated by the difference of

thickness (between 300 and 850 hPa) averaged over 130�E–145�E and 146�E–160�E along the land-to-ocean line (130�E, 65�N to 160�E, 35�N,

Figs. 3b, 8b). Model uncertainties are ±1 standard deviations in n members. The uncertainties for the 16-model ensemble mean are ±1 standard

deviations in 16 models. The ensemble means and standard deviations in 9 models examined in Part II (marked *) are also listed
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(marked * in Table 1). The 16 models cover the wide range

of equilibrium climate sensitivity among the CMIP5

models (Andrews et al. 2012). In Part I, we focus mainly on

the RCP8.5 and 1 % CO2 runs which have relatively strong

radiative forcings (the effective radiative forcing owing to

the CO2 quadrupling in the models is about 7.5 W m-2,

Kamae and Watanabe 2012). To quantify the scenario-

dependency of the results, we used the outputs of the four

types of RCP run (RCP2.6, RCP4.5, RCP6.0, and RCP8.5,

Meinshausen et al. 2011) conducted in the MIROC5 model

(Watanabe et al. 2010) in Sect. 4.3. The four RCP runs

have different settings for land use, concentrations of trace

gases, and aerosols.

3 Observed changes in land–sea contrast

and associated atmospheric circulation

3.1 Surface temperature contrast between land

and ocean over the Far East

First, we examined the observed trend of SAT over land

and the ocean in recent decades. Figure 1 shows the spatial

distribution of the JJA-mean SAT linear trend for

1950–2012 based on HadCRUT4 data. We examined this

period because the SAT data is less available in the first

half of the twentieth century (see Fig. 8 in Jones et al.

2013). In terms of the global mean value, during this period

the JJA-mean SAT shows an increasing trend of 0.10 K

decade-1. The positive SAT trend over the ocean is seen

mainly in the tropics; however, it is weaker than the

warming trend over land, indicating a globally increasing

trend of the land–sea SAT contrast. The negative trends

appear over the Southern Ocean and the North Pacific

Ocean. Some parts of regional trends might be influenced

by changes of land use, aerosol emissions, and decadal

variations in the atmosphere and ocean (e.g. Jones et al.

2013; Kumar et al. 2013). As indicated by earlier studies,

the observed patterns of warming/cooling over the Pacific

are influenced by a phase of the Pacific Decadal Oscillation

(Mantua and Hare 2002) over the 1950–2012 period

(Yasunaga and Hanawa 2002; Trenberth et al. 2007; Jones

et al. 2013). The most parts of the warming over the low-

latitude oceans except central and eastern Pacific and some

parts of the land warming are statistically significant. Over

the mid- and high-latitude, some parts of the Far East and

sub-Arctic North America show statistically significant

warming trends in this period.

The Far East region (110�E–170�E, 30�N–70�N, black

rectangle in Fig. 1) is one of the regions showing a sig-

nificant increase of land–sea SAT contrast. Figure 2 pre-

sents the time series of land- and ocean-mean SAT over the

Far East and its difference (land minus ocean). The plot

shown is limited to those years in which more than 90 % of

the samples are available, but it exhibits clearly that the

SAT over land (1949–2010) and ocean (1916–2012) has

increasing trends of 0.15 and 0.07 K decade-1, respec-

tively. The SAT trend over land (ocean) during 1949–2010

(1916–2012) is statistically significant (not statistically

significant) at the 95 % level. The land SAT shows a

remarkable increase in 1980–2010, resulting in a positive

trend in the land–sea SAT contrast (0.11 K decade-1,

statistically significant at the 95 % level) in 1949–2010. A

part of this positive trend is contributed by the cooling

trend of SST in the Pacific (Fig. 1), but the increase of SAT

over land is the main factor in the increasing land–sea

contrast (Fig. 2).

3.2 Interannual variabilities associated with SAT

contrast over the Far East

The large interannual variability in the land–sea SAT

contrast (Fig. 2c) might be associated with atmospheric

thermodynamic and dynamic structures over the Far East.

Figure 3 shows the JJA anomalies in the atmospheric cir-

culation obtained from a regression on the interannual

variability of the land–sea SAT contrast over the Far East

(i.e. the detrended time series of Fig. 2c). The thickness

difference between 300 and 850 hPa (Z3085) indicates a

tropospheric temperature change (Fig. 3b). The variations

of Z3085 over land and ocean correspond well with the

land–sea SAT contrast (positive and negative regressions

over land and ocean, Fig. 3a). The eddy component of the

geopotential height at 500 hPa (Zeddy500), defined as

deviations from the zonal mean (Kimoto 2005), is also

correlated with the land–sea SAT contrast, indicating that

Fig. 1 Linear trend of JJA-mean HadCRUT4 surface air temperature

(SAT, K) in 63 years (1950–2012). Gray grids indicate that data are

not available in all the 63 years. Stipples indicate areas with linear

trends that are significant at the 90 % confidence level or higher
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the SAT contrast over the Far East corresponds well with

the contrasts of thickness and geopotential field in the mid-

troposphere (not shown). Specifically, the anticyclonic

(cyclonic) anomaly in the mid-troposphere over land

(ocean) appears when the anomalous SAT contrast is

positive. The spatial pattern of sea level pressure (Fig. 3c)

shows positive anomalies over the Okhotsk Sea and around

the Philippines and a negative anomaly over the western

North Pacific to Japan, resembling a tripolar pattern of

interannual variability over East Asia during summer (Arai

and Kimoto 2008; Hirota and Takahashi 2012). In the

positive phase of this pattern, the surface Okhotsk high, the

cold northeasterly to northern Japan and precipitation over

the Meiyu-Baiu region tend to be intense (Fig. 3d). These

results indicate that the land–sea SAT contrast couples

tightly with the interannual variability of the East Asian

summertime climate.

The contrast of tropospheric thermodynamic structure

was examined further by a cross section along the line

across the anticyclone over land and the cyclone over the

ocean (130�E, 65�N to 160�E, 35�N, blue line in Fig. 3b).

Figure 4a–c shows the vertical structures of temperature,

geopotential height, and circulation over the Far East. Note

that the structures shown are not sensitive to the position of

the axis line (figures not shown) because of the well-

organized large-scale structure (positive in temperature and

geopotential height over land and negative over the ocean,

Fig. 3b). The vertical section of the temperature anomaly

(Fig. 4a) shows a clear land–sea contrast (warm over land

and cold over the ocean in the positive phase of the SAT

contrast) throughout the troposphere (250–1000 hPa). The

geopotential height (Fig. 4b) shows that the barotropic

structure of the land–sea contrast, including the lower

stratosphere (100–1000 hPa), is associated with the tem-

perature variation (Fig. 4a). The axis-orthogonal wind

(Uorth), defined as the speed of the horizontal wind vector

perpendicular to the cross section (positive southwesterly),

shows a northeasterly anomaly (Uorth \ 0, Fig. 4c)

between the land and sea according to the positive land–sea

thermodynamic contrast (Fig. 4a, b). The northeasterly

over northern Japan in the lower troposphere (Fig. 3c) is

consistent with the negative anomaly of Uorth (Fig. 4c).

3.3 Past trends in thermodynamic conditions

and dynamical atmospheric circulation

The observed increasing trend in SAT contrast in recent

decades (0.11 K decade-1, Fig. 2c) also has some influ-

ences on the thermodynamic and dynamic structure of the

troposphere. Figure 4d–f shows linear trends of tempera-

ture, geopotential height, and Uorth for 1979–2012. Note

that a linear trend in 34 years corresponds to a change per

(a)

(b)

(c)

Fig. 2 Time series of JJA-mean

a land- and b ocean-mean SAT

(K) and c land–sea contrast

(a - b) averaged over the Far

East (110�E–170�E, 30�N–

70�N, black rectangle in Fig. 1).

All values are anomalies

relative to averages in

1949–1978. The years in which

data in C10 % of areas are not

available are not plotted. The

lines and labeled values mean

linear trends (K decade-1)
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0.34 K increase in the land–sea SAT contrast. The tropo-

spheric and stratospheric temperatures show opposite

trends (positive and negative, respectively) which are

consistent with the classic picture of the temperature

response to a doubling of CO2 in the atmosphere (e.g.

Manabe and Wetherald 1967). In the troposphere, the

increases in temperature and geopotential height over land

are larger than over the ocean (Fig. 4d–e), resulting in

positive thermodynamic and geopotential height contrasts.

The positive changes in the tropospheric temperature and

geopotential height contrasts are qualitatively consistent

with the changes associated with the land–sea SAT contrast

in the interannual variability (Fig. 4a, b).

However, some inconsistencies are not negligible

between the interannual variabilities associated with the

SAT contrast (Fig. 4a–c) and the linear trends (Fig. 4d–f).

The tropospheric warming/stratospheric cooling contrast is

not found in the interannual variability. This difference

may influence partly the geopotential height and Uorth in

the upper troposphere and stratosphere. In addition, the

trends in the tropospheric temperature, geopotential height

and Uorth over the ocean (140�E–160�E) are not similar to

the interannual variabilities. The limited period

(1979–2012) and large interannual variabilities over the

Far East (Fig. 2c, see Sect. 4.3) make it hard to detect

statistically significant trends. For example, most parts of

(a) (b)

(c) (d)

Fig. 3 Spatial patterns of

regression coefficients with

detrended land–sea SAT

contrast (Fig. 2c) over the Far

East. a HadCRUT4 SAT

(K K-1). Stipples indicate the

areas with 95 % statistical

confidence. b Thickness

between 300 and 850 hPa levels

(Z3085, shading, m K-1) and

anomaly of geopotential height

at 500 hPa from zonal-mean

(Zeddy500, contours, m K-1) in

ERA-Interim. c Sea level

pressure (shading and contours,

hPa K-1) and horizontal wind

at 850 hPa (vectors, m s-1

K-1). The wind vectors with

wind speed B 0.5 m s-1 K-1

are omitted for clarity. The

areas with 95 % statistical

confidence in b, c are hatched.

d APHRODITE precipitation

(version 1101, mm day-1 K-1)
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the linear trends of the geopotential height and Uorth are not

statistically significant (Fig. 4e and f). We should also note

that the linear trends of the tropospheric temperature and

geopotential height contrast over land and ocean is much

smaller (unit is 0.34 K-1, Fig. 4d, e) than those in the

interannual variabilities (unit is 1 K-1, Fig. 4a, b). The

consistencies between the interannual variabilities and the

trends are limited to the signs in the land–sea contrasts of

the tropospheric temperature and geopotential height

(Fig. 4a, b, d, e).

4 Simulations of historical and future changes

4.1 Global changes in land–sea contrast

The observed variabilities in the thermodynamic and

dynamic structures of the troposphere over the Far East are

associated with the land–sea SAT contrast. We then

examined the projected changes in surface and tropo-

spheric land–sea contrast in the transient warming experi-

ments in the CMIP5 models. Firstly we showed global

characteristics of projected future changes in SAT and

troposphere and then we compared gradual changes over

East Asia in historical and future projections with obser-

vation (see Sects. 4.2 and 4.3).

Figure 5 shows anomalies (D) of the JJA-mean SAT,

Z3085 and Zeddy (hereafter DSAT, DZ3085 and DZeddy,

respectively) in RCP8.5 run (years 2071–2100) relative to

the historical simulation (years 1851–1960). Warming is

generally larger over land than over the ocean, indicating

a positive land–sea SAT contrast in the warming climate.

The formation of a positive SAT contrast is a robust

feature among the four types of RCP runs detailed in

Sect. 4.3. The positive change of DZ3085 over land is

also larger than that over the ocean, particularly in the

mid- and high-latitudes in the Northern Hemisphere

(Europe, central and eastern Siberia, and North America),

associated with increasing SAT contrast (Fig. 5c). In the

lower latitude, some parts of spatial patterns of DZ3085

over ocean may be influenced by that of SST anomaly

(larger over the central and eastern Pacific and the wes-

tern Indian Ocean than the western Pacific and the eastern

Indian Ocean). The all changes presented above are also

(a) (b) (c)

(f)(d) (e)

Fig. 4 Vertical structures of regression coefficient of a temperature

(K K-1), b geopotential height anomaly from zonal-mean (m K-1)

with detrended land–sea SAT contrast (Fig. 2c), and c axis-orthog-

onal wind (Uorth) on the land-to-ocean line (blue line in Fig. 3a).

Contours in c are geopotential height (same as b). The areas with

95 % statistical confidence are stippled. d–f Similar to a–c but for

linear trends in 1979–2012. The lines in (b, e) represent Z3085 (right

axis, m K-1 and m 34 year-1, respectively)
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found clearly in anomalies (years 111–140 relative to the

control run) simulated in 1 % CO2 run (Fig. 5b, d), sug-

gesting that the CO2 forcing is a dominant factor for the

projected changes in RCP8.5 run. We mainly showed

changes simulated in 1 % CO2 run hereafter and in Part II

because it is easier to examine physical mechanisms than

projected changes in the RCP runs forced by concentra-

tions of trace gases, land use, and aerosols. The different

settings of land use, concentrations of trace gases, and

aerosols among the transient warming experiments (1 %

CO2 and RCP runs) are factors for differences of the

simulated changes among those runs (detailed in Sect. 4.3

and Part II).

Figure 6 shows the consistency of DZeddy300 in the 16

models. The spatial patterns of positive and negative signs

are largely consistent among the models; positive over

mid-latitude central–eastern Eurasia and North America,

and negative over Greenland to the mid-latitudes of Eur-

ope. The eastern sides of the continents in the Northern

Hemisphere mid- and high-latitudes, including East Asia

and eastern North America, are boundary areas between a

positive anomaly over land and a negative anomaly over

the ocean. In Sect. 4.2, we further examined changes in

dynamical circulation and thermodynamic conditions in

East Asia simulated in 16 models.

(a) (b)

(c) (d)

Fig. 5 Differences in JJA-mean climatology between a, c 30 years

(2071–2100) in RCP8.5 run and 111 years (1850–1960) in the

historical run and b, d 30 years (111–140) between 1 % CO2 and

control runs in CMIP5 16-model ensemble means. a, b SAT

normalized by global-mean DSAT (DSATg, shade, K K-1). Contours

represent normalized Zeddy500 (interval = 2 m K-1). c, d Z3085

(shading, m K-1) and Zeddy300 (contours, interval = 2 m K-1)

Fig. 6 Normalized JJA-mean DZeddy300 in the 1 % CO2 run in

CMIP5 16 models ensemble mean (contours, interval = 2 m K-1).

Thick contour is 0 m K-1. Shading shows consistency (number of

models in which the sign of DZeddy300 is positive) among 16 models
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4.2 Changes in thermodynamic condition

and atmospheric circulation over the Far East

Next we focus on the regional changes in the land–sea

contrast over the Far East simulated in the CMIP5 models.

Note that interannual variabilities over the Far East asso-

ciated with the land–sea SAT contrast in the historical

simulations conducted in the CMIP5 models generally

show similar patterns to that in the observation (figures not

shown).

Figure 7 shows changes in the geopotential height field

and circulation over East Asia simulated in 1 % CO2 run.

Both the multi-model ensemble means (Fig. 5) and their

spreads in the RCP8.5 run are generally consistent with the

1 % CO2 run (Tables 1, 2). The larger tropospheric

warming, as revealed by the large positive change in

DZ3085 and the anticyclonic anomaly over central and

eastern Siberia, results in an intensified land–sea thermal

contrast over the Far East. Over the northern Japan, the

horizontal winds in the lower troposphere show a change to

northeasterly along the geopotential height contour. The

patterns of the atmospheric circulation (northeasterly over

the northern Japan and northwesterly over the western

Japan) are similar to those of the observed variations

associated with the interannual variability of the land–sea

SAT contrast (Fig. 3c). Summertime precipitation over East

Asia associated with Meiyu-Baiu rainband increases in the

warmed climate (figure not shown) as examined well in

previous studies (e.g. Kusunoki et al. 2011; Seo et al. 2013).

In Fig. 7b, changes simulated in MIROC5 model which is

used to examine scenario-dependencies of results (detailed

below) are also shown. The ensemble-mean changes in 16

models presented above are generally consistent with sim-

ulated changes in MIROC5 model. The changes in land–sea

DZ3085 contrast and atmospheric circulation over East Asia

are generally larger in MIROC5 than the 16-model mean

(Fig. 7; Tables 1, 2). However, simulated changes in

15-model ensemble mean excluding MIROC5 also show

similar patterns (figure not shown), indicating the simulated

changes in CMIP5 ensemble mean do not depend on the

results of MIROC5 model (Fig. 6; Tables 1, 2).

The vertical structures over East Asia, shown in Fig. 8,

reveal a general warming throughout the troposphere and

cooling or little change in the stratosphere, which are

consistent with the observed trend shown in Fig. 4d. Note

that the tropospheric warming in 1 % CO2 run is much

larger than the observed 34-year trend in the reanalysis

(Fig. 4d) because of larger amplitude of global warming in

1 % CO2 run (16-model mean of global-mean DSAT is

3.80 K, Table 2). Comparisons of gradual changes of tro-

pospheric temperature between the models and reanalysis

are detailed in Sect. 4.3. In the lower and middle tropo-

sphere, warming over the land is larger than the ocean,

representing the land–sea warming contrast which is also

consistent qualitatively with the trend (Fig. 4d) and the

regression pattern (Fig. 4a) in the observation. Changes in

land–sea geopotential height contrast (positive; Fig. 8b)

and associated Uorth (negative; Fig. 8c) also show same

(a) (b)

Fig. 7 Similar to Fig. 5c–d but for East Asia and the western North

Pacific region. a CMIP5 16-model ensemble mean and b MIROC5.

Vectors indicate normalized differences in horizontal wind (m s-1

K-1) at 850 hPa level. The wind vectors with wind

speed B 0.05 m s-1 K-1 are omitted for clarity
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signs to the regressed fields in the lower and middle tro-

posphere (Fig. 4b, c). The similarities of the responses in

land–sea temperature and geopotential height contrast and

atmospheric circulation to the regressed pattern in the

lower and middle troposphere suggest that the parts of the

projected future changes in the lower and middle tropo-

sphere reflect the structure of the interannual variability

associated with the land–sea SAT contrast. In the upper

troposphere (250–350 hPa), however, a strong warming

and a negative land–sea warming contrast appear in the

1 % CO2 run, corresponding roughly to the future upper

tropospheric warming projected by GCM simulations (e.g.

Lorenz and DeWeaver 2007). The physical reasons for the

changes in the upper troposphere are detailed in Part II.

The different characteristic of the temperature change in

upper troposphere and stratosphere from the regressed

pattern may contribute to different responses of geopo-

tential height and atmospheric circulation: general increase

in geopotential height and anomalous southwesterly in

lower stratosphere (Fig. 8b, c).

Table 2 Similar to Table 1, but

for 1 % CO2 run

The anomalies are calculated by

the differences between the

years 111–140 and the

corresponding period in the

control run. Ensemble members

n in all models are 1. The

uncertainties for the ensemble

mean of 16 (and 9) models are

±1 standard deviations

DSATg

(K)

DSATlnd–DSATocn

(K)

DZ3085lnd–DZ3085ocn

(m)

DUorth500150E

(m s-1)

ACCESS1-0 3.86 0.58 1.42 –0.14

BCC-CSM1-1* 3.54 1.08 19.42 –1.62

CCSM4 3.56 1.36 42.63 –2.05

CNRM-CM5* 3.86 0.21 –1.46 –0.06

CSIRO-Mk3-6-0 3.90 –0.06 –6.23 –0.72

CanESM2* 4.56 1.76 40.14 –0.95

HadGEM2-ES* 4.60 1.70 22.21 –1.12

INMCM4 2.37 0.29 5.24 –0.21

IPSL-CM5A-LR* 4.34 0.95 32.39 –0.93

IPSL-CM5A-MR 4.28 0.94 9.10 –0.07

MIROC5* 2.94 0.74 24.05 –1.11

MIROC-ESM 4.70 1.46 26.32 –1.33

MPI-ESM-LR* 4.14 1.31 –2.17 –0.67

MPI-ESM-MR* 4.01 1.22 1.75 –0.20

MRI-CGCM3* 3.20 –0.09 –0.81 0.24

NorESM1-M 2.93 1.78 31.99 –1.59

9-model ensemble (*) 3.91 ± 0.56 0.99 ± 0.59 15.06 ± 15.20 –0.71 ± 0.57

16-model ensemble 3.80 ± 0.64 0.95 ± 0.60 15.37 ± 15.85 –0.78 ± 0.64

(a) (b) (c)

Fig. 8 Similar to Fig. 4 but for differences in JJA-mean climatology

between the 1 % CO2 and control runs in CMIP5 16-model ensemble

means. a Normalized temperature (K K-1), b normalized

geopotential height (m K-1), and c normalized Uorth (m s-1 K-1).

The line in b represents Z3085 (right axis, m K-1). Stipples denote

regions where 12 out of 16 models agree on sign of the values plotted
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4.3 Comparisons among different scenario simulations

and with observation

The results presented above normalized by the land–sea

SAT contrast (Figs. 3, 4a–c) or global-mean DSAT

(Figs. 5, 6, 7, 8) are difficult to be compared each other. In

this section, we compared modeled and observed changes

in the indices of land–sea contrasts over the Far East.

Figure 9 shows the time series of the observed and simu-

lated land–sea contrasts; the latter taken from the historical,

RCP8.5 and 1 % CO2 runs. The plotted time series are the

observed JJA-mean, its 30-year running mean and the

16-model ensemble mean of modeled 30-year running

means. The SAT and Z3085 land–sea contrasts in both the

RCP8.5 and 1 % CO2 runs increase during the late twen-

tieth to twenty-first century. These trends are qualitatively

consistent with observation, although the observed

increasing trend of the SAT contrast (0.11 K decade-1 in

1949–2010) is larger than the model ensemble average.

Note that some parts of the observed trends are also

influenced by decadal variations in the atmosphere and

ocean (see Sect. 3.1). The observed interannual variability

of the Z3085 contrast is large and the period of ERA-

Interim is limited to only 34 years (1979–2012), leading to

a positive but not statistically significant trend at the 90 %

level (6.1 m decade-1). Nevertheless, its sign (positive) is

clearly reproduced by GCMs, regardless of the idealized

(1 % CO2) or realistic (historical and RCP) configuration.

Figure 10 shows the scenario dependency of the chan-

ges in land–sea contrast using the MIROC5 model. Note

that the results of the MIROC5 model are generally similar

to the ensemble means of the CMIP5 models, as described

in Sect. 4.2. The observational data are also plotted for

comparison (Fig. 10a, d). Shapes of some histograms are

not smooth because of limited numbers of sample (e.g.

RCP6.0 run). The histograms of the SAT and Z3085 con-

trasts and whickers of the RCP and 1 % CO2 runs shift

rightward of the figures, indicating a general increase from

those in the historical and control run (Fig. 10b, c, e, f).

The modeled shifts of the SAT contrast in the RCP runs are

relatively slower (Figs. 9a, 10) than those observed over

34 years (0.38 ± 0.39 K in 1983–2012 relative to

1949–1978), but the signs are consistent. Comparing the

different scenarios, the changes in SAT and Z3085 contrast

are larger in those scenarios in which stronger forcings are

prescribed (namely, RCP2.6 \ RCP4.5 \ RCP6.0 \
RCP8.5). These results indicate that: 1) the changes in the

SAT and geopotential height contrast in different transient

scenarios are qualitatively consistent; and 2) their magni-

tudes generally follow the strength of the prescribed forc-

ing. Note that the spatial patterns of radiative forcing

owing to the prescribed atmospheric compositions and land

covers are different among the RCP runs, but that the

intensities of the changes in land–sea contrasts are gener-

ally associated with the rates of global radiative forcing and

warming (Table 3).

The results presented above are summarized in Fig. 11.

The projected changes in the multi-model ensemble, in the

RCP8.5 and 1 % CO2 runs and in the different RCP runs in

the MIROC5 model, generally show increasing land–sea

contrasts with notable intermodel variances (e.g. CNRM-

CM5, CSIRO-Mk3-6-0 and MPI-ESM-MR show negative

changes in Z3085 contrast in the RCP8.5 run, Table 1). In

addition, the ensemble with a larger increase in SAT

contrast shows a larger increase in Z3085 contrast in the

multi-models and multi-RCP runs (the correlation coeffi-

cients of RCP8.5 and 1 % CO2 run among the 16 models

are 0.64 and 0.75, respectively). Both the observed changes

of SAT (1983–2012 relative to 1949–1978) and Z3085

contrasts (4.6 ± 28.6 m in 1996–2012 relative to

1979–1995) are qualitatively consistent with those of the

modeled future changes (Fig. 9).

5 Summary and discussion

Recent observational data show the increasing trend of

land–sea SAT contrast over the Far East during boreal

summer. This trend is consistent with the changes projected

by the CMIP5 models in response to the increase of

atmospheric CO2 concentration. The anomalous surface

warming over the land relative to the ocean induces the

land–sea thermal and geopotential height contrast

throughout the troposphere, contributing to the anomalous

circulation pattern (northeasterly) along the isobaric sur-

face over East Asia. In the CMIP5 ensemble and four types

of RCP runs based on a single GCM, the ensemble member

with a larger change in SAT contrast tends to show the

larger change in thickness contrast. The changes in the

summertime atmospheric circulation pattern over East Asia

can be interpreted as part of the response to the anomalous

continental warming, relative to the ocean, under global

warming.

The intermodel variances are not negligible among the

CMIP5 models in terms of the projected future changes of

land–sea contrast (Tables 1, 2; Figs. 9, 11). Some models

show little change in land–sea contrast in the future pro-

jections. Previous studies have revealed that different

models simulate different magnitudes of the global-mean

land–sea SAT contrast under global warming (the ratio of

land warming to ocean warming ranges between 1.3 and

1.8, Sutton et al. 2007; Joshi et al. 2008). The ratios of the

land surface warming to the ocean warming in different

models might differ because of different processes in the

boundary layer and surface, ocean heat uptake in the sen-

sitivity experiments, and simulated atmospheric conditions
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in the control runs (e.g. atmospheric circulation pattern,

cloud and land surface properties). Differences in respon-

ses to the land-use changes and aerosol forcings among the

models may also be important factors for the intermodel

variances in the historical and RCP runs (e.g. Kumar et al.

2013). This study focused mainly on the ensemble mean of

(a)

(b)

(c)

(d)

Fig. 9 Time series of 30-year running mean SAT land–sea contrast

(K) over the Far East in a historical and RCP8.5 runs and b 1 % CO2

run in CMIP5 16 models. All values are anomalies from climatologies

(1850–1960 in historical and RCP runs, 1949–1978 in HadCRUT4,

and 1979–2012 in ERA-Interim). Curve and shade represent the

16-model ensemble mean and ±1 standard deviation. Light and dark

blue curves in a are HadCRUT4 value and 30-year running mean. c,

d Similar to a, b but for Z3085 contrast (m). Green curves in c are

ERA-Interim value
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(a) (d)

(b) (e)

(c) (f)

Fig. 10 Histograms of a–c SAT land–sea contrasts (K). Whickers in

the upper part of the panels indicate the means and the ranges of ±1

standard deviations in the periods. a 30-year (1949–1978 and

1983–2012) in HadCRUT4. b 111-year (1850–1960) in historical

(gray) and 30-year (2071–2100) in RCP runs (yellow, green, blue and

black are RCP2.6, 4.5, 6.0 and 8.5, respectively) simulated in the

MIROC5 model (Table 3). c 30-year (111–140) in the control (gray)

and 1 % CO2 (red) runs. d Z3085 contrast (m) in ERA-Interim

(1979–2012) and e, f simulated in MIROC5

Table 3 Similar to Tables 1

and 2, but for 1 % CO2 and four

scenarios of the RCP runs

simulated in MIROC5

n DSATg

(K)

DSATlnd–DSATocn

(K)

DZ3085lnd–DZ3085ocn

(m)

DUorth500150E

(m s-1)

1 % CO2 1 2.94 0.74 24.05 –1.11

RCP2.6 3 1.33 ± 0.06 0.02 ± 0.04 4.75 ± 4.91 –0.31 ± 0.20

RCP4.5 3 1.90 ± 0.04 0.14 ± 0.07 4.50 ± 4.89 –0.12 ± 0.18

RCP6.0 1 2.11 0.19 14.49 –0.31

RCP8.5 3 3.26 ± 0.02 0.39 ± 0.10 16.72 ± 3.55 –0.82 ± 0.09
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the changes in the land–sea thermal and thickness contrasts

over the Far East. However, the ensemble mean is not

necessarily the best estimate of climate change projection

(e.g. Shiogama et al. 2011). It is meaningful to investigate

the physical processes contributing to the intermodel var-

iance of the magnitude in the land–sea contrast changes.

The responses over the Far East in the global warming

experiments during boreal summer show some similarities

to the interannual variabilities associated with the land–sea

SAT contrast. Some previous studies also showed some

similarities between projected future changes and interan-

nual variabilities in other aspects of climate (e.g. Palmer

1999; Corti et al. 1999; Yamaguchi and Noda 2006; Arai

and Kimoto 2008; Kosaka and Nakamura 2011). Palmer

(1999) and Corti et al. (1999) discussed that changes in

tropospheric circulation during boreal winter under global

warming were caused by changes in residence frequency of

regimes of the present-day climate. Arai and Kimoto

(2008) also examined residence probability of global

warming experiment in the climate regimes over East Asia

during boreal summer compared with that of present-day

simulation and showed a shift of interannual variability in a

warmed climate using a single AGCM. However, some

parts of the projected changes (e.g. the upper tropospheric

warming) are not similar to the observed interannual

variabilities as previous studies reported in other aspects of

climate (e.g. Yamaguchi and Noda 2006; Kosaka and

Nakamura 2011). The results of the present study reveal

that the interannual variabilities cannot fully explain the

projected future changes over the Far East but the land–sea

contrast in the lower and middle troposphere are consistent

qualitatively with the interannual variabilities of them

associated with the land–sea SAT contrast.

The examination of land–sea contrast in this study might

not explain all of the projected future changes over East

Asia, during boreal summer, revealed in earlier studies.

Particularly, influences from the south and west via tele-

connection patterns from the tropics, subtropics and mid-

latitude westerly, are important for both interannual vari-

ability and projected future changes in the East Asian cli-

mate (e.g. Sampe and Xie 2010; Kosaka and Nakamura

2011; Kosaka et al. 2011, Imada et al. 2013). The north-

eastward transport and convergence of water vapor over

East Asia plays an essential role in the interannual vari-

ability and the projected future changes in the hydrological

cycle and precipitation associated with the Meiyu-Baiu

rainband (e.g. Kusunoki et al. 2011; Seo et al. 2013). The

physical relationship between the projected change in

land–sea contrast and Yamase activity (Endo 2012; Kanno

et al. 2013), the Meiyu-Baiu rainfall, and the timings of

Meiyu-Baiu onset and withdrawal (Kitoh and Uchiyama

2006; Inoue and Ueda 2012) should be confirmed in detail,

paying particular attention to intra-seasonal timescales. It is

interesting that observational data show some similarities

with the results of the modeling studies (Hirota et al. 2005;

Sato and Takahashi 2007; Endo 2011). The physical rela-

tionship between them and the observed and projected

land–sea thermal contrast should be examined in future

studies.

This study did not investigate in detail the physical

mechanisms for the increase of the land–sea thermal con-

trast in the observational data and modeled future projec-

tions. Several previous studies have examined the physical

processes of increasing land–sea SAT contrast under global

warming and have revealed that the SST increase might be

the major contributing factor (Joshi et al. 2008; Compo and

Sardeshmukh 2009). In contrast, other studies have

revealed that the land surface warming owing to the direct

radiative effect of increasing CO2 concentration in the

atmosphere, might play an important role for the future

increase in land–sea contrast simulated by the GCMs

(Kimoto 2005; Kamae and Watanabe 2013). In Part II, we

examine the factors affecting the future changes in land–

sea contrast over the Far East during boreal summer and

demonstrate that another factor plays an essential role in

the increasing land–sea contrast under global warming.
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