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ABSTRACT

This study used a 4-km resolution regional climatemodel to examine the sensitivity of surface air temperature

on the Pacific coast of Japan to sea surface temperature (SST) south of the Pacific coast of Japan during summer.

The authors performed a control simulation (CTL) driven by reanalysis and observational SST datasets. A series

of sensitivity experiments using climatological values from the CTL SST datasets over a 31-yr period was

conducted. The interannual variation in surface air temperature over the Pacific coast was well simulated in

CTL. The interannual variation in SST over the Kuroshio region amplified the interannual variation in surface

air temperature over the Pacific coast. It was found that 30% of the total variance of interannual variation in

surface air temperature can be controlled by interannual variation in SST. The calculated surface air temper-

ature on the Pacific coast increased by 0.4K per 1-K SST warming in the Kuroshio region. Note that this

sensitivity was considerably greater during nighttime than during daytime. Concurrent with the warming in

surface air temperature, downward longwave radiation at the surface was also increased. In summer, the in-

crease in latent heat flux was considerably larger than that in sensible heat flux over the ocean because of SST

warming, according to the temperature dependence of the Bowen ratio. This implies that the primary factor for

the increase in surface air temperature in summer is increasedmoisture in the lower troposphere, indicating that

the regional warming was caused by an increase in H2O greenhouse gas.

1. Introduction

Recently, extremely hot weather has been observed

occasionally over Japan. The frequency of extremely hot

weather probably increases because of the increase in

mean temperature—namely, global warming—when

natural variability is basically unchanging. The extreme

hot weather poses health hazards to humans, particu-

larly over the Pacific side of Honshu (the main island of

Japan), Japan, which includes densely populated urban

areas, such as Tokyo and Nagoya.

Extremely high temperatures on the Pacific side of

Honshu are generally associated with the westward ex-

tension of the western Pacific subtropical high over the
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western North Pacific. Two primary explanations for the

development of this system have been examined by many

previous studies. One is the impact of tropical convection

around the Philippine Sea, which has been referred to as

the Pacific–Japan pattern (e.g., Nitta 1987). The detailed

structure and mechanism of the Pacific–Japan pattern

have been investigated (e.g., Kosaka and Nakamura

2006). The other explanation is the impact of midlatitude

planetary wave activities (Enomoto et al. 2003).

However, one of the strongest warm western boundary

currents in theworld—namely, theKuroshio—exists along

the Pacific coast of Japan and can also control the regional

climate over the Pacific side of Honshu. Warmed air

masses over the higher sea surface temperature (SST) re-

gions of theKuroshio can be transported to the Pacific side

of Honshu in the lower troposphere, because this island is

located downstream of the southerly winds that flow along

the periphery of the western Pacific subtropical high.

These southerlies are climatologically predominant over

the island in summer. Thus, the SST in the Kuroshio re-

gion, which is located over the coastal ocean south of Ja-

pan, can control the regional climate over the Pacific coast.

Previous studies have examined the significant impact

of the SST of a warm western boundary current on the

atmosphere. Minobe et al. (2008) showed that surface

wind convergence enhanced evaporation and pre-

cipitation over the axis of the Gulf Stream current, and

Minobe et al. (2010) investigated seasonal differences in

the atmospheric response to the Gulf Stream. Koseki

and Watanabe (2010) investigated the atmospheric re-

sponse to SST anomalies on a scale of a few hundred

kilometers over theKuroshioExtension in winter, which

could be clearly observed in the atmospheric boundary

layer. Xu et al. (2010) examined the atmospheric impact

of the 2004/05 Kuroshio large meander event and sug-

gested that the cool water pool caused a reduction in

surface wind speed and precipitation based on a

1-month experiment conducted in January 2005. These

studies demonstrate the influence of SST on the atmo-

sphere over and around western boundary currents.

However, long-term quantitative estimations of the

influence of SST on the atmosphere are limited. To un-

derstand the statistically robust contribution of SST to the

atmosphere, long-term or multiple-case experiments are

required, because the atmospheric response to SST

anomalies can vary under different atmospheric condi-

tions (e.g., Peng et al. 1997). Additionally, long-term cli-

mate simulation permits us to investigate the extent to

which the interannual variations in SST actually influence

regional climate on interannual time scales. Moreover, we

may demonstrate long-term changes in these influences.

It is also very difficult to isolate the impact of SST

on the atmosphere from observation datasets because of

air–sea interactions. Generally, SST and surface air tem-

perature are highly correlated (see section 3a). Specifi-

cally, the increase in surface air temperature over the

Pacific side can be explained by advection of warmer air

from the region of increased SST, which is referred to as

an oceanic impact. However, a portion of the increase in

surface air temperature could be the result of enhanced

downward shortwave radiation at the surface caused by

the extension of the western Pacific subtropical high: that

is, an atmospheric impact. Therefore, the separation of

oceanic and atmospheric impacts from data analysis of

observational and reanalysis data is difficult.

At the local scale, the responses of air temperature in

the lower troposphere to SST may alter the local circu-

lation in coastal regions. In particular, changes in surface

pressure over the warm SST should be adjusted (e.g.,

Lindzen and Nigam 1987). Additionally, the develop-

ment of the planetary boundary layer due to the warm

SST results in downward momentum transport (e.g.,

Wallace et al. 1989), which accelerates or decelerates

wind speed in the planetary boundary layer.

This paper focuses on the oceanic impact on regional

climate along the Pacific side. We quantitatively esti-

mate the impact of SST in the Kuroshio region on the

regional climate over the Pacific coast and focus on the

interannual variation in regional climate. We attempt to

determine the extent to which interannual variation in

regional climate is controlled by the SST around Japan,

particularly that of the western boundary current.

The remainder of this paper is organized as follows.

Section 2 describes the data used in this study and the

design of our numerical experiments. Section 3 presents

the sensitivity of surface air temperature to interannual

variation in SST. The contribution mechanism of sensi-

tivity of surface air temperature to SST is discussed in

section 4, and our conclusions are presented in section 5.

2. Numerical experiment and data

a. Model and experimental setup

To understand the impact of SST on surface air tem-

perature over the Pacific side of Honshu, we conducted

numerical experiments using a nonhydrostatic regional

climate model, the Advanced Research Weather Re-

search and Forecasting (ARW-WRF) Modeling system

(hereafter ARW), version 3.4 (Skamarock et al. 2008).

For initial and boundary conditions, we used the atmo-

spheric conditions from the ERA-Interim product

(Berrisford et al. 2009; http://www.ecmwf.int/en/research/

climate-reanalysis/era-interim) of the European Centre

for Medium-Range Weather Forecasts (ECMWF)

and SST from the Optimum Interpolation Sea Surface

Temperature, version 2 (OISST2; Reynolds et al. 2002;
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http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.

v2.html). We refer to the experiments conducted in this

study as the control (CTL). To investigate the impact of

large-scale SST in a simple manner, we used monthly mean

SST data. The monthly SST data were linearly interpolated

with time, which was prescribed every 6h. The Pacific side

of Japan facing the western boundary current was selected

as the computational target region. The model domains are

shown in Fig. 1. We conducted 31 one-month time-slice

control experiments in summer. We selected the month of

August from 1982 to 2012 (i.e., 31 months) as the primary

simulation period. The simulation period was defined as

extending from 1 July to 1 September of each year. The first

31 days of each simulation were not used for analysis but

as a spin-up period. This long spin-up period was necessary

for the spinup of soil moisture. The horizontal grid in-

crement of the coarse domain was 16km, and that of the

two-way nested domain was 4 km. Both domains had 27

terrain-following vertical levels. Moreover, because cu-

mulus convective parameterization (CCP) controls not

only convective systems but also the related atmospheric

circulation through thermodynamic effects, sensitivity

experiments may depend almost exclusively on CCP.

Because test simulations with CCP showed an un-

realistic amount of precipitation, we did not apply CCP

in either domain. The Mellor–Yamada–Janji�c planetary

boundary layer scheme (Janji�c 1994), the ARW single-

moment six-class microphysics scheme (Hong and Lim

2006), the unified Noah land surface model (Chen and

Dudhia 2001), and the Rapid Radiative Transfer Model

for GCM applications (RRTMG) longwave and short-

wave radiation schemes (Iacono et al. 2008) were used.

b. Sensitivity experiments

To understand the impact of SST, we conducted a series

of sensitivity experiments: that is, 31 one-month experi-

ments for August 1982–2012. The numerical design of

these experiments was the same as that of CTL, except

that SST over the whole domain was replaced by the cli-

matology from 1982 to 2012. These sensitivity experi-

ments are referred to as climatological SST (ClimSST).

Figure 2 shows theAugust climatological SST distribution

from 1982 to 2012. Higher SST, approximately 268–288C,
is observed south of Japan. The interannual standard

deviation is approximately 0.6–0.8K.

Here, we discuss the limits of the experimental frame-

work of this study. There are twomain limitations. Air–sea

interactions were not considered because we used an

atmosphere-only model with prescribed SST. As a future

study, the effect of air–sea interaction on interannual var-

iations in regional climate should be estimated qualitatively

and quantitatively. Second, the atmospheric lateral

boundary conditions in both experiments are affected by

remote SST conditions, andwe could not evaluate an SST

impact at a scale larger than the outer calculation domain.

Specifically, in both experiments, we prescribed the same

Asian monsoon circulation, which had been affected by

the SST condition over the Niño-3.4 region, as the at-

mospheric lateral boundary conditions. Thus, we only

evaluated the impact of regional and local SST within the

outer calculation domain on regional climate.

c. Observed data

We used surface air temperature data from the

Automated Meteorological Data Acquisition System

(AMeDAS; http://www.jma.go.jp/jma/en/Activities/

observations.html) of the JapanMeteorological Agency.

The monitoring stations used in this study are shown in

FIG. 1. (a) Study area, geographical names, and topography in do-

main 1. (b) Location of AMeDAS and GRASP–precipitable water

stations and reference areas of the Kanto and Tokai Districts. The

reference regions,REFKuroshio (ocean at 33.58–35.58N, 1388–1418E.)
in (a), REF Kanto (land at 35.48–36.28N, 139.48–140.28E) in (b), and

REF Tokai (land at 34.88–35.48N, 136.48–137.28E) in (b) are shown.
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Fig. 1b. We also used GPS Precipitable Water Research

Project (GRASP) water vapor datasets (Fujita et al.

2012) derived from a global positioning system for the

evaluation of simulated precipitable water. The obser-

vation datasets were averaged for the Kanto and Tokai

Districts, respectively. The monitoring stations were

selected with regard to spatial homogeneity. To confirm

the low-level atmospheric circulation simulated in CTL,

we used the Japanese 55-year Reanalysis Project (JRA-55;

Kobayashi et al. 2015; http://jra.kishou.go.jp/JRA-55/index_

en.html) dataset, including 950-hPa zonal and meridional

winds (u, y), which is different from the driving atmo-

spheric data, ERA-Interim.

d. Reference regions

To investigate the change in regional climate caused by

changes in SST over the Kuroshio region, we refer to the

Kuroshio reference region as (REF Kuroshio) (Fig. 1a).

REF Kuroshio was selected to examine the impact of SST

on the most densely populated urban area, Tokyo. Addi-

tional sensitivity experiments to investigate the oceanic im-

pact of only REF Kuroshio are given in the appendix.

Additionally, portions of theKanto andTokaiDistrictswere

taken as reference regions (REF Kanto and REF Tokai) to

examine changes in the regional climates (Fig. 1b). Detailed

locations are given in the caption of Fig. 1.

3. Results

a. Observed correlation between surface air
temperature and SST

This subsection investigates the observed relationship

between surface air temperature in the Kanto District

and SST on an interannual time scale. We calculated

interannual correlation coefficients between monthly

averages of observed surface air temperature at the 11

AMeDAS stations over the KantoDistrict and observed

SST around Japan.

High correlations were found over the Sea of Japan

and over the Japanese southern and eastern coastal re-

gions of the western North Pacific (Fig. 3). These results

suggest an SST effect over the Kuroshio, which is located

over the southern coastal ocean. However, the physical

explanation is complex. The extension of the western

Pacific subtropical high over Japan induces enhanced

downward shortwave radiation at the surface because the

extension of the western Pacific subtropical high reduces

cloud fractions over and around Japan. Thus, the ocean

surface is simultaneously warmed by the increase in

downward shortwave radiation at the surface.

Therefore, the high correlationsmay be partly explained

as the impact of SST on surface air temperature, which can

be referred to as an oceanic impact. However, a portion of

the high correlations could be the result of the extension

of the western Pacific subtropical high: that is, an atmo-

spheric impact. To distinguish between atmospheric and

oceanic impacts, we conducted two series of numerical

experiments (CTL and ClimSST) with different oceanic

boundary conditions.

b. Evaluation of CTL

To investigate the impact of SST on interannual var-

iation in surface air temperature, we first evaluated the

FIG. 2. Climatological mean SST (contours; 8C) and its inter-

annual standard deviation (shading; K) in August during the 31-yr

period from 1982 to 2012. FIG. 3. Correlation coefficients between 11-point averaged ob-

served surface air temperature in August over the Kanto District

and SST during the 31-yr period from 1982 to 2012. The 11 moni-

toring stations are shown in Fig. 1b.
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performance of the interannual variation in the simu-

lated regional climate over the Pacific side. Figure 4

shows a scatter diagram of monthly mean values of ob-

served and simulated surface air temperature over REF

Kanto (Fig. 1b). Observed monthly mean values for

surface air temperature were derived from averaged

values from 11 AMeDAS stations, and simulated values

for surface air temperature were area averaged over

REF Kanto.

The interannual variation in surface air temperature

was well simulated with an interannual correlation co-

efficient of 0.96 (Fig. 4). The mean bias and root-mean-

square error between the observed and simulated values

were 10.41 and 0.55, respectively. Although warm

biases were found in most years (Fig. 4), the simulated

surface air temperature agreed with the observation,

which indicates that the absolute values for surface

air temperature were also well simulated. Additionally,

we evaluated precipitation over REF Kanto. The cor-

relation coefficient was 0.64, which indicates that

interannual variation in precipitation was basically sim-

ulated (Fig. 5). However, precipitation was sometimes

underestimated, particularly in the high precipitation

years. The mean bias and root-mean-square error of

precipitation over REF Kanto between observed and

simulated values were 245.0 and 87.1, respectively,

during the 31 years from 1982 to 2012.

In section 4, we examine changes in precipitable water

associated with downward longwave radiation at the

surface to discuss the physical process of the variation of

surface air temperature. Therefore, we here evaluate the

simulated precipitable water. Available water vapor

data were very limited particularly over land, although a

microwave imager can estimate precipitable water over

the ocean.

The interannual variation in precipitable water was

well simulated in CTL (Fig. 6), with an interannual

correlation coefficient of 0.94 during the 15 years from

1996 to 2010. Thus, the simulated interannual variation

in precipitable water amount was sufficiently realistic to

consider the effect of water vapor. Moreover, the mean

bias and root-mean-square error of precipitable water

over REF Kanto between observed and simulated

values were 11.17 and 1.55, respectively, over the 15

years from 1996 to 2010, which indicates that the total

amounts of precipitable water were also simulated

very well.

Furthermore, we confirmed the low-level circulation

over domain 2 (Fig. 7) by comparing with reanalysis data

(JRA55; not shown), which differed from the driving

atmospheric data for the simulations. Climatological

low-level southerlies were simulated, showing that these

FIG. 4. Scatter diagram between the 11-point averaged observed

monthly mean surface air temperature in August over the Kanto

District and the area-averaged simulated monthly mean surface air

temperature. Averaged surface air temperatures at 11 monitoring

stations are shown (Fig. 1). The simulated surface air temperature

is averaged over REF Kanto. The interannual correlation co-

efficient, bias, and root-mean-square error between the observed

and simulated values during the 31-yr period from 1982 to 2012

were 0.96, 10.41, and 0.55, respectively.

FIG. 5. Time series of the simulated precipitation in August over

REF Kanto and the 11-point averaged observed precipitation

(Fig. 1b). The heavy black line with the open circles refers to the

simulated values of precipitation, and the gray line with plus signs is

the observed precipitation. The interannual correlation coefficient,

bias, and root-mean-square error between observed and simulated

values were 0.64, 245.0, and 87.1, respectively, during the 31-yr

period from 1982 to 2012.
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low-level southerlies are stronger over the Kanto Dis-

trict than over the Tokai District. Concurrent with these

southerlies, relatively lower temperature air is trans-

ported from ocean to land.

c. Impact of SST on surface air temperature on an
interannual time scale

The previous subsection showed that CTL was suffi-

ciently realistic on an interannual time scale, as evalu-

ated by the observational datasets. To understand the

spatial pattern of the impact of SST over REF Kuroshio

on the surface air temperature, we generated regression

maps showing the interannual variation in the sensitivity

of surface air temperature with area-averaged SST over

REF Kuroshio (Fig. 8). The sensitivity of surface air

temperature was defined by the difference in surface air

temperature between the CTL and ClimSST experi-

ments at each grid. Colors of regression coefficient were

statistically significant.

Higher and statistically significant sensitivity was ob-

served along the Pacific coastal region, particularly over

the Kanto District. This indicates that the interannual

variation in SST over REF Kuroshio can modulate

surface air temperature along the Pacific coast. The

sensitivities along the Sea of Japan coast were mostly

statistically insignificant (Fig. 8), which indicates the

sensitivities of surface air temperature along the Sea of

Japan coast to SST over the REF Kuroshio were not

systematic. This suggests that the impact of SST over the

REF Kuroshio was small along the Sea of Japan coast.

FIG. 6. Time series of the simulated precipitable water in August

over REF Kanto and the 22-point averaged observed GPS pre-

cipitable water (Fig. 1b). The heavy black line with the open circles

refers to the simulated values of precipitable water, and the gray

line with plus signs is the observed values. The interannual corre-

lation coefficient, mean bias, and root-mean-square error over the

15-yr period from 1996 to 2010 between observed and simulated

values were 0.94, 1.17, and 1.55, respectively.

FIG. 7. Simulated climatological 950-hPa winds (m s21) and air temperature (K) in August over

domain 2 for the 31-yr period from 1982 to 2012.
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Additionally, to quantitatively examine the impact

of SST on the surface air temperature over the Pacific

side, we calculated the percentage variance in the

simulated surface air temperature in the ClimSST ex-

periments. The percentage variance was defined as the

ratio of the total interannual variance in surface air

temperature in ClimSST to that in CTL. Interannual

variance in CTL was controlled primarily by atmo-

spheric and oceanic impacts, whereas in ClimSST

interannual variance was controlled primarily by atmo-

spheric impact. Thus, the difference can be explained by

the oceanic impact on the interannual variation in surface

air temperature when we assume that the impacts can be

divided linearly into atmospheric and oceanic impacts. In

this paper, we assume that other impacts, such as land

surface and nonlinear impacts, were unchanged because

of SST changes.

The oceanic impact may be given quantitatively as

Impactocean 5 12 (VariclimSST/VariCTL).

Here, Impactocean is the impact of interannual variation

in SST as a percentage, VariclimSST is the interannual

variance of the monthly surface air temperature in the

ClimSST experiments, and VariCTL is the interannual

variance of themonthly surface air temperature in theCTL

experiments. The term Impactocean is nondimensional.

The total variance in monthly mean surface air tem-

perature over REF Kanto in CTL was 0.77K2, whereas

that in ClimSST was 0.53K2 (Fig. 9). Thus, the per-

centage variance was 0.688, indicating that 31.2% of the

total variance in interannual variation in surface air

temperature overREFKantowas caused by interannual

variation in SST over the calculation domains. In other

words, when interannual variations in SST over the

calculation domains were much smaller than the ob-

served interannual variations in SST, the interannual

variation in surface air temperature was reduced.

Figure 10 shows the spatial distribution of the oceanic

impact. The oceanic impact was larger in the coastal

regions than in the inland regions. Over the Kanto

District, the oceanic impact was approximately 0.3. This

result indicates that one-third of the interannual var-

iation in surface air temperature was driven by the

interannual variation in SST. Over the Tokai District, the

oceanic impact was 0.4. The oceanic impact was larger

over the Tokai District than the Kanto District because

the total variance in surface air temperature over the

FIG. 8. Regression coefficient of the sensitivity of surface air temperature (K) in August to

SST over REF Kuroshio on the normalized SST over REF Kuroshio during the 31-yr period

from 1982 to 2012. All plotted values are statistically significant at the 99.9% level, as de-

termined by correlation coefficients based on 29 degrees of freedom.
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Tokai District was smaller than that over the Kanto

District (Fig. 11). Thus, the absolute oceanic impact over

the Kanto District was slightly larger than that over the

Tokai District.

d. Impact of SST over the Kuroshio region on surface
air temperature over the Kanto District

Figure 12a shows the time series of SST anomalies

over REF Kuroshio and the sensitivity of surface air

temperature over REF Kanto. The sensitivity of surface

air temperature was defined by the difference in surface

air temperature over the Kanto District between the

CTL and ClimSST experiments.

The warmer SST anomalies over the Kuroshio were

associated with positive sensitivities in the surface air

temperature over REF Kanto, whereas the colder

anomalies corresponded to negative sensitivities. The

correspondence between the SST anomalies and sensi-

tivity in surface air temperature was clearer when the

absolute SST anomaly values were larger. This result

indicates that a warmer SST anomaly over the Kuroshio

region induces warmer surface air temperature over the

Kanto District.

Furthermore, it should be noted that the long-term

change in SST over the Kuroshio was dominant. Con-

current with this long-term increase in SST, sensitivity of

surface air temperature to SST has changed gradually

from negative to positive since the middle of the 1990s

(Fig. 12a). This result suggests that the increase in SST

over the most recent three decades over the Kuroshio

was responsible for a portion of the long-term increase

in surface air temperature over the Pacific coastal region

(see section 4d).

FIG. 9. Time series of the simulated surface air temperature in

August over REF Kanto in the CTL (gray) and ClimSST (black)

experiments. The climatological mean is shown as the black solid

line. The gray (black) dashed lines show the 61s (interannual

standard deviation) from the climatological mean in the CTL

(ClimSST) experiments.

FIG. 10. Spatial distribution of oceanic impact shown as the

percentage variance in monthly surface air temperature of

ClimSST to that of CTL. The detailed formulation used to estimate

oceanic impact is described in the text. The percentage variance is

defined as the total interannual variance in surface air temperature

in ClimSST to that in CTL.

FIG. 11. Spatial distribution of observed interannual standard

deviations in monthly surface air temperature (K) over the Kanto

and Tokai Districts.
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e. Quantification of SST impact on surface air
temperature

This subsection quantifies SST impact on the surface

air temperature on an interannual time scale. Figure 12b

shows a scatterplot between SST anomalies from the

climatology over REF Kuroshio and sensitivities in

surface air temperature over REF Kanto.

The sensitivity of surface air temperature clearly in-

creased with the increase in SST over the Kuroshio

region. The relationship between surface air tempera-

ture and SST can be considered almost linear in the

actual range of the interannual variation in SST over the

Kuroshio region. Thus, higher SST over the Kuroshio

region can induce higher surface air temperature over

the Pacific coastal regions.

The calculated surface air temperature over REF

Kanto increased by 0.41K per 1-K SST warming over

REF Kuroshio, based on a linear regression coefficient

obtained by the method of least squares. Because the

interannual standard deviation of SST over the Kur-

oshio region was approximately 0.6–0.8K (Fig. 2), ap-

proximately 0.25–0.33K of the interannual standard

deviation in surface air temperature was attributable to

the interannual variation in SST. Therefore, the impact

of SST was considered quantitatively sufficient to ac-

count for the interannual variation in surface air tem-

perature over the Pacific coast.

f. Diurnal variation in SST impact on surface air
temperature

This subsection investigates the diurnal variation in

the sensitivity of surface air temperature over the Kanto

District to SST over the Kuroshio, because energy bal-

ance at the surface is much different during daytime and

nighttime. Figure 13 shows the diurnal variation in the

regression coefficient of the sensitivity of surface air

temperature over REF Kanto against SST over REF

Kuroshio and the correlation coefficient between the

two as a function of Japan standard time (UTC 19h).

Distinct diurnal variation in the sensitivity of surface air

temperature was observed. During late afternoon and

early morning, the sensitivity of surface air temperature

was approximately 0.4–0.45K per 1-K SST warming,

whereas it was around 0.2K per 1-K SST warming dur-

ing daytime. This indicates that the sensitivity of surface

air temperature over REF Kanto to SST over REF

Kuroshio was considerably larger during nighttime.

4. Discussion

a. Horizontal temperature advection

The increase in surface air temperature could be at-

tributable to horizontal temperature advection in the

lower troposphere. Specifically, a warming signal in-

dicates weakening of cold advection from sea to land.

Figure 14 shows the regression coefficients for monthly

mean 950-hPa winds and air temperature on the

monthly mean SST anomaly in August over the key SST

region for the 31 years from 1982 to 2012.

Regressed southerlies or southeasterlies were ob-

served over the Pacific coastal region, indicating that

FIG. 12. (a) Time series of the SST sensitivity (black, open cir-

cles) of surface air temperature in August over REFKanto and the

SST anomaly (gray, open triangles) over REF Kuroshio during the

31-yr period from 1982 to 2012. (b) Scatterplot of the SST sensi-

tivity of surface air temperature in August over REF Kanto and

SST anomaly over REF Kuroshio with the same values used in (a).

The sensitivity of surface air temperature to SST is defined as the

difference in area-averaged surface air temperature over REF

Kanto between the CTL and ClimSST experiments. The SST

anomalies are averaged over REF Kuroshio.
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climatological low-level winds were enhanced. The en-

hanced southerlies can intensify climatological hori-

zontal cold advection over the Kanto District. The

climatological meridional wind speed was approxi-

mately 3m s21. The enhanced meridional wind shown in

the regression coefficient increased by approximately

10%of the total fields. Conversely, themeridional 950-hPa

temperature gradient was reduced. Themeridional 950-hPa

air temperature gradient was weakened by approxi-

mately 10%. Therefore, the effect of the enhanced wind

speed was canceled by the weakened meridional temper-

ature gradient.

Figure 15 shows a scatter diagram between monthly

mean SST values over REF Kuroshio and 950-hPa

temperature advection heating over the Kanto Dis-

trict. The interannual variation in heating due to 950-hPa

temperature advection over the Kanto region was

positively correlated with SST anomalies over REF

Kuroshio. However, the correlation was weak, explain-

ing less than 20% of the total interannual variance in

surface air temperature. Furthermore, the correlation

was nearly 0 over REF Tokai. Therefore, we concluded

that the effect of horizontal temperature advection is

not primary for the increase in surface air temperature

over the Pacific coast.

The mechanism of change in low-level winds may be

explained by the downward transport of momentum in

the planetary boundary layer. Additionally, cyclonic

anomalies associated with enhancement of the heat low

over Honshu Island can intensify the low-level winds.

However, it was not clear whether changes in local

wind systems, such as sea and land breezes, were due to

changes in the thermal horizontal gradient. Addition-

ally, changes in the diurnal cycle of near-surface winds

were not clear.

b. Sensitivity of surface energy balance to SST
changes

To understand changes in the surface air temperature,

we investigated the changes in surface energy balance

derived from the law of energy conservation. Surface

energy balance can be given by Eq. (2) of Zhang et al.

(2011), originally fromWild et al. (2004). The sum of the

absorbed shortwave and downward longwave radiation

is defined as radiative input to the surface. The input is

redistributed to upward longwave radiation (surface

longwave emission), sensible and latent heat fluxes, and

ground heat flux. We calculated net radiation Rn, de-

fined as the sum of the sensible and latent heat fluxes,

and ground heat flux.

We investigated the sensitivity of net radiation over

the KantoDistrict to SST over REFKuroshio (Fig. 16a).

The results showed that changes in net radiation due to

SST changes were almost random. The correlation

coefficient between SST anomalies over the region

south of the Pacific coast and net radiation at the sur-

face over the Kanto District was 0.27. The interannual

standard deviation of net radiation at the surface was

1.9Wm22. To understand why the sensitivity of the net

radiation at the surface is unsystematic, we examined

downward shortwave and longwave radiations at the

surface.

The sensitivity of downward shortwave radiation at

the surface to SST over REF Kuroshio was investi-

gated, because the changes in surface albedo are neg-

ligible in this experiment. The results showed that

changes in downward shortwave radiation due to SST

changes were random because the correlation co-

efficient between SST anomalies over the southern re-

gion of the Pacific coast and downward shortwave

radiation at the surface over the Kanto District

was 20.05 (Fig. 16b), indicating negligible influence of

SST interannual variability on cloud cover. Thus, the

sensitivity of downward shortwave radiation at the

surface to SST over REF Kuroshio was not systematic.

In addition, the interannual standard deviation of

FIG. 13. Diurnal variation in the regression coefficient of the

sensitivity of surface air temperature over REF Kanto against SST

over REF Kuroshio and correlation coefficient between the two as

a function of Japan standard time (JST; UTC 1 9 h). Values with

open circles are the regression coefficients at each local time.

Values at the bottom of the panel show the correlation coefficients

between the two as a function of local time. The sensitivity of

surface air temperature to SST is defined as the difference in area-

averaged surface air temperature over REF Kanto between the

CTL and ClimSST experiments.
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downward shortwave radiation at the surface was

3.2Wm22, which was comparable to that of net radia-

tion at the surface. This implies that the unsystematic

response of downward shortwave radiation at the sur-

face contributed to the unsystematic response of net

radiation at the surface.

Moreover, we examine the sensitivity of downward

longwave radiation at the surface to SST over REF

Kuroshio (Fig. 16c). The results showed clear sensitivity

of downward longwave radiation at the surface over the

Kanto District to SST over REF Kuroshio. A correla-

tion coefficient between SST anomalies over the region

south of the Pacific coast and downward longwave ra-

diation at the surface over the Kanto District was 0.84.

The increase in downward longwave radiation at the

surface was approximately 2.3Wm22 (0.4K)21 of sur-

face air temperature (Fig. 17b).

We simply calculated the increase in surface longwave

emission due to surface air temperature warming in the

vicinity of 300K, which is almost the climatological

mean. The maximum sensitivity of surface air temper-

ature was 0.4K in August 2010. From this estimation,

the increase in upward longwave radiation was

approximately 2.4Wm22 when the increase in surface

air temperature was 0.4K. Concurrent with the sys-

tematic sensitivity of downward longwave radiation at

the surface over REFKanto to SST over REFKuroshio,

the sensitivity of upward longwave radiation at the

surface was also systematic, because the sensitivity of

surface air temperature was systematic (Fig. 12b). It is

noteworthy that the magnitudes of sensitivity of the

downward and upward longwave radiations were com-

parable. In the following subsection, we discuss the

mechanism of the increase in downward longwave ra-

diation at the surface.

c. Physical mechanism of the increase in downward
longwave radiation at the surface

As stated in the previous section, the increase in

downward longwave radiation at the surface was ap-

proximately 2.3Wm22 (0.4K)21 of surface air temper-

ature. The difference between CTL and ClimSST is only

the prescribed SST condition.We examined the changes

in surface heat fluxes over REF Kuroshio (Fig. 18). The

increase in latent heat flux over ocean was considerably

larger than that in sensible heat flux in this experiment,

FIG. 14. Regressed simulated 950-hPa winds (m s21) and air temperature (K) in August on the

normalized SST over REF Kuroshio during the 31-yr period from 1982 to 2012.
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which resulted in an increase in water vapor (Fig. 19).

This result can be explained by the temperature de-

pendence of the Bowen ratio. Thus, the regional H2O

greenhouse gas warming due to the enhancement of

water vapor supply from the ocean can be a candidate to

explain the increase in downward longwave radiation

and surface air temperature, as direct heating by the

sensible heat flux was very small.

Clear-sky downward longwave radiation at the sur-

face can be roughly estimated by precipitable water and

surface air temperature. Because changes in downward

shortwave radiation were not correlated with changes in

surface air temperature in our experiments, we assumed

that the changes in cloud cover were random, as shown

in Fig. 16b. Additionally, the effect of changes in cloud

cover on downward longwave radiation at the surface

can be smaller than those of precipitable water and

surface air temperature under these moist conditions.

Actually, the correlation between precipitable water or

surface air temperature and all-sky downward longwave

radiation at the surface from the estimation by a realistic

regional climate model was very high (Fig. 17). Thus, we

can use clear-sky downward longwave radiation at the

surface here.We simply estimated the impact of changes

in precipitable water and surface air temperature on

clear-sky downward longwave radiation. A simple esti-

mation using precipitable water and screen-level air

temperature (1.5m) was formulated by Allan et al.

(2004). This formula was based on Prata (1996), who

used water vapor pressure and screen-level air temper-

ature.We used Eq. (1) fromAllan et al. (2004), although

we used air temperature at 2m above the surface as the

screen-level air temperature.

The simple estimation showed that clear-sky down-

ward longwave radiation at the surface increased by

approximately 2Wm22 (2mm) 21 of precipitable water

when the total precipitable water was approximately

50mm. Clear-sky downward longwave radiation at the

FIG. 15. Scatter diagram between the SST anomaly south of the

Pacific coast of Japan (i.e., the Kuroshio region) and the SST

sensitivity of 950-hPa thermal advective warming in August over

REF Kanto. The sensitivity of 950-hPa thermal advective warming

to SST is defined as the difference in area-averaged 950-hPa

thermal advective warming over REFKanto between the CTL and

ClimSST experiments.

FIG. 16. (a) Scatter diagram between the sensitivities of net radiation at the surface over REFKanto, which was calculated from the sum

of the sensible, latent, and ground heat fluxes, to SST overREFKuroshio. The sensitivity of net radiation at the surface to SST is defined as

the difference in area-averaged net radiation at the surface overREFKanto between theCTL andClimSST experiments. (b)As in (a), but

for downward shortwave radiation at the surface. (c) As in (a), but for downward longwave radiation at the surface. The values shown in

the top right of each panel are interannual correlation coefficients.

15 SEPTEMBER 2015 TAKAHASH I ET AL . 7139

Unauthenticated | Downloaded 05/18/25 05:49 PM UTC



surface increased by approximately 2Wm22 (0.4K)21

of surface air temperature at approximately 300K. In

the August 2010 case, precipitable water, surface air

temperature, and downward longwave radiation at the

surface increased by approximately 2mm, 0.4K, and

2.3Wm22, respectively, over the Kanto District. In

addition, a larger increase in downward longwave radi-

ation over the Kuroshio region south of the Kanto

District was observed (not shown). Thus, the increase in

longwave radiation due to precipitable water can be

considered a quantitatively reasonable explanation for

the increase in surface air temperature.

Furthermore, we also investigated the spatial distri-

bution of the interannual variation in the sensitivity of

precipitable water and vertically integrated water vapor

fluxes with area-averaged SST over REF Kuroshio

(Fig. 19). Again, the sensitivity of precipitable water and

water vapor fluxes were defined by the differences be-

tween the CTL and ClimSST experiments. Higher sen-

sitivity was observed over REF Kuroshio; the Kanto

District; and the western area of the Kanto District,

which was clearly explained by the enhanced evapora-

tion and water vapor transports from the REF Kuroshio

region. This spatial distribution was similar to that for

FIG. 17. (a) Scatter diagrambetween sensitivity in precipitable water overREFKanto to SST

over REF Kuroshio and that in downward longwave radiation at the surface over REF Kanto

during the 31-yr period from 1982 to 2012. (b) As in (a), but for surface air temperature. The

sensitivities in monthly mean precipitable water, downward longwave radiation at the surface,

and surface air temperature to SST are defined as the differences between the CTL and

ClimSST experiments.

FIG. 18. (a) Scatter diagram between SST anomalies and sensitivity in latent heat flux at the

sea surface over REFKuroshio during the 31-yr period from 1982 to 2012. (b) As in (a), but for

sensible heat flux. The sensitivities in latent and sensible heat fluxes to SST are defined as the

differences between the CTL and ClimSST experiments.
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the sensitivity of surface air temperature to SST over

REF Kuroshio (Fig. 8), supporting our proposed

mechanism of regional H2O greenhouse gas warming.

As mentioned above, the increases in surface air

temperature, downward longwave radiation at the sur-

face, and precipitable water are attributable to the in-

crease in SST over the Kuroshio region south of the

Kanto and Tokai Districts. When more water vapor is

transported from the ocean to the land, the surface air

temperature is warmed by H2O greenhouse gas warm-

ing. Therefore, the high latent heat flux over the ocean

caused by the increase in SST leads to increased water

vapor transport from ocean to land, which results in

warmer and wetter air masses over the Pacific coastal

regions. In other words, regional H2O greenhouse gas

warming was enhanced.

The diurnal variation in the SST sensitivity of surface

air temperature was much higher during nighttime

(Fig. 13). This diurnal variation in the SST sensitivity of

surface air temperature is also reasonably explained by

our proposed mechanism of regional H2O greenhouse

gas warming, because changes in downward longwave

radiation at the surface are the main modulators of

surface air temperature during the nighttime, whereas

shortwave radiation is stronger than longwave radiation

during the daytime.

d. Long-term changes in surface air temperature
and SST

As shown in the previous sections, the impact of SST

over the Kuroshio contributes one-third of the total

interannual variance in surface air temperature on

interannual time scales. Recently, Wu et al. (2012)

showed that long-term increase in SST over the westerly

boundary currents was 2 or 3 times larger than global

mean SST warming. Although our estimation of the

impact of SST over the Kuroshio on surface air tem-

perature in the Pacific coastal regions may not be di-

rectly applicable to the long-term increase in SST impact

on surface air temperature, it is likely that the enhanced

long-term warming in SST over the Kuroshio signifi-

cantly affects surface air temperature along the Pacific

coastal region.

The estimated 31-yr long-term trends in surface

air temperature over REF Kanto in the CTL and

ClimSST experiments were 0.24 and 0.15K (decade)21,

FIG. 19. Regression coefficient of the simulated precipitable water (mm) and vertically in-

tegrated water vapor fluxes (kgm21 s21) in August on the normalized SST over REFKuroshio

during the 31-yr period from 1982 to 2012. All plotted vectors are statistically significant at the

99.9% level, as determined by correlation coefficients based on 29 degrees of freedom.
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respectively. The estimated long-term trend in surface

air temperature averaged from 11 monitoring points

(Fig. 1) was 0.31K (decade) 21. This underestimation

of the long-term trend in surface air temperature in

the CTL experiments may be because of our experi-

ments having constant CO2 concentration. Neverthe-

less, the long-term trend of surface air temperature

in ClimSST was much smaller than that in CTL. Ap-

proximately 30% of the long-term trend in surface air

temperature over the Kanto District can be explained

by the oceanic effect, although both long-term trends

were not statistically significant, as evaluated by the

nonparametric Mann–Kendall test. Additional studies

on estimations of the oceanic impact of long-term trends

and interdecadal variations in SST over the Kuroshio are

required.

5. Conclusions

We applied a regional climate model to quantitatively

estimate the impact of SST in and around the Kuroshio

area on the climate of the Pacific coast region of Japan

during 31 summers from 1982 to 2012. We performed

CTL experiments driven by reanalysis and observa-

tional SST datasets. We conducted 31 one-month

(August) sensitivity experiments (ClimSST) using cli-

matological values for SSTs over a period of 31 years to

examine the sensitivity of surface air temperature to

SST. This value is robust, and it was estimated from

many experiments under various atmospheric and oce-

anic conditions within the actual range of interannual

variation in SST.

The results showed that the interannual variation in

surface air temperature over the Pacific coast was simu-

lated accurately in the CTL. The total interannual vari-

ance in surface air temperature over the Pacific coast in

CTL was larger than that in ClimSST. The percentage

variance in ClimSST to CTL was approximately 70%,

which indicates that 30% of the interannual variance in

surface air temperature was controlled by SST. If SST did

not vary interannually, the interannual standard de-

viation for surface air temperature during August over

the Kanto District would decrease from 0.88 to 0.73K.

Furthermore, it is noted that the long-term change in SST

over the Kuroshio contributed in part to that in surface

air temperature in the Pacific coastal region.

The impact of SST on surface air temperature can be

estimated as a 0.4-K increase in daily mean surface air

temperature over the Kanto region per 1-K increase in

SST south of the Pacific coast: that is, over the Kuroshio

region. Diurnal variation in the impact of SST was evi-

dent. The SST impact during nighttimewas considerably

greater than that during daytime, indicating that SST

exerts a marked effect on the minimum temperature in

summer through the following mechanism.

The increase in surface air temperature over the Pa-

cific coast induced by the increase in SST south of the

Kanto District may be explained by the increased

downward longwave radiation at the surface caused by

the increase in precipitable water. It should be noted

that the increase in air temperature by the advection

term at 950hPa was not highly correlated with the in-

crease in surface air temperature. This suggests that the

interannual variation in the horizontal temperature ad-

vection effect was not significant for the interannual

variation in surface air temperature over the Pacific

coastal region induced by SST warming over the up-

stream region of the low-level climatological southerly

in summer. In other words, the interannual variation in

surface air temperature can be affected by regional

warming from H2O greenhouse gas. This reasonably

explains the diurnal variation in the SST sensitivity of

surface air temperature.
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APPENDIX

Sensitivity of Surface Air Temperature over the
Kanto District to SST Only South of the Kanto

District

In this study, we showed the sensitivity of surface air

temperature over the Kanto District to interannual SST

variation over the whole calculation domain. This ap-

pendix estimates the quantitative sensitivity of the

interannual variation in surface air temperature over

the Kanto District to interannual SST variation in only

the region south of the Kanto District.

To understand the impact of SST over only REF

Kuroshio, we conducted a series of sensitivity experi-

ments: that is, four 1-month experiments for August

2009–12. The SST anomalies averaged over REF Kur-

oshio are 20.9, 11.0, 0.0, and 10.8 in 2009, 2010, 2011,

and 2012, respectively. Because of high computational
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cost, the experiments were less extensive than the main

experiments. The numerical design of these experiments

was the same as that of CTL, except that SST over the

whole domain outside of REF Kuroshio was replaced

by the climatology from 1982 to 2012. Thus, SST over

only REF Kuroshio varied interannually. These sen-

sitivity experiments are referred to as KuroshioSST.

Because the area of interannual SST variation in

KuroshioSST was much smaller than that in CTL, the

sensitivity in KuroshioSST may be much smaller than

that in CTL. Or the sensitivity in KuroshioSST may be

largely different from that in CTL if the SST over the

Sea of Japan or Pacific Ocean west of Japan has a

significant impact on surface air temperature over the

Kanto District.

The results showed that the sensitivity of surface air

temperature over the Kanto District was basically con-

tributed by the SST over the REF Kuroshio region. The

sign of the sensitivity between KuroshioSST and

ClimSSTwas similar to that between CTL andClimSST.

The magnitude of the sensitivity to SST over REF

Kuroshio in KuroshioSST was approximately 50% in

2010 and 40% in 2012 of that in CTL in years of positive

SST anomaly over REF Kuroshio, whereas it was ap-

proximately 30% in 2009 in a year of negative SST

anomaly over REF Kuroshio. This weaker sensitivity in

the year of negative SST anomaly can be explained by

differences in atmospheric circulation between positive

SST and negative SST years. In general, the negative SST

anomaly over the Kuroshio corresponded to cold years

over Japan that was caused by a weaker westward ex-

pansion of the subtropical high. Climatological south-

erlies along the periphery of the subtropical high

(Fig. 7) were weaker or sometimes became northerly.

Thus, interannual SST variation over the Pacific Ocean

west of Japan may be important for the interannual

variation in surface air temperature in cold years over

the Kanto district. In addition, the SST sensitivity

of surface air temperature over the Kanto district in

a normal SST year (2011) was very small in both

SSTKuroshio and CTL experiments.

This appendix indicates that the key region of oceanic

impact on the surface air temperature over the Kanto

District is mainly over REF Kuroshio.
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