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Abstract

Northeasterly winds blowing from high latitudes of the North Pacific in boreal summer, including the Sea of
Okhotsk and the Bering Sea, are called the ““ Yamase” in Japanese. The Yamase brings unusually cold and cloudy
summers over northeastern Japan, in contrast to climatological southeasterly winds, having great impact on agri-
culture and life in the region. Therefore, future changes of the Yamase, which may be caused by global warming,
are a major concern.

This study is the first attempt to investigate future changes of Yamase frequency, which are defined using 10-
day mean surface winds, by analyzing eighteen coupled atmosphere-ocean general circulation model (AOGCM)
experiments for May to August in the CMIP3 archives. We first assess present-day climate experiments (1981—
2000, 20C3M) and then examine the changes in future climate (2081-2100, SRES A1B scenario). In the present-
day climate, an eighteen multi-model ensemble (MMEI8) mean modestly reproduces seasonal variation of the
Yamase frequency, although each model generally underestimates the Yamase frequency compared to the reanal-
ysis data and large differences are seen among the models. In the future climate, most models project increases of
the Yamase frequency in August in contrast to decreases of the frequency in May, whereas projected frequency
changes in June, July and May to August (MJJA) are inconsistent among the MMEIS. Inter-model comparison
suggests that weakening of mean tropical circulation, including the Walker circulation, may contribute to the
increased Yamase frequency in August. A projection employing only nine of the models with higher skill
(MMEDYhi), based on a defined metric, is also tried. Negative anomalies in June over the Sea of Okhotsk and east-
ern Siberia in the mean sea level pressure field are contrasted with positive anomalies in July, which are unclear in
the MMEI8 projections. In August, almost all the MME9hi project increase of the Yamase frequency, consistent
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with the MMEI8 projections.

1. Introduction

Northeasterly winds blowing from high latitudes
of the North Pacific in boreal summer are called
the “Yamase” in Japanese. The Yamase brings un-
usually cold and cloudy summers to northeastern
Japan, in contrast to climatological southeasterly
winds (Ninomiya and Mizuno 1985), having great
impact on agriculture and life in the region. There-
fore, future changes of the Yamase, which may be
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caused by global warming, are a major concern
across the region.

The origin of the Yamase is the cold polar mari-
time air mass formed over the high latitudes of
North Pacific, including the Sea of Okhotsk and
the Bering Sea (Ninomiya and Mizuno 1985; Ko-
dama 1997). In boreal summer, the Yamase some-
times blows toward northeastern Japan, typically
under a surface pressure pattern in which an anti-
cyclone, called the Okhotsk high, stagnates around
the Sea of Okhotsk, and a front and/or a cyclone
stay over southern coast of Japan or the ocean east
of Japan (Ninomiya and Mizuno 1985; Kanno
1997), as shown in Fig. la. This anomalous pres-
sure pattern is often accompanied by a blocking
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Fig. 1.
2008. (a) The surface weather chart for
00UTC (09JST) on 22 June 2008 produced
by Japan Meteorological Agency. (b) The
MTSAT visible image at 03UTC (12JST)
on 22 June 2008.

A typical Yamase event on 22 June

flow in the upper troposphere and sometimes per-
sists for a week or more (Nakamura and Fukama-
chi 2004). Air masses transported southward by the
Yamase become wet and are usually accompanied
by marine boundary layer clouds owing to an
abundant supply of moisture from the ocean as the
air mass approaches Japan (Kodama 1997; Fig 1b).
Thus, continuous Yamase occurrences bring anom-
alously cold and cloudy summers over northeastern
Japan. In interannual time scales, the anomalous
large-scale circulation providing background for
frequent Yamase occurrence is formed not only by
extra-tropical factors such as eastward propagation
of a stationary Rossby wave along the polar frontal
jet (Nakamura and Fukamachi 2004; Tachibana
et al. 2004; Wakabayashi and Kawamura 2004)
but also by tropical factors such as El Nino/
Southern oscillation (ENSO) with both simultane-

Vol. 90A

ous and lagged effects (Wang et al. 2001; Kanno
2004; Tachibana et al. 2004; Yasunaka and Ha-
nawa 2006).

For predicting climate changes caused by anthro-
pogenic forcing, multi-model ensemble (MME)
methods utilizing coupled atmosphere-ocean gen-
eral circulation model (AOGCM) outputs have
been widely applied because the MME method is
effective for improving the projection due to reduc-
tion of biases and uncertainties of individual mod-
els (Giorgi and Mearns 2002; Min et al. 2004) and
for estimation of the robustness of the projected
changes (Kitoh and Uchiyama 2006; Inoue and
Ueda 2011). For the East Asian summer, several
studies have projected future changes by the
anthropogenic forcing based on the MME. Min
et al. (2004) applied weighted MME averages based
on each model’s skill to simulate present climate to
Phase 2 of the Coupled Model Intercomparison
Project (CMIP2) models, and obtained increased
precipitation and raised temperature over East
Asia in the future climate. Kimoto (2005) revealed
increased Meiyu-Changma-Baiu activity associated
with the strengthening of anticyclonic cells to the
south and north of East Asia, based on a simple
MME average of multiple AOGCM experiments
in the CMIP3 datasets. Kitoh and Uchiyama
(2006) found a delay in the early summer rain with-
drawal over the region extending from Taiwan to
the Ryukyu Islands to the south of Japan, through
the weighted MME average of multiple AOGCM
simulations in the CMIP3 archives.

In addition to the AOGCMs, high-resolution at-
mospheric general circulation models (AGCM) and
regional climate models (RCM) have been em-
ployed for use in the climate change study in order
to derive information about extreme phenomena
and regionally localized phenomena. Kusunoki
et al. (2006) and Kusunoki and Mizuta (2008) in-
vestigated future changes in the Baiu rain band
based on 20-km mesh AGCM experiments, and de-
rived results consistent with the above findings.
Endo (2008) investigated a 20-km mesh RCM sim-
ulation for Japan (Kurihara et al. 2005), nested by
MRI-CGCM2 under the SRES A2 scenario, focus-
ing on the Yamase phenomenon. He found that
Yamase-type low temperature events, defined by
an cast-west surface temperature difference over
the northern Tohoku district, increase from late
July to early August in the future climate.

These previous studies hint that the Yamase
might be influenced by global warming, however,
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the Yamase has not yet been directly investigated in
the AOGCM simulations. Therefore, in this study,
we first assess the Yamase in present-day climate
experiments, and then examine its changes in future
climate experiments based on the MME in the
CMIP3 model outputs, and then discuss factors af-
fecting the projected changes.

2. Data and definition of Yamase

We analyze daily outputs for the present-day
(1981-2000) under the 20C3M simulation and for
the end of the twenty-first century (2081-2100)
under the SRES AIB scenario simulation in the
CMIP3 dataset. We select the models that have
daily surface wind and sea level pressure data
archives for those periods. The following eigh-
teen AOGCMs are included in the analysis:
CGCM3.1(T47), CGCM3.1(T63), CNRM-CM3,
CSIRO-MK3.0, CSIRO-MK3.5, GFDL-CM2.0,
GFDL-CM2.1, GISS-AOM, GISS-ER, FGOALS-
g1.0, INM-CM3.0, MIROC3.2(hires), MIROC3.2-
(medres), ECHAMS/MPI-OM, MRI-CGCM2.3.2,
INGV-ECHAM4, IPSL-CM4 and ECHO-G. Only
one member (the first member) of each model is
used, even for models with multi-member data
available. The daily data are first interpolated into
common 2.5° latitude by 2.5° longitude horizontal
grids, and then temporally averaged. Three models
#16, #17 and #18 (ID numbers shown in Table 1)
use a 360 day annual calendar, and therefore we as-
sume the three models have 30 days in each month.
For evaluation of the model outputs, JRA-25 re-
analysis data (Onogi et al. 2007) is used. The analy-
sis is carried out for May to August, which corre-
sponds to typical Yamase season (Kanno 1993;
Takai et al. 2006).

In this study, the Yamase is defined as a north-
easterly wind blowing over the area east of north-
eastern Japan, based on surface wind data averaged
over 10-day or 11-day segments (i.c., averaged over
the 1st to 10th, 11th to 20th, and 21st to 30th (or
31st) of each month). The daily data are first tem-
porally averaged over the 10-day or 1l-day seg-
ments in the 20 years (1981-2000 and 2081-2100)
and then spatially averaged over 40°N-45°N and
142.5°E—155°E. Then, using the area-averaged
value, the frequency of northeasterly wind events
(i.e. zonal wind component is easterly and meri-
dional wind component is northerly) is counted.
The 10-day mean surface wind data are used in
order to exclude northeasterly wind events accom-
panying fast-passing synoptic disturbances and to
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focus on the Yamase events caused by the Okhotsk
high. The Okhotsk high has longer time scales
than the synoptic disturbances because it is devel-
oped by a quasi-stationary blocking ridge in the
upper troposphere (Nakamura and Fukamachi
2004).

3. Present-day climate simulation

Before the Yamase simulated in the models is as-
sessed, the model performances in reproducing the
climatological mean sea level pressure (MSLP) pat-
terns of the present-day climate are first evaluated.
Figure 2a shows MSLP for the JRA-25 and the
eighteen multi-model ensemble (MMEIS) mean
and the bias of the MMEI18 mean over the north-
western Pacific from May to August. The MMEI18
mean realistically simulates the Pacific high and its
seasonal evolution on a broad scale: that is, a high
pressure cell prevails over the Pacific, and its ridge
axis gradually migrates northward from May to
August. However, the MME18 mean shows a sys-
tematic bias toward a strong Pacific high and a
weak Okhotsk high, which cause a bias toward
southwesterly winds around Japan. It is also noted
that the MME18 mean does not show the relatively
low pressure zone over southern Japan seen in the
JRA-25 in June and July, which would indicate a
weaker Baiu rain band.

In order to objectively quantify each model’s per-
formance in reproducing the MSLP pattern, we in-
troduced the skill score (SS) proposed by Taylor
(2001), which has been widely employed to evaluate
the performance of climate model. The skill score
S is defined as follows:

S 4(1 + R)2 ' 0

(SDR+ 1/SDR)“(1 + Ry)

Where R is the spatial correlation coefficient be-
tween observation and simulation, SDR is the spa-
tial standard deviation of the simulation divided by
that of the observation, and Rj is the maximum
correlation attainable. Here we assumed Ry = 1.
SS evaluates both the spatial correlation coefficient
and the spatial standard deviation. The SS ap-
proaches 1.0 in a perfect simulation. SSs of the
MSLP (SS_MSLP) over the northwestern Pacific
(120°E—-170°E, 25°N-60°N) are calculated for
each model (Table 1).

Figure 2¢ shows the MSLP for JRA-25 and
the respective models in June, when the Yamase
blows the most frequently (as shown in the next
paragraph). The statistics used in the right side of
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Fig. 2. (a) Climatological mean sea level pressure in JRA-25 (thin contours) and the MMEI8 mean (thick
contours) and bias of the MMEIS (shading) from May to August in the present-day climate (1981-2000).
Negative biases are hatched. (b) same as (a) except for MMEO9hi. (c) Climatological mean sea level pressure
for JRA-25 and all models in June in the present climate. The contour interval is 2 hPa.
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Table 1.
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Yamase frequency (per 20 years), skill scores for the spatial pattern of the mean sea level pressure

(SS_MSLP) over the northwestern Pacific (25°-60°N, 120°~170°E), defined by Eq. (1), and the SS metric defined
in this study for the 18 models. The Yamase frequency for JRA-25, MMEI18 average and MME%hi average are
shown in the lower column. The SS_MSLP are validated against the JRA-25. Notice that the Yamase frequencies
are counted from 60 segments (3 segments x 20 years) in each month in the present climate (1981-2000). See text for
definition of the Yamase frequency and the metric. Asterisks (*) and sharps (#) on the left side of the table indicate
the 9 higher skill models (MMEO9hi) and the 14 models (MME14) with a negative sign of AEQ-SOI, respectively.

Yamase frequency (per 20 years) MSLP skill score Metric
ID Model May  Jun Jul Aug MIJJA  May Jun Jul Aug JJ
1 CGCM3.1(T47) 2 3 5 4 14 0.753 0.743 0.832 0.783 —1.305
#2 CGCM3.1(T63) 2 0 1 0 3 0.709  0.678 0.785 0.720 —2.272
*#3 CNRM-CM3 8 9 8 10 35 0951 0926 0.943 0.832 0.536
*#4 CSIRO-MK3.0 5 13 8 12 38 0977 0982 0.957 0.865 1.159
*#S CSIRO-MK3.5 3 15 11 10 39 0.896 0985 0.942 0.827 1.573
*#6 GFDL-CM2.0 6 10 7 4 27 0.908 0973 0.983  0.883 0.861
*#7 GFDL-CM2.1 3 6 7 7 23 0.958 0.928 0.986 0.923 0.293
*#8 GISS-AOM 1 7 8 5 21 0.804 0951 0.968  0.945 0.478
*9 GISS-ER 11 20 4 4 39 0.777  0.855 0957 0.888 0.232
#10 FGOALS-gl.0 3 4 18 11 36 0.786  0.801 0911 0.773  —0.672
11 INM-CM3.0 4 11 3 5 23 0.837 0.898 0.902 0.852 0.020
#12  MIROC3.2(hires) 5 8 5 4 22 0.785 0.789  0.813  0.690 —0.691
#13  MIROC3.2(medres) 6 8 2 0 16 0.787 0.731  0.799 0.602 —1.209
#14 ECHAMS5/MPI-OM 6 7 4 2 19 0.959 0901 0.943 0918 —0.052
*#15  MRI-CGCM2.3.2 6 14 18 19 57 0984 0.959 0.893  0.692 0.698
16 INGV-ECHAM4 2 4 6 9 21 0.882 0933 0.969 0909 —0.031
*#17  IPSL-CM4 10 14 19 15 58 0.692 0950 0919 0.887 0.635
#18 ECHO-G 6 5 7 10 28 0.899 0.899 0.887 0.865 —0.253
MMEIS8 4.9 8.8 7.8 7.3 28.8
MMEO9hi 59 120 100 9.6 37.4
JRA-25 7 16 12 8 43

Eq. (1) are shown at the bottom of each panel in
Fig. 2c. In the JRA-25, the Pacific high prevails
over the subtropical Pacific and the high pressure
area extends into the Sea of Okhotsk, which corre-
sponds to the Okhotsk high. In the model results,
on the other hand, the Okhotsk high tends to be
weak and the Pacific high tends to be strong, as in-
dicated by large spatial standard deviations of the
MSLP. In fact, 15 out of the 18 models show SDR
values lager than 1.0 in June. In particular, models
#1, #2, #10, #12, and #13 have a large SDR
of more than 1.5 because they simulate a weak
Okhotsk high and a strong Pacific high, resulting
in anomalous southwesterly winds around Japan.
These models with larger SDR also have lower
SSs (Table 1). Of the 18 models, 14 models in
May, 14 in July and 17 in August show a positive
bias in the SDR. In addition, it is noted that the
models tend to reproduce the Okhotsk high over
the northern part of the Sea of Okhotsk, whereas

the observation shows it over the central Sea of
Okhotsk.

We next assess the Yamase frequency reproduced
by the models. Table 1 summarizes the frequency
in each model and in JRA-25 for May to August.
In JRA-25, the Yamase blows most frequently in
June. The winds occurred 16 times in the 20 years
for 1981 to 2000 in June, corresponding to a 27%
occurrence ratio (= 16 occurrences/(3 segments x
20 years)), 12 times in July, 8 times in August, and
7 times in May. The MME18 mean reproduces this
seasonal variation, although its amplitude is less
than that in the observed data. Comparing the fre-
quencies between JRA-25 and each model, most
models underestimate the Yamase frequency, espe-
cially in June and July, and there are large differ-
ences among the models. Only model #9 over-
estimates the frequency in June; models #10, #15
and #17 overestimate it in July; and models #15
and #17 overestimate the total frequency from



128 Journal of the Meteorological Society of Japan

7
JRA
6 —+—MME18
A —&~ MMEShi

[$)]

w

N

Yamase frequency (/20years)
S

—_

0
- H H ~ =2 H ~ =82 H - =2 H
T 3 3 555333 % %%
=== 55 57277211
Fig. 3. Seasonal variation of the climatolog-

ical mean Yamase frequency (per 20 years)
for JRA-25 (gray), the MMEI8 mean
(black), and the MME9hi mean (dashed
black) by 10-day segments. The Yamase
frequency is obtained in the present climate
(1981-2000). Key: I=1st to 10th, II =
11th to 20th, and III = 2Ist to 30th (or

May to August (MJJA). Moderate inter-model cor-
relations are seen between the error of the Yamase
frequency and the SS_MSLP over the northwestern
Pacific, with correlation coefficients of —0.49,
—0.65, —0.63 and —0.59 for May, June, July, and
August, respectively.

Figure 3 shows the climatological seasonal varia-
tion in the Yamase frequency by 10- (or 11-) day
segments. Similar to the JRA-25, the MMEI18
mean frequency increases in June and July, peaking
in late June. According to Kanno (1993), who de-
fined “Yamase days” based on daily surface wind
and temperature observed at Hachinohe station,
on the Pacific side of northern Japan, the occur-
rence ratio of the Yamase is more than 30% from
late June to mid July, and the Yamase is most fre-
quent (37%) in late June. Compared to their result,
the seasonal evolution in the Yamase occurrence
defined in this study is similar to theirs, although
the occurrence is slightly less.

4. Future changes

4.1 Multi-model ensemble of eighteen models
Figure 4a shows future changes of the MSLP
(AMSLP) in MMEI18 in the future climate (2081—
2100), compared with the present-day climate
(1981-2000), for May to August. In order to dis-
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play the robustness of the projection, the number
of models showing a positive change is indicated
by the color scale, in which ‘18’ means that all
models project a positive AMSLP, and ‘0’ means
that all models project a negative AMSLP. In Fig.
4a, most models show negative anomalies over
high latitudes in May and positive anomalies over
the tropical western Pacific from July to August.
In addition, negative anomalies prevail over mid-
latitudes (30°N—-40°N) of the Pacific from June to
August, and a north-south dipole pattern prevails
over the Pacific in August; most of these anoma-
lies, however, are not very consistent among the
models. Robust future change is not projected
around the Sea of Okhotsk in June and July, when
the quasi-stationary anticyclone (Okhotsk high)
sometimes appears over that region, continuously
causing the Yamase over northeastern Japan in the
observation.

Figure 5 shows future changes in the Yamase fre-
quency by comparing the future climate (2081-
2100) under the SRES A1B with the present-day
climate (1981-2000) under the 20C3M. Although
there are large differences among the models, most
models project increased Yamase frequency in Au-
gust in contrast to decreased Yamase frequency in
May. On the contrary, the projected changes in the
Yamase frequency in June, July and MJJA are in-
consistent among the models. These future changes
of the Yamase frequency are generally consistent
with wind changes inferred from the projected
MSLP changes shown in Fig. 4a.

We explore tropical factors affecting the pro-
jected changes of the Yamase frequency by multi-
model inter-comparison. According to IPCC
(2007), multi-AOGCM averages project a weak
shift towards conditions which are described as “El
Nino-like”, with sea surface temperatures in the
central and eastern equatorial Pacific warming
more than those in the western Pacific, with an
eastward shift in the distribution of precipitation
and with weakened tropical circulation. This El
Nino-like mean state change is considered to be at-
tributed to the general reduction in tropical circula-
tions resulting from the increased dry static stability
in the tropics (Knutson and Manabe 1995). Kitoh
and Uchiyama (2006) and Kusunoki et al. (2006)
suggest that the El Nino-like change prolongs the
Baiu season due to increased moisture flux from a
strengthened subtropical high in the tropical west-
ern Pacific. We investigate possible effects of such
tropical change on the projected changes of the
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Fig. 4. Future changes of the mean sea level pressure (hPa) in (a) MMEI18, (b) MME14 and (c) MMEY%hi for

May to August in the future climate (2081-2100) of the SRES A1B experiments compared with the pres-
ent-day climate (1981-2000) of the 20C3M experiments. Contours show the changes in the MME mean;
the contour interval is 0.5 hPa. Shading shows the number of models with a positive change. Red (yellow)
shading indicates that the fraction of the models projecting a positive change is approximately 90% (80%)
or higher. Dense blue (light blue) shading indicates that fraction of the models projecting a negative change

is approximately 90% (80%) or higher.

Yamase occurrence, employing an equatorial SLP
index, as defined by Vecchi et al. (2006), to roughly
assess change of the Walker circulation. This index
denoted as EQ-SOI is defined as the difference in
the MSLP between the eastern Pacific (5°S—5°N,
160°W—-80°W) and the Indo-West Pacific (5°S—
5°N, 80°E-160°E). AEQ-SOI denotes future

changes in the index. Figure 4b is the same as
Fig. 4a except it shows composite maps of only the
14 models (MME14) with a negative AEQ-SOI for
the June—August mean (JJA). In MME14, negative
anomalies are dominant over the mid-latitudes of
the Pacific and positive anomalies are dominant
over the tropical western Pacific from June to Au-
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Fig. 5.

Future changes in the Yamase frequency per 20 years in the future climate (2081-2100) of the SRES

A1B experiments compared with the present-day climate (1981-2000) of the 20C3M experiments for May
to August. The bars show the change in the frequency in each month. The black diamonds show the accu-
mulated change from May to August. Numbers in the horizontal axis indicate model IDs shown in Table 1.
The numbers of the models belonging to the MMEYhi are circled.

gust; these anomalies are clearer than those in
MMEI1S. In addition, the north-south dipole anom-
aly over mid-latitudes of the Pacific in August is
clearer, and more than 90% of the models in
MME14 project negative anomalies over the ocean
east of Japan.

Models with a negative AEQ-SOI in JJA tend to
project increased Yamase frequency (Fig. 6a). The
inter-model correlation coefficient between AEQ-
SOI and the projected change in the Yamase fre-
quency is —0.58 for August, but it is low for other
months (0.11 in May, 0.22 in June and —0.18 in
July). The scatter plot of AEQ-SOI in JJA and
AMSLP over the Sea of Okhotsk (140°E-170°E,
45°N-60°N; AMSLP_OH) in August (Fig. 6b) and
the AEQ-SOI and AMSLP over the area east of
Japan (140°E-170°E, 30°N-40°N; AMSLP_EJ) in
August (Fig. 6¢) shows that models projecting in-
creased Yamase (filled circles) tend to have a nega-
tive AMSLP_EJ and a positive AMSLP_OH. The
negative AMSLP_EJ is strongly related to a nega-
tive AEQ-SOI: the inter-model correlation coeffi-
cient between them is 0.74 (Fig. 6¢). On the other
hand, positive AMSLP_OH cannot be explained

by this straightforward linear relationship with the
AEQ-SOI (Fig. 6b).

4.2 Multi-model ensemble of nine models
with higher skill

The CMIP3 models clearly underestimate the
Yamase frequency in June and July compared to
the reanalysis. Associated with this systematic bias,
the models tend to underestimate the Okhotsk high
in the MSLP field (Fig. 2a). These biases suggest
that current climate models do not have enough
skill to represent the Okhotsk high, which may
lead to large uncertainty in the projected change in
the Yamase frequency in June and July.

We therefore attempt to select models based on
their skill in reproducing both the Yamase fre-
quency and the MSLP pattern in the present cli-
mate. The defined metric is the average of the skills
for the Yamase frequency and the MSLP pattern
in June and July. The skill for the Yamase is cal-
culated as follows. First, the monthly errors of
the Yamase frequency, referenced to JRA-25, are
summed as the root-mean-square error (RMSE) in
June and July, and then the value is normalized
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Fig. 6. Scatter plots of (a) future changes in

the Yamase frequency in August, (b) future
changes in the mean sea level pressure
(hPa) over the Sea of Okhotsk (140°—
170°E, 45°-60°N; MSLP_OH) in August
and (c) over the area east of Japan (140°—
170°E, 30°-40°N; MSLP_EJ) in August
versus changes of the EQ-SOI in JJA
mean for the all 18 models. Data for mod-
els belonging to the MMEO9hi are shown by
as X marks. In (b) and (c), data of models
projecting an increased Yamase frequency
in August are plotted with filled circles.
EQ-SOI is defined as the sea level pressure
difference (hPa) between the eastern Pacific
(5°S—-5°N, 160°-80°W) and the Indo-West
Pacific (5°S—5°N, 80°~160°E).

and the sign is adjusted so as to have a positive
value for a better model. Skill scores of the MSLP
are calculated similarly; the monthly SS_MSLP,
listed in Table 1, are averaged in June and July,
and then the value is normalized and the sign is ad-
justed. The calculated metrics are listed in the right-
hand column of Table 1. Using this metric, we se-
lect nine high-skill models (MME9hi), that is, half
of all of the models.

The MMEY%hi improves the weaker bias of the
Okhotsk high in the MMEIS8 (Fig. 2b) and repro-
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duces more frequent Yamase and a more realistic
seasonal variation of the Yamase frequency than
the MMEILS, although the MMEOYhi mean slightly
overestimates the frequency in August (Table 1
and Fig. 3).

Although changes of the Yamase frequency are
inconsistent even among the MMEDOhi in June and
July (Fig. 5), negative anomalies in June over the
Sea of Okhotsk and eastern Siberia in the MSLP
are contrasted with positive anomalies in July
(Fig. 4c), which are unclear in both the MMEIS
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and MME14 projections. In August, almost all the
MMEDO9hi project weakening of the Pacific high over
the ocean east of Japan and an increase of the
Yamase frequency (Figs. 4c, 5 and 6), consistent
with the MMEI1S8 projections. Positive MSLP
anomalies prevail over the tropical western Pacific
from May to August (Fig. 4c). These consistent
changes over the tropics and mid-latitudes among
the MMEY%hi may be partly due to consistent signs
of the AEQ-SOI: namely, eight models out of
MMEDY%hi project a negative AEQ-SOI (Table 1).

Kusunoki et al. (2006) showed future changes of
the MSLP over the northwestern Pacific as well as
the Baiu rainfall in June and July by performing ex-
periments using a 20-km mesh AGCM that success-
fully reproduced the present climate. The future
changes of the MSLP over the Sea of Okhotsk are
positive anomaly in July in contrast to negative
anomaly in June, although the changes are not sta-
tistically significant, which is consistent with this
study’s MMEYNhi result.

5. Discussion

Weakening of the Walker circulation (i.e., nega-
tive AEQ-SOI) is closely related to the weakened
Pacific high over the ocean east of Japan and the
Yamase increase in August (Fig. 6). Here we show
the observed inter-annual relationships between the
EQ-SOI and large-scale circulation anomalies in
Fig. 7, which are calculated from de-trended
monthly data for the period from 1958 to 2007 us-
ing NCEP/NCAR reanalysis (Kalnay et al. 1996).
For comparison with Fig. 4, the signs of the regres-
sion coefficient in Fig. 7 are reversed. In the ob-
served inter-annual variability, negative EQ-SOI is
related to a weakened Pacific high over the Pacific
and a strengthened and southward-shifted subtropi-
cal jet in late boreal summer. This MSLP anomaly
pattern is generally similar with the projected
changes in late boreal summer (Fig. 4), that is, neg-
ative anomalies prevail over the mid-latitude of the
Pacific in July and August, with positive anomalies
to the north in August. These similarities support a
possible connection between the weakening of the
Walker circulation and the weakened Pacific high.
Tanaka et al. (2005) and Ueda et al. (2006) re-
vealed that many CMIP3 models project weaken-
ing of the Asian summer monsoon circulation, as
well as weakening of Walker and Hadley circula-
tion. The weakening of the Asian monsoon circula-
tion may also contribute to the robust weakening of

Vol. 90A

the Pacific high over the ocean just east of Japan in
August (Fig. 4). Kosaka and Nakamura (2011) sug-
gest that projected changes of large-scale circula-
tions are similar to the Pacific-Japan pattern (Nitta
1987) through investigation of the CMIP3 multi-
models.

Even though many models project increase of
the Yamase in August, future strengthening of the
Okhotsk high in the MSLP in August seems not to
be significant (Fig. 4). We think that the projected
weakened Pacific high makes a certain contribution
to the increased Yamase in the model results.
Kanno (2004) and Yasunaka and Hanawa (20006)
showed a north-south surface pressure gradient
over northeastern Japan is strongly related to the
Yamase and resultant Yamase-type anomaly distri-
bution in terms of temperature and sunshine dura-
tion. Tachibana et al (2004) indicated that both the
development of the ridge over eastern Siberia and
the weakness of the Pacific high over the ocean
east of northern Japan influence the development
of the Okhotsk high from investigation of the ob-
served inter-annual variability. It is also another
possibility that the blocking activity over eastern
Siberia may increase in the future climate, as sug-
gested by Arai and Kimoto (2008). If so, this leads
to enhancement of the Okhotsk high, increasing the
Yamase frequency even though the MSLP change
is unclear.

We should discuss not only tropical factors but
also extra-tropical factors on the projected change
of the Yamase frequency. In May, most models
project decrease of the Yamase frequency and neg-
ative anomalies over high latitudes in the MSLP.
Figure 8 shows the MSLP anomaly in January
through May. The negative anomalies over the
high latitudes in May begin from the boreal winter,
and this anomaly pattern is similar to the positive
phase of the Northern Annular Mode (NAM) or
the Arctic Oscillation (AO), which are known to
be response of the climate system to global warm-
ing (e.g., Miller et al. 2006). The negative anoma-
lies persist until early boreal summer over the area
north of Japan, strengthening westerly winds and
probably attributing to the projected decrease of
the Yamase frequency in May.

Land surface warming has been considered to
be an important factor for enhancement of the
Okhotsk high in the climate change caused by
global warming as well as in the inter-annual vari-
ability (Kimoto 2005; Arai and Kimoto 2005,
2008). Kimoto (2005) demonstrates that Eurasian
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Observed monthly (a) sea level pressure and (b) 200 hPa zonal wind regressed on the EQ-SOI, based
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versed. Shading indicates that the correlation coefficient is significant at the 5% level. The contour intervals
are (a) 0.5 hPa and (b) 2 m/s, respectively. The sea level pressure field and the EQ-SOI are de-trended for

the analyzed period.

continental surface warming contributes to the
strengthening of an anticyclone over high latitudes
of the Pacific, through an AGCM experiment. We
briefly examine inter-model relationships between
land surface warming over Siberia and enhance-
ment of the Okhotsk high by a simple method,
based on MMEI18. Correlation coefficients between
surface air temperature changes over the land of
Siberia (60°—180°E, 40°-70°N; ASATMP_SB)
in JJA and AMSLP_OH in each month based
on MMEIS§ are 0.15, 0.11, —0.44, 0.32, and 0.06
for May, June, July, August, JJA, respectively.
In the case of the lagged relationship between
ASTAMP_SB in March through May (MAM)

mean and AMSLP_OH in each month, the correla-
tion coefficients are 0.06, 0.03, —0.35, 0.55, and
0.19 for May, June, July, August, JJA, respectively.
Only the relationship between ASATMP_SB in
MAM and AMSLP_OH in August shows a statisti-
cally significant at the 5% level. As for an investiga-
tion based on MMED9hi, no coefficients reach to the
significance level. Further elaborate investigation is
needed to clarify the continental warming on the
Okhotsk high and the Yamase.

The changes of the MSLP projected by the
MMEDYhi show negative anomalies in June in con-
trast to positive anomalies in July over the Sea of
Okhotsk and eastern Siberia in the MSLP field,
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Fig. 8.
May.

which are unclear for the MMEI18 and MME14
(Fig. 4). These anomalies appearing near the Sea
of Okhotsk only in the MMEO9hi are worth noting,
because the metric to select the MMEO9hi reflects
model performance of reproducing the Okhotsk
high to some degree. Further studies are necessary
for understanding these interesting changes. It is
generally pointed out that the Okhotsk high de-
velops associated with a blocking anticyclone in
the upper troposphere (Nakamura and Fukamachi
2004). Tachibana et al. (2004) discusses that the
development of the Okhotsk high restricted in the
lower troposphere may be influenced by air-sea
interaction through occurrence of low-level clouds
and marine fog. We should further assess the
Okhotsk high reproduced in the climate models
with focus on such phenomena.

6. Summary

This study investigates future changes in the fre-
quency of the Yamase occurrences by analyzing 18
AOGCM experiments in CMIP3 archives for May
to August. In the present-day climate, the MME18
mean modestly reproduces seasonal variation of the
Yamase frequency, although each model generally
underestimates the Yamase frequency compared to
the reanalysis data and large differences are seen
among the models. The models show a systematic
bias toward a strong Pacific high and a weak
Okhotsk high.

In the future climate, most models project in-
creases of the Yamase frequency in August in con-
trast to decreases of the frequency in May, whereas
projected frequency changes in June, July and

14-15

16-18

Same as Fig. 4a except for over high latitudes in the northern hemisphere in January, March and

MIJJA are inconsistent among the MMEI1S. Inter-
model comparison suggests that weakening of mean
tropical circulation, including the Walker circula-
tion, may contribute to the increased Yamase fre-
quency in August. A projection employing only
nine of the models with higher skill (MMEO9hi),
based on a defined metric, is also tried. Although
changes of the Yamase frequency are inconsistent
even among the MMEDYhi in June and July, nega-
tive anomalies in June over the Sea of Okhotsk
and eastern Siberia in the MSLP are contrasted
with positive anomalies in July, which are unclear
in the MMEIS8 projections. In August, almost all
the MMEDOhi project increase of the Yamase fre-
quency, consistent with the MMEI8 projections.

Our study shows that the Yamase occurrences
will increase in August in the future climate. This
change corresponds to a delay of the Yamase sea-
son, because in the present climate the Yamase
blow most frequently in June and July. Kitoh and
Uchiyama (2006) indicated a delay in the Baiu rain
withdrawal by an analysis using fifteen CMIP3
model simulations (almost the same dataset ana-
lyzed in this study). Thus, the CMIP3 models pro-
ject that not only the Baiu season observed over
southern Japan but also the Yamase season ob-
served over northeastern Japan will be delayed in
the future climate. Anomalous weather associated
with the Yamase for late July to mid August, corre-
sponding to the high summer season over northern
Japan, has particularly large impact on agriculture
and society, therefore the delay of the seasonal
march projected by the CMIP3 models is note-
worthy.
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