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T2m timeseries: MRI-CGCM3 20C vs. 21C

MRI-CGCM3 exp =  rcp85  historical 

M. HAYASAKI

MRI-CGCM3: T2m (35.00N, 115.00E)

: 20C clim & SD
: 21C clim & SD
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: 2071-2072
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List of CMIP5 models (regrid 1.25 deg.): 
Select “high-resolution” seven models

ID model name
(reference)

Institution
(country)

Horizontal 
grids 

(atmos.)

vertical 
levels

(atmos.)

Horizontal 
grids 

(ocean)
C BCC-CSM 1.1 (M)

(xxxx)
BCC/CMA

(China)
320 x 160

(Txx)
Lxx, 

top=xx-hPa
360 x 232

E CCSM4
(Gent et al. 2011, JC)

NCAR
(USA)

288 x 200
(lon-lat grid)

L26, 
top=2.2-hPa

320 x 384

F CESM1-BGC
(xxxx)

NSF, DOE, NCAR
(USA)

288 x 200
(lon-lat grid)

L26,
top=2.2-hPa

320 x 384

H CMCC-CM
(xxxx)

CMCC
(Italy)

480 x 240
(T159)

L31, 
top=10-hPa

182 x 149

I CNRM-CM5
(Voldoire et al. 2013, CD)

CNRM
(France)

256 x 128
(TL127)

L31, 
top=10-hPa

362 x 292

S MIROC5
(Watanabe et al. 2010, JC)

AORI/NIES/JAMS
TEC

(Japan)

256 x 128
(T85)

L56, top=0.003-
hPa

256 x 224
L50

V MRI-CGCM3
(Yukimoto et al. 2011, MRI Tech. Rep.)

MRI
(Japan)

320 x 160
(TL159)

L48, 
top=0.01-hPa

364 x 368
L51
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Daily cooling intensity (DCI): 
10th percentile of daily mean T change;  DT2m (10%)

DT2m=T2m(t=0) – T2m(t = -1)

¤ Make monthly statistics of DCI 
(Oct – May) in the late 20C & 21C
¤ 20C (historical; 1971-2000) 
¤ 21C (RCP4.5 & 8.5; 2071-2100)

¤ DCI: 10th percentile of DT2m

¤ Use daily mean 2-meter Temp.  
(T2m) , day-to-day T2m changes sort 
upward (30-yr; N = approx. 900).

east China
�35N, 115E�

Fig. (upper) DT2m histogram. 
(left) Horizontal distribution of DCI.
dashed: accumulated freq. (right axis)
histogram (gray & red): rank freq. (left axis)

gray: 20C (1971-2000)
red: 21C (2071-2100)

20C

10%
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DDCI (21C - 20C): RCP4.5 & RCP8.5
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[DDCI] (E. China), RCP4.5 & RCP8.5:
Oct-May (7-model MMEM)

¤DCI 
amplification 
(DDCI < 0) is 
dominant in Feb, 
Mar

¤DDCI RCP8.5 < 
DDCI RCP4.5���������	�
��������

�
���
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p10; exp =  rcp45 rcp85 

M. HAYASAKI

∆CI (p10): RCP45, RCP85 (7-model)
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¤ =@5+<�3��(
6����0$�
¤ OJ (18.8%)

¤ PO-L (22.3%)

¤ PO-O (49.1%)

MAY 2004 1123Y O S H I D A A N D A S U M A

FIG. 2. Cyclone tracks of (a) OJ, (b) PO-L, and (c) PO-O cyclones.
Triangles show positions of formation, circles show positions of max-
imum deepening rate, and crosses show positions of minimum center
sea level pressure.

afterward. Five cold seasons from 1 October 1994 to
31 March 1999 are used in the present analysis.
The analyzed region was taken between 208 and 658N

in latitude and between 1008E and 1808 in longitude
(the area surrounded by a bold solid line in Fig. 1b). A
cyclone was defined at any grid point with sea level
pressure at least 1 hPa lower than the value at an ad-
jacent grid point. The cyclone deepening rate (Bergeron)
is calculated from the following definition for each cy-
clone:

Cyclone deepening rate
 p(t 2 6) 2 p(t 1 6) sin608 5 ,
 [ ]12 f(t 2 6) 1 f(t 1 6)
sin 2 

(1)

where t is analyzed time in hours, p is the sea level
pressure at the cyclone center, and f is the latitude at
the cyclone center. Although the definition of Bergeron
by Sanders and Gyakum (1980) used a 24-h pressure
change, a 12-h pressure change is used in this paper to
find an instance of most rapid deepening in a cyclone’s
life. An explosively developing cyclone was defined as
having a deepening rate of at least 1 Bergeron. Cyclones
that disappeared within 24 h after initial appearance
were excluded from the analysis.

3. Results

a. Statistical analysis

In total, 224 explosively developing cyclones were
analyzed. Figure 1 shows the locations of formation,
maximum deepening, and minimum center pressure. Al-
though they formed over land and ocean (Fig. 1a), the
maximum deepening almost always occurred over the
ocean at latitudes greater than 358N (Fig. 1b). The areas
of maximum deepening were classified into two regions.
One region was over the Sea of Japan and the Sea of
Okhotsk, which are near the Asian continent, and the
other was over the northwestern Pacific Ocean. Al-
though most cyclones that deepened maximally (devel-
oped) over the Sea of Japan and the Sea of Okhotsk
were formed on the Asian continent, those that devel-
oped over the Pacific Ocean were further classified into
two types: those formed over the continent and those
formed over the ocean. Therefore, three types of cy-
clones existed in total: those formed over land and de-
veloped over the Sea of Japan or the Sea of Okhotsk
(the Okhotsk–Japan Sea type, hereafter referred to as
OJ type); those formed over land and developed over
the Pacific Ocean (the Pacific Ocean–land type, referred
to as PO-L type); and those formed over the ocean and
developed over the Pacific Ocean (the Pacific Ocean–
ocean type, referred to as PO-O type). Cyclone tracks
from place of formation to that of minimum center pres-
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FIG. 2. Cyclone tracks of (a) OJ, (b) PO-L, and (c) PO-O cyclones.
Triangles show positions of formation, circles show positions of max-
imum deepening rate, and crosses show positions of minimum center
sea level pressure.

afterward. Five cold seasons from 1 October 1994 to
31 March 1999 are used in the present analysis.
The analyzed region was taken between 208 and 658N

in latitude and between 1008E and 1808 in longitude
(the area surrounded by a bold solid line in Fig. 1b). A
cyclone was defined at any grid point with sea level
pressure at least 1 hPa lower than the value at an ad-
jacent grid point. The cyclone deepening rate (Bergeron)
is calculated from the following definition for each cy-
clone:

Cyclone deepening rate
 p(t 2 6) 2 p(t 1 6) sin608 5 ,
 [ ]12 f(t 2 6) 1 f(t 1 6)
sin 2 

(1)

where t is analyzed time in hours, p is the sea level
pressure at the cyclone center, and f is the latitude at
the cyclone center. Although the definition of Bergeron
by Sanders and Gyakum (1980) used a 24-h pressure
change, a 12-h pressure change is used in this paper to
find an instance of most rapid deepening in a cyclone’s
life. An explosively developing cyclone was defined as
having a deepening rate of at least 1 Bergeron. Cyclones
that disappeared within 24 h after initial appearance
were excluded from the analysis.

3. Results

a. Statistical analysis

In total, 224 explosively developing cyclones were
analyzed. Figure 1 shows the locations of formation,
maximum deepening, and minimum center pressure. Al-
though they formed over land and ocean (Fig. 1a), the
maximum deepening almost always occurred over the
ocean at latitudes greater than 358N (Fig. 1b). The areas
of maximum deepening were classified into two regions.
One region was over the Sea of Japan and the Sea of
Okhotsk, which are near the Asian continent, and the
other was over the northwestern Pacific Ocean. Al-
though most cyclones that deepened maximally (devel-
oped) over the Sea of Japan and the Sea of Okhotsk
were formed on the Asian continent, those that devel-
oped over the Pacific Ocean were further classified into
two types: those formed over the continent and those
formed over the ocean. Therefore, three types of cy-
clones existed in total: those formed over land and de-
veloped over the Sea of Japan or the Sea of Okhotsk
(the Okhotsk–Japan Sea type, hereafter referred to as
OJ type); those formed over land and developed over
the Pacific Ocean (the Pacific Ocean–land type, referred
to as PO-L type); and those formed over the ocean and
developed over the Pacific Ocean (the Pacific Ocean–
ocean type, referred to as PO-O type). Cyclone tracks
from place of formation to that of minimum center pres-

Okhosk-Japan Sea (OJ)

Pacific Ocean-Land (PO-L)

Pacific Ocean-Ocean (PO-O)

Yoshida and Asuma (2004, MWR)
Anal. period = 1995 – 1999 (5 cold seasons; Oct – Mar), 
Use JMA GANAL
1.875 deg. (before Feb1996), 1.25 deg. (after Feb1996)  

N=42
18.8%

N=50
22.3%

N=110
49.1%

total = 224
(others = 22)
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Plot area = 20N - NP; Analysis period: Sep1980 - Aug2005 (25-yr)

Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

http://nsidc.org/data/ease/ease_grid.html

Track freq. (shade),
SST (line; OI SST)
JRA55
1981-2005
Feb

145 * 145 grids on the NH Azimuthal EASE grid (nominal cell size = 125 km)

Short-living cyclones ( < 1 day) are omitted

Brown: height above m.s.l. exceeds 1000 m

Search range: 4; pdiff = 0.5
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Lat/lon SLP data converted into the Equal-Area Scalable Earth (EASE) Grid
125 km resolution   ( see http://nsidc.org/data/ease/ease_grid.html )

Plot row and column number

black: row number

red: column number

EASE-grid,  145x145 equal-area (125 km interval)
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Lat/lon SLP data converted into the Equal-Area Scalable Earth (EASE) Grid
125 km resolution   ( see http://nsidc.org/data/ease/ease_grid.html )

Plot row and column number

black: row number

red: column number

EASE-grid,  145x145 equal-area (125 km interval)
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Lat/lon SLP data converted into the Equal-Area Scalable Earth (EASE) Grid
125 km resolution   ( see http://nsidc.org/data/ease/ease_grid.html )

Plot row and column number

black: row number

red: column number

EASE-grid,  145x145 equal-area (125 km interval)
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Track types of ‘bomb’ cyclones in Japan (30-50N, 130-150E):
Three reanalysis dataset (Oct-Mar 1981-2005)

¤ 56,$4�".����Yoshida and Asuma (2004 MWR) 
�
�3�2�3!
¤ OJ & PO-L� 2��PO-O�����YA2004 ����0�*)

¤ YA2004 ���'7 �(�����!�#��%$�&��
�
¤ �/1
��150E ���	���
!�#��������	���
%+
� PO-O�56,$4-&���"��

¤ ��#��7 � 29.8- (JRA55), 33.8- (ERA Interim), 30.8- (CFSR)

Reanal. OJ (%) PO-L (%) PO-O (%) other (%) total freq.
(count/year)

JRA55 21.4 24.7 51.7 2.1 29.8
ERA Interim 21.5 24.1 52.2 2.3 33.7
CFSR 21.2 27.2 49.2 2.5 30.9
YA2004 
(1995-1999)

18.8 22.3 49.1 9.8 44.8
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
CCSM4 (historical): track freq. (shade) & SST (line)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
bcc-csm1-1-m (historical): track freq. (shade) & SST (line)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
CNRM-CM5 (historical): track freq. (shade) & SST (line)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
MIROC5 (historical): track freq. (shade) & SST (line)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
MRI-CGCM3 (historical): track freq. (shade) & SST (line)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5
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Lat/lon SLP data were interpolated on the Equal Area Scalabel Earth (EASE) grid.

"ftp://ftp.cdc.noaa.gov/Datasets.other/map/storm/" made by M. C. Serreze

Analysis period: Sep1980 - Aug2005 (25-yr)

Period: 19810901 - 20050831 (w/o tropical cyclones)
JRA55: track freq. (shade) & SST (line; OI SST)

EASE grid = 145 * 145 grids on polar stereographic projection (125 km interval)

Short-living cyclones ( < 1 day) are omitted

Crossing_section = JAPAN

Search range: 4grid; pdiff = 0.5

M. HAYASAKI

1
2
0
˚E

1
5
0
˚E

30˚N

40˚N

50˚N

280 K

0.2

0.4

0.6

0.8

1.0

mon-1.

1
2
0
˚E

1
5
0
˚E

30˚N

40˚N

50˚N

(11.40 lows / month; 285 lows in total)

Feb

JRA55

Cyclone track frequency in Japan 
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"Bomb" freq.
Reanal (gray) vs. CMIP5 (color)
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FIG. 4. Monthly frequency of explosive cyclones: (a) all explosive cyclones, (b) OJ, (c) PO-L, and (d)
PO-O cyclones.

dicate that PO-O cyclones are the strongest of the three,
PO-L cyclones are next, and OJ cyclones are the weak-
est. Although the frequency of OJ cyclones peaked at
1.1–1.2 Bergeron, frequency decreased nearly mono-
tonically with intensity. PO-L and PO-O cyclones peak-
ed at 1.3–1.4 and 1.2–1.3 Bergeron, respectively, with
several cases stronger than 2.0 Bergeron. The strongest
deepening rate for the PO-O cyclones was about 3.0
Bergeron.
The distribution of monthly frequencies for the three

types of cyclones during the five cold seasons from
October 1994 to March 1999 are shown in Fig. 4. These
frequencies for each season are also listed in Table 2.
Figure 4a shows the total frequency of the explosively
developing cyclones. Although only a single peak, in
January, was evident for ‘‘total’’ frequency, monthly
frequency patterns were different among cyclone types
(Figs. 4b–d): OJ cyclones peaked in November (late
autumn), PO-L cyclones peaked in December (early
winter) and February (late winter), and PO-O cyclones
peaked in January (midwinter). Although there are var-
iations in occurrence in each season (Table 2), the above
mentioned seasonal appearance tendencies for the dif-
ferent types are identifiable. Chen et al. (1992) reported

that explosive cyclones frequently occurred in January
and March over the northwestern Pacific Ocean, while
Sanders and Gyakum (1980) reported only a peak in
January over the northwestern Atlantic Ocean. While
our target area is close to the analysis region of Chen
et al. (1992), differences in frequencies between the
types are evident.
In summary, explosively developing cyclones over

the northwestern Pacific region were classified into three
types by locations of formation and of maximum deep-
ening, revealing different characteristic deepening in-
tensities, with occurrence frequencies exhibiting distinct
seasonal variations.

b. Larger-scale environment

Schultz et al. (1998) suggested that the surface frontal
structure was changed by a larger-scale flow and af-
fected cyclone development. Wang and Rogers (2001)
reported that environmental baroclinicity affects the
geographical properties of the development of explosive
cyclones. They also suggested that cyclone structures
may change under the influence of atmospheric and geo-
graphical environments. To understand the influence of
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OJ (%) PO-L (%) PO-O (%) other 
(%)

total N
��������

MRI-CGCM3 28.4
(+5.5)

25.4
(-2.1)

37.9
(-5.3)

8.3 708
(-49; -6%)

MIROC5 36.3
(+12.7)

24.3
(-2.5)

33.2
(-12.1)

6.1 460
(-65; -12%)

CCSM4 26.7
(+3.0)

32.0
(+0.3)

34.0
(-3.7)

7.3 494
(-122; -20%)

CNRM-CM5 27.1
(+1.4)

32.9
(+1.5)

33.5
(-3.5)

6.6 502
(-96; -16%)

CMCC-CM 35.2
(+1.6)

30.1
(+2.4)

24.6
(-4.6)

7.1 707
(-159; -18%)

BCC-CSM1-1(M) 28.3
(+1.8)

23.8
(+0.9)

33.7
(-5.6)

14.2 668
(-118; -15%)

Future change of track types of ‘bomb’ cyclones in Japan (30-
50N, 130-150E) RCP8.5 (Oct-Mar 2076-2100)

¤ �	������
����-6% �
 -20%�����20C��	���

¤ 
���� PO-O ���� OJ ���
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