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Synopsis

Under the climate change, it is important to clarify the future change in the nature
of cumulonimbus cloud which leads to occur severe disasters such as flash flood.
Theoretically, the capacity of the atmosphere to hold water and therefore rain intensity
are governed by the Clausius-Clapeyron equation. However, in previous researches,
observations and simulations show larger rate than its expectation. In this study, we
figure out the future changes in rain intensity of cumulonimbus cloud using pseudo
global warming experiments in order to analyze the mechanism of those changes from
the view point of dynamic and thermodynamic. Finally we analyze the correspondence
between rain intensity and atmospheric instability indices.
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Fig. 1 An example of guerrilla-heavy rainfall
observed by XRAIN (X-band dual polarimetric
radars) on July 25, 2019. A heavy rain area of 60
mm/hr or more suddenly appeared in about 20
minutes from 17:07 just above the + sign (Uji
Campus, Kyoto University) in the center of the
figure.
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Fig. 2 Conceptual diagram of AGCM20, NHRCMO5
and NHRCMO02 (Nakakita et al., 2018b).

fz (1980~20004F) - k& (2076~20964F) & b
220 Ch 5. FFRKEEROMSEI N & LT,
RCP8.5%Z VTS, F£72, MRI-AGCM3.2S & Ak
12, SSTHARIZ L D7 ¥ 7 VEE (c0, cl, c2,
c3) HLIThbhTW\D. X561, 2 kmfi{gE ek & %
&7 JUNHRCMO2 % BA% S 41, NHRCNOSH /1% /1%
E T Ar—) 752 ik, 2 kmfittg)E
o7ag 7 hbLIELRTZ.

(2) BEXRRAF—L

ETAT, RFFEPRRELTHDE T TERL
EHFERIT, MEFROYBIRENIEFICEETH
520, ZHUFREET VICB W THEERTA F— 4
EWNWAHARFTAEZY = g it ko THEBEND.
MRI-AGCM3.28 & NHRCMO05 T, B OREELE % 5
IR TE I EEMBETIERV D, BEETA
F— L&A L TCWAS. NHRCMOS TEFA ST 5
FEE xR A ¥ — L lXKain-Fritsch A % — 2 (Kain and
Fritsch, 1993, LA F, KFA¥—L) THDH. KFAF—
ATIE, CAPERIE (TBIZH HFEE ORI 72 22K H
WEBRE) O, FbH B ERE S E £ TR
o L = KB O RE D1 A 7 — D KK DR
BELDLETE, MENEAET D ERREND
(trigger function) . & D%, KIZBEHRT 2 EF-if,
THELOCHETHRREOERY 7 v/ AN M
AVAVBIRT RLA VAL MEEBELANLFHEA
SINB. £z, closurefiE & LT, AR E
> 72CAPEDI0 %% H#E 3% & LTV 5. NHRCMOS
Tl, KFAF— LD/ F A —X & {EIE (CAPEOTHE
ER5%IZT 57 L) Lizb DM STV 5 (Saito
et al., 2006) .

BT, AR T T 2, NHRCMOSH ) OFEHR
%Table IIZE LD 5.

— 244 —



Table 1 NHRCMOS output

K

el |

AE 527x804

145
1000 hPa, 850 hPa, 500 hPa,

[UEM | 300 hPa, 200 hPa (5> D& JEH)

77| 0900JST, 1500JST, 2100JST, 0300 JST
(6FFM = &)

ﬂ‘ﬁj;ﬁ 3072 &

e - BIER 204 (19814F-~20004F)

- - FERRFE20 (207747 ~20964F)

x47 YT (e0, cl, c2, c3)

22 [RTIEHAFEETILNHM

AHTIE, AR CHERT R[ETIHGHF I EET
JUNHMIZ DWW TR 9 5. NHMIZ, NHRCMO5D 7T
ERoTmETNTHD.

EHFERR EOEERBEKELOL 1L, HILE
A Y KRB EFFEN D HEALEZEOESRIC L -
THIEEZEND. ZNEDOEHGBOKFERr— L
WEBAKkmEL N C, FFT R R TRLY
LTIV, FE e, KOMEIHE S RO & E
WK D534 A%, BB & Ko U E I E 2
BEEZRZLTWS. LEER-> T, BHERATZD
THRIZIE, EOMMILEREE & T K0 fREES kml
TOFHAFEREITDRWET NV GEFAZEET L,
b D WVIEIEFKIEET V) ZHAV D Z L BREMIC
EFELV.

REGJT T, KRR & Bl T R < 4L [ B %
ST R IC T/ EUE T AR — FEFR I BT L
(MRI/NPD-NHM) % ~— 2|2 L7z, HERETH &
WRORFITET 5 HERI15ET /VNHM (Non-
Hydrostatic Model) 23BR%E Sz (KBTI,
2003) .

NHM Cid, FEE A ¥ — LB Y HliE 2 Fse
HIZIGUTA T v a v E LTBIRT L2 6N TE
5. LUF T, ABFZECTHW D & BREIC OV TR
T 5.

(1) XEAEX

NHM® X HFRIc W T+ 5. iz ¢,
K2 % (x,y), SRETIAZ [LE T, JUE
 p, BO3LSE (u,v,w), BEZ , TERT.
F9, EB RN,

du 1 9dp
—+——=D (u), @)
dt p ox
dv 1dp
—+——=D (v), 2)
dt  p dy
dw 1 0p
=t ———+g=Dw), (3)
dt p oz

Thy, ToOABRTEY, RQ)D X S ITH 15T
PUIEER L Cewy., Z2°C, D IRIEHUE, ¢ 13H
JIMHETH 5.
HigORIE, W, T HONLOETEE %,

ap + dpu  dpv  dpw
Jt  ox dy 0z

) @

= ()_Z (paVrQr +PaVsqs + panqg>,
ThbH. ZIT, p BHRERKOEE, vV, & ¢,
Vo g V, & g tE ThERE, B, HoR0

e Tl LR TH 5.

BN FORIL, R 9 ORFRZE
00
—, +ADV(0)-D (©)=PPT, (5)
ZH\W5. 22T, ADV BBIRE, PPT 13EWH
W K D ERTICTh B,
RRE R,
P =paRT,, (6)

ThHd. 2T, RITHEBEELRIIHTDEMET,
T, MERETH 5.

(2) BEMRAF—L

AL O AR 72 B AL, B ILE O R0
KZALB ED XD I NFER  BNFEHA =X AT
Lo THhbE&ENDIONERLMITIILETHD.
L= »> T, KFFEONHME A NS ETHY I 2 b
—va T, BEFRAF—LZHWTIZ, B
FAROLERAREFETS.

(3) EMHEIETE

NHMIZE i STV A EYFLR R TNV 7 3k
(bulk model) TH 5. /L7 iE &L, REICET S
AR DI B RE L, KPERL T DR KRR,

— 245 —



A, FEAKZRE) T EICEAMICREE R T MM
e FETHD.

—Miz, HEk EICHET 52 < DETIE, BAKE
RIKFEREE L TnEEEX LN TS, LR
ST, EYFRRIOKHEELZ LIINETHS.
F T, AFETHWD 2L 7 BT, KA FHE
THZLETDH, Thbh, KEX, EK, WK E
K, B, BONORAEZNENGET 5.

ARFZECREA T D EMBE OF@MIEORR %, Fig.3
WY, 7272 L, Fig 3lcit & T2 FiRfEOEK
1%, Table2IZ/-RLTH 5.

3. Clausius-Clapeyron=[2& D  [ERAE &
[RERUVERREORBRK

ARFETIL, Clausius-Clapeyron scaling & FEEIL 2 B
PR EE & SR 7o 13 AR O BRI BE 9~ 5 e AT
Fe @ 5. Trenberthetal. (2003) 2k 2 &, B
IR O KU % 5 2 b3 1%, Clausius-Clapeyron
KN HKRO~T%KTH D Z & NHERIICHFIND.
LLF, Clausius-Clapeyron scaling® & H & V2% H
W EATHF RO A 5.

3.1 [EMRE &SURDER
Clausius-Clapeyronl & 13, fAFIKERIE o &5
R T LR THY,

de L,e
ERIND. TIT, L, 13K HKRKA~DAEFEEA
T, [RIR0CT2.50x100 J/kg (KR T (Zx+ 221X
EE ALY, R, IFKEROKRELLT, 461 /(K
k) Th 5. E7z, BAFNKERE e TXIR T OHD
Bichs. XNEEETD L,

dlIneg L, g
—_— =a,
dT  R,T? ®

L. K(@®)IT T =273.15K (=0C) , L=2.50x10°
Jkg KO R, =461J/(Kkg) #fRATHIE, a ~0.07,
T =300.15K (=27C) #fRATHIX, a ~0.06TH
%. @), FRKIRRE oy ORI T ISHT DA
BN g &2DZLEEWT 5. 22T, fafmkzE

[REL g,

e, ©)

Prevp
KER
Qv e
Peend Pidsn
B pico| piiaow|
£k - £k
Qc Pimlt Qi
Psaci
Psdep
Pcenr B
Pracw Pgacw Qs
Pgacs Praci
til Psong | |ET
Pgracs Pgaci
Ps.sacr
=] [55] Psmlt Hoh [—
Qr Pgmlt Qg Pgdep
]
Pgacr | |afapdg
Piacr Pg.sacr
\
Prprc Psprc Pgprc

Fig. 3 Relationship between cloud microphysical
processes computed in this study (JMA Forecast
Department, 2003). The meanings of the symbols for
each process are shown in Table 2.

Table 2 The meanings of the symbols for each cloud
microphysical process in Fig. 3 (JMA Forecast

Department, 2003)

] Hk

Pcend TSI X B TKDERR (s71)

Peenr TKDHRICEREND T LItk D, WOERE (s7Y)

Pgaci HE5NCHfEENZZKIC LS, HENDERR (s71)

Pgacr Horuchifgen X3, BSNDERE (s71)
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Pgracs MWAEZMIEL THLNCEMEIhE L%,
WIS N TIC X B H5NDERE (s7)

Piacr DKITHMHIRE N B T LICK 2 HENDAERE (s71)
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Fig. 4 Conceptual diagram of typical character-
istics of (a) rainfall intensity » and (b) relative
humidity R H with respect to surface temperature
T. In (a), "CC" represents the CC rate, and "2xCC"
represents twice the CC rate (modified from Westra
et al., 2014).
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Fig. 5 The relationship of the rainfall intensity to the
surface dew point temperature. (a) The observation
results in the Netherlands and (b) the observation
results in Hong Kong (Lenderink et al., 2011
modified by Westra et al., 2014). The black dotted
line shows the CC rate, and the red dotted line shows
twice the CC rate.
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Fig. 6 Target area of NHRCMOS5 output used when
creating the representative environmental field of
the present climate and the future climates. Only the
land mesh (where the land proportion in the mesh is
100%) in the red frame in the figure is used as the
Kinki region.
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Fig. 7 Conceptual diagram of CIN (the light blue
area) and CA PE (the orange area). The solid black
line is the environmental temperature (state curve),
the gray dashed arrow is the temperature of the air
parcel lifted adiabatically from z, (process curve),
and the green dashed arrow is the constant water
vapor mixing ratio line.
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Fig. 8 Vertical temperature difference vector x o
classified into 15 patterns by SOM. It can be seen
that the smaller (larger) the node number (pattern) is,
the larger (smaller) the temperature lapse rate is, and
the more unstable (stable) the environment is.
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Fig. 9 Results of NHRCMOS5 environmental field
classification for the present climate. The numbers
on the “TLR pattern” axis correspond to the numbers
in Fig. 8. The red color represents the number of
classified NHRCMO5 meshes in the Kinki region.
There are 1892 grids painted in red in total.
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Fig. 10 Same as Fig. 9 except for the future climate
(c0). There are 1809 grids painted in red in total.
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Fig. 11 Average of all meshes in the Kinki region in
the present climate classified into one grid in Fig. 9
(1000 hPa temperature T;yoonpa 1S 29 °C or more
and 30 °C or less, 1000 hPa dew point temperature
T41000npa 18 26 °C or more and 27 °C or less, and the
temperature lapse rate pattern is No.7). The solid
line is the temperature, the dotted line is the dew
point temperature, and the orange broken line is the
process curve when the air parcel of 1000 hPa is
adiabatically lifted.
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Fig. 12 A case of guerrilla-heavy rainfall extracted
from NHRCMOS output by Nakakita et al. (2017a).
Guerrilla-heavy rainfall occurred at 10:30-11:00 JST
within the red circle.
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Fig. 13 Surface wind at 0900 JST on the same day as
in Fig. 12.
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Fig. 14 Enlarged view of the red rectangle area in
Fig. 13. Vectors with different colors represent
horizontal wind vectors at each pressure surface of
each mesh. The height of each mesh is represented
by the solid color, and the dark blue color represents
the sea mesh (the proportion of land in the mesh is
less than 100%).

Fig. 15 Vertical profile of horizontal wind applied to
the environment of simulations in this study.
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Fig. 16 Simulation results of the initial buoyancy of warm bubble varied from 0.020 m/s? to 0.060 m/s? for 32
future climate environments. The horizontal axis represents the elapsed time from the start of the simulation,
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Fig. 17 Simulation results of (a and b) peak instantaneous rain intensity, (¢ and d) total accumulated rainfall

amount Ry

(e and f) event rainfall intensity with respect to 1000 hPa pressure surface temperature T} 0ppa

and dew point temperature Ty;,oonpy BIU€ 18 the present climate, red is the future climate (c0), and “longer”

is the cumulonimbus that do not disappear within the simulation time (60 minutes). The black dotted line
shows the CC rate and the red dotted line shows twice the CC rate.
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Fig. 19 Future changes in water vapor mixing ratio
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Fig. 23 Temporal change in vertical cross section of cumulonimbus in the present climate (left) and pseudo
global warming climate (right). The black solid line is the water vapor mixing ratio g,, the blue solid line is
the mixing ratio of all water substances, the fill is PPT (more than 0.01 K/s : cloud core), the gray arrow is
the streamline relative to the environment, and the purple solid line represents the edge of the region sucked

by the cloud core.
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Fig. 24 Vertical cross section of cumulonimbus at a
certain time step. The legend is the same as in Fig.
23. The thick black line represents the bottom of the
cloud core.

Fig. 25 Temporal change in water vapor intake
CBIVF. The blue line shows the present climate and
the orange line shows the pseudo global warming
climate.

Fig. 26 Temporal change in water vapor
consumption. The blue line shows the present
climate and the orange line shows the pseudo global

warming climate.

Fig. 27 Temporal change in peak instantaneous
rain intensity. The blue line shows the present
climate and the orange line shows the pseudo global
warming climate.
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Fig. 28 Conceptual diagram of SSI. The solid black
line is the environmental temperature (state curve),
the gray dashed arrow is the temperature of the air
parcel lifted adiabatically from 850 hPa (process
curve), and the green dashed arrow is the constant
water vapor mixing ratio line. In this figure, §S7 is
less than 0.
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Fig. 29 Frequency distribution of the minimum $S7
value in the Kinki region. In each §S§7 bin, blue
represents the relative frequency of guerrilla heavy
rainfall occurrence days, and orange represents the
relative frequency of guerrilla heavy rainfall non-
occurrence days. Note that the guerrilla heavy
rainfall referred to here is extracted from the rainfall
output of NHRCMOS by Nakakita et al.
(2017a)(modified from Nakakita et al., 2018a).
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Fig. 30 Relationship between S§S§7 in the
environment and peak instantaneous rain intensity.
The blue circle represents the present climate and the
red circle represents the future climate (c0).
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Fig. 31 Same as Fig. 30 except for CA PE.
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Fig. 32 Added to Fig. 31. The black rectangle
represents the region of 9000 < CA PE <9300, and
five simulations of the future climate (c0) contained
in it are surrounded by green circles and numbered
in descending order of peak instantaneous rain
intensity.
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Fig. 33 The simulation environment for each number in Fig. 32. The solid line shows the temperature T, the

dotted line shows the dew point temperature 7, and the orange broken line shows the process curve from

1000 hPa.
Table 4 Relative humidity R H in the simulated environment No.1 to No.5 in Fig. 32
v — 2 Bt 1000 hPa 850 hPa 500 hPa 300 hPa 200 hPa

No. R FI 9 A ) RH RH RH RH RH
(mm/hr) (%) (%) (%) (%) (%)

1 163 3.8 91.9 95.4 87.0 79.6 67.0

2 135 2.7 73.3 91.9 55.3 14.2 16.1

3 40 3.6 83.0 92.1 49.2 20.9 452

4 17 7.4 80.4 92.5 40.3 26.4 62.2

5 9 -6.8 80.9 88.0 44.8 25.9 55.1
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Table 5 Relative humidity VJR H in the simulated
environment No.1 to No.5 in Fig. 32
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Fig. 34 Relationship between VJRH and peak

instantaneous rain intensity. The blue circle
represents the present climate and the red circle

represents the future climate (c0).
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Fig. 37 Conceptual diagram of equation (29). The
solid line shows the temperature 7 and the broken
line shows the process curve lifted from 850 hPa.
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Fig. 39 The (a) present climate and (b) future climate
(c0) environment for comparison.
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Table 6 Various indicators in the environment
shown in Fig. 9
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Fig. 40 Simulation results in the environment shown in Fig. 9. (a) the present climate and (b) the future climate

(c0). The vertical cross section of cumulonimbus at the same time (30 minutes after the start of simulation) is

shown. The black contour is the water vapor mixing ratio, the blue contour is the sum of the mixing ratios of

all liquid and solid water substances, and the fill is the rainwater mixing ratio.
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Fig. A Conceptual diagram of SOM. An example in
which the input vector to be classified is "color
represented by RGB value". In this example, each
node of the competitive layer (SOM map) is placed
on the two-dimensional plane (modified from

Nakakita and Osakada, 2018).
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