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Two Dimensional Numerical Simulation of Ice Crystal Growth
in a Surface-Following Coordinate System
(Dedicated to Professor Kikuro TOMINE)

By Takashi KAWAKAMI™* and Toshihisa ITANO**

Ice crystal growth by diffusion of water vapor from supercooled liquid water is simulated with equations
written in a surface-following coordinate system. This two-dimensional system, similar to
“terrain-following coordinate system” used in meteorology and oceanography, consists of the one axis
pointing vertical and the other following the crystal geometry. It facilitates the introduction of the boundary
condition on the surface of ice crystal so that simplifies the algorithm for computer programming. By
introducing the system, the growth of one branch of snow crystal is simulated smoothly in contrast to the
previous simulations adopting the ordinary rectangular coordinate system where it becomes bumpy. Also,
while the rectangular coordinate system shows different growth rate and shape of ice crystal with grid
resolution, those obtained from the surface-following coordinate system depend little on grid resolution.
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Fig. 1 Growth of ice crystal by diffusion of water
vapor from supercooled liquid water.
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Fig. 2 (Top) the rectangular coordinate system, and
(Bottom) the surface-following coordinate system
adopting normalized height.
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coordinate system adopting normalized height.
[Ax"=1um/Nres, Ay =1/(42 X Nres), At = 1sec/

Nres]

BNEL D ZENTHIEND, FZCTET R 9%
HEIC LT, BIETHRO -0 LR URES FEHEOE
AT (x-y FEER) ZHAWTHE L Tz, iR



2R TITRT, B, 775 2A0ORE RIEE TR B
BN DHEE ¢ (IZOW TR x*y" JEIEAD
FHRE LR CEZE L2y, QR HE=ich )b
59 MK 1,000 [0 0 R LatE &2 & & Lz,
ZDEICEDORY K UFHEEEL7=DiE, K
R & & I LT BT ONTHIE « DIEHE
T2 ENREBEZLNZTZOTHD, ZOXUZLY
SADEOFHFIZOWTE, FERPICGRT 2 (e 2L
DL 0 IR U0 L CHRERAE D LAY &
EPMERTE TS, ZIUTHInb b7, g 1
Tk, 30 A BET-H7- 0 THEMNMEEL-, Zh
136 k9 &, KEIROAEL dH dx IRKEL 720
x| FHEMESO BT DR A O BT OBEEN
2/ v Pk Ge | H(+D) A% - HnAD| >15) &
TRzl Th o7z,

Xy PR A FHVRER (R3) LT 58, xy
RS CIIAE RS I L > TRE L GES TS,
BIZIX, ZEADOBERHTEOMRERIIAMEEICH F VK
FLTW W0, BRIESHOESZHRD &, 1
O3 D S DMFIGEE 2 75 5 DRI T 6.56, 6.13, 5.94,
5.83 um &7V | FRAGEENN 173 DI TR 72 M8
AR BND, [FIFHZ, JZEOMIRE: D IZH bR
BELG JREE L L HITiFo& D L 2o TL 5,
T, FREEEE BT T RHRAE RSB D/ A~IY
WUIRNZ L 2R LTRY , FEOBE AR A By
IR RS EFF>TND Z L AR LTV D,

Nres=4

h'(x) [ m]

T T
0 3 6 9 12 15
x [um]

18 21 24 27

4 KRR ED AT

FIRFZNZHT D W 054l M3 (Nres=4) 1 H»
AR EZZ LN b D (BRROFI 4T3 3
ERIT)
Fig. 4 Distributions of growth amount over a branch
of ice crystal (Lines are allocated in the same way as
Tig. 3).

6
-——-0
5 [ |=—14
7
— 4 [ |—3875
= g || 9
2 - - 1025
<, | l—135
1 o
0 T T T T T T T T T
0 10 20 30 40 50 60

t [sec]

5 RERGAINCIT 2RO MR EORZ b
(x=0,4,7,8.75,9,10.25,13.5 um) (Nres=4)
Fig. 5 Time series of ice crystal growth at selected

locations (x=0, 4, 7, 8.75, 9, 10.25, and 13.5 um).

6 RO EATTER THRIL LK DIZR
Fig. 6 Geometry of ice crystal represented by
rectangular coordinate system.

ZO—J7T, THIRSEZ LRV Xy EEESR T,
7o & ZERDPISET S 2 L EiE S, WD VeE!
BRSO E LTH, REDEENKELARD
LRENEMEL D b REL D LWV RENER SN
TWB W, L, X0 A AWK
GOPMEERRICBE LT, RO A
b LB S S ORGSR E T VA g LT
FERIND, 45 EHFBZ D X ) Al Th > T HIEE
L INZ L7z T EOFiin 2 B8 C& T\ 5 & Oftd
NEHN TV 12, ZD-o, Asfick->THELS
IOV TUIFIZZRE T TEBSMERSH D HOD,
H HEEDOLARCE T, x* v JEER TKBEDOEEREINE
LLEETE D AR L TRV D EHEI SN D,

BRI, FECOBEAIER TIE, x*y" IR TR
e X0 L3RR TH D DD, WHITEHHE
TN XLIRGEA AL 70 | F AR



Nres=1
9
8
7
€6
25 =
34 2
< 3 P /Y
2 === #, SN ===
-~ “//r“\\w~/,—‘
1 — S R
o/ N
0 3 6 9 12 15 18 21 24 27
x [pm]
Nres=2
9
8
7
€6
=25
= 4
< 3
2
1
0
0 3 6 9 12 15 18 21 24 27
x [um]
Nres=3
9
8
7
€6
=5
= 4 S
< 3 —— W
2 L “.‘
1 Py, ISP —
o LT N

0 3 6 9 12 15 24 27

x [um]

18 21

BN TR EE 2 ETIZL W Z< DM IR LEHRD
VEEEIND T EBMFRLTHEL,

6.2 #HASHH TR BRENE

WA, PSR DA I~ CTAT, X8
M, RO 9 pm OXFICHRIESS 2 um DOIEFLE % 1
FeRed DT 15 R 2 I GOHFERAR TH D,

Nres=4

9
8
7
€6
35
< 4 '.' EaEN
£ 3 A\
9 .
1
0
0 3 6 9 12 15 18 21 24 27
x [um]
Nres=5
9
8
7
€6
35 —
2, LN
<3 N
2 E————— e ﬁ\ _________
1 /‘ N s e m—— e ———
) e A\
0 3 6 9 12 15 18 21 24 27
x [ m]
0 [sec]
—--—-10 [sec]
20 [sec]
-——-30 [sec]
e— 40 [sec]
------- 50 [sec]
— 60 [sec]

7 X3ERUL AL, EEOEREER (xy =
) TR (Ux=y=1um/Nres, t=1sec/Nres)
Fig. 7 Same as Fig. 3 but for rectangular coordinate
system. [x=/|y=1pm/Nres, /lt=1sec/Nres]

ATEE & [ARRIC . RAEVEORE Tl « OEICED ST
1,000 [A] (K8 k), 5\ NE2,000H (X8 TF) i
DIKLHBEEFR LZ, ZiUCL Y. HENZIFRT
52 EMHERTE TV D,

X8 Lasisd L, HEARMICITMOER ) X 0 Jedifk
T 5—F CEDOFHERS ORI D & D
INETEVEMPADND, ZOREIZINZ T, M



HOEN R OEBENL D THWGNTHD, Ll
N, REBEZFELAD L, EEE L L JEDERD
FRREENRE L, FERE LT 1 OBOEIEOE
SIZSHETEEROE S ERREEIZ /> T D Z Edons
Do BURRANZ LI, 1 HRICE bR RolzDid,
S CH B CH < WIHINCEADOAHFITTH -
TG Ch o7, Ziud, A THIUTMRR~EG X
NAITTOKERD, # 2 COREDIH SNT-5577
FZEOESNE S TH D LIS NS,

N 1.5 MR DOERN & 5 % 72354 Cld, Bilgh
TR L W BEE TR0 D (K8 T),
T7ebb, MESORE SIS 5—5 T, [

Nres=4

9

8

7 AN
|—|6 = -
SN A N
[— 4 \ N ]
2N
) SEEEEREN ~ .,/ ‘\ /- ---------
: A
0 T T T T T T T T

0 3 6 9 12 15 18 21 24 27

x [um]
Nres=4

9

8

7
€6 )
55 _______________
CHll 2 W I\ =cin
e A W A
: \ /

NF
0 T T T \\-/\ T T T

0o 3 6 9 12 15 18 21 24 27

x [um]
B8 JKAhFEMmITIA O FEIER  (x"y PEIER) THIMIS
a2 T O RD X 579 (Nres=4)
() 1#E, (F) 153%E

Fig. 8 Same as Fig.3 but for different initial
conditions. Top and bottom calculations start from
one and one-and-half wavelength sinusoidal waves,
respectively.

WFBORRRANRE < ZEEEOERZ HiB WL T
WD, bR L7eDiE, I IEGRHEELOSMAC
DHIZSTZE N TH D, 1 PeRE 5T 56 LR,
B~ S DI DRARRDZ Dy~ > 7272
DTHD EHEMSND, FIFELL ATV &, B
BAEELO MM Z 7= 28050 TlE, R & & HIT
h(x) 3D LB EFTASRO Hivd, Ziudk, Hil
(KEDSERE L T EIIRT 5 Z L T 525 A
(x) DEARPRE 22 & ZAHTEENKRE 2D x*y" JFE
R AT L7 Z LI KD ABHY2 b D TH D AIHENE
HEZBND, FEETIIERIIAHTH S,

1. #E5E

WRHIK D BRI LT AR RO SR EIC L -
TKEEDREET 5 X 9o T, 2 RIcDEEE
I LTz, FREOREER I 275k 003 ESTE
DEANFHER AT L= DIkt LT, AWFFE I3
{ESNTENBEIEEE RS, i FEOKSRmCIEZD
FEIRITIS D & 9 T B R T\ B LTz, 2 O
R CIKEERE I HMNCEET A 2 LN TX, HR
S EAHENCEL Y AT e Z LS RTRETH D, T2, XD
RIS T2 D b0, $AEFEET 5720
DT T T I TNTAIRB e B VSRR bR
TWD, T DREFEITH D EER 28 L7255
A FBE % ST 5 EHERERDICRT 5720, fiFEH
ELLEREENTWS Z L E S nT-, 20— T,
RO AT SR 25 LI aid, KIS TEss
O SHPFHEE L & BITIEL D MEAmRA B, i
Ex BT THRBENIIR LW Z LGRSz,

KEREORE LCE, IS Ch o750y
NEDOH GRS EET D07, T ORBEORE
SNAMHENR A ONTZ, LovL., FIHIOK R M
BB S THANITIE Y 9 UM B, [I5E
DORESH IR S D —J7, I FOE LY HE
WEORREBOTTINRKE 72D LD HBERA SN,

KPP EREROTIEERIC R L Tt Z0%kRD
BDFHEEE LB LI AT AZ Y=g v EEATE
BN END LD 8.9, TOHAETHAM
FCCIRE LI &) IR 28T 2 Z EDEITH
B E/RbD, FHIAENT 2 TORE TH o723
BT 3 WTLOFHBEANEPIET A Z L HAMETH |
WO ZEHT 25 2 L I2 L 2R851% 3 It DEHH
DFNEYRKENZ ENALDZ2DOT, AERERLT-
PHER TR T2 2 L OBAMER L D Z-& VT 5T
HA9,



SHEM

1)
2)

3)

4)

5)

6)

7

RATERS 0 [, NS, 80T (1938).

U. Nakaya : Snow Crystals: Natural and
Artificial, Harvard  University  Press.

Cambridge, Massachusetts (1954).

V. J. Schaefer : “The production of ice crystals in
a cloud of supercooled water droplets” , Science,
104 (1946), pp.457-459.
M. Komabayasi : “Two dimensional
computation of shape of anistropic ice crystal
growing in air ° , J de Recherches
Atmospherigues, 6 (1972), pp.307-328.

Bbk 3k . BREMOBEERBRT DMy i, K&
WHoE/ — b, 35123 %5 (1974), pp.885-921.

TR B 2 YOCET M X DKERE OEER
B, RR, #19%%F 65 (1972), pp.293-297.

N. A. Phillips : “A coordinate system having
some special advantages for numerical
forecasting” , J. Meteor., 14(1957), pp.184-185.

8) HMXEME RILHES : SHEROFRER Y R =
L—vay, KRR, % 35 &BE 3 5 (1989),
pp-207-210.

9) E.Yokoyama and T. Kuroda : “
formation in growth of snow crystals occurring
in the surface kinetic process and the diffusion
process” , Phys. Rev, A41(1990), pp.2038-2049.

10) FWAFIERE : MBS 5 AR I01T B SRR,
KEHR5E ) — b, 55196 B (1999), pp.37-43.

11) H. Yamazaki and T. Satomura : “Nonhydrostatic
atmospheric modeling using a combined
Cartesian grid” , Mon. Wea. Rev;, 188 (2010),
pp.3932-3945.

12) T. Satomura, T. Iwasaki, K. Saito, C. Muroi and
K. Tsuboki : “Accuracy of terrain following

Pattern

coordinates over isolated mountain: steep
mountain model intercomparison project
(St-MIP)” , Annuals Disast. Prev. Res. Inst.,

Kyoto Univ., 46B (2003), pp.337-346.



