5542 B 1 NI Vol. 42 No. 1
2018 4F 1 /] Chinese Journal of Atmospheric Sciences Jan. 2018

BHICSE, FMNAREH. 2018. FEST 5 AAAR R R IOECAS o) Aok R FEBUER S [J]. RSBk #, 42 (1): 209-226. Hu Wenhao, Sun Jiming. 2018. A pseudo-
incompressible model in the 5 coordinate and its numerical experiments [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 42 (1): 209-226, doi:10.
3878/1.issn.1006-9895.1707.16164.

ZIin R THERAERX L EHERE

%X—’—IZ %J\éﬁfﬂ 2,3,4

1 BB B TR K KA R 2 e R RS S BB U )| 4 T s S0 %, il 610225

2 PERRE BB 2 WK P HE S iR T S8 =, kAT 100029

3P BB, dEat 100049

4 F UE B TR R 2 KA B2 Bt R KR TR T 5 PG T R G 0, Bt 210044

# FE OEREENKRSE A E A, T IR T R 7 0 RUE AR K ] DR BRI I ) K AT
HAEAASY o Durran 75 1989 FEEH T —FB M uEBR A M7k, v “BONTT R 7R, & BE% e T IR
B RNE AR, 28 T AURIE S R E AR . A SCRYE Durran 48 H A AT RIS, #HESH T —4HiE
TB B AR O R AN AT I R o %5 FEAE 3 55 WRF (Weather Research and Forecasting) £ 5# ARW
(Advanced Research WRF) z JHE4L (sl 7 e B . AT — B4 T A vl gty FE e 5 21 T
WRF 1A, #5727 HT WRFE BEHESE BN AT e A A AN o] A 0RT WRE AU T R4 EL
5 AR A E AR . PR 5 A, T DR AR AT R 45 3 WRE B
PR S5 R AR HEIT, YORITE WRE BIHESE R A (A i) =R & BT (519

KRR WIS AR e AR

NEHRS 1006-9895(2018)01-0209-18 HEDES P433 XEFRIRES A

doi:10. 3878/j.issn.1006-9895.1707.16164

A Pseudo-incompressible Model in the  Coordinate and Its
Numerical Experiments

HU Wenhao" > and SUN Jiming®>*

1 School of Atmospheric Sciences/Plateau Atmosphere and Environment Key Laboratory of Sichuan Province, Chengdu University of Information
Technology, Chengdu 610225

2 Key Laboratory of Cloud—Precipitation Physics and Severe Storms, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029

3 University of Chinese Academy of Sciences, Beijing 100049

4 Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science & Technology,

Nanjing 210044

Abstract Soundproof equations do not contain acoustic waves, which is why numerical models based on soundproof
equations can use relatively lager timesteps for numerical integration. Durran proposed a new method to eliminate
acoustic waves in 1989 and named it “pseudo-incompressible” equations, which retain the air density variations caused

by temperature perturbations but ignore the density variations caused by pressure perturbations. In this paper, the authors
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followed the pseudo-incompressible theory and derived a set of flux-form pseudo-incompressible equations in the

terrain-following coordinate. The form of the set of equations the authors derived is quite similar to that of the equations
in the ARW (Advanced Research WRF) dynamic solver of the WRF (Weather Research and Forecasting) model. The
authors further modified the codes of WRF model according to the flux-form pseudo-incompressible equations, and thus

established the “pseudo-incompressible model” based on the frame of WRF model. The authors then conducted two sets

of numerical experiments, i.e. a heat-bubble convection experiment and a gravity current experiment, using the

pseudo-incompressible model and WRF model, respectively. Comparing the results of these simulations, the authors

found that the meteorological fields simulated by the pseudo-incompressible model are quite close to those by the WRF

model, which indicates that the pseudo-incompressible model we built within the frame of WRF model is reliable.

Keywords Anelastic model, “Pseudo-incompressible” model, Compressible model
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Fig. 1 Zonal-vertical cross sections of cloud water content (units: g kg™') at the 11th minute of simulation through grid point (x=3800 m, y=3800 m) in the
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Forecasting) model (WRF-LES). The black shadings denote hill, the same below

{(a) 1 (b)
8.0 — 8.0 —
6.0 6.0
€ ] «:/\ € ]
4 4
= S
c b e J
2 2
0] § P ) .
T 404 //ﬁ\iii> " 40
2.0 D q 2.0
0.0 T T T | T T T T T T | T T 0.0 T T T | T I T T
0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0
West _ East West East
Distance/km Distance/km

2 FP 1, B3 13 min 20K EE CRRL ghe ) BHIEER
Fig.2 AsinFig. 1, but for simulations at the 13th minute



1 1] BISCEEAE ST bR AR BN B S B

No. 1 HU Wenhao et al. A Pseudo-incompressible Model in the # Coordinate and Its Numerical Experiments 217
[ [®)
] 0 ] 0
8.0 8.0 — O
6.0 —
£ € i
i~ x~ J
= = e}
c z 4
2 k=2
(0} o i
+ T 404 K
2.0
O —
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time/min Time/min

B3 PR d, (a) Pseudo-LES. (b) WRF-LES 75 (x=3800m, y=3800m) Abzi/K&rf: (Hfr: gkg™') M BE—I Al i
Fig.3 Time-height cross sections of cloud water content (units: g kg~') through grid point (x=3800 m, y=3800 m) in the gentle hill case: (a) Pseudo-LES; (b)
WRF-LES

AN ° 10N ~
\/ o N/
™\ N\ e

O:@:
:::U ::Vf/

I
0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0

West East West East
Distance/km Distance/km

Height/km
Height/km

Kl 4 P EiRET, (a) Pseudo-LES. (b) WRF-LES %5 11 min £85d £ (x=3800 m, y=3800m) (¥ FH A (Bf7: ms ') 4047
Fig. 4 Vertical velocity (units: m s ') at 11th minute through grid point (x=3800 m, y=3800 m) in the gentle hill case: (a) Pseudo-LES; (b) WRF-LES



X A B % 42 3%

218 Chinese Journal of Atmospheric Sciences Vol. 42

Height/km
Height/km

Distance/km

Distance/km

KIS [ 4, (H55 13 min (I HERE CAR: ms™) 5

Fig.5 As in Fig. 4, but for vertical velocity (units: m s ') at 13th minute

A

Height/km
Height/km

0 5 10 15 20 25 30
Time/min

.....

Fig. 6 Time-height distributions of vertical velocity (units: m s ') through grid point (x=3800 m, y=3800 m) in the gentle hill case: (a) Pseudo-LES; (b)

WREF-LES



1 BISC5EAE ST M bR 2R H RN A S (A
No. 1 HU Wenhao et al. A Pseudo-incompressible Model in the # Coordinate and Its Numerical Experiments 219

Height/km
Height/km

5

(YR S S

0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0

West East West East
Distance/km Distance/km

K7 B RS, (a) Pseudo-LES. (b) WRF-LES 4 11 min 2853 &5 (x=3800 m, y=3800 m) MIZ/K#i (Bf7: gkg ') AL H ) T 2
1]
Fig. 7 Zonal-vertical cross sections of cloud water content (units: g kg ™) at the 11th minute of simulation through grid point (x=3800 m, y=3800 m) in the

steep hill case: (a) Pseudo-LES; (b) WRF-LES

1(a) 1 (b)

6.0
£ | €
X v
> >
L - =
R =)
(0] h (]
T 40— *

2.0

0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0

West East West East
Distance/km Distance/km

B8 [IE 7, fE45 13 min zKeE CARL: gkg ) BLMLR
Fig. 8 Asin Fig. 7, but for simulations at the 13th minute



P

220 Chinese Journal of Atmospheric Sciences

42 %4
Vol. 42

K G EIEEIN, 5 FEMIEAHE, 3G ah e
J AR R Z6 0 2 R e R B s, 265 11 min B 25 T /s
JE Bt S km, 13 min [HAE] 6.5 km, =K & E
P T R RRBUHF . K9 45 H T
U G 27K I e B — W ) 43, v CUE HAE
BEDE L1 Fr g R, RAS il AR R A0 25 SR AT 5 D
B RAE L. B 100 B 11 52
11 min., 5§ 13 min M HIEE 0, 5P,
oo Y S5 0T R IR B DA 5 A, 55 13 min ISR
ZWEBRTEE BT T 24 m s LWRIEARTH
BTN WRE AR AR H 1 3 P52 o (] 1) 3 7%
(B 12>, wJLUFE HAEBEWS th 454 T ABRAS T At
AU BN 1137 5 WRE B AU 45 LA — 3
CEO AT IR TS5 T RS IR, W LLE
HYEENTAE i AARR R R BBRAS 0] A S RS U A
S S A P HGE I KRR, HRF B4
PR RAN AT AR X DL 25 B3 WRE B
B Rt TR v] H AR RN Bl & 77 R AR v
el IFH5 WRF Bk AR R R BT 42,
I — S5 R A B E . 9ok, fEARREE
6 HR A I e RS T H R (1) AR A 2 RURK 1
AN HOTE i P s T 0 Sk R . i TR G B
ORI AT RSN HI A RN, R & T K 3)

{(a)

8.0

6.0 —

Height/km

4.0

2.0

0.0

0 5 10 15 20 25 30
Time/min

JI 55N T SO R R L (1A o
32 FEHRHBERE
32,1 HAERIRGGEITF R

A WREF #5X — 4k ) it (WRF-grav2d_
x) FE A A B = 4k 8 ) i B B ( Pseudo-
grav2d x) Jp AT T R EBUE IR (2%
Straka et al.,, 1993), BfIXILIPEE L x 7
0<<x<<40000 m, &{H 100 m; 3 J71) 0<z<<6409
m, 534 65 2. BHEEPEN 1 s, BEHUR AR
15 mino A% BREEAEFH K /2 WRF AEQHR A (1 7 X8
2 AEWIAA 3000 m AN E T — A 4EIA T,
AR () RIRahhiE (6) Mg e -

R

1000 )¢ cos(mr) +1 -
0 —15[ 5 ] 5 <D (o)

0, At

N ’

\/(x—19900j2 (z—3oooj2
r= + :
4000 2000
A, x KRR, z TR EARRRE, BRI
ALY A m.
322 BEWMEREBR M

K 13 REWIAE S 2 sh A ) T B,

(92>

{m)

8.0

Height/km
»
o
1 | 1

»
o
P

2.0

0 5 10 15 20 25 30
Time/min

P9 BEW L RS, (a) Pseudo-LES. (b) WRF-LES £ (x=3800m, y=3800m) Kbz/K& i (BfL: gkg™) M E—Iin 1A i
Fig. 9 Time-height cross sections of cloud water content (units: g kg™') through grid point (x=3800m, y=3800 m) in the steep hill case: (a) Pseudo-LES; (b)

WRF-LES



1 BISC5EAE ST M bR 2R H RN A S (A
No. 1 HU Wenhao et al. A Pseudo-incompressible Model in the # Coordinate and Its Numerical Experiments 221

Height/km

Height/km

L.

»
/)

Distance/km Distance/km

K10 BEW I FRKH, (a) Pseudo-LES. (b) WRF-LES £ 11 min £85d /5 (x=3800 m, y=3800m) T M (Ffi: ms ') A
Fig. 10 Vertical velocity (units: m s™') at 11th minute through grid point (x=3800m, y=3800 m) in the steep hill case: (a) Pseudo-LES; (b) WRF-LES

(@) / i) /
8.0 : 8.0 - °
6.0 6.0 -
£ | £ ]
4 X
= =
Ky A N < —
D e
[0) § o i}
T 4.0+ & T 404
‘ [ \S ‘
2.0 o < \\»;\ 2.0+
0-0 T T T | n I{T T 4 T xl | T > T 0.0 T
0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0
West East West East

Distance/km Distance/km

B 11 R 10, {1535 13 min (EERE (B0 ms™) S0
Fig. 11 As in Fig. 10, but for vertical velocity (units: m's ') at 13th minute



X A B % 42 3%

222 Chinese Journal of Atmospheric Sciences

Vol. 42

PndE 3 km W& EBRCE T — MHEDE A, K
BiK: 8 km, AN 4 km, [A]—m AL R
SRR T P V2 BV )N E D), B
JIEIAE R AR R0, RN B TR ARt 25 41
o VAU IS RE S A A0 BN ] AR = O0) T4
FEARLR TR AR IAILRE FT o B 14 451 T 55 5 min 44
SIS [0 A, U C A TE B, 7EHE
NARERT, A2 P IHERE, TR )
5. BEJE VR TR S A2 TE B Kelvin-
Helmholz V) AT E W JE (Straka et al., 1993),
10 min B (& 15), V) RiE & B4 & 451,
PRI IIAMUAT —ANA A . B MR TSRS

VT

8.0

6.0

4.0 H
2.0 - 4/
|(a)

Height/km

0 5 10 15 20 25 30

Time/min

S POUAERE ol FE RS B kg - B 16
L 15 min P AL 03 BRI e T L by
TGRS+ 0 i W, AE O AR B R T 2 W Tt
o B 17 SRR (1 i N R A, 5 WRE
A SOBEAEL 45 SRR BE AT 0 BAS T s VR i ) A4
TV AR . i F D B E R UE ] T BN
A A L 6 ME AR UL AR T AR e VE A e B AR
[rIfiE

4 BE5ITE

41 RZ5

J[EXy==]

ST P DR B AT LA B 5 B0 B 3 I 25

vv° U/

Height/km

Time/min

B 12 BEdS LIRS, (a) Pseudo-LES. (b) WRF-LES 75 (x=3800 m, y=3800 m) Ab i J3F 1) e 5 — I ) 43 Aji
Fig. 12 Time-height distributions of vertical velocity (units: m s™') through grid point (x=3800 m, y=3800 m) in the steep hill case: (a) Pseudo-LES; (b)

WRF-LES

6.0 3
5.0 3
4.0
3.0
2.0 3
1.0 3

Height/km

00 _ T T T T I T T T

0 10
West

20 30
East

Distance/km

K13 BRI (WRF B0 HHGEINZREh Al CAz: KO iR LT

Fig. 13 Zonal—vertical cross section of perturbation potential temperature (units: K) for both pseudo-incompressible model and WRF model at initial time



- BISCREAE RS MR R IR FER SO 50

No. 1 HU Wenhao et al. A Pseudo-incompressible Model in the # Coordinate and Its Numerical Experiments 223
6.0 4 (a)
5.0 o
£ 404
z E
o 3.0 7
[} =
T 20 —
1.0 3
0.0 — T T T T I T T T T I T T T T
0 10 30
West Distance/km East
6.0 3 (b)
5.0 5
£ 403
2 E
o 3.0 7
(7} =
T 20 — [N
1.0 = : ))
0.0 | T | — |
0 10 20 30
East Distance/km West

B 14 (a) Pseudo-grav2d x. (b) WRF-grav2d x % 5 min $Lahii CRAL: KO AOTE E 5
Fig. 14 Zonal-vertical cross sections of perturbation potential temperature (units: K) at the 5th minute of simulation: (a) The two-dimensional gravity current

case of pseudo-incompressible model (Pseudo-grav2d_x); (b) the two-dimensional gravity current case of WRF model (WRF-grav2d_x)

6.0 5 (a)
5.0
4.0
3.0
2.0
1.0 =
0.0

Height/km

111

West Distance/km East

6.0 ()
5.0 3

4.0

20 e
i B

East Distance/km

Height/km

West

K15 [ 14, {255 10 min PEah A AL KD TR HH# T
Fig. 15 As in Fig. 14, but for simulations at the 10th minute



X A B % 42 3%

224 Chinese Journal of Atmospheric Sciences Vol. 42
6.0 5 (a)
5.0 4
£ 403
= E
o 3.0 7
I
o A7 3
L0
0.0 T T '-I/\l | T T T | T T T T l B m—
0 10 20 30
West Distance/km East
6.0 (0)
5.0
£ 403
2 E
o 3.0 7
o =
T 204 == =" P~
1@ J
&)
0.0 T R m— | T T T T I T T T T T — T
0 10 20 30
East Distance/km West
16 [P 14, (A5 15 min RBAH CRA7: KD (FHE T
Fig. 16 As in Fig. 14, but for simulations at the 15th minute
. a A b
6.0 ] @ 6.0 § ()
1 5.0 -
4.0 -
£ £ ]
4 3
= < ]
S ) ]
T T ]
2.0
1.0
0.0
0
Time/min Time/min

€17  (a) Pseudo-grav2d x. (b) WRF-grav2d x 7F A (x=19900 m) Ab4RENAEE CAfr: KD (R BE—I ) 43 A
Fig. 17 Time-height cross sections of perturbation potential temperature (units: K) through grid point (x=19900 m): (a) Pseudo-grav2d_x; (b) WRF-grav2d_x



1 BISC5EAE ST M bR 2R H RN A S (A
No. 1 HU Wenhao et al. A Pseudo-incompressible Model in the # Coordinate and Its Numerical Experiments 225

(R TR B A, AT o] A e K ) B [R5 G AT B
ARGy, WA T W E B, fem T RSE.
28 IR P B s T R e SR T s R R
FEFUEANTT 7 2. B IO 73R I A JE 07 v
FEANTE F TR TR AL iy R ) 5 AR A
WL RS oA, TS RNE BT R PR AN AT 7 R
AMUE BT BSE KA, 1 HOL &R e, &
G PR, T @B TR A
SCRH T AN I B AE D B SEal, MEATIE
e P AR I A A

WREF #5072 T E A PR AT 5, 14
[T E R B . WRF-ARW 3y JJHESE 4
SEAEHBEIBREARAR R T, A LA BE AT et I )
ASCEH WRE-ARW 3y J HE S8 A S A5 P HE 4
filh, FHHES P EA T A6 G RS WRFE i
A SGARRY, D Ae T ARAS i e g fRAs
I WP S

(D BHEA T S PR 2] n bR R, I
M5 S WRE-ARW 3 JHE L i 3% £ 05 FEAH T
I fEIIER b, M4 WRE-ARW #4) J5 F& (1)
B, #EFH T 4lE s RN R R KR IE )
PR, AR AR ] A 4R

(2) H#ET B KPR o] 6 7 1%,
B RS Al o 0 g R AT I (]
A B, 133 B HUE B o] sz 7

(3) K5 WRF-ARW T [R50 18 K Al 7 %«
ISF IR R 43 7 2295 HE WRE-ARW (1) )57 %81 455717 12
(SR AN FH SR A 7 148 WRF-ARW AHIE .

(4) KPRBEATT KB, 5 WRF-ARW 3)) /)
FEZER 3 (R ARAD, B0 KR BB R — 4 T i
B IR LA AR o0 AR, 4321 TERAS T i KA
KABEAT] R g T Sy it

h TR AN AT A e I, A SCHEAT T
PRAE N HEREE RS . #5%, ] Pseudo-LES Fl WREF-
LES 2 H3H7 TR HOR %, W56 1Bt %
— 3. T A RIS BTSSR, AR EA
A AR OB R HAGRL 548 5 WRE BBl 1)
SRR AT AT AU A S
AN RE Ty, EUG MO AR A RUE . LK,
H Pseudo-grav2d x 1 WRF-grav2d_x X H#H [F] [ ¥
U7 %53 AT B ke . 43 B 3 — 20 e
PIRAUEE AL, T DUR RS o] AL H 1741
(PR F WRE BB ZE SR LF e a5, &

BB A BT A5 X R 68 M A RS 0Lt s AR 2 1k 9t AR 7
TR FEEAR L RE . PR R, BOR ]
JEA A R T WRE B Rl R, X it
BI7E WRE BB AR S g v A v] ek
A EAE
42 g

B RE, RSO BB i AR R iy
R O UERR T 0, PRI B SR AR I R AN
B AR R AR o3 g, I HAR 0T )R] 22
KA PR A B 21 . SR, FESE ek
BAVRINE Sl B e 98y FEAR LG, FEEE AR
PEFR AT IR A A — AN IR A RS TR,
AR FH B 7 R AN A DAY T 3% 50 {1 At v ) v At
Weo AT RIS D B 5 (EL A v ) s A, S B KA
PRI TR AR SRR I H bR, A a0 1)
7 B Uk s WRF B R 7 58 A4S T SRR 75 A
AMHBEAS L, TBRAS iT HoBE A T BERBR A1 35
A, PR EER B S e R AN nT A N
filt s AN A s H AT RS T AR S 1 S
SKAGTT AL T FERAEER, 2R R BR I R B v
CRIESIIPS

7E. WRF-ARW HCHESE T 5] NS o] 7 7%,
LT AN AR, i TR IR S0 UE T
AN AT PR O UERA P, X2 A SO 2 B B3 ks
WA MRS 028 WRF-ARW S {8 SR A 7 2 [ 4%
¥, RV ETI R S, BRI ]
A TCIAE FH B R IR B T DA AT HE AL, AR
AT BB T LT SRR, X2 0 TAE
IAAE o T BT, $3G 70 T A T &
P BB SR A 7 AR, LR B,
SR KB I TR, B 2SI B A
P . TR H AR

SE ik (References)

Achatz U, Klein R, Senf F. 2010. Gravity waves, scale asymptotics and the
pseudo-incompressible equations [J]. J. Fluid Mech., 663: 120-147,
doi:10.1017/S0022112010003411.

Almgren A S, Bell J B, Nonaka A, et al. 2008. Low Mach number modeling
of type IA supernovae. III. Reactions [J]. Astrophys. J., 684: 449470,
doi:10.1086/590321.

Bannon P R. 1996. On the anelastic approximation for a compressible
atmosphere [J]. J. Atmos. Sci., 53: 3618-3628, doi:10.1175/1520-0469
(1996)053<3618:0TAAFA>2.0.CO;2.

Batchelor G K. 1953. The conditions for dynamical similarity of motions of

a frictionless perfect-gas atmosphere [J]. Quart. J. Roy. Meteor. Soc., 79:



P Y S

226 Chinese Journal of Atmospheric Sciences

42 %4
Vol. 42

224-235, doi:10.1002/qj.49707934004.

Durran D R. 1989. Improving the anelastic approximation [J]. J. Atmos. Sci.,
46: 1453-1461, doi:10.1175/1520-0469(1989)046<1453: ITAA>2.0.CO;
2.

Durran D R. 2008. A physically motivated approach for filtering acoustic
waves from the equations governing compressible stratified flow [J]. J.
Fluid Mech., 601: 365-379, doi:10.1017/S0022112008000608.

Durran D R, Blossey P N. 2012. Implicit—explicit multistep methods for
fast-wave—slow-wave problems [J]. Mon. Wea. Rev., 140: 1307-1325,
doi:10.1175/MWR-D-11-00088.1.

Dutton J A, Fichtl G H. 1969. Approximate equations of motion for gases
and liquids [J]. J. Atmos. Sci., 26: 241-254, doi:10.1175/1520-0469
(1969)026<0241: AEOMFG>2.0.CO;2.

Gough D O. 1969. The anelastic approximation for thermal convection [J]. J.
Atmos. Sci., 26: 448-456, doi:10.1175/1520-0469(1969)026<0448:
TAAFTC>2.0.CO;2.

Kasahara A. 1974. Various vertical coordinate systems used for numerical
weather prediction [J]. Mon. Wea. Rev., 102: 509-522, doi:10.1175/1520-
0493(1974)102<0509:VVCSUF>2.0.CO;2.

Klein R. 2009. Asymptotics, structure, and integration of sound-proof
atmospheric flow equations [J]. Theor. Comput. Fluid Dyn., 23: 161-195,
doi:10.1007/s00162-009-0104-y.

Laprise R. 1992. The Euler equations of motion with hydrostatic pressure as
an independent variable [J]. Mon. Wea. Rev., 120: 197-207,
doi:10.1175/1520-0493(1992)120<0197:TEEOMW>2.0.CO;2.

Lin Y L, Farley R D, Orville H D. 1983. Bulk parameterization of the snow
field in a cloud model [J]. J. Climate Appl. Meteor., 22: 1065-1092,
doi:10.1175/1520-0450(1983)022<1065:BPOTSF>2.0.CO:;2.

Lipps F B, Hemler R S. 1982. A scale analysis of deep moist convection and
some related numerical calculations [J]. J. Atmos. Sci., 39: 2192-2210,

doi:10.1175/1520-0469(1982)039<2192: ASAODM>2.0.CO;2.

Lipps F B. 1990. On the anelastic approximation for deep convection [J]. J.
Atmos. Sci., 47: 1794-1798, doi:10.1175/1520-0469(1990)047<1794:
OTAAFD>2.0.CO;2.

Nance L B, Durran D R. 1994. A comparison of the accuracy of three
anelastic systems and the pseduo-incompressible system [J]. J. Atmos.
Sci., 51: 3549-3565, doi:10.1175/1520-0469(1994)051<3549: ACOTAO>
2.0.CO;2.

Ogura Y, Phillips N A. 1962. Scale analysis of deep and shallow convection
in the atmosphere [J]. J. Atmos. Sci., 19: 173-179, doi:10.1175/1520-
0469(1962)019<0173:SAODAS>2.0.CO;2.

O’Neill W P, Klein R. 2014. A moist pseudo-incompressible model [J].
Atmospheric Research, 142: 133-141, doi:10.1016/j.atmosres.2013.08.
004.

Skamarock W C, Klemp J B, Dudia J, et al. 2008. A description of the
advanced research WRF version 3 [R]. NCAR Technical Note, NCAR/
TN-475+STR.

Smolarkiewicz P K, Dornbrack A. 2008. Conservative integrals of adiabatic
Durran’s equations [J]. Int. J. Numer. Methods Fluids, 56: 1513-1519,
doi:10.1002/f1d.1601.

Straka J M, Wilhelmson R B, Wicker L J, et al. 1993. Numerical solutions of
a non-linear density current: A benchmark solution and comparisons [J].
Int. J. Numer. Methods Fluids, 17: 1-22, doi:10.1002/f1d.1650170103.

Sun J, Leighton H, Yau M K, et al. 2012. Numerical evidence for cloud
droplet nucleation at the cloud-environment interface [J]. Atmos. Chem.
Phys., 12: 12155-12164, doi:10.5194/acp-12-12155-2012.

Wilhelmson R, Ogura Y. 1972. The pressure perturbation and the numerical
modeling of a cloud [J]. J. Atmos. Sci., 29: 1295-1307, doi:10.1175/
1520-0469(1972)029<1295:TPPATN>2.0.CO;2.

Yau M K. 1980. A two-cylinder model of cumulus cells and its application
in computing cumulus transports [J]. J. Atmos. Sci., 37: 24702485,
doi:10.1175/1520-0469(1980)037<2470:ATCMOC>2.0.CO;2.



