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Abstract For large-scale weather systems, Ertel potential vorticity (PV) is a very useful quantity because of its
properties of material conservation and invertibility for an adiabatic frictionless flow. However, for meso- or small-scale
systems, applications of PV are limited because the baroclinic solenoid term, which characterizes baroclinicity of the
atmosphere, is removed in PV. An alternative invariant is the generalized Ertel-Rossby invariant (GERI), which is derived
from generalized velocity. GERI not only keeps the property of conservation but also includes helicity and the baroclinic

solenoidal term, making it more suitable for analyzing evolutions of meso- and small-scale weather systems. In this study,
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the authors apply GERI to analyze an extreme heavy rainfall case that occurred in Beijing on 21 Jul 2012. It is showed

that GERI exhibits large anomalies, having nearly the same phase as the appearance of the heavy precipitation region. It is

concluded that GERI makes it possible to characterize fast mode properties during heavy rainfall because of the important

physical information it contains, i.e., helicity, PV, and the effect of the solenoidal term. Therefore, GERI can be used to

analyze and reveal the dynamical structure of the lower vortex that induces heavy rainfall, and provides a new dynamical

quantity for diagnosing and forecasting regions of heavy precipitation.

Keywords

1 5l

jillls

Ertel fizin (PV) HIEH LK (Rossby, 1936
Ertel and Rossby, 1949), T HA S EMEA] i
P, TR M KRB 3 KA N B i R 4338 7
N, e BRI A SR AR ()IB Bl R A
b B i EE B0 ) iERS 5 (spin-up) 1 JiE
%59 (spin-down) FL%; PR —Yrifi/K-F K <iz3)
HIPi i #2455 (Uccellini et al., 1985; Hoskins and
Berrisford, 1988; Hoskins, 1997; Holton, 2004).
HlT PV B s EE AR B A (slow-
maniford) 34l 2 (Hoskins et al., 1985), XA
A — PR A2 I B — T ) e AN A A 51
FWCFIE RS DL R AL (Mclntyre and Norton,
1991), XA 4 A 1 5% Y ik A5 % 2R I IE AN e T
fEo PRSPV T3 K & MR ARG
Bl FIRZ (FHP%, 1996; Schubertetal., 1999;
Chen etal., 2003; 413, 2010; Yuetal., 2010),
{HEE R B — AR 2 AR A, PV BN AR )
Po DA, AR S A IRLT PV KB &,
BATsptatE, R ey DUH TR m A gk my)
St e A AR BRI RA% B H 72, Ertel
and Rossby (1949) M PV & PS5 2] T #HE K
1) Erter-Rossby AR H, XA T ] T4
PR A RGNS, (HANGER T e,
TR AFAE SR B . Zdunkowski and Bott (2003) it
FAOAR AT S T AR R K Erter-Rossby A
MR EL, HEFRASHRERKHEST
. 1 H., Ertel and Rossby (1949) FI Zdunkowski
and Bott (2003) FRIBFFEH K ke SIMC AR, I3
f BAR YL S AREFE . Gao et al. (2012) it
Clebsch A2 4ft, MIzzh #2152 OH /%, 7Eik
Al b ST — AN IR ER PR AL T X AN TR R BRI
5, EREERERAPEE T NHAL R, R
HJ X Ertel-Rossby A& (GERD. Big L, X

Generalized Ertel-Rossby invariant, Fast-manifold condition, Torrential rain, Dynamical structure

AN GERI ] L[] iR 15 24 gt 784 R PR gt 284 11
A, FESERRN T B A T, )RR R R
REE R RERIRG R BRI 5. B
GERI HAT B3 = 3, HE Gao etal. (2012)
AT B T RS, R8T HAR R H 31
SRR ARG DA R e, ASBEIESZIX A
AL R AT B IS . A XA
GERI [1)3EA -, HARZ#T GERIT 76 52 Fr B i i F2 b
()5 S LA, LLSGAIE GERI J2& 75 Af LR Rt 7Y
PSR 2N RS NIB) a5k, DL ] LA
GERI K73 A7 2 W ik P 512 W S TR % N 74 X

2 [~ X Ertel-Rossby ~Z& (GERI)

Paxa

8] 71

H1F GERI & —ASHT A&, ASCAEN
I M T R G AR [, A7 4 B ] A4
GERI {5 . BRI R s s i 5
N
dv

—+2!2><V+le+gk=0,
d¢ P

Hrp, VoSG shEE, Q@ NHIRAEAEE, g
S E SN, k AT HBR AR T ) PR O
p WA, p WTREE. SIS
S=c,n0+C, (2)
Hof, ¢, WAEIRER, . MAR (2) B
W HHEFIFANA R (1D, WEEsh TN
C;—I;+2QXV—TVS+VH+V¢=O, (3)
/H\:EF" Tj'g%%ll}ﬁ’ H:CPT ﬂ‘ji/ﬁl\,
A~ (3) WG R 15:
AT R A
d¢ P
o, & NAXwE. XNTRERA, 88X
E =& -V XVS N SGWEL, 1 Jyild BERIRLRS B
HEy, Wifldn/de=T. WTRE (4) "kl

(D

¢ AR Xt

X
VIXVS -



33 JA WA |7 X Ertel-Rossby AARRAEIL ST “7.217 Rl B M b i
No. 3 ZHOU Yushu et al. Application of Generalized Ertel-Rossby Invariant to the Heavy Rainfall Case on 21 Jul 2012 in Beijing 305

/P _ & gy, (5)
de Vo
W R R T SCIRBE R FE Rl A dS/d=0
M4, AR (5) B&ATHEAFHAM: TR
I, Gao etal. (2012) ]:
ﬂgﬁ@j@l=£ﬁvii, (6)
d¢ P d¢
i, AR RN REE R FHUREERE AN
KAMR (S), Wk (6) AL RAIH A
FENHMABE— (PV=£ -VS/p ). FI,
A (6 T ABNFIMAE, IR R AL S,
FIH Clebsch 2424, Seliger and Whitham (1968) !
WS A
V=V®+nyVS+aVp, @2
o, @, a A EERKEWHRD RE, 7t
WLEE TR By o Gao etal. (2012) X A5
SN B A, E Y, R
V.=V+V, =V +Q2Xr (V, &EHERE 323453
JE), W& nt
Ve vl rvs Loz yryivxe, 9
de dt 2
¥
do
dr
1M1 d{[(& +2R2 -V nxVS)/p]-aV}/dt = o[ (£ + 202~
VixVS)/ pIV(dB/dt)=0 (& JFXTiRE), Kk,
A3 —ASH AR
d(, -V, /p)/dt=0, (10)
w0 HE, -V, /p Hi2) X Ertel-Rossby A
i (GERD . & =& -VnXVS &) LR,
V,=aVB=V,-VO-nVS ] SGEL,
X TEHERUA, GERL=[(£ +202-VnXVS)/p]-
V, ~VO—1NS) ¥l N [(E~VnXVS)/ p]- ¢ -V ~-1]VS) »
XL SN Ertel-Rossby A8 (ERD. FRTH
WEE P KN S N A, i PV IR RIA A A
TE ERI Y (s s245, 2012). Ak, PV fE4idk
T P s E L5 GERT . (ML,
GERI &% T ERI f1 PV [PE, wH T e fdk
Tl KA, APz
MBS ESkAR, 1T GERI A DAA] Ik 8 48
TR AR AR I I (AR A, A S B B o B EL A i
PE, TSR TR R Ko REE R ARG S AR

=WVt =g, 9)

(RZh )85k . DRI, AN SOt FH XA W7 IR AN AR B0 2%
PR R TIZ W 04T, LASSHIE GERI 7185 Frok
RO REIIEH . SCh T B I SR 4
NCEP/NCAR) [#]0.5° (£[i/%) X0.5° (&) Kf[h)
[ERE A 6 h IR0 A gkl o EA % e it 4 E 6 h
SRS TR

3 dtm “7.217 ERUEEXRERE
&9

2012 4 7 H 21 H, HUESE A0l P A S H X
R L S LR R R, 08 43 M XA R R A
5%, JbntPaREs RS WALRE  JE Y5 A
A L5 6 BT 260~ 541 mmo I YR 5 B R L
bR 170 mm, JEXCEHERE 215
mm, 217 86% LA _E WA =L 100 mm, X
UL B KB R I ] 22 () 364 mm, 7K
3k A 5 K o Y R LA B T RS s L X ]
JEHH, JEF] 460 mm. F RIS R R K T s
W, RAEITHIX H 1951 4SS0 5% LR I
SR — IR B RO o AR SR X o i 2
1 GERI 5340 S8, LAFST GERI A2 R RS
SYHTIIRE ST, SEZBL GERI {ESZRR KA M i
N FH o

ZEMACIAN20 H 08:00 (AEETIE], FHD % 21
H 02:00], 500 hPa KK F (KBS, POXREFEZ
AT DU RS B 3, 1) WA s 1 vt 7 DL 7R
W1, 1A w1 AR R B, w G g ARG,
Jeut 1 33°N JbA 2 36°N, SbER, AL T £y
TR R R R R (g, TER T Aedb 2y g
AR PR RSB MR 21 H 08:00
COLEL 1, DU RIS A AR i 3 A8 5 T 3 AR
R R AR & 9, REHT A /R S8 Hl (35°N~50°N,
105°E~120°E) ¥ PG <o, LU 8% mi 22/ T
1.8 °C. dbnts Rt KoinfJbIb s 40 52 it ik 1) V5 1 B
WA AR DAL . 25, R, & 22
H 02:00 #F% 4 114°E, {70 H 7Y g < m g i
R mPE <, 22 H 08:00 ALk R it b5t

700 hPa & b, 7EZMIFTIH 20 H 08:00 & 21
[ 02:00 CPEIBE D, ISPy FRAEAS o] AR AL )7 1 #5805,
AT R A v i i XU S Al .
FYIRIEET (21 H 08:00), T4 P4 A4k S - Jf:
SR AR AR, O (399N, 110°E) FHE,



R /=T N S 7 19 3%
306 Climatic and Environmental Research Vol. 19
80N
70N
60N A
50N £
40N =
30N
20N 4
A - SO ik e .
10N ) S
YRS P 2NN NI B B - S
£Q £~ e M e % \0‘\? SO SN A
50E 60E 70E 80E 90E 100E 110E 120E 130E 140E 150E 50E 60E 70E 8O0E 90E 100E 110E 120E 130E 140E 150E
20 m/s
80N
TNY 7
60N
50N 1
40N 5 v
30N, - s AN
2ON<.""‘ml‘d-’\\i@““‘. +
TN SN /’)',_,‘\;‘\,,‘//VAA‘,
I N, \_,/';,._,‘\‘_,,./',\_,_ . ® o
(RSN et o
# =N - o ey N
//4\\%;%“ RS
EQ ¥4 T T T U U T
50E 60E 70E 80E 90E 100E 110E 120E 130E 140E 150E
30 m/s
€1 500 hPa i CHIZE{EEZL, HAA7: dagpm). 700 hPa X3 (KiEHik) LA 200 hPa KUK T30 m/s (PRSI BRS04k, 07 m/s) [

3Aii: (a) 2012 4E 7 A 21 H 08:00; (b) 201247 H 21 H 14:00; (c) 201247 A 21 H 20:00

Fig. 1

Horizontal distributions of geopotential height (thick contour, units: dagpm) at 500 hPa, wind fields (arrow) at 700 hPa, and wind speed greater than 30

m/s (shading and thin contour, units: m/s) at 200 hPa: (a) 0800 LST 21 Jul 2012; (b) 1400 LST 21 Jul 2012; (c) 2000 LST 21 Jul 2012

IR R A7 AR 25 XL 16 m/s [ P5 G 20, 2
ORI R O T AR I IR IR, e R s 22
F2°C, KEAEE 7, BRI AIE B R,
JEat b TR DI FHE . 200 hPa 25K )Z B
R B AN, 21 H 08:00, 2% M AN S
PEER ) AR AE MR R B B2, 2o ezt
HARAE LW SRS, dbatb A X (E
1B, maf R R, Har il
SENEETIEES

FEMITERM B (21 H 14:00, Kl 1b), JEH
PRI AR S R R RE, w0 T Ll v K T B 3
(40°N, 113°E), K im ARG TR S it — 0 o,
HAmE O E 4 duIX (46°N, 120°E) fix, Jb

U X SR C R R CRIR—IKR R 1 — 2k
JE R 221k F) 1.2~1.4 °C), dbntiiit Trgy)ae
LRI, EeamBF KIS B (21 H 14:00 £ 20:00,
Kl 1¢), 700 hPa FAGIZH#% 2 i Jbf e 2 b5t Ft
1, AU, bt X PE R KUA E] 20 my/s,
MR . 22 H 02:00, b5t PR IR RIS E
R AN TE 2 it | A /e i O 7 @ 2 % TR

H I RSB 5 700 hPa A 8T (RN . TR
IR RE A BB A R AR . AU AR R R ENR TS
HEERE (RS, MERSHb UL, 500 hPa &I = K
et DUIZRIMIC IR JARAE 7] R F R 31, Ay ik FoK
AL T 8RR R BREE 23 S 4% 700 hPa £
ICHE 2R 8 R AT 108 26 1l DA R HP AR 2 1 17 7 g



33 JA WA |7 X Ertel-Rossby AARRAEIL ST “7.217 Rl B M b i

No. 3

ZHOU Yushu et al. Application of Generalized Ertel-Rossby Invariant to the Heavy Rainfall Case on 21 Jul 2012 in Beijing 307

IR A 0 7 K PR B it R 2 i LA SRR 8 v
SRR R B s 2 T s g, AR e il B Kt
7, DA Bt X R 2R R R RE SR A T A AR
R 55

4 GERI fFdt= “7.21” EMEEH
B

tH T GERI & P& A Mm s 5, KT
RO AT, KA SN R GERI B AR 215
Al TR AT R R AR B 2 &7
H 21 H 08:00. 14:00 & 20:00 ] 700 hPa % i
GERI 5K PFREES /4. AWK 2 AL, GREI ¥

NS
e > ST A A

N Tt

T AXTR

7
=y
Y "

e D A B A XA 3, ALK
A7 H B ik A 5 R E A (1) X S84 GERI () 5
X B, JEHSEAE 14:00 F120:00, GERI 434 5 700
hPa  FARKE R F8 FF A J It A Ao PR A B AR — 3
(Kl 2b A1 2¢), H GERI (15 5 A bifi 25 (0 i (149 b ot
TNy, Uil GERI i 56 58 Szl B R KIS RGE
SR, T LR AR AR SRS Wi AT R N R S
(15 ) 45k o

Kl 3 &7 H 21 H 14:00 700 hPa ] GERI 5 6 h
FERBEARII A o XIS ZN LR KB A T T 4
BBt MBEKARE, Mk FIbat e, &
BB DAL T L vg SR AT IE PR o MO GERI
AR, S KAEX AR T vh. N5

50N ===~ <<>—=<
NN
48N+t > = s s
v N N N W™ » T
46N v v v w s s
MoN N x>
44N +
42N BTN N
40N 1
38N 1
36N
34N A
32N A
ope 2 Va

N Lpel /3
106E108E1 1

20 m/s

r o
rors
(I

_
7
2
727
r 7
r.7
= P S
E122E124E
20 m/s
50N
48N+ — = «
P~ S\
46NN N N A
NV VL
44N H
42N 4oL
40N +
38N A
36N
34N A
32N A
30 PENITS M NP T NN

106E108E110E112E114E116E118E120

20 m/s

K2 700 hPa %K I GERT (%4, #fi: m's?kg™) MUKCERRE CREFSO 40 () 20124E7 F 21 H 08:00; (b) 201247 A 21 H

14:00; (c¢) 2012 4F 7 H 21 H 20:00
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