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Consider an isolated body of density p, immersed
in a fluid of density p,

Fig. 1.1 Buoyancy force acting upon a submerged body.



Hot air ballon

n













Z (&Z)

¥ ZEPN(in-cloud)
P
o,

Pl AR )
(non-hydrostatic)

OP
— #
o0z

—Pg

EHNNEREE (environment)
Py (2)
Po(Z)

5% /73E%7 (hydrostatic)

oP,

a—Z =—Lo8




PRESSURE (mb)

BRI B AR EE (Skew T - log P diagram)

ATATION = 48682 TIME = 28082800

100 F,=1011.1 T.— 26.6 Td,— 23.4 le.68
L.CL= #72 hPFa (0364 lon)
0.0 L= 863 hPa (1,103 lom)
LF.C.= 758 hPa (2578 ko)
E.L= 156 hPa (1408 lan)
At B LY (BE45)
150 s e e P2 l1agw
SEhomalter INIL. = =
ST IO = 235 4 (T, blue curve)
M - 19814 mis?
200 R B o 12.48 i%ﬁ%%;ﬁf?g‘i
’ W | SZ_W
250 1098 (4T4R)
&
300 0720 5 (Td, red curve)
4 i
! =
5 EUATTRASE =R Rl
400 7.610 [ 7
1" & 2T (FRER)
500 5.890 (air parcel, black
600 curve)
700 3.178
850 : 1.531
'rai}" -]
1000 ;410.108
_30 35 40(°0)

SKEW T, log p DIAGRAM



Y Distance from Radar (km)

Compensating downward motions (D1 and D2) adjacent to
the major updraft (U) (Yu and Jou 2005, MWR)
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Various effects contributing to the pressure perturbation
(Jorgensen et al. 1991)

Horizontal Accelerations Updraft/Shear Interaction
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Hodography of environmental wind for a TAMEX
convective line (Yu et al. 2001)

] I F T o 1 I I T T | | T
14
i_ -
12 ¢
10 -
i 3
i 2 4
! A
8 |' .-!"""" Ko ""‘..\ | -
L ,f'/ N o
/ # l
) B - /}L"‘ R \": | =
a0 3
O & \&‘;:i\“ J 1
= 4 ! N Y y
L / e ¢ 4
2 F / \\
- S \‘:“x .
o5 O
: ¥
2 J
0 _
| | | | ] | ] | | ] ] ] | | | | ]




Kinematic and retrieval fields of the TAMEX convective
line at 5.5 km (MSL) (Yu et al. 2001)
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Kinematic and retrieval fields of the TAMEX convective line
at 2.5 km (MSL) (Yu et al. 2001)
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Vertical cross section of kinematic and retrieval fields for the
TAMEX convective line (Yu et al. 2001)
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Schematic diagram showing patterns of perturbation
pressure and airflow within the TAMEX convective line
(Yu et al. 2001)
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The classification of storm types




(a)

Different stages of a short-lived convective cell

(Byers and Braham 1949)
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Different stages of a severe airmass storm (from Kingsmill and Wakimoto 1991)

Cumulus stage Developing stage Mature-to-dissipating stage
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Plan view of a multicell storm (Byers 1959)
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(b)
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Schematic of a multicell thunderstorm in Ohio observed in the Thunderstorm Project

The storm consisted of cells in various stages of development. (a) Plan view. (b) Vertical cross section
along A-A’'. (c) Vertical cross section along B=B'. (From Bvers, 1959. Reproduced with permission

from McGraw-Hill, Inc.)



Schematic model of a multicell thunderstorm (Browning et al., 1976)
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@ Cell 2

S;-‘_ll Schematic of the evolution of multicellular
on. Refer to the text for details. (Adapted from
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Possible arrangements of cells in multicell storms (Houze 1993)
Vc: velocity of individual cell

Vp: storm propagation velocity due to new cell development

Vs: velocity of storm as a whole (if Vs ~0, a quasi-stationary storm)

Wind at
Vc low levels
New cell NBW cell
thd at
low levels
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Propagation of a gust front from cell B and a number of the
initiated cells (Mueller and Carbone 1987)
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Phoenix PAM Network Location

FIG. 2. The gust front’s location at 15 min intervals are shown by
solid lines. The location was determined from the CP4 radial veloc-
ities, radar reflectivity data and the mesonet data. Cell A, B and C
are shown at 2039 Z. Low-level reflectivity contours are at 30 and
50 dBZ,. The arrows show the movement of the cells, and the time
that the cell was first detected at 2 km. The location of the dual-
Doppler analyses is shown as a box. The WPL NOAAC (NC),
NOAAD (ND), and NCAR CP4 radars are labeled.

FIG. 3. The gust front location at 30 min intervals and the location
of the first precipitation echo of cells that were initiated in the region
behind the gust front. The time of detection is indicated. The box
indicates the location of the dual-Doppler analyses.



Figure 10.5

The lower half of a severe squall-line-type thunderstorm and some
of the features associated with it.



Schematic features for the gust front

(Droegemeier and Wilhelmson 1987)
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Density current movie in the lab.




Simpson and Britter (1980) showed the density current
velocity can be approximated by the expression:

_ — 1
oh(T,-T,)]
TZ

1
=~

u +bu,

T,: Warm airmass temperature; T,: Cold airmass temperature
h: the depth of the cold air

U,: Cross-density-current velocity (negative for a wind toward the cold air)
b~0.6; K~0.9 (constant)

Taking T,~288.7 K, T,~286.7 K, u,~2.4 m s''and h~2000 m, u~9 m s-



Chong et al. (1987) RVirRERE/E /K& 2 HEHE

(Low-level horizontal structure of a tropical squall line)
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Vertical structure of the tropical squall line
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Bright-band signatures seen from airborne Doppler radar
(Yu et al. 1999)
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(Right panel: Time-height cross section of Micro Rain Radar for a
precipitation event during northeasterly monsoon flow)
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Houze et al. (1990)

HITHAIREAR 280

(a) SYMMETRIC CASE (b) ASYMMETRIC CASE



Houze et al. (1990)
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Parker and Johnson (2000) %5748 @R KE 2 MR B
Linear MCS archetypes

(88 MCSs in total) Initiation Development Maturity
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Rear-fed LS MCS
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b REEEIR AR 2 BB EAL (Leary and Houze 1979)

Evolutionn of radar echoes associated with a MCS
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(48, continued)

-]
-
-
-
-
-
-
2C0

100

FROM RADAR

km)

(

=
-

DISTANCE

150

L R G R G S

DISTANCE FROM RADAR (km)




BEGR 2t N BT B B B SR e /K E Sl iRl RV 224k (Houze 1977)

Temporal variation of the convective vs. stratiform rainfall of a squall line
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FEzR =2 R HY 7728 (Bluestein and Jain 1985)

(Developing types of squall line systems)
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A RELN K SE Bz 45K (0.5 degree PPI) (Roux 1988)
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Horizontal structure of precipitation for a tropical squall line
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BEAR/K P EA ] 4515 (Roux 1988)

Horizontal structure of airflow and precipitation of a tropical squall line
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(Vertical structure of airflow and precipitation of a tropical squall line)
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BE4R JE\ 55 0] )57 78 H 45/ (Roux 1988)
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FE B #:[E (vertical velocity)

T #Z B (radar reflectivity)
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TRASER IV RESR B E) R BE 5 (LeMone et al. 1984)

Vertical structure of perturbation pressure associated with a squall line derived from
airborne in-situ measurements
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HEIGHT (KM)
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152 (Smull and Houze 1985)

Airflow features of a mid-latitude squall line from a larger scale view
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BE4R BN K& EERY, A E E AR ERVEE(L (Jorgensen and Smull 1993)

0509 UTC Grid Averaged 0509 UTC Grid Averaged
Vorticity & Divergence Vertical Velocity
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Mean vertical velocity calculated over the convective and stratiform region of a
squall line (Biggerstaff and Houze 1991)
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BEGR N EK KR T #EisR 2 S (8 (Biggerstaff and Houze 1991)
(Trajectories of hydrometeors inside a squall Ii@igtfm)
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FIG. 18. Conceptual model of the two-dimensional hydrometeor trajectories through the stratiform region
of a squall line with trailing stratiform precipitation. See text for further explanation.



4R 245 &, RBEEE 2 aEH (Houze et al. 1989)
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Roles of MCVs in contributing to tropical cyclogenesis (Houze 2010)




SIFE ] B E R R A RE AR T RIS > 404 (Loehrer and Johnson 1995)

Surface pressure distribution of symmetric and asymmetric squall lines
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R EE%HR#E & (Mesoscale Convective Complex, MCC) f75 [ 215 )&(200-
mb) 5z sRiEER i (Fritsch and Brown 1982)

Upper-level MCC-induced anticyclonic circulation
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HEPE T AU B S E AT A AR 24 TP B SR < sz (Houze et al. 1989)

(Conceptual model of mid-level airflow patterns associated with
symmetric and asymmetric squall lines )
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SRS E TR R feER /T (MCV) 2 1] 7 e ZEEl (Menard and Fritsch 1989)

Visible satellite image showing evidence of MCV embedded within a MCS




TR E R 2B &EINE/ K& T g (600 mb)H R EE e

A MCYV located in the stratiform region of a mid-latitude
squall line (Smull and Houze 1985)
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GBI 7 /S FrEU ARy B 2 T RS e

A subtropical MCV observed in southeastern Taiwan (Yu et al. 1999)
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eI G KRBV NZMCV

A MCV observed near the northern end of a tropical squall line (Jorgensen et al. 1997)
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EAEREREI81% 52 RE#®/N\MCV (Verlinde and Cotton 1990)

A relatively small MCV observed in the rear side of the leading convective line
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Many cloud clusters exist over low-latitude regions
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2 AR RABSER K P R A EE BRI E R~ S E (Holton 1992)

(Schematic showing the tilt of horizontal vorticity into vertical)
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BRI EE - MR EEAMELEEZEERE ZREE (Klemp 1987)

Schematic showing interaction of a convective cell with environmental vorticity
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BRR/KEREE S EE RN MEAR A FREEEERE Z~EE (Klemp 1987)
Schematic showing patterns of vertical vorticity as the convective downdraft further
interacts with environmental shear (vorticity)
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RS R IR B E L % 4 R FEHII8 4 (Scott and Rutledge 1995)

(A pair of vortices exist in the northern and southern flank of a squall line)
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B _EErRE T RE (T )EREERRE/KEEENEARERTEE EE R (HE
}i—\,ﬁﬁz) TEE 2 S E (Biggerstaff and Houze 1991)

Distribution of vertical vorticities produced by the interaction between
mesoscale updraft/downdraft and environmental shear/vorticity
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BESR A SN ERAHSE E ERE i < BE2 B (Biggerstaff and Houze 1991)

Distribution of vertical vorticity inside a squall line system

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\K“

Region of cyclonic 1 Region of anticyclonic | Convective 1
vorticity at midlevels vorticity at midlevels I region J

Region of heaviest
stratiform precipitation



The tilting of ambient horizontal vorticity by vertical motions
within a MCS (Wakimoto et al. 2015)
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Fig. 16. Schematic model summarizing the tilting of ambient horizontal vorticity by the
vertical motions within a mesoscale convective system during the early stage of
development. The plus and minus signs denote the sign of vertical vorticity that are
created.



Importance of the tilting of cold-pool-generated horizontal
vorticity on contributing to the counterrotating circulations
(Wakimoto et al. 2015)

Fig. 17. Schematic model illustrating the development of the counterrotating circulations
that contribute to the development of a subsystem or embedded bow echo. These
circulations preferentially form at a local region where the cold pool i1s deep. Updrafts tilt
the horizontal vorticity produced within the leading edge of the cold pool producing the
counterrotating circulations. The circulations promote the development of a rear-inflow
jet that 1s also augmented by the upshear-tilted updraft. Radar echo depiction of the
embedded bow echo that develops 1s shown by the red shaded region in the schematic.



RIS EL R T UE RN A S A EMCV T BE 2 22 B AR E (Yu 1995)

Schematic showing different sources of vorticity contributing to the formation of MCV
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Source 1 (S1): %% _E(F)E R ZEBAIRFE (Yu et al. 1999; Weisman 1993)

Source 2 (S2): $fR&FTEENEREEE 9 248 1% % #H% (Verlinde and
Cotton 1990)

Source 3 (S3): FEiEh K E N ER ZEHIRE (Brandes and Ziegler 1993;
Biggerstaff and Houze 1991)

Source 4 (S4): E 3 TR SRR o ERTT 2R EEERE E RS
(Johnson and Bartels 1992)




