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Synopsis

In this research, potential temperature gradient based vorticity which is the expres-
sion of baroclinic is obtained to analyze the energy structure of the vorticity field
in developing clouds. First, applying the variational method enables us to obtain a
diagnostic equation in which the equation of motion, conservation law of mass, and
entropy are considered as constraints. Second, Fourier analysis was performed on the
vorticity field in the cross-section of the convective core in the isolated cumulonim-
bus simulation. The temporal change of the spectrum of vorticity field indicates that
the rotational intensity of potential temperature gradient based vorticity increases
as the degree of baroclinicity increases. Third, we conducted the data assimilation
experiment assuming the use of vertical vorticity estimated by doppler radar obser-

vation. The change in the potential temperature and vertical wind through the error

covariance matrix generates coherent convection in the computations.
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Fig. 1 Schematic image of quasi-adiabatic process. Hor-
izontal axis indicates time (fo < #, < #;), and vertical

axis indicates the level of entropy.
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Fig. 2 Entropy source/sink associated with thermody-

namic effects in super cell (Sasaki, 2014)
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Fig. 3 Relationship between the external products of
temperature gradient, horizontal wind speed, and verti-

cal vorticity
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Fig. 4 Estimation of vertical (wind) vorticity ¢, using

Doppler velocity v,, and vp,.
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Fig. 5 The pair of vertical vortex tubes in the devel-
oping cloud. (a) indicates vertical wind shear, and (b)

indicates horizontal vortex tubes gone up by updraft.
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Table 1 Settings of the data assimilation (DA) experi-

ment using actual environment
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Fig. 6 The distribution of vertical (wind) vorticity which

was applied in DA experiment.

Fig. 7 Computation region and the cite of grids in which

DA of vorticity was conducted.
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Fig. 8 South-North cross-section of vertical (wind) vor-
ticity (color), wind (vectors), and potential temperature
(contours). (a) shows before DA, and (b) shows imme-
diately after DA.
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Fig. 9 Vertical profile of potential temperature at x=-1

km in Fig. 8.
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Table 2 Settings of DA experiment using idealized con-

vection simulation
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Fig. 10 Vertical profile of initial values for (a) westward
wind u, (b) potential temperature 6 (red solid line),
relative humidity » (blue dashed line). Red dashed line
in (b) indicates the profile at the warm bubble.
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Fig. 11 The distribution of vertical (wind based) vor-
ticity which was applied in DA experiments. Note that
positive and negative of vorticity are swapped compar-

ing with Fig. 6.
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Fig. 12 Comparison of vertical (wind based) vorticity
between (a) before DA and (b) immediately after DA.
Color, vectors, contours, circles indicate vertical (wind)
vorticity {;, wind velocity, potential temperature 6, and

the grids which DA was conducted, respectively.
O,

Table 3 (a)Background error covariance for each vari-
able and vertical vorticity, and (b) the change in en-
semble mean for three grid points assimilated negative

vertical vorticity

Table 3(a) IZ BT 2 EF DA, EELHED
BRI REWMETHE I 2 RLTWS, £/,
Table 3(b) 1%, FRALDIOEAKRZEZRL, SHER
EOEDEMMITFE LEHIIBED ¢ %2, BAOE

Fig. 13 Comparison of vertical (wind) vorticity between
(a) before DA and (b) immediately after DA. Color in-

dicates vertical (potential temperature based) vorticity.

Table 4 (a)Background error covariance for each vari-
able and vertical vorticity, and (b) the change in en-
semble mean for three grid points assimilated positive

vertical vorticity
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Fig. 14 Distribution of (a) wind-based vorticity, (b) potential temperature-based vorticity at the convection core

which the time is 660 sec. in the convection cell experiment. Figure (c), (d), (e), (f) illustrates how to develop the

pair (positive and negative) vortex tubes in the cloud.

Fig. 15 Temporal change of energy spectrum for vortic-
ity £; (cold color line) and w, (warm color line) on the

cross-section that is analyzed in Fig. 14.
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Fig. 16 The distribution of (a) potential temperature-
based vorticity wy, (b) the inclement of potential tem-
perature (shaded color), rain water mixing ratio (blue
contours), graupel mixing ratio (green contours) on the
convection core which the time is 900s in the convection

core experiment.
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IR ORI B 22 U, KD KK D EZE Y A
2L TKRRTOEENEINT 2K TH D (MA,
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DI FNF =AY NVOFIZAL %R L 7= Fig. 18
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BhMER AR S5 Z e Bbh b, —J5 TR E
L DARY FIVHBENMEAR 2R T H DD, JRALIEE
Wy DENL RS EHHIETIZZ.

Fig. 17 Temporal change of maximum precipitation
mixing ratio at the convection core(qc, qr, qg, gs, qi
means the mixing ratio of cloud water, rain water, grau-

pel, snow flake, and ice crystals, respectively).

Fig. 18 Temporal change of energy spectrum for vortic-
ity £ (cold color line) and w, (warm color line) on the

cross-section that is analyzed in Fig. 16.
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Fig. 19 Water vapor flux on 925 hPa height in the IMA-
MSM initial values at (a) 2100 JST 3 July 2020, (b)
0000 JST 4 July, (c) 0300 JST 4 July, and(d) 0600
JST 4 July. Contours, vectors, shaded color indicate
geopotential height [m], water vapor flux [kg/kg], and

its absolute value, respectively.
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Fig. 20 Distribution of KI based on JMA-MSM at (a)
2100 JST 3 July 2020, (b) 0000 JST 4 July, (c) 0300
JST 4 July, and(d) 0600 JST 4 July.
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Fig. 21 Domain Configuration for terrain around

Kyushu region.
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Table 5 Configuration for numerical simulation of

heavy rainfall event
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Fig. 22 Comparison the accumulated rainfall between
observation (red solid line) and simulation (blue solid

line).

7ot C IR OREELE TS U 7z ER R A

SNz, EHER C DB TIRFRITASNTVWEDD,
HE2.0km~4.0km 125135 EFFROELIZIEKZE
LOBHETRIET 2 @RS A SN, T Ok
ZHER I K & ZRIRALIHIE o B LTz, —f
T, BIMREELEFEROB D, [ U eI EA DR
FEEDE WD & 5 IR oS, -k
EOEBO RG-SR EWE (KIXEM) IZBWTHRS
Nk o7z, Fig. 23(c) 12, fEIK C D 10 DHEOETF
WSS A C 2R3, & 4 km MU N THRAKD
BAINL, EREIEE 722 212 & D IRAIEE o, D
EEHEMLU, &ES5km 380 EAGREO LiGELTHER
MAL, ERAEOE < OBEAHE w, BEEML 72T
NALNTZ., —FTHIEC, C WIZB)2EMAE
wy DEIZHEMBEILEERTASONAZMEL D PO/NS
W B EORAIEE w, ORI, R IERE DMK <
Mol LIz RS o N EMAEE /N < 7
D, HMREUTHEMBEOKREIENIS AT
ERRREEZSND., — /T, ERFIEEOLE
IR ERBMNHEITIEL CASNBIRHETH - 72
ZDZehn, HDOEEEFKELZ ERRE ZDEL
DAL B B R G U T HIRH K & 2R AT A A S
NdESZhBLeEZLONS.

Fig. 23 T U 7= THELE O30 % O R A6-5R 18 W i
X RITIRE D KRS L, wxy DT RIVF—ARY
MV ERTHAS L (I8 Fig. 7 12#8i%), LREFEDZE
IR — IV KRELS B LBz, JAEBE o DA
R PMVIEEIEEEA»PE/A L oz LT, |
R wy DARZ FIVIZIEE 1.0 x 1073 /m D&
BAEIS 2 FUDMZBEIML TWB Z e b hr o7z, ER
WAEAL I NG & & HITEMHE w, ORIERIRE D
BINS AEMIE, BHMELEYI 2L —Ya vOR

Fig. 23 (a) Rainfall rate around Danjo islands in the
numerical experiment of heavy rainfall event, the dis-
tribution of w, (shaded color), rain water mixing ratio
(blue contours), graupel mixing ratio (green contours)

at A-B cross-section in figure (a).
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