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Background
〇 Localized heavy rainfall events which have long duration can  

cause severe inundation and landslide disasters

〇 Difficulty of quantitative precipitation forecast (QPF)

⇒ Realize the environment of convection initiation in the 

model computation using Data Assimilation (DA)

Rainfall rate at Northern Kyushu heavy 

rainfall event in 2017 (from XRAIN, MLIT)
Land slide in Asakura city, Fukuoka Pref.

(ref: MLIT, Japan)
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Background

Sasaki 2014

• Release/absorption of latent heat cloud cause tornado

⇒ Apply “thermodynamic vortex” to forecasting

Mesoscale Convective System (MCSs)

Convection in super cell

Condensation
Evaporation
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Method: Develop a new vorticity
• Hypothesize Lagrangian that has the dimension of energy density

⇒ Apply 3 equations as the constraints of the system

Lagrangian

Constraints: (1) equation of motion 

(2) conservation of mass, entropy

(Sasaki 2014)

(1) (2) 

𝑣: velocity, 𝜌: air density, 𝛼, 𝛽: Lagrange multipler, 𝑉: whole region of the system, 𝑡0, 𝑡1: time (arbitrary)

• Action “L” has the minimum (stationary) points ⇒ Euler-Lagrange eq.

for variation 
( 𝛿𝑣 )

Kinetic energy

Inner energy Gravity potential

Entropy

Conservation 

of mass

Conservation of entropy

(=the 2nd law of thermodynamics)
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Method: Develop a new vorticity
In this research…⇒ Covert Entropy to Potential Temperature (PT)

𝐶𝑝: specific heat at constant pressure

𝑆𝑣𝑎𝑝𝑜𝑟: entropy of water vapor

“Thermal flow causes vorticity in the system”

◎ Vorticity expressed by PT 
and horizontal wind

entropy

Vertical Vorticity

Horizontal 
wind

Chemical approach for the estimation 

of vorticity ω (Sasaki, 2009)

Converting entropy to potential temperature 

allows to estimate vorticity using numerical 

weather models.



6

Baroclinic atmosphere
〇 The state in which the isobaric surface and the iso-density (thermal) 

surface are not parallel

Isobaric 
surface

Iso-density 
surface z

East(x)
North(y)

⦿

〇 Baroclinic vector [ /s2 ]

Express the effect of vorticity 

eliminating the gap between the 

two surface

Baroclinic: 𝛻𝜃 is larger magnitude
In this research, we focused on vertical 

component of baroclinic effect that is 

described by horizontal PT gradient. 
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Warm bubble experiment: Settings

Vertical profile of initial value
(a) Horizontal uniformed west wind
(b)  R: PT  B: relative humidity (Red dot line shows profile at warmbubble)

〇 Numerical model: CReSS (Tsuboki, 
2002)

〇 Number of grids: 

(lon.) 400 × (lat.) 200 × (ver.) 140

〇 Horizontal resolution: 250 m

〇 Vertical resolution: 100m (avg.)

〇 Environment wind at initial state :

horizontally uniformed west wind

〇 Warm bubble near the ground: +4 K

〇 Observation error: 1.0 × 10−3 /s

Settings

Warm bubble Experiment
(idealized convection simulation)

𝑧

𝑦

𝑥𝑂

𝐵

Warm bubble at initial state of 
the computation

Max +4 K from 
surroundings



Scale Analysis near Convection Core
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Wind-based vorticity 𝜁𝑧

PT-based vorticity 𝜔𝑧
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 FFT for vorticity 𝜁𝑧 , 𝜔𝑧 at cross-section of the convection core

波数

Increasing energy 

spectrum indicates 

tilting vortex tubeExpand vorticity 

along vertical 

direction

Distribute in a 

semicircular shape
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空間スケール大 小

vectors: wind

contours: PT [K]

Wavenumber

Spatial scale narrowwide

𝜁𝑧

𝜔𝑧



Scale Analysis near Convection Core
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Viewpoint 
from south…

Diagonally 

above…
 PT-based horizontal vortex 

tubes tilting due to warm 

bubble

Tilting horizontal 

vortex tube

Double structure 

of vorticity



Scale Analysis near Convection Core
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波数

Wind-based vorticity 𝜁𝑥

温位渦度 𝜔𝑥

Expand red/blue 
area vertically

Expand red/blue 
area

Corresponds to 
the increasing

空間スケール大

vectors: wind

contours: PT [K]

 FFT for vorticity 𝜁𝑧 , 𝜔𝑧 at cross-section of the convection core
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Scale Analysis near Convection Core
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 Rapid increasing of graupel can cause the 

increasing of PT-based vorticity

graupel

PT increment due to cloud microphysics process (color)

・qr (rain, blue contours)・qg (graupel, green contours)

Maximum value of each mixing 

ratio near convection core

Increase 
graupel

vectors: wind

contours: PT [K]
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DA Experiment of vorticity: Settings

〇 Numerical model: CReSS (Tsuboki, 

2002)

〇 Assimilation system:

CReSS-LETKF (Yamaguchi et al., 2008)

〇 number of grids: 

(lon)500×(lat)450×(ver.)61

〇 horizontal resolution: 1km

〇 vertical resolution: 250m (avg.)

〇 initial/boundary value: MSM (JMA)

(using the environment of Northern 

Kyushu Heavy rainfall in July, 2017)

〇 Assimilation time: 2017/07/05 1230JST

〇 Observation error: 1.0 × 10−4 /s

Settings

Before 
assimilation…

・Westward wind was dominant

・Vertical wind shear

・Almost zero of horizontal PT 
gradient

・On the sea (ignore the 
orographic effects)

Modeling the pair of 
vortex tubes in 
developing clouds

Vortex 
tubes

(pseudo) observation value



DA Experiment of vorticity: Results
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Before

Assimilation 
point (positive)

Potential 
temperature [K]

Wind velocity

𝜁𝑧 =
𝜕𝑣

𝜕𝑥
−
𝜕𝑢

𝜕𝑦

Assimilation 
point (negative)



DA Experiment of vorticity: Results
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After

𝜁𝑧 =
𝜕𝑣

𝜕𝑥
−
𝜕𝑢

𝜕𝑦

 Both negative/positive vortex 

tubes realized near Assimilated 

points

Horizontal PT gradient become 

larger though 𝜔𝑧

Updraft realized indirectly with 

changing PT field



Future works: Energy Cascade
 FFT for vorticity 𝜁𝑧 , 𝜔𝑧 at 3D of the convection core

𝜔𝑧

𝜁𝑧
𝜁𝑧

𝜔𝑧

wide narrow

∼ 𝑘−
5
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 Analysis of the interaction between 

𝜁𝑧, and 𝜔𝑧

 The behavior of PT-based vorticity 

corresponding to cloud-microphysics



Future works: Apply to MCSs
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〇Increasing tendency of energy spectrum can also be seen 

in MCS simulation
Wind-based vorticity 𝜁𝑥

PT-based vorticity 𝜔𝑥

Developing cloud

Large 𝜔𝑥 corresponds 
to cloud 
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Wavenumber

Increasing

vectors: wind

contours(gray): PT

contours(blue): qr

Spatial scaleWide narrow


