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1. Introduction

Forecasting Tornadoes

Most of strong tornadoes
(maximum wind > 50 m/s) are
generated in supercell
Storm associated
with mesocyclone
Process of
supercell
tornadogenesis

(1)

Tornado

Mesocyclone

Vertical
vorticity

O(1 s-1)

O(10-2 s-1)

Diameter

O(100 m)

O(1 km)

cf., Markowski and Richardson (2010)
(3)

(2)

2km

2km

1km

1km

Midlevel mesocyclone

Low-level mesocyclone

2km
1km
Tornado

Tornadoes are not necessarily generated even if mesocyclones are generated

→ What should be corrected to forecast tornadoes?
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1. Introduction

Supercell Tornadoes in 6 May 2012

3 tornadoes were generated almost simultaneously at 1230 JST.
South one is estimated F3 (70-92 m/s).
There were dense radar and surface observations.
JMA radar
MRI advanced C-band
solid-state polarimetric
(MACS-POL) radar
In this study,

Forecasting the tornado through
radar and surface data assimilation.
Clarifying what variables are
important for tornadogenesis with
high-resolution ensemble forecasts.

Damaged area

MRI
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2. Experiments

Outline of Nested-LETKF System

Arrows: Ensemble experiment, Ellipses: LETKF analyses
5/6, 03JST

5/3, 09JST
～

Operational obs.
every hour

Smoother

5/6
03JST～

Inner-LETKF
- 1.875 km grid interval
Assimilate

Radar obs.
Surface obs.
every 10 min.

Number of ensemble members: 32

Downscaling
Experiments
- 350m grid
interval

Downscaling

Assimilate

5/6, 13JST

5/6, 09JST

Downscaling

Outer-LETKF
- 15 km grid interval

Yokota et al. (2016, MWR)

11JST～

Boundary
Condition
every hour
Boundary
Condition
every 10 min.

Tornado
genesis

32 members
+ mean

Operational obs.: Surface (pressure), Radiosondes (wind, temperature, humidity),
Planes (wind, temperature), Radars (Doppler wind, humidity) and
Wind profiler radars (wind)
Radar obs.:
Doppler wind observed by MACS-POL and operational 3 radars
Rainwater estimated from KDP and ZH of MACS-POL radar
Surface obs.:
Wind, temperature and humidity observed by AMeDAS and ESN

Horizontal resolution: 350m (Red: vorticity > 0.05 s-1, Gray: cloud water > 0.3 g kg-1) 5/16
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3. Analysis (Low-level Mesocyclone)

Paths and Strength of the Vortices (z*=0.8 km)

Probability that high-vorticity area (>0.03/s)
appears within the radius of 5km
Black lines:
Damaged area

Yokota et al. (2016, MWR)

Maximum vorticity
Maximum
vorticity is
strongest

s-1

In this
region

Many members
forecast high-vorticity
%

Initial state
is mean of
32 members

Maximum
vorticity is
weakest

Paths and strength have large spreads.
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3. Analysis (Low-level Mesocyclone)

Ensemble-based Sensitivity Analysis
ζmax

Sensitivity of ζmax to X

dz
=
dX
max

Member 3

cov (z max , X )
var ( X )

dζmax/dX

Member 1
Member 2

X

(Torn and Hakim, 2008)

→ It is calculated in all grids.

Large sensitivity
↔ ζmax is largely increased
by small increase of X

ζmax: Maximum vorticity (s-1) at z*=0.8km
(averaged between 20 minutes around when it had maximum)
X: low-level water vapor (g kg-1) or horizontal wind (m s-1) in 11JST

Large sensitivity to X
↔ X is important for making the vortex stronger

(Linearity of sensitivity is assumed)
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3. Analysis (Low-level Mesocyclone)

Sensitivities to Low-level Wind and Water Vapor
Sensitivity of maximum vorticity (/s) to low-level (z*<1km) horizontal wind
(arrows, zonal and meridional, m/s) and water vapor (color, g/kg) in 5/6 11JST
(Only “reliability > 50%”)

Storm at
11JST

Direction
of the
storm

Yokota et al. (2016, MWR)

Vortex
path

ζmax: Maximum vorticity (/s) at z*=0.8km
(20-min moving average)

Large sensitivity to
southerly wind at
southeast of the storm
Large sensitivity to
water vapor at
southwest of the storm

Stronger southerly wind at southeast
and more water vapor at southwest
→ Stronger low-level mesocyclone

→ Are tornadoes
generated easily?
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2. Experiments

Outline of Nested-LETKF System

Arrows: Ensemble experiment, Ellipses: LETKF analyses
5/6, 03JST

5/3, 09JST
～

Operational obs.
every hour

Smoother

5/6
03JST～

Inner-LETKF
- 1.875 km grid interval
Assimilate

Radar obs.
Surface obs.
every 10 min.

Number of ensemble members: 32

Downscaling
Experiments
- 350m grid
interval

Downscaling

Assimilate

Downscaling

Outer-LETKF
- 15 km grid interval

5/6, 13JST

5/6, 09JST

11JST～

Boundary
Condition
every hour
Boundary
Condition
every 10 min.

Boundary
Condition
every 2 min.

1110JST～

Higher-resolution
Experiment
- 50m grid interval

Operational obs.: Surface (pressure), Radiosondes (wind, temperature, humidity),
Planes (wind, temperature), Radars (Doppler wind, humidity) and
Wind profiler radars (wind)
Radar obs.:
Doppler wind observed by MACS-POL and operational 3 radars
Rainwater estimated from KDP and ZH of MACS-POL radar
Surface obs.:
Wind, temperature and humidity observed by AMeDAS and ESN
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4. Analysis (Tornado)

When Maximum Vorticity Becomes Strongest
Cloud water mixing
ratio >1 g kg-1

Color: temperature
at z*=1.5 m (K)
Vertcal vorticity >0.2 s-1

Vertcal vorticity >0.6 s-1

Arrows: horizontal wind at z*=30m (m s-1)
Blue < 20 m s-1, White = 20-40 m s-1, Red > 40 m s-1
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4. Analysis (Tornado)

Origin of Tornado Circulation

Circulation Baroclinic Friction

D
dp
v  dl   
  F  dl

C
C
Dt
 C

Cold

Warm

Backward trajectory of parcels on this circuit
(center point: maximum vertical vorticity ζmax,
radius: 100m) when ζmax > 0.6 s–1 at z*=30m
→ Calculate circulation along it

Surface

Circulation and baroclinic and friction terms

Potential temperature (K) and
isobar (every 5 hPa) at z*=30m

Friction increases circulation
(baroclinic term is small)
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4. Analysis (Tornado)

Comparison of Circulation among 5 Members

Backward trajectory of parcels on the circuit → Calculate circulation

Friction does not necessarily increase the circulation
In some cases, baroclinity is also large →
Tornado strength does not depend on
the origin of the circulation
→ What decides tornado strength?

200-sec before,
z*=140m

13/16

4. Analysis (Tornado)

Correlation of Tornado Strength

Correlation of 30-m maximum vertical vorticity (5-min moving average)
Water
with 350-m
to maximum vertical vorticity horizontal grid
vapor
3-min
height
before
(g kg-1)
maximum
vorticity

0.4
averaged

to water vapor mixing ratio in 30x30km
height
0.4

3-min
before
maximum
vorticity

to potential temperature

averaged
in 30x30km

height

small
Time from 30-m maximum vorticity [min]

> 2.0 s-1
> 1.0 s-1
> 0.7 s-1
< 0.7 s-1

Vertical vorticity (s-1)
Tornado
Not tornado

High correlation to 1-km mesocyclone
and 0-100m water vapor
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4. Analysis (Tornado)

Why are low-level mesocyclone and water vapor important?
(1) 1-km mesocyclone
height Vertical perturbation
pressure gradient force

(2) 0-100m water vapor
height
Buoyancy

Upward
acceleration
Perturbation
pressure

Upward
acceleration
LFC

Saturated
equivalent
temperature
Equivalent potential temperature of lifted
air parcels (more humid air is closer to
saturated equivalent potential temperature)

Upward accelerations due to
(1) Pressure gradient by 1-km mesocyclone
(2) Strong buoyancy by 0-100m humid air
are important for tornadogenesis
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3. Analysis (Low-level Mesocyclone)

Condition for Strong Low-level Mesocyclones

What should be corrected to improve forecasting mesocyclones
37N

Cold front

36.5N

Water vapor flux

36N

35.5N

139E

139.5E

Convergence
Storm
motion

140E
30 m s-1

140.5E

g kg-1

More water vapor here
→ Stronger mesocyclone

Stronger convergence here
→ Stronger mesocyclone

More water vapor on the rear side of the storm and
stronger convergence on the forward side of the storm
should be corrected to forecast mesocyclones and tornadoes
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Summary
Ensemble forecasts for Tsukuba city supercell tornado on 6 May 2012
were succeeded due to radar and surface data assimilation
• Mesocyclone becomes strong due to more water vapor on the rear
side of the storm and stronger convergence on the forward side of it

• Tornadogenesis is highly correlated to low-level mesocyclone at about
1-km height and humid air below 100-m height several minutes before

Low-level wind and water vapor near the storm should
be corrected using correlation to observations to
improve forecasting tornadoes as well as mesocyclones
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