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Numerical Simulation on the Transition of Tornado-like Vortices
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Synopsis

The transition of tornado-like vortices is numerically investigated with the use of

nonhydrostatic axisymmetric and three-dimensional models. Tornado-like vortices are

generated by imposing a specified external force near the center axis of the computational

domains that are rotating at a constant angular velocity. When the vortex transition from

one to two-celled vortex occurs, there is an overshoot of the radial inflow near the surface.

The overshoot flow turns upward, rebounding outward to a larger radius. At the same time,
downdraft penetrates to the surface at the rotating axis. The overshoot is generated by

coupled effects of inward advection and inward pressure gradient force. The downdraft is

caused by downward pressure gradient. Thereafter, the two celled vortex transform to a

multiple-vortex structure because the horizontal shear and Kelvin-Helmholtz instabilities

occur in the non-axisymmetric flow.
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Fig. 1 Annual number of tornado events except
sea spout in Japan (from Japan Meteorological
Agency (2014)). There is the new numerical
value at http://www.data.jma.go.jp/obd/

stats/data/bosai/tornado/stats/annually.html.
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Fig. 2 The correspondence between the swirl
ratio and the transition (from Rotunno (2013).
The original is Davis-Jones (1986)).
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Fig. 3 The Ward chamber (from Fiedler and
Rotunno (1986). The original is Church et al.
(1979)).
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Fig. 4 The Fiedler chamber.
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model).
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Fig. 6 The whole vertical cross section about
t=400 s (the

condition). Color and contour denote tangential

wind velocity at standard
wind velocity (Red area denotes anticlockwise,
and blue area denotes clockwise). Vectors denote

radial and vertical wind velocity.
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Fig. 7 The vertical cross section at the corner
about wind velocity at t=400s (the standard

condition).
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Fig. 8 The time course of the vertical wind (the

standard condition). Color, contour, and vector

denote vertical wind velocity.
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Fig. 9 The time course of the pressure depression
on the central axis (the standard condition).
contour denote the

Color and pressure

depression on the central axis.
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Fig. 10 The vertical cross section at the corner

about wind velocity at t=400s (low resolution).
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Fig. 11 The time

depression on the central axis (low resolution).

course of the pressure
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Fig. 12 The vertical cross section at the corner
about wind velocity at =400 s (no surface

friction).
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Fig. 13 The time course of the

depression on the central axis (no surface

pressure
friction).
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Fig. 14 The vertical cross section at the corner
about wind velocity at t=400s (f =0.10s"1).
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Fig. 15 The time course of the vertical wind ( f =

0.10 s''). Color, contour, and vector denote

vertical wind velocity.
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Fig. 16 The time of the
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Fig. 17 The whole vertical cross section about
t=300 s (the

condition). Color and contour denote tangential

wind velocity at standard
wind velocity (Red area denotes anticlockwise,
and blue area denotes clockwise). Vectors denote

radial and vertical wind velocity.
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Fig. 18 The vertical cross section at the corner
about wind velocity at t=300s (the standard

condition).

Fig. 19 0% .l - 17 2 #n il A E o BF 1]
WHBERLTWD. BhixtHE T v e R, 4
—N—=va— FBRREL R THHEHA E T
JE CHE WS B A O D RFAIIT R L RG L
TBY, BEKRBP 2 EALEEICRDETA
—NR—=Va— FMIKREFBIZKEL o TW o=,
F o, HERREGE 2 B OKIT A B BEL I T B 8
MEBICHESTLIRAOBER ToH o 7.

w{m/s) (t=0—600s)

LR

-80 -50 —40 -30 -20 -10 o 10 20 30 40 50 &0

Fig. 19 The time course of the vertical wind (the
standard condition). Color and contour denote

vertical wind velocity.
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Fig. 20 The time

depression on the central axis (the standard
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condition). Color and contour denote the
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Fig. 21 The horizontal cross section at z=100m
at the corner about wind velocity at #=800s (the
standard condition). Color and contour denote
vertical wind velocity (Red area denotes upward
flow, and blue area denotes downward flow).

Vectors denote horizontal wind velocity.
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Fig. 22 The about horizontal

vorticity at t=800s (the standard condition).

3D Drawing

Color denotes horizontal vorticity (negative
vorticity values are shaded blue and positive

vorticity values are shaded red).
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Fig. 23 The horizontal cross section at z=100m
within the radius of about 1200 m about
asymmetric wind velocity and pressure deviation
from the axisymmetric component at t=800s
(the standard condition). Color and contour
denote asymmetric pressure. Vectors denote

asymmetric horizontal wind velocity.
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Fig. 24 The vertical cross section at the corner

about wind velocity at +=300s (low resolution).
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Fig. 25 The time course of the pressure

depression on the central axis (low resolution).
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Fig. 26 The vertical cross section at the corner
about wind velocity at =300 s (no surface

friction).
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Fig. 27 The time

depression on the central axis (no surface

course of the pressure
friction).
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Fig. 28 The vertical cross section at the corner
about wind velocity at t=300s (f =0.10s).
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Fig. 29 The time course of the vertical wind (the
standard condition). Color and contour denote

vertical wind velocity.
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Fig. 30 The time

depression on the central axis (f =0.105s).

course of the pressure
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Fig. 31 The horizontal cross section at z=100m
near the corner about wind velocity at r=2800s
(f=0.105s).
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Fig. 32 The 3D Drawing about horizontal
vorticity at +=800s (f =0.10).
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Fig. 33 The horizontal cross section at z=100m
within the radius of about 2000 m about
asymmetric wind velocity and pressure deviation
from the axisymmetric component at t=800s
(f=0.10s").
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Fig. 34 The vertical cross section at the origin
t=275 s by the

axisymmetric model (no surface friction).

about wind velocity at
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Fig. 35 The vertical cross section at the corner
t=300 s by the

axisymmetric model (no surface friction).

about wind velocity at
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Fig. 36 The vertical cross section at the corner
about centrifugal force at +=300s (the standard
condition). Color and contour denote centrifugal
force (Red area denotes rightward force, and

blue arca denotes leftward force).
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Fig. 37 The vertical cross section at the corner
about centrifugal force at r=300s (no surface

friction).
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Fig. 38 The vertical cross section at the corner
about radial pressure gradient at r=300s (the
standard condition). Color and contour denote
radial pressure gradient (Red area denotes
rightward force, and blue area denotes leftward

force).
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Fig. 39 The vertical cross section at the corner
about radial pressure gradient at #=300s (no

surface friction).
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Fig. 40 The vertical cross section at the corner
about the advection of radial wind velocity in
t=300 s (the

Color and

radial direction at

standard

condition). contour denote the
advection of radial wind velocity in radial
direction (Red area denotes rightward force, and

blue area denotes leftward force).

udu/dx(m/s2) (t=300s)

z(m)

. |
-100 -80 -B60 -40 -20 0 20 40 B0 BO 100

Fig. 41 The vertical cross section at the corner
about the advection of radial wind velocity in

radial direction at # =300s (no surface friction).
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Fig. 42 The vertical cross section at the corner
about the advection of radial wind velocity in
t=300 s (the

Color and

vertical direction at

standard
condition). denote the

advection of radial wind velocity in vertical

contour

direction (Red area denotes rightward force, and

blue area denotes leftward force).
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Fig. 43 The vertical cross section at the corner
about the advection of radial wind velocity in
t=300 s (no

vertical direction at

surface
friction).
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Fig. 44 The vertical cross section at the corner
about radial resultant force at 7r=300s (the
standard condition). Color and contour denote
radial resultant force (Red area denotes
rightward force, and blue area denotes leftward

force).
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Fig. 45 The vertical cross section at the corner
about radial resultant force at t=300s (no

surface friction).
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Fig. 46 The vertical cross section at the central
axis about vertical pressure gradient at r=250s
(no surface friction). Color and contour denote
vertical pressure gradient (Red area denotes
upward force, and blue area denotes downward

force).
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Fig. 47 The vertical cross section at the central
axis about the advection of vertical wind
velocity in radial direction at =250 s (no
surface friction). Color and contour denote the
advection of vertical wind velocity in radial
direction (Red area denotes upward force, and

blue areca denotes downward force).
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Fig. 48 The vertical cross section at the central
axis about the advection of vertical wind
velocity in vertical direction at r=250s (no
surface friction). Color and contour denote the
advection of vertical wind velocity in vertical
direction (Red area denotes upward force, and

blue area denotes downward force).
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5.4 BERADSZERBE~DER

[u,v](perjurbotw’on)(m/s).dp(perturbqtion)(hpq) (t=500s)
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Fig. 49 The horizontal cross section at z=100m
2000 m about

asymmetric wind velocity and pressure deviation

within the radius of about
from the axisymmetric component at t=1500s

(f=0.10s").
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Fig. 50 The time course of the swirl ratio at the

corner (the standard condition).
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Photo. 1 An example of a single-celled vortex
tornado. Oklahoma, tornado of May 4, 2007.
Photograph courtesy of R. Timmer and J. Taylor
of TornadoVideo.net.image from approximately
100 m (the photograph is quoted from WIRED
(http://www.wired.com/2009/11/from-the-fields

-storm-chaser)).

T Fig. 51 1%, &N 2 v AfE Ik
Z2HMERZT-LV—F—BHICX D2EEHENG
O JEGE O g E W X T » A (Wurman et al.,
2013). E&EIL 20094 6 H SHIZT AU &
REOUVAAIVITIMTHELEZLDOTHD.
HLEA I FREORZ PARTATEY,
RARINTWVWILIREANTIFERAEAEL, &
ENR2ELVME~LEBEBE T ORETFERATZK
THDHIENDbND.

Photo. 2 (X 19794 4 A 10 RICT A U B &
REOT XV AMTRELEEEDEETH
5. BEEOPRIZIND 4HOBMNIEATE
D, Z2EMEEICEBLLEEEZEZT 1K
THDHIENbND.

Photo. 2 An example of a multiple-vortex
tornado. Texas, tornado of April 10, 1979.
Photograph courtesy of W. Wells (the photograph
Weather
Weather Forecast Office (http://www.srh.noaa.

is quoted from National Service

gov/oun/?m=events-19790410-tornado-wfalls)).
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Fig. 51 An example of a doubled-celled vortex tornado. Wyoming, tornado of June 5, 2009. Vertical

cross sections illustrating within the radius of about 1000 m and an altitude of 250 m (from Wurman

et al. (2013)). Color and contour denote anticlockwise tangential wind velocity. Vectors denote radial

and vertical wind velocity.
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