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1． INTRODUCTION 

 
Most of strong tornadoes are spawned by supercells 

(Browning 1964), which develop in an environment with 
strong vertical wind shear and unstable stratification, and 
are accompanied with mesocyclones. There have been a 
number of observational and numerical studies that at-
tempted to clarify the mechanism of the tornadogenesis 
and the origin of the rotation of tornadoes. Recently, sev-
eral deterministic high-resolution simulations having a 
horizontal grid interval of 100 m or less succeeded to 
reproduce geneses of observed tornadoes, and analyzed 
the origins of vorticity or circulation of the tornadoes. They 
suggest that either of horizontal vorticity associated with 
vertically-sheared environmental wind (Mashiko, 2009), 
baroclinically (Markowski et al. 2002, 2003, 2008; Straka 
et al. 2007; Mashiko, 2016a, b) or frictionally (Schenkman, 
2012, 2014) generated horizontal vorticity or circulation is 
important for the tornadogenesis. However, which plays in 
general the most important role in providing the source of 
the rotation of tornadoes have not been clarified yet. 

In order to deepen our understanding on the genesis 
mechanism of strong tornadoes and develop a possible 
technique for their forecast, statistical analyses using 
ensemble numerical experiments of observed tornadoes 
may be promising. Seko et al. (2015) and Yokota et al. 
(2016) have made ensemble simulations of the Tsukuba 
city (50–90 km northeast of Tokyo) F3 tornado on 6 May 
2012, which is one of the strongest tornadoes observed in 
Japan. Horizontal resolution of their numerical model was 
350 m, and the local ensemble transform Kalman filter 
(LETKF; Hunt et al. 2007) analysis was used as the initial 
conditions. Yokota et al. (2016) made an ensemble-based 
sensitivity analysis and showed that low-level conver-
gence in the front side of the storm and low-level water 
vapor in the rear side of the storm controlled the strength 
of the forecasted low-level mesocyclone (LMC). However, 
the horizontal resolution used in Seko et al. (2015) and 
Yokota et al. (2016) was too coarse to examine the rela-
tionship between the strength of LMCs and the torna-
dogenesis. 

In this study, we conducted ensemble forecasts for 
the Tsukuba city supercell tornado on 6 May 2012 with 
50-m horizontal resolution and attempt to clarify the origin 

of the rotation of the tornado and essential factors for the 
tornadogenesis. 

 
2． DATA ASSIMILATION WITH THE NESTED 

LETKF SYSTEM 
 
The nested LETKF system (Seko et al. 2013) was 

used to assimilate dense observations around the tornado. 
In this system, Japan Meteorological Agency 
non-hydrostatic model (JMANHM; Saito et al. 2007) was 
used for the ensemble forecasts. Conventional observa-
tions, four C-band radars, and dense surface observa-
tions were assimilated with 4D-LETKF (Hunt et al. 2004, 
2007) for models with 15-km and 1.875-km horizontal 
resolutions, respectively. 33-member downscale ensem-
ble forecasts with 350-m horizontal resolution were per-
formed from 1.875-km LETKF analysis at 1100JST (JST = 
UTC + 0900) as in Yokota et al. (2016). 

In the present study, we additionally carried out 
33-member downscale ensemble forecasts with 50-m 
horizontal resolution. In this downscale ensemble fore-
casts, the 33-member ensemble forecasts with 350-m 
horizontal resolution from 1110 to 1210JST were used as 
the initial and boundary conditions. The number of vertical 
levels was 90, and the vertical grid interval varied verti-
cally from 10 m near the surface to 445 m near the top of 
the calculation domain. A first-order turbulence closure 
scheme based on Deardorff (1980) was adopted, and no 
cumulus parameterization was used. Figure 1 shows the 
outline of the experiments of this study. 
 
3． FORECASTED TORNADO 

 
The downscale ensemble forecasts with 50-m hori-

zontal resolution produced a variety of tornado-scale vor-
tices: some members resulted in strong vortices (maxi-
mum vertical vorticity at 30-m height ߞ  1	sିଵ ), and 
some caused weaker vortices. The forecasted strong 
vortices were located on a linear region with steep 
near-surface temperature gradient (Fig. 2). The results of 
the downscale ensemble forecasts are used to clarify the 
relationship between the LMC and the tornado. 

In the following, “tornado strength” ߞଡ଼ is defined by 
5-minites averaged ߞ. For a member having the largest 
-erect nearly verti ߞ ଡ଼, vortex lines near the point ofߞ
cally at the time of maximum ߞ (Fig. 3a). When ߞ ex-
ceeded 0.6 s-1, however, the vortex lines were 
arch-shaped above 30-m height and parallel to the sur-
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face below 30-m height (Fig. 3b). The arch-shaped vortex 
lines imply that the tornado was baroclinically generated 
(Markowski et al. 2002, 2003, 2008; Straka et al. 2007), 
while the vortex lines parallel to the surface imply that it 
was frictionally generated (Schenkman et al. 2012, 2014). 

 
4． ORIGIN OF TORNADO CIRCULATION 

 
To clarify the origin of the rotation of the tornado, we 

conducted circulation analyses for members having five 
strongest ߞଡ଼. Circulation, which is a curvilinear integral 
of velocity ࢜ along a circuit, is generated only by baro-
clinity and friction as 

 
ܦ
ݐܦ

රܞ ⋅ ܔ݀
ᇣᇧᇤᇧᇥ
େ୧୰ୡ୳୪ୟ୲୧୭୬

ൌ െර
݀
ᇣᇧᇤᇧᇥߩ

ୟ୰୭ୡ୪୧୬୧ୡ	୲ୣ୰୫

ර۴ ⋅ ܔ݀
ᇣᇧᇧᇤᇧᇧᇥ
୰୧ୡ୲୧୭୬	୲ୣ୰୫

, (1) 

where  ,ߩ, and ۴ are density, pressure, and frictional 
effect due to sub-grid turbulence, respectively. We calcu-
lated the circulation and the baroclinic and friction terms in 
Eq. (1) on the circuit backtracked from a circle of 100-m 
radius around the point of ߞ when it exceeded 0.6 s-1 (Fig. 
4). Backward trajectory of the circuit was calculated using 
the fourth-order Runge-Kutta scheme with an integration 
step of 1.0 s. 

Figure 5 shows time series of the circulation and the 
baroclinic and friction terms for the five members. The 
friction term turned out to be larger than the baroclinic 
term in all five members, indicating that friction is the 
dominant contributor to change the circulation. 

When the friction term was large, the circuit has a 
considerable vertical projection and the friction term per 
unit length was especially large near the surface (not 
shown). Although friction can increase the circulation of 
this circuit, it does not always do so in some members (for 
example, Figs. 5b and 5e). Moreover, features of time 
series of the baroclinic and friction terms seem to be un-
related to ߞଡ଼ (Fig. 5). Therefore, tornado strength does 
not seem to be determined by the generation terms of 
circulation. 

 
5． CORRELATION OF TORNADO STRENGTH 

 
If the origin of circulation is not essential for deter-

mining whether the vortices develop into tornadoes or not, 
stretching of vorticity due to shortening of the circuit is 
likely to be more important for a tornadogenesis. To clarify 
essential factors for the tornadogenesis, we produced 
composite fields with the coordinate system relative to the 
point and time of ߞଡ଼ , and calculated correlations of 
 ଡ଼ to several variables in this composite field for the 33ߞ
members. 

Correlation of ߞଡ଼ to mesocyclone-scale maximum 
vertical vorticity ߞେ , calculated with 350-m horizontal 
resolution, was positive and especially large at about 
1-km height right before the tornadogenesis (Fig. 6a). And 
-େ at 1-km height for the members that spawned torߞ
nadic vortices ( ଡ଼ߞ  1	sିଵ ) was very close to the 
near-surface vortex. These results demonstrate that the 

stronger LMC at about 1-km height has more potential for 
a tornadogenesis. In fact, maximum updraft at 1-km 
height and vertical pressure gradient below 1-km height, 
which were related to LMCs, were also strongly correlated 
to ߞଡ଼ (not shown). 

Figures 6b and 6c are correlations of ߞଡ଼ to water 
vapor and potential temperature averaged in the 30x30 
km rectangular region around the point of ߞ (hereafter, 
QV  and PT , respectively). The correlation to 
QV  was always positive. Right before the torna-
dogenesis, however, it is large only below 100-m height. 
Correlation to PT was small and not significant at 
any height below 4 km. 

At 3-minutes before the time of maximum ߞ ,ߞେ at 
1-km height and QV averaged below 100-m height 
were more than 0.077 s-1 and 10.6 g kg-1 in the members 
that spawned tornadic vortices (ߞଡ଼  1	sିଵ). Correlation 
coefficients of ߞଡ଼ to these two factors were large (0.71 
and 0.49, respectively). However, each of ߞେ  and 
QV, alone does not give an appropriate criteria for the 
tornadogenesis. To more accurately determine whether 
tornadoes are generated or not, both ߞେ at 1-km height 
and QV averaged below 100-m height need to be 
used. Figure 7 shows that both strong mesocyclone at 
1-km height and large mixing ratio of water vapor below 
100-m height are necessary for the tornadogenesis. 

 
6． DISCUSSION 

 
Importance of a strong LMC at 1-km height for the 

tornadogenesis is explained in terms of dynamic vertical 
perturbation pressure gradient force (VPPGF). Pressure 
perturbation under Boussinesq approximation is given as 
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where ௗᇱ  is dynamic perturbation pressure and ᇱ  is 
perturbation pressure due to buoyancy ܤ. Since the hor-
izontal scale is small, Coriolis force is neglected. If an 
LMC is dominant over fluid extension, deformation, and 
horizontal vorticity, ௗᇱ 	∝ െߞଶ/2 is obtained from Eq. (3) 
near the LMC. Since ௗᇱ 	is negative, upward acceleration 
due to dynamic VPPGF causes strong updraft at 
low-levels below the LMC, which in turn stretches vertical 
vorticity and contributes to the tornadogenesis. 

Large water vapor below 100-m height also contrib-
utes to the upward acceleration by lowering lifted con-
densation level (LCL) and level of free convection (LFC): 
convection is more easily driven due to stronger positive 
buoyancy above LFC and weaker negative buoyancy 



above LCL. VPPGF derived by ᇱ  also enhances updraft 
below LCL because vertical gradient of ܤ in Eq. (4) is 
large at LCL. 

Buoyancy near the surface is also expected to be in-
creased by higher virtual potential temperature due to 
larger water vapor and possibly associated suppression of 
evaporation cooling. The small correlation between ߞଡ଼ 
and PT , however, suggests that the latter hardly 
affect the tornadogenesis. 

The above discussion may be summarized as follows: 
There may not be a universal origin of rotation in torna-
does, but could be any circulation. The most important 
factors for the tornadogenesis are (i) large dynamic 
VPPGF associated with a strong LMC and (ii) large 
buoyancy and buoyancy VPPGF due to low-level humid 
air, which causes strong low-level updraft that stretches 
existing low-level vertical vorticity. 

 
7． SUMMARY 

 
In this study, we performed ensemble forecasts for the 

Tsukuba city supercell tornado on 6 May 2012 with 50-m 
horizontal resolution through assimilation of four radars’ 
data and dense surface data with LETKF. We analyzed 
the origin of the tornado circulation through a backward 
trajectory analysis, and clarified factors important for the 
tornadogenesis by examining correlations of tornado 
strength with physical variables. 

The results of the trajectory analysis showed that fric-
tion played dominant role in the change of the circulation 
that went into the tornado vortex. However, friction can 
have either positive or negative sign and the tornado 
strength had little correlation to the changes of the circu-
lation by friction. On the other hand, it was confirmed that 
a strong LMC at about 1-km height and near-surface hu-
mid air were important factors for the tornadogenesis. 
They cause larger upward accelerations through VPPGF 
and buoyancy and are highly correlated to the strength of 
the tornado vortex. These results show that low-level 
convergence and water vapor, which were also noted as 
significant factors in Yokota et al. (2016), are important 
factors for both strength of LMCs and the tornadogenesis. 
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Fig. 1. Outline of the nested LETKF system and the ensemble forecasts used in this study. 
  



 
 
Fig. 2. The three-dimensional structure of the forecasted tornadic vortex at 1132JST in the member of strongest ߞଡ଼. 
Red isosurfaces are 0.2-s-1 (translucent) and 0.6-s-1 (opaque) vertcal vorticity. White isosurfaces are 1-g kg-1 cloud water 
mixing ratio. Color is temperature at 1.5-m height (K). Arrows are horizontal wind at 30-m height (m s-1), where blue, white, 
and red arrows show less than 20 m s-1, between 20 and 40 m s-1, more than 40 m s-1, respectively. 

  



 
 
Fig. 3. Vortex lines through the circle of 100-m radius around ߞ when ߞ is (a) maximum and (b) exceeded 0.6 s-1 in the 
member of strongest ߞଡ଼. 
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Fig. 4. Horizontal wind (arrows, m s-1), potential temperature (color, K), pressure (thin white contour, every 2 hPa), and 
vertical vorticity (black contour, every 0.2 s-1) when ߞ exceeded 0.6 s-1 at 30-m height. (a)–(e) show the results of five 
members in order of stronger ߞଡ଼. The centers of the figures are taken to the points of ߞ. Thick white circles show the 
circuits where the circulations were analyzed in Fig. 5. 
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Fig. 5. Time series of the circulation (black) and the baroclinic (blue) and friction (green) terms calculated along the circuits 
backtracked from thick white circles shown in Fig. 4. (a)–(e) show the results of five members in order of stronger ߞଡ଼. 
Red lines are the circulations calculated by integrating the baroclinic and friction terms. 
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Fig. 6. Distribution of correlations of ߞଡ଼ (s-1) to (a) ߞେ (s-1), (b) QV (g kg-1), and (c) PT (K). Vertical axis is 
height (km), and horizontal axis is time from maximum ߞ at 30-m height (minutes). Black lines are 0.4. 
  



 
 
Fig. 7. Scatter plot of ߞେ at 1-km height (s-1) and QV averaged below 100-m height (g kg-1) 3-minutes before the 
time of ߞଡ଼ in 33 ensemble members. Gray, blue, big green, and big red marks show that ߞଡ଼ is less than 0.7 s-1, 
between 0.7 and 1.0 s-1, more than 1.0 s-1, and strongest, respectively. 
 


