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An EF4 supercell tornado that occurred on 23 June 2016 in Funing, China is simulated using the WRF model.
Five nested forecast experiments are run, with the horizontal grid spacing of the inner-most nest being 4000,
1333, 444, 148, and 49 m, respectively. All experiments reproduce the general characteristics of the observed
supercell storm, but tornado-like vortex does not develop until the grid spacing is 444 m or less. The tornadoes
on the 444, 148 and 49 m grids reach EF1, EF2 and EF3 intensities, respectively. The tornado vortex simulated
on the 444 m grid tends to maintain a one-cell structure, while a ring of high-vorticity develops during the
mature stage of the tornado vortex on the 148 m grid leading to a two-cell structure. On the 49 m grid, microscale vortices along the outﬂow boundary merge into and help organize the main tornado vortex while
multiple ‘suction vortices’ develop later along the high-vorticity ring leading to a multi-vortex tornado. These
sub-vortices create localized regions of intense winds due to the super-positioning of the sub-vortex and main
vortex circulations and the system translation speed. Sub-vortices also create irregular strong surface wind
patterns with localized ‘damage cores’, broadening the tornadic wind swath; these are consistent with the Funing
tornado damage survey. Based on the results, we recommend a horizontal grid spacing of at least 500 m for realtime warn-on-forecast applications in order to capture tornado-like vortices while for tornado dynamics, prediction and predictability studies 50 m or less is recommended.

1. Introduction
For severe weather hazards and in particular tornadoes, Stensrud
et al. (2009, 2013) discussed issuing warnings based on numerical
weather prediction (NWP) model output rather than on observations,
hence shifting the warning paradigm from warn-on-detection to warnon-forecast. Recent forecast experiments have shown that forecast
systems with horizontal grid spacings of 1 to 4 km can provide useful
guidance for severe weather including tornadoes (Loken et al., 2017;
Clark et al., 2018). Certain diagnostic quantities, such as updraft helicity (UH) and low-level (~1 km above ground level or AGL) vertical
vorticity (ξ), have been used as surrogates to create probabilistic tornado forecasts from convection-allowing ensembles (Clark et al., 2012;
Sobash et al., 2016a, 2016b); however, convection-allowing models
(CAMs) do not resolve tornadoes explicitly. Further, observational
studies have suggested a weak relationship between mid-level rotation
and tornado occurrence (e.g., Trapp et al., 1999, 2005; Markowski
et al., 2011). Speciﬁcally, Trapp et al. (2005) estimate that only 15% of
storms with mid-level mesocyclones produce tornadoes. Therefore,
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explicit simulations/predictions of tornado or tornado-scale circulations with high enough resolutions may be necessary for more reliable
tornado forecasting.
Previous tornado-resolving simulations have mostly used idealized
model conﬁgurations. Lewellen et al. (2000) conducted highly idealized
large-eddy-resolving simulations of tornado and investigated the inﬂuence of swirl ratio on tornado intensiﬁcation. Rotunno et al. (2016)
produced axisymmetric tornado simulations and investigated the eﬀects
of turbulence in the boundary layer on a tornado vortex. More realistic
simulations use a single sounding to deﬁne the storm environment and
simulate tornadoes embedded within a parent storm (e.g., Roberts
et al., 2016; Orf et al., 2017). Yao et al. (2018) used a cloud model
initialized from a sounding extracted from a real-data simulation to
simulate tornadoes reaching EF4 in intensity for a case that occurred in
northern Jiangsu Province of China, a case that is the subject of this
study.
Tornadic structures are uncertain because of their small spatial
scales, short lifetimes and complex wind ﬁelds. Although single-vortex
tornadoes often occur, several smaller-scale sub-vortices can develop
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grid spacing or less is needed to accurately simulate deep moist convection. For explicit tornado simulations, Xue et al. (2007) suggested
that a horizontal grid spacing at or below 50 m is needed although no
detailed analysis was presented on resolution dependency.
In the afternoon of 23 June 2016, an EF4 tornado occurred in
Funing County in northern Jiangsu Province, China. The tornado
caused 99 human deaths and 846 injuries, and was the second EF4
tornado recorded in Jiangsu Province since 1950 (Xue et al., 2016;
Zheng et al., 2016; Meng et al., 2018). In this study, the Funning tornado case is simulated using the advanced research version of the
Weather Research and Forecasting (WRF-ARW) model (Skamarock
et al., 2008) starting from a three-dimensional analysis of the NCEP
operational Global Forecasting System (GFS). Diﬀerent numbers of grid
nesting levels are used in a set of ﬁve experiments, with the horizontal
grid spacing of the innermost nest being 4 km, 1333 m, 444 m, 148 m,
and 49 m, respectively. The resolution dependency and forecast implications are discussed in this paper in terms of simulated tornado
structure, intensity and wind hazards. For the highest resolution grid
(49 m grid spacing), the simulated tornado evolves from a one-cell, to a
two-cell (with a horizontal vorticity ring) and ﬁnally to a multi-vortex
stage. The impact of multiple “suction” vortices on surface wind hazards within the simulation are discussed. Balancing the resolution requirements for explicitly simulating tornadoes and associated computational costs as well as forecast timeliness, the choices of resolution for
numerical tornado prediction are suggested. Real-data, high-resolution
simulations of tornadoes in China have not been reported in the formal
literature before. The simulation data sets also provide a basis for future
detailed diagnostic studies on tornado dynamics.
The rest of this paper is organized as follows. Section 2 provides a
case overview of the Funing tornado case and Section 3 describes the
design of numerical simulation experiments. Section 4 analyzes the
structure and intensity of tornadic vortices simulated at diﬀerent resolutions, in particular those simulated on the ﬁnest 49 m grid. A
summary and conclusions are given in Section 5.

within the primary vortex and revolve about its center (i.e., a multivortex tornado) (Agee et al., 1976; Rotunno, 1978). Idealized numerical
studies using large eddy simulations (LESs) (e.g., Rotunno, 1984;
Lewellen, 1993) produced vortices in the form of one-cell, two-cell and
multi-vortex structures (Davies-Jones et al., 2001) and examined the
structural features of these vortices. For a two-cell structure, a wall of
updraft is located away from the tornado vortex center where a
downdraft is found; multi-vortices often develop following the two-cell
stage. Laboratory simulations (e.g., Church and Snow, 1993) obtained
similar results.
Sub-vortices in multi-vortex tornadoes are referred to as ‘suction
vortices’ in observational studies (e.g., Fujita, 1970), and have been
documented in photographs, movies and video (e.g., Fujita, 1981),
damage surveys and radar studies. Using Doppler-on-Wheels (DOW)
mobile Doppler radars, Wurman (2002) was ﬁrst to characterize the
size, strength, motion, horizontal and vertical structure and persistence
of multiple suction vortices in a tornado. The suction vortices are often
associated with certain irregular tornado damage patterns called ‘suction marks’. Atkins et al. (2014) reported cusps and loops in the damage
path of the 20 May 2013 EF5 Moore Oklahoma tornado. This damage
pattern is believed to be due to multiple suction vortices rotating within
the larger tornado vortex (Fujita et al., 1970), or associated with tornado(es) revolving around the larger-scale parent circulation, the lowlevel mesocyclone (Fujita, 1963; Agee et al., 1976; Brown and Knupp,
1980).
In comparison to observational studies, there are few studies that
attempt to simulate real tornadoes from real initial conditions and investigate tornado vortex structures. Using a forecast at a horizontal grid
spacing of 100 m, Schenkman et al. (2012) obtained successful simulations of a tornado-like-vortex (TLV) within a mesoscale convective
system and investigated the tornadogenesis processes within. Xue et al.
(2007, 2014) reproduced the 8 May 2003 Oklahoma City tornadic supercell. A tornado-strength vortex occurred at a location and time similar to observations on nested 100 m and 50 m grids; their 50 m simulation captured a two-cell tornado structure that had only previously
been simulated using highly idealized setups. For the ﬁrst time in a real
data case, the 50 m simulation marginally resolved sub-vortices that
developed along a ring of maximum vorticity. Detailed trajectory-based
vorticity budget analyses on the simulation data suggest that vorticity
generated by surface friction is an important source of vorticity in
tornadogenesis (Schenkman et al., 2014). Most recently, Snook et al.
(2019) reported on ensemble probabilistic forecasting of an EF5 intensity tornado at a 50 m grid spacing, employing ensemble Kalman
ﬁlter data assimilation for initial conditions.
The above real case studies initialized forecasts via radar data assimilation. Mashiko et al. (2009) initialized forecasts at 50 m horizontal
grid spacing from a mesoscale NWP model, but did not include radar
data. The forecasts predicted the outer rainband of a landfalling typhoon, one storm spawned a tornado and its genesis process was analyzed in detail. Using a similar approach, Mashiko (2016) simulated a
Tsukuba City supercell tornado and analyzed the vorticity sources of
low- and mid-level mesocyclones. Mashiko and Niino (2017) recently
simulated a multi-vortex tornado for the same supercell by nesting the
forecast down to 10 m grid spacing. The case observed the evolution of
a tornado from a one-cell to a two-cell vortex, followed by the development of multiple sub-vortices in the tornado. Vortex evolution was
found to be closely related to the swirl ratio, as theory would predict.
Among the very limited number of real-case tornado simulations,
none has focused on resolution dependency of tornado simulation/
prediction. For supercell storms, Potvin and Flora (2015) found casedependent sensitivity of idealized simulations to grid spacings ranging
between 333 m and 4 km. Simulated updrafts and cold pools are sensitive to resolution; much of the sensitivity arises because small-scale
processes are poorly resolved and in turn, impact the larger and better
resolved scales. Based on simulations of squall lines at 1 km and 500,
250, and 125 m grid spacings, Bryan et al. (2003) suggested that 100 m

2. Case overview and environmental conditions
Funing County is located in northern Jiangsu Province in the
Yangtze-Huaihe River Basin. The local terrain is mostly ﬂat agricultural
land (Fig. 1) and Jiangsu Province has the highest tornado occurrence
frequency in China (Fan and Yu, 2015). The Funing tornado formed at
approximately 0615 UTC (1415 LST) on 23 June 2016. It moved eastnortheast at about 60 km per hour across Funing County and reached
EF4 intensity at about 0620 UTC and again at 0635 UTC (Meng et al.,
2018). The tornado dissipated at approximately 0700 UTC, although a
weak and short-lived tornado formed about 10 min later further east in
neighboring Sheyang County. The tornado produced a swath of EF1 –
EF4 rated damage about 35 km long and up to 4.1 km wide (Meng et al.,
2018). The mesoscale surface network captured a wide swath (25 km
long, 10 km wide) of strong winds exceeding 17.2 m s−1, with a recorded maximum wind speed of 34.6 m s−1 at 0629 UTC at the Funing
Xingouzhen Station. The observed 1 h (0600–0700 UTC) accumulated
precipitation was 56 mm at a nearby station. Due to heavy precipitation
wrapping, no photograph of the tornado funnel was available, although
videos of rotating air ﬂows and ﬂying debris were recorded (a video clip
is provided as Supplemental material).
The tornado was spawned by a storm that developed south of a
Meiyu frontal rainband, and the storm exhibited pronounced supercell
characteristics after 0400 UTC. The low-level ﬂows are southeasterly,
setting up strong directional wind shear with the higher level winds
being westerly. The supercell storm was about 30 km wide, the hookshaped echo and strong cyclonic rotation were captured by the
Yancheng S-band Doppler radar located about 80 km southeast the
storm (Fig. 2g). More information on the development and evolution of
the tornadic storm can be found in Xue et al. (2016); Meng et al. (2018)
presents a detailed damage survey on this case.
176
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Fig. 1. The WRF simulation domains with terrain elevation. D1, D2, D3, D4 and D5 indicate the 5 levels of nested domains with horizontal grid spacings of 4 km,
1333 m, 444 m, 148 m, and 49 m, respectively.

unidirectional (Fig. 4a).
The 0600 UTC NCEP Operational GFS Final Analysis is used to ﬁll
the missing upper portion (above ~400 hPa) of the observed sounding.
A thin near-surface layer of humid, cold air in the sounding proﬁle
(Fig. 4b) appears to have been inﬂuenced by the outﬂow of precipitation to the north (not shown) and is not believed to be representative of
the southeasterly low-level inﬂow of the supercell storm. For this event,
the maximum unstable convective available potential energy (MUCAPE) was 2663 J kg−1 and the convective inhibition (CIN) was
8 J kg−1. Given the heavy precipitation associated with this event, the
storm of interest was classiﬁed as a heavy precipitation (HP) type storm
(Doswell III and Burgess, 1993). With a moderate-to-large CAPE and
strong vertical wind shear, the environment was favorable for the formation of tornadic supercells (Moller et al., 1990).

At the time of the event, a quasi-stationary cold vortex was located
in northeast China at 500 hPa (Fig. 3a). This synoptic weather pattern is
often responsible for series of severe convective weather events in
northern China during the summer. Funing (marked by the red star in
Fig. 3) was located downstream of the 500 hPa trough; at the same
time, an 850 hPa trough (blue line in Fig. 3b) extended from Shandong
(SD in Fig. 3b) Province through the Sichuan (SC) Basin. The Western
Paciﬁc sub-tropical high ahead of the trough (Fig. 3b) advected warm
moist air from the South China Sea to northern Anhui (AH) and Jiangsu
(JS) provinces (Fig. 3b); the storm of interest ﬁrst formed in northern
Anhui and moved across northern Jiangsu (Xue et al., 2016).
The near-storm environmental conditions up to ~375 hPa were
captured by a sounding taken at 0600 UTC at Sheyang station, about
60 km east of the tornado location. The hodograph (Fig. 4a) shows
0–6 km layer wind shear was 27.2 m s−1. Near the surface, the winds
veered with height from east-southeasterly to southerly (Fig. 4a),
creating strong shear in the lowest 1 km of the atmosphere
(8.7 m s−1 km−1). At levels above 1 km height, wind shear was close to

3. Design of numerical experiments
The WRF-ARW model version 3.9 is used to simulate the 23 June
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Fig. 2. (a)–(f) D3–D5 of D13–D15 simulated supercell reﬂectivity (left panels) and vertical vorticity (right panels) at the lowest model height above the surface
(~26 m AGL). Horizontal wind vectors at the same height are included. Plots are taken at the time the tornado is mature. Black boxes in left-hand panels indicate the
plotted domain for the corresponding right-hand panels. (g) Yancheng radar observed reﬂectivity (0.5° elevation angle).

2018; Zhang et al., 2019).
The 4-km domain has 1409 × 1081 grid points in the horizontal. To
study the resolution requirement and dependency of tornado simulation, 5 experiments are run with diﬀerent number of grid nesting levels,
with a 3:1 ratio between successive levels. With 1, 2, 3, 4 and 5 total
number of nesting levels, the innermost grid of these experiments has a
horizontal grid spacing of 4 km, 1333 m, 444 m, 148 m, and 49 m, respectively. The grids at the diﬀerent levels are called grid D1 to D5,

2016 Funing EF4 tornado case using multiple levels of nested grids. The
outer domain of the model spans continental China with 4-km horizontal grid spacing (Zhu et al., 2018). This forecast conﬁguration was
used to run real-time forecasts during the summer months at Nanjing
University and exhibited a high level of skill at forecasting precipitation
(Zhu et al., 2018). The forecast system also accurately reproduced the
diurnal precipitation cycle for the Yangtze-Huaihe River Basin during
the Meiyu season, the region and season this event occurred (Xue et al.,
178
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Fig. 3. The NCEP operational GFS analysis of wind bards (a full bar is 4 m s−1), geopotential height (black contour), and temperature (red contour) at (a) 500 hPa
and (b) 850 hPa. Analyses are valid at 1200 UTC 1 June 2015. The cold vortex in (a) is marked as CV, relative humidity (shaded) is plotted in (b). A trough in (b) is
marked with a dark blue line. Funing is marked by a red star, Shandong (SD), Anhui (AH), Jiangsu (JS) and Sichuan (SC) provinces are labeled. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

while the ﬁve experiments are referred to as D11, D12, D13, D14, and
D15, respectively, with the numbers in the names indicating the range
of grids included (Fig. 1). The outermost domain D1 is large enough to
cover the entire Meiyu rainband while grids D4 and D5 contain the full
length of simulated tornado path. Grid D5 is 117 km × 94 km and
covers most of the observed tornado life cycle. All simulations have 51
vertical levels. The vertical grid is stretched with a minimum spacing of
26 m near the surface and 10 model levels reside within the lowest
1 km. The model top is at ~20 km.
D1 is initialized from the 23 June 2016 NCEP GFS 0000 UTC analysis and the GFS forecasts provide boundary conditions every 3 h. D2
and D3 are also initialized from the same GFS analysis. D4 and D5 are
interpolated from their respective parent domain at 0435 and 0500
UTC, respectively. Detailed grid information and computational costs
are listed in Table 1. Note that completing the simulation on the
highest-resolution grid (D5) takes approximately 70 times more CPU
core hours than the 4 km grid for the same number of grid points (every
million number of horizontal grid points) and forecast duration.
All experiments use the 2-moment Morrison microphysics scheme,
which predicts the number concentration and mixing ratio of four hydrometeor species including: cloud ice, rainwater, snow and graupel
plus the mixing ratio for cloud water (Morrison and Grabowski, 2008).

The Pleim-Xiu land surface and surface layer models (Pleim, 2006)
coupled with the Asymmetric Convective Model (Version 2, ACM2) PBL
scheme (Pleim, 2007) are used. The Community Atmosphere Model
(CAM3) radiation scheme is used to parameterize ﬂuxes of long- and
short-wave radiation (Collins et al., 2004). Grids D1 – D4 use the
Smagorinsky deformation-based horizontal subgrid-scale (SGS) turbulence mixing parameterization (Smagorinsky, 1963), D5 uses the fully
three-dimensional 1.5-order turbulent kinetic energy (TKE)-based SGS
turbulence closure scheme based on Deardorﬀ (1974). The TKE SGS
closure scheme is appropriate for the 49 m grid given that it was originally designed and applied to LESs (Deardorﬀ, 1974). None of the
grids use cumulus parameterizations. Grids D1- D4 use the Smagorinsky
horizontal turbulence scheme to avoid problems associated with using a
prognostic TKE scheme in a two-way nested domain; when SGS TKE is
calculated on diﬀerent grids, the scheme samples diﬀerent portions of
the ﬂow (Zhou et al., 2018). Except for the TKE scheme in D5, all other
physics options are the same as those used in the real-time 4-km forecasting system (Zhu et al., 2018). An ensemble of forecasts on the same
single 4-km grid (as in D11) using diﬀerence combination of physics
parameterizations from the WRF model, following Zhu and Xue (2016),
produced varying simulations of the tornadic storm, with the current
conﬁguration producing better results (not shown).

Fig. 4. The 06 UTC Sheyang Station sounding (a) hodograph and (b) T-ln(p). The station is about 60 km east of the Funing tornadic supercell storm. The observed
sounding top is approximately 375 hPa, the upper portion is ﬁlled by the GFS analysis.
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Table 1
Detailed model conﬁguration and computation cost of each innermost domain of each experiment. Note that the computation time refers to real cost time for per
million horizontal points, per simulation hour.
Domain

Grid number

Grid number

Time step (s)

Start time (UTC)

Computation time (960 Cores, per million horizontal grid points, per simulation hour)

D1
D2
D3
D4
D5

1408 × 1080
960 × 720
1440 × 1080
1440 × 1080
2400 × 1920

4
1.333
0.444
0.148
0.049

25
8.33
2.78
0.93
0.31

0000
0000
0000
0435
0500

0.03
0.09
0.2–0.3
0.7–0.8
2.0–2.1

ground ξ reaches a maximum over the next few minutes, resulting in the
ﬁrst TLV (Fig. 5b). This TLV lasts for about 15 min and then weakens,
the second and third TLVs form via similar processes at 0630 and 0715
UTC.
On the 148 m grid D4 of D14, the ξmax plot (Fig. 5c) shows two more
intense and persistent TLVs. From 0500 to 0540 UTC, the w = 10 m s−1
contour descends steadily from ~1 km to ~100 m AGL, while the
w = 20 m s−1 contour descends steadily from ~2.5 km to ~900 m AGL
over a similar time period. By 0537 UTC the updraft rapidly descends to
~250 m AGL in about ~3 min (Fig. 6c). Near surface ξmax increases
rapidly to above 0.3 s−1 within ~1 min, corresponding to the genesis of
TLV (Fig. 5c). The initial intensity of this TLV ﬂuctuates; however, the
TLV gains more strength at ~0608 UTC, and maintains itself for 30 min.
Around 0640 UTC, the TLV broadens (not shown) and weakens rapidly,
the strong updraft (w > 20 m s−1) dies out at the low levels and lifts to
above 1.8 km AGL. The updraft re-intensiﬁes after 0700 UTC; w exceeds
30 m s−1 at ~350 m AGL by ~0710 UTC; the second TLV forms rapidly
at similar time.
On the 49 m grid D5 of D15, strong updrafts descend towards the
surface even more quickly. w exceeds 30 m s−1 at 600 m AGL at 0525
UTC, although the most intense near-surface vortex occurs at 0540 UTC
(Fig. 5d). Compared to D14, D15 predicts ξmax to be stronger but less
persistent, exhibiting more ﬂuctuations in intensity. At 0705 UTC, nearsurface w increases dramatically (w > 50 m s−1 at 500 m AGL) and ξ
exceeds 0.5 s−1. The large increase in intensity corresponds to the
formation of multiple sub-vortices in the main tornado vortex; this will
be discussed later (see Section 4.3). Given that sub-vortices are resolved
by the 49 m grid, we should be able to call the near-surface vortices in
D15 tornado vortices rather than TLVs. Since a TLV does not form in
either D11 or D12, we will focus on D13, D14, and D15 for the rest of
the study.

Most previous real-case tornado simulation studies (Schenkman
et al., 2012; Xue et al., 2014; Mashiko, 2016; Mashiko and Niino, 2017)
used single-moment microphysics schemes, but this study uses the twomoment Morrison microphysics scheme (Morrison and Grabowski,
2008). Dawson et al. (2010, 2015) found that multi-moment microphysics schemes produced more realistic cold pools and simulated
TLVs. The most recent tornado ensemble prediction study of Snook
et al. (2019) also used a two-moment microphysics scheme. Land surface and radiation parameterization schemes are almost all columnbased and do not consider horizontal ﬂuxes. While three-dimensional
radiative processes such as cloud anvil shading (e.g., Markowski and
Harrington, 2005) may aﬀect the simulated supercell storm, and certain
three-dimensional radiation schemes (e.g., O'Hirok and Gautier, 1998)
have been designed, such schemes are not available within the community WRF-ARW. The same column-based schemes are therefore used
on all grids; the impact of model physics on the simulation of tornadic
storms is a topic for future work.
4. Results and discussions
4.1. Genesis of tornado-like vortices
The general characteristics of the tornadic supercell, including the
hook-shaped echo and rotating updrafts, are reproduced reasonably
well in all ﬁve experiments. However, only experiments D13 through
D15 are able to produce on their innermost nest tornado-like vortices
(TLVs, Fig. 5). A TLV is a vortex where the maximum vertical vorticity
ξmax is very close to the ground surface (within 100 m or so) and is a
product of near surface vortex intensiﬁcation. Time-height plots of ξmax
show that on grid D2 of D12 ξmax occurs approximately 1 km AGL, this
corresponds to a low-level mesocyclone (Fig. 5a) and does not qualify
as a TLV. Large vertical vorticity values (ξmax > 0.012 s−1) associated
with the mesocyclone descend towards the surface at 0640 UTC
(Fig. 5a); however, surface vortex intensiﬁcation does not occur. D12predicted vertical velocity w values are relatively small (< 10 m s−1)
near the surface (< 900 m AGL) (Fig. 6a). A lack of intense, near-surface vertical acceleration limits stretching of the vertical vorticity, and
hence no tornado vortex or TLV is explicitly predicted. Because D12
does not explicitly predict a TLV, one can only infer a high likelihood of
a tornado occurrence, not the actual formation of a tornado.
Simulated vortices appear to be quite diﬀerent when the grid spacing is decreased from 1.33 km (D2 of D12) to 444 m (D3 of D13). D13
predicts TLVs to form around 0540, 0630 and 0715 UTC (Fig. 5b).
Throughout the forecast the near surface ξ is much larger than that of
the mesocyclone located further aloft (Fig. 5b, note the diﬀerences in
color tables used). At approximately 0540 UTC, the near surface TLV
intensiﬁes rapidly, and ξmax increases from 0.04 to 0.1 s−1 within approximately 2 min.
Each of the TLV intensiﬁcations in D13 is preceded by strong updrafts descending towards the surface or intensify near the ground
(Fig. 6b). A gradual lowering of the w = 10 m s−1 contour from 1 km to
650 m occurs between 0500 and 0537 UTC, while the contour rapidly
descends to 200 m AGL a few minutes after 0537 UTC. At 0545 UTC,
the 20 m s−1 w contour is 500 m AGL (Fig. 6b), this enhances the vertical acceleration of near-surface air parcels. Correspondingly, near

4.2. Tornado structure and intensity
D13 – D15 all successfully reproduce the supercell storm structure;
the simulated hook echo (Fig. 2a, c, e) is similar to that of radar observed reﬂectivity (Fig. 2g). The simulated vortices strengthen with
increased resolution from D3 to D5 (note the diﬀerences in color tables
used), this is not apparent in the reﬂectivity ﬁelds. D3 (Fig. 2b) predicts
a relatively broad vortex with a smooth ξ pattern, with ξmax located on
the south side of the vortex. D4 predicts the vortex to be tighter and
more intense (ξmax > 0.25 s−1; Fig. 2d) than D3 (ξmax > 0.07 s−1;
Fig. 2b), and ξmax located on the southeastern edge of the vortex. The
vortex exhibits a high-vorticity ring structure of a mature two-cell
tornado (Fig. 2d).
The vortex predicted by D5 of D15 is distinct from the other experiments both in ξ patterns and ﬂow structures (Fig. 2f). Four to ﬁve
sub-vortices with local ξ maxima develop along the vorticity ring. As
aforementioned, such sub-vortices correspond to observed ‘suction
vortices’ in multi-vortex tornadoes and are known to cause extreme
damage. In comparison, D3 and D4 resolve fewer details; both simulations lack detailed structure (Fig. 2b and d) and predict the TLVs to be
of a single vortex or a vorticity ring structure, respectively.
Time series of instantaneous ξmax at 10 m AGL, maximum horizontal
wind speed Vmax at 10 m AGL and minimum perturbation pressure p'min
180
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Fig. 5. Time-height plots of domain-wide ξmax for grids (a) D2 of D12, (b) D3 of D13, (c) D4 of D14, and (d) D5 of D15, valid from 0500 to 0730 UTC. Data are output
every minute. The color bars for vorticity are diﬀerent for each subplot.

at the ﬁrst model level above the surface (~26 m AGL) are plotted in
Fig. 7. D3 of D13 predicts ξmax to be < 0.1 s−1 and to vary smoothly in
time. Relatively large Vmax (> 40 m s−1) (Fig. 7b) and ξmax values
(Fig. 7a), and reduced p'min (−14 hPa – -10 hPa) (Fig. 7c) indicate that
D3 predicts a near surface vortex to intensify to the maximum intensity
of an EF1 tornado (Fig. 7b) on three separate occasions at 0550, 0640,
and 0720 UTC. D4 of D14 predicts a dramatic increase in ξmax (~
0.35 s−1) (Fig. 7a) and Vmax (> 50 m s−1) (Fig. 7b) and a decrease in
p'min (−30 hPa) (Fig. 7c), the near surface vortex reaches EF2 intensity.
During the simulation two TLVs occur at 0550–0635 UTC and
0705–0725 UTC; the second vortex is predicted to intensify more
quickly than the ﬁrst. It is noted that the damage survey of this case also
noted periodic strengthening and weakening of the tornado vortex
(Meng et al., 2018), though the simulation timing is somewhat oﬀ.
D5 of D15 simulates the strongest tornadic vortices, especially after
0700 UTC (Fig. 7). The experiment predicts ξmax to exceed 1.2 s−1, this

is an order of magnitude larger than D3 of D13, and more than three
times that of D4 of D14. Similar to D3, there are three cycles of vortex
intensiﬁcation at 0530–0630, 0640–0655, and 0710–0730 UTC, respectively. D5 predicts Vmax, ξmax, and p'min to be slightly larger than D4
until the ﬁnal vortex intensiﬁcation at 0710 UTC, when ξ becomes
much larger and Vmax exceeds 65 m s−1 at 10 m AGL (EF3 intensity)
(Fig. 7b) and p'min drops > 50 hPa (Fig. 7c). The rapid increase in ξmax,
Vmax and |p'min| is accompanied by the development of small intense
sub-vortices within the tornado vortex, as will be discussed more later.
The sub-vortices are only resolved in D5, this is similar to the results of
high-resolution tornado simulations in Xue et al. (2014).

4.3. Structure and evolution of simulated tornado vortices on the 49 m grid
In this section, we examine the simulated tornado vortex structure
and evolution on the 49 m grid in more detail, in particular the
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Fig. 6. Time-height plots of domain-wide maximum w for grids (a) D2 of D12, (b) D3 of D13, (c) D4 of D14, and (d) D5 of D15, valid from 0500 to 0730 UTC. Data
are output every minute.

V5 in Fig. 9a) develop along a band of increased ξ north of the tornado
vortex at 0655 UTC (Fig. 8a). From 0700 to 0706 UTC these small
vortices revolve counter-clockwise around the main tornado vortex and
are drawn into the vortex by a strong near-surface convergent ﬂow
(Fig. 9a – g). By 0704 UTC, vortices V1 – V3 are absorbed by the main
vortex, which shrinks in size to re-establish a concentrated one-cell
structure (Fig. 9e). Over a period of two minutes (0704–0706 UTC), the
one-cell structure evolves into the ring vortex structure (Fig. 9h) as
vortices V4 – V6 are absorbed into the main vortex.
The tornado vortex organizes into a well-deﬁned ring structure by
0716 UTC (Fig. 8c) with increased ξmax (Fig. 7a). While the vorticity
ring is mostly circular at this time, undulations in the ﬂow suggest 4 to
5 waves are developing (Fig. 8c). A pronounced “two-cell” (DaviesJones et al., 2001) structure is evident in the corresponding cross-section (Fig. 8d). Large ξ is displaced from the vortex center and large
positive w is found outside the ring (Fig. 8c) where radial ﬂow convergence is strongest. A downdraft (|w| > 16 m s−1) extends from
approximately 0–2 km AGL within the vorticity ring. On the east side of
the vortex, a strong (w ~26 m s−1) low-level (400 m AGL) updraft

evolution of the main tornado vortex from a one-cell to two-cell and
ﬁnally a multi-vortex tornado.
Fig. 8 shows the horizontal and vertical cross sections of velocity
and ξ ﬁelds associated with the simulated tornado on D5 at 0655, 0716
and 0724 UTC, the times when low-level ξ starts to increase rapidly,
reaches about half of the peak intensity, and reaches the peak intensity,
respectively (Fig. 7a). The strength of the main tornado vortex changes
rapidly during this period. At 0655 UTC, the tornado has a well-deﬁned
‘one-cell’ (Davies-Jones et al., 2001) structure (Fig. 8a). A west-east
vertical cross section through the vortex core (Fig. 8b) shows an updraft
located in the center of a single-vortex, downdrafts are located on the
vortex edge in the lowest km of the atmosphere. Another local maximum in ξ is located about 1.5 to 2.0 km AGL, which suggests the spiral
ascent of large vertical vorticity values in the tornado vortex.
The structure and organization of the tornado vortex evolve rapidly
during intensiﬁcation (0655–0716 UTC). The one-cell vortex structure
observed at 0655 UTC (Fig. 8a) evolves into a ‘vorticity ring’ structure
by 0700 UTC (Fig. 9a), where the largest ξ is concentrated in a ring
displaced from the vortex center. A series of small vortices (labeled V1 –
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Fig. 7. (blue) D3, (red) D4, and (purple) D5 predicted maximum near-surface (10 m AGL) (a) vertical vorticity, (b) wind speed, and (c) ﬁrst model level (~26 m AGL)
minimum perturbation pressure rom 0500 to 0730 UTC. Data are output every minute. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

induces intense vertical stretching of ξ. The vertical structure of the
tornado vortex vorticity ring is analogous to the eye wall of a mature
hurricane, a comparison that has been previously drawn in observational studies of intense tornadoes (e.g., Lee and Wurman, 2005).
Between 0716 and 0724 UTC, 5 sub-vortices with distinct ξ maxima
develop along the vorticity ring (Fig. 8e) and ξmax almost doubles
(Fig. 7a). p'min decreases to ~ −50 hPa (Fig. 7c); pressure perturbations
are lowest at the center of the small sub-vortices due to centrifugal
eﬀects. Large near-surface wind speeds (Vmax > 65 m s−1) (Fig. 7b)
occur because the circulation of the sub-vortices is superimposed onto
the main tornado vortex circulation. The sub-vortices are relatively
shallow and are vertically tilted (Fig. 8f). It is noted that the vortex on
the eastern side of the cross-section is stronger above the ground but
tilts outside the vertical plane at ~ 250 m AGL. Sub-vortices are generally as deep as the original vortex ring in Fig. 8d (~ 700 m AGL).
Within the sub-vortices (e.g., the one at x = 37 in Fig. 8f), enhanced
positive and negative w coexist. Strong downdrafts are induced by a
downward pressure gradient force and an updraft promoting vortex
intensiﬁcation. Previous studies suggest multiple sub-vortices form
along the vorticity ring because barotropic instability (Rotunno, 1978;
Lee and Wurman, 2005) promotes vortex Rossby waves. This process is

commonly discussed in the tropical cyclone community (Montgomery
and Kallenbach, 1997; Möller and Montgomery, 1999). The repeated
evolution of a tornado (one-cell, two-cell and multi-vortex) was also
documented in a recent supercell simulation (Mashiko and Niino,
2017).
Surface winds and vertical vorticity are analyzed at the one-cell
(Fig. 10a) and multiple-vortex (Fig. 10b) tornado stages. At the one-cell
stage (0655 UTC) (Fig. 10a, corresponding to Fig. 8a), the vortex circulation is generally circular. The parent supercell storm has an eastward movement speed of about 12 m s−1, and the tornado vortex tangential wind speed is about 33 m s−1, giving rise to maximum ground
relative wind speed of over 45 m s−1 on the south side of the main
tornado vortex (Fig. 10a). By 0724 UTC, ﬁve sub-vortices with distinct ξ
maxima are found within the main tornado vortex (Fig. 10b). Again, the
main tornado vortex wind speed on the south (north) side of the vortex
is larger (smaller) due to the addition (subtraction) of the main vortex
circulation and translation speed. On the south and southwest side of
the main vortex the maximum wind speed exceeds 68 m s−1, in the
south and southwest part of the two sub-vortices, respectively, the
circulations of two sub-vortices further enhance near surface winds
(Fig. 10b). Cores of extreme wind speeds are only 50–100 m (1 to 2 grid
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Fig. 8. (a, c, e) Horizontal cross sections of D5 predicted vertical vorticity and horizontal wind vectors at ~26 m AGL. (b, d, f) Vertical cross sections of vertical
vorticity and vertical velocity (contours every 2 m s−1 with negative contours dashed). The location of the cross-sections is marked as a dashed line in (a, c, e). The
plotted times are shown in the ﬁgure.

2017). D13, D14 and D15 predicted maximum swaths of near-surface ξ
and wind speed are analyzed between 0500 and 0730 UTC (Fig. 11).
Swaths are indicative of tornado damage. Forecast maximum swaths
demonstrate the gradual weakening and strengthing of the low-level
vortex (Fig. 11). ξmax is located near the main vortex center in D3 of
D13 (Fig. 11a) and D4 of D14 (Fig. 11c). Both simulations predict a

intervals) in size, and can cause extremely localized, intense damages.
4.4. Simulated ground-level vorticity and wind swaths
Beside maximum intensity, the tornado path length and wind hazard coverage are of great concern in tornado forecasts (Dahl et al.,
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Fig. 9. Horizontal cross sections of D5 predicted vertical vorticity and horizontal wind vectors at the ﬁrst model level (26 m AGL) at (a) 0700, (b) 0701, (c) 0702, (d)
0703, (e) 0704, (f) 0705, (g) 0706, and (h) 0707 UTC. The main tornado vortex is marked “V0”, sub-vortices revolving around the main vortex are marked
“V1”–“V6”.

pronounced during the third period after 0700 UTC (inside the black
rectangle in Fig. 11e, f and Fig. 12). Sub-tracks of strong wind are associated with the small vortices that form around and are eventually
drawn into the main vortex in the earlier stages (as shown in Fig. 9).
Later in the simulation they are produced by the intense sub-vortices

relatively smooth and straight tornado path (Fig. 11a, c) as well as
strong surface winds (Fig. 11b, d). D5 of D15 predicts multiple subtracks of high wind speed that revolve around the central vortex and
swing over the main ‘damage track’ (Fig. 11f). This phenomenon occurs
during all three periods of vortex intensiﬁcation, and is most
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Fig. 10. Horizontal cross section of D5 predicted horizontal wind speed, vertical vorticity (thick contours, s−1), and horizontal wind vectors at 10 m AGL. Plots
examine the vortex at (a) 0655 and (b) 0724 UTC.

Fig. 11. (a, b) D3 of D13, (c, d) D4 of D14 and (e, f) D5 of D15 forecast maximum swaths of vertical vorticity (left panels) and wind speed (right panels) at 10 m AGL.
Swaths are of simulated tornadic vortices and are indicative of the tornado damage paths. Model output frequency is every minute from 0500 to 0730 UTC. Vertical
arrows denote the time occurrence of a predicted feature. Black boxes in (e) and (f) marker the subdomain plotted in Fig. 12.

respectively) to simulate this level of realism.
Despite the large diﬀerences in the simulated vortex and wind
structures, the overall tornado damage paths in experiments D13, D14
and D15 extend over a similar region (Fig. 11). Each experiment predicts the main tornado vortex to go through 2 to 3 cycles of intensiﬁcation and decay (Fig. 7) and at certain point the strongest surface wind falls below the minimum of EF0 tornado threshold (e.g., in
D13, Fig. 11b) and the tornadoes on ground become distinct ones.
While each simulation produces multiple tornadoes, the tornadoes are
all produced by the same mesocyclone (not shown) and the persistence

(i.e., suction vortices) that develop within the main tornado vortex
(Fig. 8e).
D15 (Fig. 11f) predicts the tornado to produce a swath of strong
surface winds that is wider than both D13 and D14 predictions
(Fig. 11b, d) and causes more widespread wind hazards. D15 predicts
the swath of wind speed exceeding 50 m s−1 to be as wide as 4 km
(118°30′E, Fig. 11f). Wide swaths of damage with irregular, sporadic,
and intense ‘damage cores’ (Fig. 12) are consistent with the tornado
damage report (Meng et al., 2018). In comparison, D13 and D14 are run
at too coarse resolutions (444 m and 148 m horizontal grid spacing,
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Fig. 12. Swaths of D5 forecast maximum (a) vertical vorticity and (b) wind speed at 10 m AGL. Rectangles in Fig. 11e and f, denote the domain plotted in (a) and (b),
respectively. Model output frequency is every minute from 0700 to 0730 UTC.

tornado-like vortex does not develop until a horizontal grid spacing of
at least 444 m is used and this forecast predicts the maximum surface
10-m wind to reach EF1 intensity. Vortex intensity in terms of both near
surface wind speed and vorticity increases with resolution, reaching
EF2 and EF3 intensities on the 148 and 49 m grids, respectively. The
forecast on the 49 m grid predicts microscale vortices to form along the
outﬂow boundary and merge and organize into the main tornado
vortex. Multiple ‘suction vortices’ that develop along the high-vorticity
ring within the main tornado vortex are explicitly resolved at this resolution. The simulated ‘suction vortices’ are relatively shallow and
vertically tilted, these vortices are approximately the same depth as the
strong vorticity ring (< 700 m AGL).
Due to superposition of storm translation velocity, tangential velocity of the main tornado vortex, and tangential velocity of the subvortices, the strongest surface wind speeds are found in the south and
southwest part of the two sub-vortices. The presence of multiple microscale vortices create irregular, arc-shaped wind damage paths (i.e.,
suction marks) that cause intense damage cores. Additionally, strong
surface winds cause more widespread wind hazards. The irregular, wide
damage path with localized ‘damage cores’ is consistent with the
Funing tornado damage survey (Meng et al., 2018). Only the forecast
run on the 49 m grid is able to resolve the multi-vortices.
Our results suggest that horizontal grid spacings smaller than
~500 m are necessary to simulate and predict tornado-like vortices in
supercell storms while grid spacings close to 50 m are needed to capture
sub-tornado-vortex-scale structures such as multi-vortices that cause
localized, intense damage. Coarser resolutions under-estimate surface
maximum wind speed. Forecasts run at horizontal grid spacings of 1.33
and 4 km can only capture strong rotating updrafts and large updraft
helicity indicative of strong tornado potential (not shown), not tornadolike vortices with near-surface vorticity maxima.
To simulate the tornado on a 50 km by 50 km domain (which is
generally small for a real-simulation) at ~50 m grid spacing using 960
computing cores takes approximately two hours of wall clock time for a
one hour simulation. For real-time warn-on-forecast applications, at

of the tornado vortex does not seem to monotonically depend on the
resolution.
Despite timing diﬀerences, the consistency between the simulated
tornadoes or TLVs in D13 – D15 in terms of the overall vortex structure
suggests a good degree of tornado predictability when the parent supercell storm and mesocyclone are skillfully predicted. A distinct
structural improvement is obtained when the horizontal resolution is
extended into the LES regime (i.e., from 144 m to 49 m in this study).
LESs resolve more ﬁne-scale details such as micro-scale sub-vortices
associated with the cold pool gust fronts, cold surge boundaries, and the
sub-vortices developing within the main tornado vortex. Explicitly
forecasting the microscale vortices is of a practical importance because
it leads to structural diﬀerences in the predicted tornado and signiﬁcantly impacts the intensity and distribution of surface wind hazards
(Dahl et al., 2017).
The results of our resolution dependency study are generally consistent with previous real-case supercell tornado simulations (Xue et al.,
2014; Mashiko and Niino, 2017) and with other simulation studies of
diﬀerent types of tornadoes (e.g., Rotunno and Klemp, 1985; Mashiko
et al., 2009; Schenkman et al., 2011a, 2011b). Results are also consistent with the scale of the physical features to be resolved. This study
is the ﬁrst real-data tornado-resolving modeling study of a tornado in
China.

5. Summary and conclusions
This real-data study uses the WRF-ARW model to simulate a supercell and embedded tornados, for a case that produced an EF4 tornado in eastern China. One to ﬁve, two-way-interactive nested model
domains are used to run forecasts at innermost horizontal grid spacings
ranging from 4 km to 49 m. The operational NCEP GFS analysis and
forecasts provide the initial and boundary conditions for outermost
domain.
The general characteristics of the supercell are reasonably captured
by the forecasts, even for the experiment that uses a single 4 km grid. A
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least an order of magnitude increase in computational speed is needed
to run timely forecasts. Balancing the trade-oﬀ between explicitly
forecasting tornadic vortices and damage intensity and computational
expense, we recommend real-time tornado forecasts be run at horizontal grid spacings of at least 500 m to be able to resolve tornado-like
vortices; however, forecasts need to be run at ~50 m horizontal grid
spacing for research studies on tornado dynamics, prediction and predictability.
This study is based on simulations of a single case that occurred in
China; however, the supercell of this case is typical of a HP supercell,
with environmental CAPE and shear typical of those of supercells also.
Further, the results of this study are consistent with previous tornado
simulation studies. For these reasons, we believe our conclusions on
resolution dependency of simulated supercell tornadoes have general
applicability. Still, additional studies are needed to further test the
generality of the conclusions, and for other types of tornadoes also.
Smaller and/or weaker non-supercell tornadoes may require higher
resolution forecasts than relatively large supercell tornadoes.
Finally, we point out this is the ﬁrst successful simulation of real
tornado in China that is initialized from a three-dimensional analysis,
and is the ﬁrst study to focus on the resolution requirement for simulating real tornadoes. To our knowledge, this is also the ﬁrst time the
widely used community WRF model has been used to simulate tornadoes at a tornado-resolving resolution.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atmosres.2019.06.019.
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