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ABSTRACT

Numerical simulations with the Advanced Regional Prediction System (ARPS) model were performed to investigate the
impact of microphysical drop size distribution (DSD) on tornadogenesis in a subtropical supercell thunderstorm over Anhui
Province, eastern China. Sensitivity experiments with different intercept parameters of rain, hail and snow DSDs in a Lin-type
microphysics scheme were conducted. Results showed that rain and hail DSDs have a significant impact on the simulated
storm both microphysically and dynamically. DSDs characterized by larger (smaller) intercepts have a smaller (larger) particle
size and a lower (higher) mass-weighted mean fall velocity,and produce relatively stronger (weaker) and wider (narrower)
cold pools through enhanced (reduced) rain evaporation andhail melting processes, which are then less favorable (favorable)
for tornadogenesis. However, tornadogenesis will also be suppressed by the weakened mid-level mesocyclone when the
cold pool is too weak. When compared to a U.S. Great Plain case, the two microphysical processes are more sensitive to
DSD variations in the present case with a higher melting level and deeper warm layer. This suggests that DSD-related cloud
microphysics has a stronger influence on tornadogenesis in supercells over the subtropics than the U.S. Great Plains.
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1. Introduction

Due to the rapid development of a Doppler radar observa-
tion network, increasing numbers of tornadic supercells have
been reported in eastern China recently, which have caused
considerable losses to human properties and lives (Yu et al.,
2006, 2008; Chan et al., 2012). Previous studies based on
both numerical simulations and radar observation analyses
have significantly improved our understanding of supercell
storms and tornadogenesis in the past few decades (e.g.,
Davies-Jones, 1984; Rotunno and Klemp, 1985; Wicker and
Wihelmson, 1995; Adlerman et al., 1999; Markowski et al.,
2002; Straka et al., 2007; Markowski et al., 2008). However,
Markowski and Richardson (2009) pointed out that the im-
pacts of microphysical processes on tornadogenesis and the
differences of microphysical effects among supercells over
various regions are still poorly understood. Gilmore et al.
(2004a, 2004b) (hereafter G04a,b) and van den Heever and
Cotton (2004) (hereafter VC04) studied the microphysical ef-
fects on storm evolutions using high-resolution models, and
showed that the simulated storm structure, intensity, and pre-
cipitation are highly sensitive to the microphysics parameteri-
zation schemes and precipitation dropsize distribution (DSD)
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parameters. Extending the work of G04 and VC04, Snook
and Xue (2008) (hereafter SX08) further found that the DSDs
of rain and hail could significantly influence the tornado for-
mation and intensity. They concluded that the DSDs favoring
larger hydrometeors will generally yield weaker cold pools
due to reduced evaporative/melting cooling within the down-
drafts, and thereby increase the potential for tornadogenesis
in supercells.

Most studies of supercell tornados have been restricted to
those over North America, such as the U.S. Great Plains re-
gion. However, measurements of rain and hail DSDs around
the world have revealed that DSDs and their impacts on su-
percells could vary significantly over regions due to differ-
ent atmospheric conditions, e.g., thermodynamics and mois-
ture conditions, concentrations and size distributions ofat-
mospheric aerosols, and so on (Bringi et al., 2003; Rosenfeld
and Ulbrich, 2003; Sánchez et al., 2009; Xie et al., 2010;
Chen et al., 2013). It has been found that subtropical atmo-
spheric conditions (e.g., the U.S. state of Florida and eastern
China) are more likely to favor small hydrometeors than over
the U.S. Great Plains due to a deeper warm layer (Bringi et
al., 2003; Chen et al., 2013). Lin et al. (2005) reported great
contrasts in microphysical characteristics between simulated
thunderstorms over two distinct climate regimes, in which ice
hydrometeors accounted for around 75% and 50% of the total
hydrometeor masses for the storms over the U.S. Great Plains
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and subtropics, respectively.
Since the microphysical features of supercell storms are

largely dependent on the background atmospheric conditions,
it is necessary to investigate the tornadogenesis within super-
cells over different regions other than the U.S. Great Plains,
such as eastern China in the subtropics, where severe tor-
nados are also frequently observed but less studied. In the
present study, a set of simulations similar to those of SX08
was carried out, with the aim being to examine the impact of
precipitation microphysics on tornadogenesis within a sum-
mer supercell case in Anhui Province, eastern China. We
further investigated how the sensitivities of supercell char-
acteristics and tornadogenesis to DSDs differ from those in
SX08 given the changed background conditions.

2. Brief description of the tornadic supercell
case

A strong tornado (ranked EF2) struck Wuwei County
(WW, Fig. 1a), Anhui Province, on the evening of 8 July
2003. It caused great losses: 16 people died, 166 were in-
jured, and more than 100 houses were damaged. At about
1430 UTC, a classic supercell storm formed at the south
tip of an organized convective rainband embodied in a large
area of stratiform precipitation. From the observations bythe
operational CINRAD-SA Doppler weather radar [located at
Hefei (HF),∼80 km away from WW (Fig. 1a)], an obvious
mid-level mesocyclone formed at 1449 UTC and developed
quickly in the following 20 min (Yu et al., 2006). The tor-
nado broke out soon after this strong mid-level mesocyclone
quickly strengthened. The mesocyclone reached its peak ver-
tical vorticity of 2.3×10−2 s−1 centered at about 1.8 km AGL
(above ground level) just 8 min before the tornado outbreak.
Synoptic and radar observation analyses have been performed
in previous studies (Yu et al., 2006; Yao et al., 2007). Never-
theless, detailed structures of the tornado could not be identi-
fied due to the relatively low resolution (∼1 km) of radar data,
which indicates a higher resolution is needed to perform the
tornado simulations.

3. Numerical model and experiment design

3.1. The model

The Advanced Regional Prediction System (ARPS) (Xue
et al., 2000, 2001, 2003) was used to simulate the supercell
thunderstorm. As in SX08, the Lin-type single moment mi-
crophysical scheme (referred to as LFO83, Lin et al., 1983)
was chosen to examine the DSD impacts on the supercell
and tornadogenesis. In LFO83, mixing ratios of six-category
water substances (graupel and hail were treated as one cate-
gory here, using “hail” as the category name) were explicitly
predicted. Non-precipitating hydrometeors were assumed
to be monodisperse. For all the precipitating hydrometeors
(rain, snow and hail), an exponential DSD was assumed:
nx(D) = n0x exp(−λxDx), where x denotes the species of
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Fig. 1. (a) Real-data simulation results at 1200 UTC: rain mix-
ing ratio (shaded; g kg−1) and horizontal wind vectors (m s−1)
at 500 m; (b) skew T-logP plots for soundings observed at “AQ”
(red) and model extracted from “LA” (blue); (c) skew T-logP
plots for soundings of May20 (red) and LML (blue) used for
1-km-grid simulations.
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hydrometeor,Dx is the particle diameter,nx(D) is the num-
ber of particles per unit volume per unit size interval, andn0x

and λx are the intercept and slope parameters, respectively
(LFO83; SX08). The intercept parameter was specified as
a constant value and the slope parameter was a function of
the intercept parameter, density, and mixing ratio of the hy-
drometeors. In LFO83, the default values of the intercept
parameters for rain, hail and snow were 8×106,4×104 and
3×106 m−4, respectively. DSDs with a larger (smaller) inter-
cept have a larger (smaller) slope and thereby favor smaller
(larger) particles in clouds.

3.2. Sounding used for sensitivity experiments

The observed sounding nearest to the tornado event in
time and location was first applied to initiate the simulation
with ARPS. The 1200 UTC sounding at Anqing (AQ),∼150
km away from WW (Fig. 1a), is presented in Fig. 1b (red),
which was observed a few hours before the tornado outbreak.
This sounding shows a large convective available potential
energy (CAPE) of 2855 J kg−1, a strong vertical wind shear
of 24 m s−1 from the surface to 6 km (16 m s−1 in the lowest
1.5 km), and a relatively low lifting condensation level (LCL)
below 600 m, all indicating a favorable environment for the
supercell formation. Unfortunately, the observed sounding
was unable to reproduce a sustained supercell during the sim-
ulation. Multiple reasons might be responsible for the failure
in simulating the supercell storm, e.g., the coarse vertical res-
olution and the wet mid-layer air condition in the sounding,
and the long distance between the storm location and sound-
ing station.

Following Dawson et al. (2010), an extracted sounding
from the ARPS 3-km-grid real-data simulation instead of the
observed one was used to initiate the simulation. A real-data
simulation was conducted from 0600 UTC to 1800 UTC 8
July 2003 with full physics including surface physics and a
1.5-order TKE-based subgrid-scale turbulence closure (Xue
et al., 2001). The LFO83 microphysics scheme was cho-
sen and the cumulus parameterization was turned off. The
model domain was 1080× 1080× 20 km3 in size located
within (26◦–36◦N, 112◦–121◦E) over eastern China, with a
horizontal resolution of 3 km and 51 vertical levels of 20
m grid spacing near the ground and 770 m near the model
top. The initial and lateral boundary conditions were derived
from 1◦×1◦ National Centers for Environmental Prediction
(NCEP) reanalysis data at 6-h intervals. The model sound-
ing was extracted at the grid point most representative of
the unstable inflow region of the simulated storms (marked
“LA” in Fig. 1a) at 1200 UTC. The model extracted sound-
ing had similar temperature and wind profiles as observed
(blue in Fig. 1b). However, the CAPE was 2135 J kg−1, a lit-
tle smaller than observed, and the 0–6 km (0–1 km) vertical
wind shear was about 21.3 (6.6) m s−1 with the wind hodo-
graph turning clockwise under 1 km. The dewpoint profiles
were also different, i.e., the mid-troposphere was much di-
rer for the extracted sounding with a 600-hPa relative humid-
ity of 40% (65% for the observed). The mid-level humidity
condition may have large impacts on producing a supercell

and its tornadogenesis through affecting the entrainment pro-
cesses within the storm (Gilmore and Wicker, 1998; James
and Markowski, 2010).

Grams et al. (2012) analyzed the thermodynamic condi-
tions of 448 significant tornado events across the contiguous
United States from 2000 to 2008 and found that the mean
environmental mixed-layer CAPE was around 1500 J kg−1

for supercells over the South Great Plain in spring and
2100 J kg−1 over the North Great Plain in summer, which is
comparable with the case in the present study (2135 J kg−1).
However, the present case was characterized by a higher
melting level and a deeper warm layer than those over the
U.S. Great Plains. The average 500-hPa (700-hPa) tem-
perature was−3◦C (10◦C) for the present case, but around
−11.5◦C (6◦C) for the 448 tornado events in the U.S., and
the melting level for the present extracted sounding was∼5.2
km AGL, versus close to 4 km AGL (below 600 hPa) for most
of the Great Plains cases (e.g., SX08; Dawson et al., 2010;
Grams et al., 2012). Such thermodynamic conditions over
the subtropics may allow precipitating hydrometeors to re-
main in storms longer, resulting in more melting/evaporation
and therefore greater sensitivity of tornadogenesis to thevari-
ation of DSDs relative to the U.S. Great Plains is suggested.

3.3. Experiment design

SX08 pointed out that supercell tornadogenesis is very
sensitive to the intercept values of rain and hail DSDs, while
the impact of snow DSD is relatively small (Snook and Xue,
2006). In this study, we further investigate the role of rainand
hail intercept parameters in the tornadogenesis within super-
cells over the subtropics. Ten sensitivity experiments were
performed with various intercept parameters. The specifi-
cations of the intercept parameters for each experiment are
summarized in Table 1. The first experiment (referred to
as CNTL) was conducted with the intercept parameters as
the default values in LFO83, and the following eight experi-
ments were ones with perturbed intercept parameters for rain
or hail but a default value for snow. For example, the hail
and rain intercepts were 4×106 and 8×107 m−4 in experi-
ment H6R7 (4×102 and 8×105 m−4 in H2R5), respectively,
which will favor smaller (larger) hailstones and raindrops. In
SX08, the snow intercept parameter was set as 8×106 m−4

instead of the default value (3×106 m−4). Therefore, an ad-
ditional experiment, S8, with identical parameter configura-
tion as CNTL except for a different snow intercept parameter
was conducted to test the sensitivity of model results to the
snow size distribution.

For all experiments, a high horizontal resolution of 100 m
was used to explicitly resolve the tornado-scale characteris-
tics within a supercell (Grasso and Cotton, 1995; Wicker and
Wihelmson, 1995; Lee and Wilhelmson, 1997; Finley et al.,
2001; Noda and Niino, 2005; Lerach et al., 2008; SX08). The
domain was 64×64×20 km3 in size with 81 vertical layers
stretched from 10 m near the ground to roughly 500 m at the
model top. Convection was initialized with a warm thermal
bubble of 4 K maximum perturbation centered at pointx = 48
km, y = 20 km, andz = 1.5 km with horizontal and vertical
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Table 1. The values of intercept parameters (n0) applied in different sensitivity experiments on a 100-m grid and features of the tornadic
vortices in experiments (denoted by *) that produced a sustained tornado vortex.

Name n0(m−4) Characteristics of tornadic vortices

Rain Hail Snow Durationa (min) Max. ζ Max. winds Rank

CNTL* 8×106 4×104 3×106 13 (5160–5880 s) 0.39 (5520 s) 45.7 (5580 s) EF1
H2 8×106 4×102 3×106 - - - -
H6 8×106 4×106 3×106 - - - -
R5* 8×105 4×104 3×106 4 (6720–6900 s) 0.35 (6840 s) 34.4 (6720 s) EF0
R7 8×107 4×104 3×106 - - - -
H2R5 8×105 4×102 3×106 - - - -
H6R7 8×107 4×106 3×106 - - - -
H2R7 8×107 4×102 3×106 - - - -
H6R5 8×105 4×106 3×106 - - - -
S8* 8×106 4×104 8×106 13 (8160–8880 s) 0.36 (8580 s) 38.8 (8340 s) EF1

aDuration is the continuous time with max. near surface winds> 29 m s−1 (EF0) and max. vertical vorticity (ζ ) > 0.1 s−1.

radii of 10 and 1.5 km, respectively. Before initialization, a
constant wind ofu = 10 m s−1 andv = 6 m s−1 was sub-
tracted from the sounding to keep the simulated storm within
the domain, as in some previous studies (Xue et al., 2001;
Caya et al., 2005; Gao and Xue, 2008; Dawson et al., 2010).
All simulations were integrated for 3 h with a time step of
0.2 s.

Three additional sets of simulations but at 1 km resolution
(for saving computation time) were respectively conducted
with the present model-extracted sounding, the one used in
SX08 (red in Fig. 1c), and a modified one similar to the
present extracted one except for a lower melting level (blue
in Fig. 1c), so as to further explore the role of melting level
on DSD impacts.

4. Results

This section investigates the influence of DSDs on the
simulated storms and the tornadogenesis. Model results from
experiment CNTL are firstly presented to evaluate the basic
performance of the LFO83 MP scheme in reproducing a typ-
ical subtropical supercell. The results of CNTL and S8 are
also contrasted to examine the effects of changing the snow
intercept parameter. Finally, the impacts of the rain and hail
DSDs on the cold pool and tornadogenesis are contrasted
with those in SX08.

4.1. Performance of the model’s storm simulation

The structures of the mature phase storms simulated in the
CNTL experiment at 1 km and 4 km AGL are shown in Fig. 2.
The simulated storm in CNTL was very similar to that from
radar observations (Yu et al., 2006). Typical supercell char-
acteristics can be found in the simulated storm at 1 km AGL
(Fig. 2a), such as a “hook” echo associated with a “V” shape
inflow region to the southeast of the storm, and the flanking
line/gust front (Lemon and Dowsell, 1979; Markowski and
Richardson, 2010). A large forward overhang and weak-echo
vault above the organized updraft can also be found from the
vertical cross sections of the simulated storm. The simulated

storm patterns in S8 turned out to be qualitatively similar to
those in CNTL (not shown). Besides the horizontal distri-
bution, the domain maximum updrafts/downdrafts (averaged
after 1800 s) are also similar for the two experiments, i.e.,
52.2/27.2 m s−1 for CNTL and 53.6/28.2 m s−1 for S8. More-
over, both experiments successfully reproduced the tornadic
vortices, though the intensity was slightly weaker in S8 (sec-
tion 4.3). Overall, the ARPS model with the LFO83 scheme
can reasonably simulate the supercell storm and tornado, and
changing the snow DSD intercept from 3× 106 to 8× 106

m−4 does not yield any significant impact on the simulation
in the present work. Therefore, we mainly focus on the im-
pacts of rain and hail DSDs in the following sections.

4.2. Impact of DSDs on microphysics, dynamics and the
cold pool

The differences of the simulated storm among different
experiments were small before 1800 s but increased rapidly
thereafter (not shown). SX08 pointed out that low-level storm
dynamics and tornadogenesis are largely influenced by the
cold pool intensity. Here, microphysical budgets were ana-
lyzed to examine the most significant processes for cold pool
formation, such as the melting of hail and evaporation of
raindrops. The temperature tendency (cooling) contributed
by each microphysical process was calculated at each time
step from 3600 s to 7200 s for all experiments except S8.
As in SX08, the cold pool is most contributed by evapora-
tive cooling of raindrops followed by melting of hail, while
the cooling due to other microphysical processes is much
weaker. The time series of the cold pool cooling contributed
by hail melting, rain evaporation and all microphysical cool-
ing processes for each experiment divided by those in CNTL
are shown in Fig. 3. The contributions are integrated within
downdraft regions below 5 km AGL with vertical velocity
< −0.5 m s−1.

Figure 3a shows the melting cooling differs significantly
among different experiments. In experiments with DSDs fa-
voring smaller hail (e.g., H6, H6R7 and H6R5), the cooling
from hail melting is much stronger than that in CNTL, es-
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pecially for that in H6R7 with the maximum ratio exceeding
three at around 6400 s. In contrast, the melting cooling is
much weaker than that in CNTL when the DSDs favor larger
hail, e.g., the ratio of H2R5 to CNTL is below 0.5 through
the entire analysis period. The sensitivities of the melting
cooling to rain DSDs (e.g., R5 vs. CNTL) are not significant.

The responses of the rain evaporative cooling to different
DSDs are more pronounced (Fig. 3b). The ratio of evapora-
tive cooling to that in CNTL ranges from 0.12 in H2R5 to
4.68 in H6R7. Obviously, in simulations with DSDs favoring
smaller raindrops (e.g., R7, H6R7 and H2R7) the evaporative

(a)

(b)

Fig. 2. Spatial distribution of total condensate (shaded; g kg−1)
and horizontal winds (vectors; m s−1) at (a) 1 km and (b) 4 km
AGL for CNTL at 5400 s. Updraft regions with vertical veloci-
ties> 20 m s−1 at 3.5 km AGL are marked with thick lines.

Fig. 3. Time series of the ratios of microphysical cooling due
to (a) hail melting, (b) rain evaporation and (c) all microphys-
ical cooling processes for each experiment relative to those in
CNTL.

cooling is stronger than that of CNTL, especially for H6R7.
Conversely, with DSDs favoring larger raindrops (R5, H6R5
and H2R5), the ratio is much smaller (i.e., 0.25–0.5) due to
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faster falling speed and less total surface areas for largerrain-
drops. The change of the hail intercept parameter also has
an influence on the evaporative cooling rate. For instance,
H6 produces about 50% more evaporative cooling than that
in CNTL owing to increased rain mass from the hail melt-
ing. Reduced hail melting is also partially responsible forthe
weaker evaporative cooling in H2R7 compared with that in
R7.

The time series of total cold pool area, minimum and
meanθ ′ at the surface are shown in Fig. 4. Here, the cold
pool is defined as regions where the perturbation potential
temperature (θ ′) is below−1 K. It is found that the total
surface cold pool areas increase steadily after 1800 s in all
simulations. Nevertheless, the growth rates are largest inR7
and H6R7 with the maximum cold pool area exceeding 2000
km2, while much lower for H2R5, R5 and H6R5 with the
maximum size less than 1250 km2. After 5000 s, the cold
pool sizes of R7 and H6R7 are about 500 km2 larger than in
CNTL and H6, and 1500 km2 larger than in R5, H2R5 and

Fig. 4. Time series of (a) total cold pool area, (b) minimum
perturbation potential temperature (θ ′), and (c) meanθ ′ within
cold pool regions at the surface for each experiment.

H6R5. The impacts of hail DSDs on the surface cold pool are
relatively small, especially during the first 3600 s. Similarly,
the minimum and mean surfaceθ ′ within the cold pool are
much lower in R7 and H6R7 than in R5, H2R5 and H6R5
(Figs. 4b and c). The minimum (mean) surfaceθ ′ is around
−11 (−6) K in R7, while−6 (−2) K in R5. In contrast,
the intensities of the cold pools in CNTL and S8 are rela-
tively weaker than in H6R7 and R7 but stronger than in H2R5
and R5. Therefore, as in SX08, DSDs favoring smaller hy-
drometeors (especially smaller raindrops) can induce a much
stronger cold pool. The structures of the surface cold pool (θ ′

fields) at 5400 s in ten simulations are shown in Fig. 5. The
areas (intensities) of surface cold pools in simulations with
DSDs favoring larger raindrops (i.e., R5, H2R5 and H6R5—
the second row of Fig. 5) are much smaller (weaker) than
those with DSDs favoring smaller raindrops (i.e., R7, H2R7
and H6R7—the third row of Fig. 5). Much stronger and
colder outflows are produced in R7 than in R5. Comparing
H2 to H6, the effect of hail DSD on the surface cold pool is
less significant than rain DSD.

In contrast to SX08, whose study focused on a U.S. Great
Plain case, the present case over the subtropics is character-
ized with a higher melting level, which may regulate the re-
sponses of both melting and evaporative cooling to DSDs.
As shown in Fig. 3, the ratio of the microphysical cooling
to that in CNTL ranges from 0.16 to 3.65 for rain evapora-
tion and from 0.24 to 2.26 for melting cooling, which are
much wider than over the U.S. Great Plains as reported in
SX08 (i.e., 0.25–2.28 for rain evaporation and 0.35–0.9 for
hail melting, respectively). To further explore the role ofthe
melting level, we conducted three additional sets of simula-
tions but at 1-km resolution (for saving computation time)
with the present sounding (referred to as Jul08), the sound-
ing in SX08 (referred to as May20), and a modified sound-
ing similar to Jul08 except for a lower melting level (referred
to as LML), respectively. The melting levels for these three
soundings are at∼5.2-, ∼3.8- and∼4.0-km AGL, respec-
tively. The vertical profiles of microphysical cooling (aver-
aged at each layer and from 3600 s to 7200 s) due to hail
melting and rain evaporation in each H6R7 run subtracted
by those in corresponding control runs for each sounding are
shown in the upper panel of Fig. 6. The melting cooling dif-
ferences between each H6 and the corresponding control run,
as well as the evaporative cooling differences between each
R7 and the corresponding control run, are also presented in
the bottom panel of Fig. 6, which show that the large re-
sponse of melting (evaporative) cooling in H6R7 is mainly
contributed by the perturbation of hail (rain) DSD. For cool-
ing from hail melting (Figs. 6a and c), a much stronger re-
sponse was produced in Jul08 above 3 km AGL, while rel-
atively weaker values are produced and concentrate at 2–4
km AGL for both May20 and LML. Similarly, the response
of evaporative cooling is vertically deeper, extending to an
altitude of 5 km in Jul08, whereas restricted below 4 km in
both May20 and LML (Figs. 6b and d). This is probably be-
cause the potential for evaporation is larger within a warmer
environment. Thus, for a higher melting level, it shows both
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Fig. 5. Surface distributions of perturbation potential temperature (shaded; K), modeling reflectivity
(thick black lines are 20 and 40 dBZ) and horizontal winds (vectors; m s−1) at 5400 s for all experi-
ments.

vertically higher and deeper responses of melting and evap-
orative cooling to DSDs, and the differences of H6R7 from
the corresponding CNTL are more obvious. The differences
of average surface cold pool intensities (θ ′) in simulations
with perturbed DSDs from that in each control run were also
calculated for each set of 1-km-grid experiments. The results
show that the surface cold pool intensities are more sensitive
to rain DSDs than to hail DSDs (as in Fig. 4), and the impacts
of rain DSDs are more significant in Jul08 with a difference
between R5 and R7 of 5.5 K, which is much larger than those
in the other two cases (2.6 and 3.0 K for May20 and LML, re-
spectively). However, no evident contrast difference is found
for the hail DSDs for the surface cold pool among different
cases. All the above analyses suggest that, although many

different aspects exist, the height of the melting level is at
least partially responsible for the different sensitivities of mi-
crophysics and the cold pool to DSDs between the present
and SX08 cases.

The temporal evolutions of the domain-maximum up-
drafts and downdrafts, as well as the corresponding box
charts, are presented in Fig. 7 for all experiments. Most ex-
periments produce a storm lasting throughout the entire 3-h
simulation period. For each experiment, both the updrafts and
downdrafts increase rapidly after the initiation of convection
and maintain their strengths with the mean values exceeding
40 m s−1 for updrafts and 20 m s−1 for downdrafts. The
simulated storm intensity in H2R5 (i.e., larger raindrops and
hailstones; green line) is markedly weak after 1 h of simu-
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Fig. 6. Vertical profiles of (left) melting cooling rate in (a) H6R7 and (c) H6, and (right) evaporative
cooling rate in (b) H6R7 and (d) R7 for different soundings onthe 1-km grid. The cooling rates in each
run are subtracted by those in the corresponding control run.

lation, while R7 (small raindrops; orange line) produces the
strongest updrafts and downdrafts with a peak value of 55
m s−1 and 30 m s−1, respectively. Overall, the updrafts and
downdrafts are relatively weaker in simulations with DSDs
favoring larger raindrops (R5, H2R5, and H6R5), while the
impacts of hail DSDs on updrafts and downdrafts are more
complicated since the hail DSDs affect not only the hail melt-
ing but also the rain evaporation indirectly.

4.3. Tornadic activity

To study the dependence of tornadogenesis on DSDs, a
potential tornado region (4×4×2 km3 from the surface) is
identified centered at the point where the 10-m vertical vortex
is strongest in each experiment. Whether a sustained tornado
exists is further determined by the maximum vertical vortic-
ity and horizontal wind in this potential region following cri-
teria adapted from Wicker and Wihelmson (1995) but with
slight modifications: (1) the vertical vorticity is larger than
0.1 s−1; (2) it is characterized by “highly convergent swirling
winds affecting a narrow path” (Fujita, 1981) and the maxi-
mum near-surface wind exceeds 29 m s−1 (EF0); and (3) a
clear mesocyclone is detected at low levels (0–3 km).

Based on the above criteria, sustained tornadic vortices
are found in CNTL, S8 and R5, and the general information
is summarized in Table 1. Among the three experiments,
CNTL simulates the strongest tornado starting from 5160 s
and lasting about 13 min, with maximum vertical vorticity
of 0.39 s−1 at 5520 s and near-surface winds of 45.7 m s−1

at 5580 s. The simulated tornadic vortex in S8 is close to
that in CNTL with a similar longevity but slightly weaker
strength (0.36 s−1 for maximum vertical vorticity and 38.8
m s−1 for near-surface wind). In R5, a sustained tornadic vor-
tex is simulated during approximately 6720–6900 s, which is

Fig. 7. Time series of the domain-maximum (a) updraft and
downdraft and (b) the corresponding box-and-whiskers plots for
each experiment. The shaded box covers the 25th–75th per-
centiles; the whiskers extend to the 10th and 90th percentiles;
and the mean and median values are marked by a square and
line within each box.

apparently weaker and shorter-lived than in CNTL, with max-
imum vertical vorticity of 0.35 s−1 and surface wind of 34.4
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m s−1. To investigate the impact of cold pool intensity on
the tornado activity, two experiments with weak and strong
cold pools (R5 and R7), together with CNTL, are selected
for further analyses. The time series of the maximum verti-
cal vorticity at low levels (below 2 km) showed more signifi-
cant fluctuations in CNTL and R5 than in R7 (not shown). In
CNTL, two strong vertical vorticity values are detected: 0.38
s−1 (near 5500 s) and 0.34 s−1 (after 6300 s). Two separate
periods with strong low-level vorticities (> 0.3 s−1) are found
in R5 at around 3600 s as well as 6900 s. However, the large
voriticy during the first period in R5 and during the second
period in CNTL was contributed by a non-tornadic shear zone
along the gust front. No tornadic vortex or large low-level
vorticity is found in experiment R7. Since mid-level mesocy-
clones have been found to be important for the formation of
low-level tornadic circulation (Wicker and Wihelmson, 1995;
Markowski and Richardson, 2009), the time series of mid-
level (2–5 km) vertical vorticities are also analyzed. It isclear
that the mid-level vorticity is stronger (slightly weaker)in
R7 (R5) when compared to CNTL, indicating that a stronger
cold pool can induce a stronger mesocyclone, probably due
to the enhanced horizontal temperature (buoyancy) gradient
(Markowski et al., 2002). This may explain why the tornado
in R5 is weaker than in CNTL and no tornado is produced in
H2R5 where the cold pool is too weak.

R7 failed to produce the tornado despite the mid-level
mesocyclone being strong. SX08 pointed out that, when the
cold pool is too strong, the updraft will be tilted by the gust
front, which will cut the connection between the low-level
circulation and mid-level mesocyclone. The vertical cross
sections (X–Z plane, taken through the locations where the
updraft of 4 km AGL is strongest during their mature phases)
of the in-plane winds, vertical velocity and near-surface cold
pool intensity are plotted in Fig. 8 for CNTL, R5 and R7, and
show all simulations are characterized with an updraft core
(larger than 15 m s−1) above the gust front (the leading edge
of the surface cold pool). With a larger rain DSD intercept,
the updraft core is located farther east due to stronger forc-
ing of the gust front associating with the stronger cold pool.
In R7, the low-level gust front is located several kilometers
east of the updraft core with a tilted updraft, while in CNTL
and R5, the locations of the gust front and updraft core are
more consistent with each other in thex-direction. The po-
sitioning in R7 with the strong cold pool may suppress the
development of the tornado, as suggested by SX08. There-
fore, the balance between the cold pool and storm inflow is
very important for the formation of a strong and erect updraft,
thus favoring tornadogenesis. In addition, when the cold pool
is weak, a small horizontal temperature (buoyancy) gradient
may be unable to sustain the strength of mid-level mesocy-
clones and thus be unfavorable for tornadogenesis.

Figures 9a and b show the model reflectivity and horizon-
tal winds at 10 m AGL for CNTL and R5, respectively, during
the mature phase of the simulated tornado. One can see that
the tornadic vortices in both experiments are located at the
occlusion points of the forward-flank and rearward-flank gust
fronts formed by the interaction between the cold pools and
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Fig. 8. Vertical cross sections of the in-plane winds (vectors;
m s−1) and near-surface cold pool (shaded; K) for (a) CNTL,
(b) R5 and (c) R7, respectively. Mid-level updraft cores and
temperature contours of 0◦C are indicated by thick black lines
and thin lines, respectively.

warm inflows. Also, it can be seen that the vertical vorticities
and surface winds are stronger in CNTL than in R5, despite
the swirling winds in R5 being much more obvious. From
Figs. 9a and b, the maximum vertical vorticity is 0.35 s−1

for CNTL and 0.32 s−1 for R5, and the area with vertical
vorticity values> 0.3 s−1 is obviously larger in CNTL as
well. Trajectories of 17 particles, one at the vortex center
(at 50 m AGL) with others evenly around the center at ra-
dius of 100 m, are traced back about 25 min before entering
the tornadic vortex shortly after tornadogenesis. Trajectories
are shown in Figs. 9c and d. The air parcels contributing to
the formation of the tornado vortex mostly originate at∼3
km AGL from the east to the rear-flank gust front and then
descend cyclonically into the downdraft region to feed the
near-surface vortex. Contrastingly, trajectories in R5 differ
greatly from CNTL. In R5, although particles all originate
below 1 km AGL, they mainly come from two sources: one
path (Fig. 9d; labeled with a number one) originates ahead
of the storm (far from the east), and moves fast and directly
into the tornado vortex; the other path (labeled with a number
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Fig. 9. (Top) Near-surface tornado vortex structure: reflectivity(shaded; dBZ) and horizontal wind vectors
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and 2 g kg−1) and horizontal wind vectors (m s−1) at 50 m AGL for (c) CNTL and (d) R5.

two) approaches the tornado vortex in a way with large fluc-
tuations from its northeast in the downdraft region. In short,
such different trajectories in CNTL and R5 also indicate great
sensitivity of tornado formation to the DSD variations.

5. Concluding remarks
The present reported study utilized the ARPS model to

perform high-resolution (horizontally, 100 m) simulations of
the 8 July 2003 Anhui tornadic supercell storm. The goal was
to investigate the DSD impact on tornadogenesis in subtrop-
ical supercell storms. Ten sensitivity experiments with dif-
ferent DSD intercept parameters in a Lin-type microphysics
scheme (LFO83) were conducted.

The results showed that rain and/or hail DSDs can sig-
nificantly affect the simulated storm structure, evolution, and
cold pool characteristics (strength and extent) via the evapo-
ration and/or melting processes within the downdraft region.
DSDs characterized by larger intercepts (i.e., smaller parti-
cle sizes and higher number concentrations) result in stronger

and wider cold pools due to enhanced evaporative/melting
cooling and are therefore less favorable for tornadic devel-
opment. However, tornadogenesis will also be suppressed by
the weakened mid-level mesocyclone when the cold pool is
too weak. The effect of snow DSDs on simulated storms is
negligible as compared to rain and hail. Compared to the U.S.
Great Plains cases (e.g., G04; VC04; SX08), the microphysi-
cal processes that contribute to the cold pool cooling are more
sensitive to the change of DSD parameters in the present case
due to a higher melting level and deeper warm layer, in which
more melting and evaporative cooling are thereby produced.
The surface cold pool intensities also show a stronger re-
sponse over the subtropics, with a maximum difference of
5.5 K between simulations with large and small rain DSD in-
tercepts (compared to 2.5 K over the U.S. Great Plains) from
three additional sets of sensitivity experiments. This suggests
that DSD-related cloud microphysics has a stronger influence
on tornadogenesis in supercells over the subtropics than over
the U.S. Great Plains.

It should be noted that the present study only examined
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the effects of DSD intercept parameters in a single-moment
bulk microphysics scheme on tornadic supercells. Gao et
al. (2011) suggested an appropriate two-moment bulk micro-
physics scheme could describe cloud and precipitation pro-
cesses reasonably well under different environmental condi-
tions. Meanwhile, a modeling study by Milbrandt and Yau
(2005) showed that the DSD shape parameter plays an im-
portant role in determining sedimentation and microphysical
growth rates of precipitating particles, and this in turn affects
the cold pool development (Dawson et al., 2007, 2010). Us-
ing a spectral bin microphysics model, Liu and Niu (2010)
found that the CCN (cloud condensation nuclei) concen-
tration would affect the concentration and spectral distribu-
tion of both raindrops and graupels in the supercell. There-
fore, more research is needed to investigate the microphysical
influences on subtropical tornadogenesis with microphysics
schemes other than LFO83.
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