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Key Points:

e The impact of assimilating dense surface observations on improving the simulated 3

July 2019 Kaiyuan tornadic supercell is investigated.

e Dense surface data assimilation helps to improve the intensity and structures of the
supercell and cold pool in the analyses and forecasts, as well as the inflow conditions

that support the strong supercell with near-surface rotation.

e Arealistic tornado is explicitly simulated through a tornado-resolving simulation nested
within the best-performing supercell simulation and the tornado structure and evolution

are documented.
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ABSTRACT

The 3 July 2019 Kaiyuan City, Liaoning Province, tornadic supercell is simulated with the
WRF model, using up to five levels of nested grids, with the innermost grid having a 50 m grid
spacing. Reflectivity and radial velocity data from seven operational Doppler weather radars
in different wavebands are assimilated together with dense automatic weather station (AWS)
data using a 3DV AR data assimilation (DA) and cloud analysis system on the third-level 450-
m grid with 5-minute cycles. Experiments assimilating surface data in a different number of
cycles show that the analyses and forecasts are improved in terms of the intensity and structures
of the simulated supercell and cold pool, compared to the one without assimilating surface data.
The frequent assimilation of high-resolution surface data tends to produce spurious convection
due to imbalances introduced, which has negative impact on the development of near-surface
rotation. With surface data assimilated in more cycles, more convective available potential
energy (CAPE) is introduced in the final analysis, and more intense supercell is predicted. A
50-m tornado-resolving simulation is conducted by nesting within the best-performing 450-m
forecast. The simulation successfully captures the genesis and evolution of a tornado reaching
EF2 intensity, through the one-cell, two-cell, and multi-vortex stages of development. The

track, life cycle, and in-storm location of the simulated tornado agree well with observations.
PLAIN LANGUAGE SUMMARY

Tornadoes are one of the most difficult-to-predict phenomena in the atmosphere given its
quite small spatial and temporal scales. Accurate initial condition is essential for the prediction
of tornadoes by numerical models. Assimilating data from weather radars has been shown to
very helpful in predicting tornadic storms but radars at a significant distance from the storms
cannot observe the conditions near the ground. Radars do not observe the atmosphere outside
the precipitation regions either. The present work utilizes high spatial- and temporal-resolution
surface observations from automated weather stations, by assimilating them into a storm
prediction model. The additional surface station observations improve the analyses and
forecasts of the Kaiyuan tornadic supercell storm. A successful simulation of the embedded
tornado is obtained when using a tornado-resolving 50 m grid. This represents the first time a

real tornado in China is simulated through the assimilation of radar and surface station data.
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1. Introduction

Severe convective storms, such as supercells, have high damaging potential around the
world (Meng et al., 2016; Xue et al., 2016; Yokota et al., 2016; Meng et al., 2018; Luo et al.,
2020; Zheng et al., 2020). With the desire to shift severe weather warnings from warn-on-
detection to warn-on-forecast paradigm, accurate prediction of individual supercells and their
associated tornadoes using numerical weather prediction (NWP) models becomes an essential
step but remains a significant challenge (Stensrud et al., 2009; Stensrud et al., 2013; Sun et al.,
2014). One major reason is the poor representation of the initial conditions for the storms within
the NWP models and improving the initial conditions through advanced data assimilation is

critically important.

In recent years, a number of studies have focused on improving tornadic supercell
simulation/prediction through radar data assimilation (DA) (Xue et al., 2003; Hu et al., 2006a;
Hu & Xue, 2007; Dawson et al., 2012; Jung et al., 2012; Xue et al., 2014; Yokota et al., 2016;
Putnam et al., 2019; Snook et al., 2019). Compared with other observational instruments (such
as surface weather stations), Doppler radars have higher spatial and temporal resolutions and
are the only observational tool that can resolve internal storm-scale structures. However,
considering the Earth’s curvature and the elevation angle of the lowest radar beam (typically
0.5°), the lowest radar beam can be a few kilometers above the ground surface when the radar
is located more than a hundred kilometers away. In such cases, the spatial coverage of the radar
observations is incomplete at low levels. This would reduce the effectiveness of the radar data
assimilation since the low-level rotational features of supercells are mostly within this region.
Another factor to consider is that radar data are limited to the precipitation regions; they do not
sample the storm environment or directly measure thermodynamic properties, including
temperature and moisture. Combined assimilation of radar data together with conventional
observations that sample the storm environment has the largest potential to improve convection

storm prediction.

Over the past few decades, the proliferation and enhancement of surface observation
networks, including the automatic weather stations (AWS), have led to a substantial increase
in the availability of high-resolution surface observations (Brock et al., 1995; Fiebrich, 2009;
Landolt et al., 2019). Within China, the AWS stations in many regions reach spaces of less
than 10 km and temporal resolutions of less than 5 min (Zhang et al., 2020b). They have
become invaluable for monitoring surface-based mesoscale and storm-scale features that are

crucial for forecasting convective storms and their associated severe weather hazards. The

3
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94  assimilation of such dense surface data is also expected to fill the low-level data voids of
95  weather radars, in addition to providing direct in-situ measurements of temperature and

96  moisture.

97 A number of studies have tried to improve the prediction of severe convective storms or

98  systems via assimilating surface observations in addition to radar data (Zhang et al., 2004;

99  Dong et al., 2011; Schenkman et al., 2011; Putnam et al., 2014; Snook et al., 2015; Yokota et
100 al, 2016; Li et al., 2022). For example, Zhang et al. (2004) found within perfect-model
101  observing system simulation experiments (OSSEs), an ensemble Kalman filter (EnKF) failed
102 to produce an adequate analysis of a simulated supercell storm when the radar radial velocity
103  data were only available above 4 km height. The analysis was much improved when surface
104  station measurements of wind and temperature were also assimilated. Also employing the
105  OSSE approach with EnKF DA, Dong et al. (2011) found that when the radar is far away from
106  the main supercell storm so that the lowest few kilometers of the storm are not covered by the
107  radar data, a clear positive impact of surface observations is achieved when the surface network
108  spacing is less than 20 km. Schenkman et al. (2011) examined the impact of real X-band
109  Doppler radar data and data from the Oklahoma Mesonet (Brock et al., 1995) on the prediction
110  of a tornadic mesoscale convective system (MCS). They found that when the high-resolution
111  observations from the close-distance X-band Doppler radars were absent (so that only more
112 distant S-band radar data were available), assimilation of 5-min interval Mesonet observations
113 (using a three-dimensional variational-cloud analysis DA system) had a significant positive
114  impact on the analysis and forecast of tornadic mesovortices within the MCS. For the same
115  MCS case but using EnKF DA, Snook et al. (2015) also found that the forecast of near-surface
116  mesovortices within the MCS is substantially improved when surface observations are
117  assimilated together with radar data. Later, Chen et al. (2016) showed that assimilating
118  additional 5-min AWS observations using a four-dimensional variational (4DVAR) DA system
119  could help improve the analysis and forecast of a squall line, especially at the low levels where

120  radar data were lacking.

121 Despite the above studies, high spatial and temporal-resolution surface observations are
122 still underutilized in operational NWP systems. Studies that evaluate the impact of surface and
123 radar data assimilation on tornadic supercell prediction are even more limited. Yokota et al.
124 (2016) is one of few such studies. They successfully simulated a strong low-level mesocyclone
125  (LMC) near the path of an actual tornado with the assimilation of both surface and radar data.
126  However, when either surface or radar data were removed, the LMC was no longer simulated.

127  They also found that the low-level convergence ahead of the storm and the low-level relative
4
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128  humidity (RH) in the rear of the storm were two key factors affecting the strength of the
129  predicted LMC.

130 The above cited studies assimilating real surface station and radar data were for United
131  States and Japan cases. The present study focuses on a tornadic supercell case that occurred in
132 Kaiyuan City, Liaoning Province, in northeastern China on July 3, 2019 (Zhang et al., 2020a;
133 Zheng et al., 2020). An EF-4-rated tornado struck the city in the afternoon of that day and
134 caused 7 fatalities and 190 injuries. In our previous study (Li et al., 2024), a high-resolution
135  numerical simulation was conducted to investigate the convective initiation mechanism of the
136  tornadic supercell at the initial stage, and the simulation started from an analysis of the Global
137  Forecast System (GFS) of NCEP without assimilating local data. The simulated supercell
138  exhibited significant discrepancies in terms of supercell storm intensity, structure, and
139  morphology when compared with the observed one. One major objective of this study is to

140  improve the simulation of that tornadic supercell by assimilating local surface and radar data.

141 There exist in the literature only a limited number of studies that attempt to simulate real
142 tornadoes or tornado-like vortices (TLV) from real initial conditions (Mashiko et al., 2009;
143 Schenkman et al., 2012; Xue et al., 2014; Mashiko, 2016; Mashiko & Niino, 2017; Snook et
144 al., 2019; Sun et al., 2019). With a 50-m grid spacing, Mashiko et al. (2009) were able to
145  simulate a tornado that occurred in the outer rainband of a landfalling typhoon; the
146  tornadogenesis processes were analyzed based on the simulation. Using a similar approach,
147  Mashiko (2016) and Mashiko and Niino (2017) simulated the Tsukuba City, Japan, supercell
148  tornado with a horizontal grid spacing of 10 m. With the assimilation of high-frequency radar
149  data, Xue et al. (2014) reproduced well the 8 May 2003 Oklahoma City tornadic supercell.
150  Their 50-m simulation captured two-cell and multi-vortex tornado structures that had only
151  previously been simulated by idealized simulations. More recently, Sun et al. (2019) simulated
152 an EF4 tornado that occurred on 23 June 2016, in Funing, Jiangsu Province, China, using a
153  multi-level nested 49-m grid spacing. The development of multi-vortex structures within the
154  simulated tornado is attributed to barotropic instability that excites vortex Rossby waves
155 (Huang & Xue, 2023). However, without assimilating local data, their simulated tornadic

156  supercell had large location and timing errors (Sun et al., 2019).

157 In this study, we try to improve the simulation of the tornadic supercell reported in Li et al.
158  (2024) by assimilating operational radar and high-density surface station data using a three-
159  dimensional variational (3DVAR) method on the 450-m nested grid. We then increase the grid
160  resolution by further nesting two grids of 150 m and 50 m grid spacings in an attempt to

161  explicitly predict the tornado or tornado-like vortex. The 3DVAR method is chosen because of
5
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162  its much lower computational cost than EnKF, especially at the 450 m grid spacing; there are
163  anumber of prior examples using the 3DVar method for initializing tornadic supercell storms
164  (Huetal., 2006a; Hu et al., 2006b; Hu & Xue, 2007; Stensrud & Gao, 2010; Xue et al., 2014).
165  To the best of the authors’ knowledge, the current study represents the first time a real tornado
166  in China is simulated through the assimilation of multi-radar data and dense surface station
167  data.

168 The remainder of the paper is organized as follows. The tornadic case to be studied is first
169  briefly introduced in section 2. The data to be used as well as the experiment design are
170  described in section 3. Section 4 presents the analysis and forecast results on the 450-m grid
171  and evaluates the impact of surface data assimilation on the analysis and forecast results. The
172 tornado-resolving simulation results on the 50-m grid are also presented in section 4. A

173 summary and discussion are provided in section 5.

174 2. Case overview

175 The synoptic patterns and mesoscale features in the afternoon of 3 July 2019 have been
176  shown in Li et al. (2024). At 1400 LST (hereafter all times are in LST, which is 8 hours ahead
177  of UTC), 3 July 2019, a slow-moving northeast China cold vortex (NCCV, Sun et al., 1994;
178  Xie & Bueh, 2015; Fan et al., 2023) in the form of a cut-off low was present at 500 hPa over
179  northeast China. There were two short-wave troughs extending southwestwards and
180  southwards from the cold vortex center. At 850 hPa, a low circulation was underneath the 500
181  hPa cold vortex, with a trough line extending southwestward and right behind Kaiyuan City,
182  where the tornado of interest later occurred. At Kaiyuan, strong northwesterly flows were at
183 500 hPa, while at 850 hPa the flow was southwesterly ahead of the trough, and the low-level
184  southwesterly flow passed over the Bohai Bay to the south and was rich in moisture. The strong
185  northwesterly upper-level flow overlaying the moisture-rich southwesterly low-level flow
186  provided strong vertical wind shear and favorable conditions for rotating thunderstorms (see
187  Fig. 1 of Li et al. (2024)).

188 As described in Li et al. (2024), the parent tornadic storm first appeared near the
189  southwestern section of an MCS at 1638 LST and grew rapidly into a supercell in the next 30
190  minutes while moving southeastward to Kaiyuan (Zheng et al., 2020). At ~1715, the tornado
191  occurred north of Kaiyuan City and moved southward along with the storm. The tornado
192  dissipated at ~1747 (Zhang et al., 2020a). Based on a numerical simulation, Li et al. (2024)
193  showed that the storm that later evolved into the tornadic supercell was triggered by gravity

194  waves propagating along a stable but moist layer that acts as a wave guide above a boundary
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layer, and the gravity waves were excited by intense convection within the MCS. Here, we first
describe the evolution of the established Kaiyuan tornadic supercell based on radar

observations (Figures 1 and 2).

42°50'N |

42°40'N =

42°30'N

42°20'N |-

42°50'N F

42°40'N -

42°30'N -

42°20'N |-

42°50'N =

42°40'N -

42°30'N |-

42°20'N |

124°20'E

10 15 20 25 30 35 40 45 50 55 60 65 70

Figure 1. (a-1) Observed radar composite reflectivity (shaded) from 1648 to 1748
LST at 12-min time intervals. The bold black lines outline the boundary of Kaiyuan
City, which occupies a C-shaped region. The red arrow in (a) points to the supercell
of interest.

The tornadic supercell was captured by the Shenyang (SY) radar and other operational
radars in the proximity (see Figure 3). After the initial cell of the supercell was triggered, it
quickly grew into a deep convective storm (Figures 1a and 1b). By 1700 LST, the entire storm
had moved into the boundary of Kaiyuan City (Figure 1b). During the next 20 minutes, the
storm intensified quickly and generated a wider precipitation region (Figures 1c-d). A region
with reflectivity exceeding 60 dBZ suggests the presence of hail within the storm (Figure 1d).
After that, the storm remained over Kaiyuan City for about half an hour (Figures 1d-f). In the
end, it propagated southeastward and entered its decaying stage after 1800 LST (not shown).

The low-level evolution of the tornadic storm can be illustrated by the radar reflectivity (2)

and radial velocity (V) at the 0.5° elevation angle from the Shenyang radar. At 1722 LST, a
7
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213 clear hook echo has formed at the northwestern end of the storm. Meanwhile, an inbound-
214  outbound radial velocity couplet is collocated with the hook echo on the V, map, suggesting
215  the presence of the tornado (Figures 2a and 2d). According to the field report, the Kaiyuan
216  tornado had just formed at the time (Zhang et al., 2020a). After it was generated, the tornado
217  was maintained for about 20 minutes before dissipating (Figures 2e-f and 2j-1), producing a
218  surface damage track of about 14 km length (Zhang et al., 2020a). Additional details on this
219  case can be found in Li et al. (2024) and Zheng et al. (2020).

220
H
(a)17:22:30 1S, R (d) 17:22:30 LST, Vr :
b (== *« T H
I U ® s i
L| (b) 17:27:58 LST, R 2 (e) ¥7:27:58 LST, Vi {h) 17:44:32 15T, RS (K) 17:44:32 1ST, i i
. R
221 " (0173331 157,}\""“‘-\,25 (f) 17:33:31 LST, Vi, (i) 17:50:06 LST, R ; (1) 17:50:06 LST, Vr
222 Figure 2. (a-c, g-1) Base radar reflectivity (shaded, dBZ) and (d-f, j-1) radial velocity
223 (shaded, KTS) at the 0.5° elevation angle from the Shenyang radar at different times
224 (LST) on July 3, 2019. The white circles denote the velocity couplets.
225

226 3. Data sets and experiment design

227 The fifth-generation ECMWF global reanalysis (ERAS) data (Hersbach et al., 2020) are
228  used to provide the initial condition to spin up the initial background forecast, and to provide
229  boundary conditions at hourly intervals for the outermost D1 grid. The advanced research
230  version of the Weather Research and Forecasting (WRF-ARW) model version 3.9.1
231  (Skamarock et al., 2008) is used to perform simulations for all experiments. As in Li et al.
232 (2024), three two-way nested domains, D1, D2, and D3, with the same coverages and the same

233 set of physical parameterization schemes, are used first, except for the configuration of vertical
8
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234 model levels. To better capture the low-level rotational features of the supercell, five more
235  levels are added within the lowest 1 km above ground. Therefore, all grids have 56 vertical
236  levels with spacing that stretches from about 20 m near the surface to 650 m at the model top.
237  The DI, D2, and D3 domains have horizontal grid spacings of 4050, 1350, and 450 m,
238  respectively. The outermost D1 domain spans the entire continental China, while the inner
239  domains D2 and D3 cover the northeastern China and the region of active mesoscale
240  convection, respectively (see Fig. 4 of Li et al. (2024) for the grid configuration). Figure 3
241  shows domain D3, together with two additional one-way nested grids, D4 and D5, added at
242 later times (see more information later). As described in Li et al. (2024), the model used
243 Morrison two-moment microphysical scheme (Morrison & Grabowski, 2008), Pleim—Xiu land
244 surface and surface layer models (Pleim, 2006), the Asymmetric Convective Model, version 2
245  PBL scheme (Pleim, 2007), and the Community Atmosphere Model, version 3 radiation
246  schemes (Collins et al., 2004) on all domains. None of these grids used cumulus
247  parameterizations. A simulation is first run with the three nested grids from ERAS analysis at

248 0000 UTC (0800 LST), 3 July 2019, through 0900 UTC when the DA cycles start.

50°N

48°N

486°N

44°N

42°N

40°N

249 116°E  118°E  120°E 122°E  124°E  126°E  128°E 130°E

250 Figure 3. (left) The D3 model domain (green rectangular box) and locations of the
251 radar stations (large black dots) and dense AWSs (small blue dots). There are seven
252 radars, including Qiqihar (9452), Harbin (9451), Shenyang (9240), Chaoyang
253 (9421), Yingkou (9417), Dandong (9415), and Dalian (9411) radar, used to cover
254 the entire D3 domain. The maximum range of each radar is shown by the red circles.
255 An enlarged view of the D3 domain (of 450 m grid spacing), including terrain
256 elevation (shaded) and the nested D4 and D5 domains (of 150 and 50 m grid
257 spacings), is shown on the right. The coverages of the outer domains D1 and D2
258 are not shown but can be found in Li et al. (2024).

259
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260 The dense surface data, including station pressure, temperature, dew point, wind speed, and
261  wind direction, from 3356 AWSs with high spatial (<10 km) and temporal (~5 min) resolutions,
262  and radar base data from China New Generation Weather Radar (CINRAD) network are
263  assimilated on the 450-m grid (Figure 3). The CINRAD network consists of more than 200
264  radars in total (Zou et al., 2018), and seven of them (see the radar locations in Figure 3),
265  operating at S band and C band and manufactured by three different companies, are included
266  to cover the D3 domain. Before DA, the reflectivity and radial velocity data are first quality
267  controlled, with the procedure including despeckling, ground clutter and anomalous
268  propagation artifact removal, and velocity dealiasing. The quality-controlled data are then
269  checked by visual inspections and further adjustments are made. In the end, the data from the
270  radar coordinates are interpolated to the WRF model grid for assimilation. For the dense surface
271  data, a spatial-temporal continuity check is made before they are assimilated. In this procedure,
272  datathat have large differences from surrounding stations or previous or next observation times

273 are excluded.

274 The Advanced Regional Prediction System (ARPS) three-dimensional variational (3DVar)
275  data assimilation and cloud analysis system (Gao et al., 1999; Gao et al., 2004; Hu et al., 2006a;
276  Hu et al., 2006b; Gao & Stensrud, 2012; Gao et al., 2013) suitable for convective-scale DA is
277  used to assimilate the observations discussed earlier. The ARPS 3DVAR uses an incremental
278  form of the cost function that includes the background, observation, and mass-continuity
279  equation constraint terms. The analysis variables include three wind components (u, v, and w),
280  potential temperature (6), pressure (p), water vapor mixing ratio (g,), and hydrometeor mixing
281  ratios of cloud water (g.), cloud ice (g;), rainwater (g,), snow (g;), and hail (g;). The mass
282  continuity equation is used as a weak constraint in the 3DVar cost function to link the three
283  wind components together for them to satisfy mass continuity, and temperature and moisture
284  within cloudy regions are adjusted in cloud analysis based on the moist-adiabatic method as
285  described in Hu et al. (2006a). Additional details on the reflectivity observation operator used
286  can be found in Chen et al. (2020).

287 Given that we are dealing with different observation types sampling very different spatial
288  scales, multiple analysis passes are performed, with each pass including different data types
289  using different spatial error decorrelation scales. The use of multiple passes assimilating
290  different types of data has been a standard practice with the ARPS data assimilation system
291  (e.g., Xue & Martin, 2006; Liu & Xue, 2008; Schenkman et al., 2011). The selection of the
292  decorrelation scales is guided by the mean density of observational data assimilated. In our

293  case, three analysis passes are used. The surface data are analyzed in the first pass with
10
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294  horizontal and vertical influence radii of 20 and 0.5 km, respectively, while the radar radial
295  velocity are analyzed in the second pass, and the reflectivity are analyzed in the third pass,

296  respectively, with both using horizontal and vertical influence radii of 2 grid points.

297 Four experiments are designed to investigate the impact of DA on the analysis and forecast
298  of the supercell (Figure 4). The experiments mainly differ in the number of surface DA cycles
299  performed. Since the duration from supercell initiation to tornadogenesis is relatively short
300 (only about 30 minutes), limited radar observations are available to build up the supercell in
301  the model through radar DA. Therefore, the DA window starts at 1700 LST and ends at 1730
302  LST, which actually overlaps with the tornadogenesis time at 1717 LST.

303 The DA is performed on the 450-m D3 grid only for all four experiments. At 1700 LST,
304  simulations on the nested D1-D3 grid are run to the time when observations are first assimilated
305 in each corresponding experiment. The first DA experiment, 1C_sfc, assimilates surface and
306  radar data in a single DA cycle, at 1730 LST. The other three experiments assimilate radar data
307  every 5 minutes starting from 1705 LST through 1730 LST. Experiment no_sfc assimilates
308 radar data only without surface data, while experiment allC sfc assimilates both radar and
309  surface observations in all cycles. Experiment last2C_sfc assimilates surface data only in the
310  last two cycles. When the DA window ends at 1730 LST, a 2-hour simulation is produced from
311  the final analysis of each experiment on the three nested grids, and the results of the 450-m
312 grid are discussed in section 4. We note here that even though DA is only performed on the
313 450-m grid, because the grid nesting is two-way interactive, the model initial conditions within
314  the region covered by the 450-m grid are effectively those of the 450-m grid, albeit at reduced

315  resolutions.

316

11
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318 Figure 4. Illustration of data assimilation and forecast cycles for four experiments.

319 ‘sfc’ represents the surface data from AWSs, ‘radar’ represents the radar data,

320 including radar radial velocity and reflectivity. The black solid vertical lines

321 indicate the times at which observations are assimilated. The red vertical lines

322 indicate the times of tornadogenesis and tornado decay.

323

324 To see if a tornado or a tornado-like vortex similar to the Kaiyuan tornado can be obtained

325  in the simulation given enough resolution, we further nest two one-way-interactive grids, D4
326  and D5, with horizontal grid spacings of 150 m and 50 m, respectively, within the D3 domain
327  (see right panel of Figure 3). D4 domain (150-m grid spacing) is initialized from the
328 interpolated D3 domain (450-m grid spacing) at 1814 LST. The D5 (50-m grid spacing) domain
329  is interpolated from the D4 domain and starts at 1824 LST. The 10-minute time lag between
330 D4 and D5 provides spin-up time for the intensification of the near-surface rotation in D5 and
331 is found to be the best-performing configuration among a set of experiments with different

332  starting times of the forecast (not shown).

333
334 4. Analysis and forecast results

335 4.1 Innovation statistics of analyses and forecasts

336 To quantify model analysis and forecast quality and compare the performance of different
337  experiments, the root-mean squared innovations (RMSIs) of the simulated radial velocity and
338  reflectivity against radar observations are calculated over a 30 km % 30 km region roughly

339  centered on the observed and simulated supercell storms. The RMSIs of analysis and forecast
12
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340  results against surface observations, including station pressure, temperature, dew point, wind
341  speed, and u and v components of surface wind, are also calculated to show the effects of

342  surface observation assimilation.
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351 Figures 5a and 5b show the RMSIs of reflectivity and radial velocity analyses and forecasts
352 from the four experiments. During the DA cycles, experiments no_sfc and allC_sfc exhibit
353  similar errors in analyzed radial velocity and reflectivity, suggesting that the additional surface
354 DA has a limited influence on the internal structures of simulated storms. Experiment
355 last2C_sfc experiences identical assimilation cycles as no sfc until the last two cycles,
356 therefore, it has the same RMSIs as the latter in the first five cycles. Not surprisingly, with only
357  one cycle DA at the end, the errors of 1C_sfc increase quickly at the beginning and are higher
358 than those of the other three experiments at the final analysis time. They are also the highest
359  during the first 20 minutes of forecast. In no_sfc, without the help of surface DA, the RMSIs
360 of the forecasts grow faster than allC sfc and last2C sfc, especially at the beginning of
361  forecast. Its errors reach and exceed those of 1C_sfc after 20 minutes and remain the highest

362  through the end of 2-hour forecast.

363 Figures 5c to 5h show the RMSIs of analyses and forecasts against surface observations
364  during the DA cycles and for the ensuing period. The RMSI of surface temperature in 1C_sfc
365  (Figure 5c) increases quickly before DA is performed. When only radar data are assimilated at
366 the start, the RMSIs of surface temperature are reduced slightly after each assimilation cycle
367 in no_sfc. However, when additional surface data are assimilated, the RMSIs of surface
368  temperature are significantly reduced (Figure 5c, see the RMSI drop after each surface DA in
369  allC sfc, last2C _sfc, and 1C_sfc). During the forecast period, the errors in all experiments
370  grow over time, only the ones in last2C_sfc decrease briefly before rising. The RMSIs of
371  remaining variables (Figure 5d-h) show similar patterns as surface temperature, only the
372  amplitudes of “saw tooth” during the DA window and hence the forecast error growth rates

373  vary.

374 Generally, the RMSIs from allC _sfc and last2C_sfc are lower during the DA window and
375  subsequent forecast. In contrast, errors in no_sfc are the highest at the end of the DA window
376  and remain the highest during the forecast. The faster error growth in no_sfc compared to the
377  other experiments indicates that the low-level conditions improved by the surface observations
378  underneath the storm and in the immediate environment of the storm are beneficial to the storm
379  prediction. Although only one cycle of surface DA is performed in 1C sfc, the errors are
380  significantly reduced and are lower than those of no_sfc at the final analysis time and remain

381  lower during the subsequent forecasts, again shows the benefits of surface DA.

382 4.2 Analysis fields on the 450-m grid
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383 In this section, analyses of the four experiments are verified against the observations from
384  SY radar. The model radar reflectivity and radial velocity are simulated from the gridded
385  analysis fields and projected onto the 0.5° elevation angle of SY radar (Figures 6 and 7). Ata
386  distance of about 100 km from the radar (see Figure 3), the 0.5° elevation is about 1 km above
387 ground. A polarimetric radar data simulator developed by the Center for Analysis and
388  Prediction of Storms with support for various microphysics schemes is used (Jung et al., 2008;
389  Jung et al., 2010). Here, simple geometric mapping and spatial interpolation are used to
390  simulate the radar observations. Beam pattern weighting or reflectivity weighting for radial

391  velocity simulation is not included for simplicity.

392 At the time of final analysis, the observed tornado had formed and the observed supercell
393  had entered its mature stage (Figures 6a and 7a). For the storm morphology, a well-defined
394  hook echo existed at its northwestern end. The general forward flank precipitation region was
395  located to the southeast of the hook echo, suggesting strong northwesterly winds at high levels.
396  Meanwhile, a noticeable inbound-outbound radial velocity couplet near the hook echo at the
397  northwestern end of the storm indicates the existence of a strong LMC (see the black arrows in
398  Figure 7a).

399 The simulated radar reflectivity from each experiment shows a general agreement with the
400  observations. Specifically, the morphology of the simulated storms in all experiments,
401  including the position of the hook echo and the forward flank precipitation region, agrees well
402  with the observed one. However, the intensity of the simulated storm in 1C_sfc is relatively
403  weak (Fig. 6b) compared with the observed one. In contrast, the storms in other multi-cycle
404  experiments exhibit stronger intensity, which is more consistent with the observed storm. This
405  can be attributed to just one radar DA cycle in 1C_sfc which appears insufficient. Another clear
406  deficiency is seen in no_sfc, in which spurious weak echoes are found to the west of the
407  simulated supercell (Figure 6¢). Fortunately, these echoes remain weak during the DA cycles
408  and dissipate quickly in the subsequent forecast (see later). In terms of the simulated radial
409  velocity fields, all experiments successfully reproduce the velocity couplets near the
410  northwestern tips of the supercells (as denoted by the white circles in Figures 7b-¢). Given that
411 radar data are assimilated at this time of analysis, the agreements between analyzed and

412  observed variables are not unexpected.
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Figure 6. (a) The observed reflectivity (dBZ) fields at 1730 LST from the SY radar
at 0.5° elevation. (b)-(e) Corresponding reflectivity fields from the 1730 LST
1C _sfc, no_sfc, last2C_sfc, and allC_sfc analysis, respectively, remapped onto the
radar 0.5° elevation. The black lines outline the borders of Kaiyuan City.
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Figure 7. As in Figure 6, but for radar radial velocity (m s™') fields. The white
contours outline the 30 dBZ reflectivity and denote the locations of the simulated
storms. The white circles denote the location of LMC. The radar is located
southwest of the displayed area.
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424 In the simulation of Li et al. (2024) that was initialized from a global model analysis without
425  assimilating any local data, significant discrepancy in the morphology and structure between
426  simulated and observed supercells is attributed to possibly the poor representation of the
427  simulated cold pool. To examine the simulated cold pool after DA, perturbation potential
428  temperature fields from the final analyses of the four experiments are shown in Figure 8. The
429  structure and intensity of the cold pools are significantly impacted by the DA (Figure 8).
430  Specifically, the cold pool is more centered around the supercell rather than widespread ahead
431  of'the preceding MCS as in Li et al. (2024, see their Figure 7). In addition, without assimilating
432  surface data, the storm in no_sfc generates a cold pool with detailed structure while its coverage
433  is limited to the precipitation regions, because this cold pool is purely generated by the
434  simulated storms (Figure 8a). In contrast, the cold pool in 1C sfc is more diffuse and covers
435  the wide rear flank precipitation region (Figure 8d). This is because in 1C_sfc, the hydrometeor
436  species introduced by the cloud analysis at the final analysis time has not had a chance to
437  produce evaporative cooling to enhance the cold pool yet, while the assimilated surface
438  observations directly help establish the cold pool, though the pattern tends to be smooth due to
439  limited spatial resolution. The cold pools in allC_sfc and last2C_sfc are in-between those of
440 no_sfc and 1C_sfc. They both have the detailed cold pool structures seen in no_sfc and the
441  weaker cold pool behind rear flank gust front (in this case, the north portion of the storm) as in
442  1C_sfc. Compared to no_sfc and 1C sfc, allC sfc and last2C_sfc also exhibit better-
443  constructed gust fronts and stronger near-surface vortices at the leading edge of the gust front
444  (Figures 8b and 8c), suggesting a higher potential for tornado formation in their subsequent

445  forecasts.
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was comparable to that of low-level radial velocity data from a dense X-band radar network.
Chen et al. (2016) also found that low-level features of a squall line, including cold pool, gust
front, and low-level winds, are improved after assimilating dense surface data. In the following

section, we will further examine the impact of DA on short-range forecasts.

4.3 Forecasts on the 450-m grid

(a) maximum updraft (b) maximum vertical vorticity
50 P T T T NN SR I SR ST R 0.12||||\\\|||\|||||||\
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Figure 9. (a) Maximum updraft (m s!) at mid-levels (3-6 km) and (b) maximum
near-surface vertical vorticity (s!) within the predicted supercells during the first
90 minutes of forecasts for experiments 1C_sfc, no_sfc, last2C_sfc, and allC_sfc.

In this section, we present the forecast results starting from the final analyses of four
experiments at 1730 LST. Figure 9 shows the general evolution of the simulated supercell in
terms of the time series of maximum mid-level updraft speed and the maximum near-surface
vertical vorticity £ In the three experiments that assimilate radar data in multiple cycles, the
supercells achieve strong updrafts exceeding 30 m s! at the beginning of forecast. Experiment
1C _sfc lacks a strong updraft at the beginning (Figure 9a), but it intensifies quickly during the
first 10 minutes of forecast. In the subsequent forecasts, the updraft strength in all experiments
drops gradually but is maintained over 30 m s-! most of the time. Among all experiments, the
weakest and strongest updrafts during most of the forecast period are from no sfc and

last2C_sfc, respectively, suggesting the important role of surface data.
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481 Similar to the maximum updraft speed, 1C_sfc produces the weakest near-surface ¢ in the
482  final analysis, due to clearly the lack of spin time after DA. Experiment allC_sfc produces the
483  strongest ¢ in the final analysis, apparently benefiting from the most amount of data assimilated

484  (Figure 9b). In the subsequent forecast, the near-surface C in experiments that assimilate
485  additional surface data increases gradually, but that in no_sfc remains small. Compared to the
486  vorticity in allC_sfc and last2C_sfc, the one in 1C_sfc is much weaker but is stronger than that
487 in no_sfc most of the time. The near-surface vorticity in allC sfc increases quickly and
488  achieves its maximum strength at about 40 minutes before decreasing and falling below that of
489  last2C sfc. The peak vorticity in last2C_sfc is reached at 70 minutes and the peak value is
490  slightly below that of allC sfc but the large value is maintained for longer (Figure 9b). The

491 evolution will be further examined in terms of emulated radar observations later.

492 The predicted reflectivity and wind fields are projected to the 0.5° elevation of the SY radar
493  and compared directly against radar observations at the 60-minute forecasting time (Figures 10
494  and 11). At this time, the real-world tornado had vanished, but the observed supercell is still
495  strong and exhibiting supercellular structures, as indicated by a well-defined hook echo (Figure
496  10a) and a strong LMC (see the white circles in Figure 11a). Meanwhile, the simulated
497  supercells in the experiments assimilating additional surface data are developing vigorously
498  and demonstrating similar supercellular structures as well (Figures 10b, 10d, 10e, 11b, 11d,
499  and 11e). Without surface DA, the simulated supercell in no_sfc exhibits a less-organized hook
500  echo (Figure 10c) and a much weaker LMC (Figure 11c). In general, the evolution of the
501  predicted supercells from the radar perspective is consistent with our previous time series
502  results (Figure 9). Although the simulated supercell moves further southeastward and develops
503  wider stratiform precipitation regions compared to the observed one, the direction of the cloud
504  anvil and storm-relative position of the hook echo agree with the observation well. Clearly, the
505 delay in the development of strong rotation in the forecast is a significant timing error. The
506 relatively fast development of tornado within the real-world supercell storm, and the time it
507  takes for assimilated radar and surface data to spin up and achieve significant impact on the
508 simulated storm may be some of the reasons. Forecast model errors and errors in the
509  environmental background and in the analyzed storm-scale structures can also contribute to the
510  overall forecast error. Similar timing and position errors in forecast had also been noticed in a
511  number of previous studies, such as in the tornado-resolving ensemble simulations of Snook et
512 al. (2019), which showed substantial tornado track differences among the ensemble members

513  initialized from EnKF ensemble analyses.

21



Page 25 of 65

42°40'N
42°30'N 42°30'N

42°20'N 42°20'N

42°10'N 42°10'N

42N |- 42°N

41°50'N |- 77 41°50'N | |
123°45'E  124°E  124°15'E 124°30'E 124°45'E 123°45'E  124°E 124°15'E 124°30'E 124°45'E

42°40'N 42°40'N

42°30'N 42°30'N
42°20'N 42°20'N
42°10'N 42°10'N

42°N 42°N

41°50'N | . ‘ 41°50'N (
123°5'E  124°E  124°15'E 124°30'E 124°45'E 123°45'E  124°E  124°15'E 124°30'E 124°45'E

42°40'N

42°30'N

42°20'N

42°10'N

42°N

41°50'N |

1 | 1 1
123°45'E  124°E  124°15'E 124°30'E 124°45'E

5 1 4 10 15 20 25 30 35 40 45 50 55 60 65 70

515 Figure 10. (a) The observed reflectivity (dBZ) fields at 1830 LST from the SY
516 radar at 0.5° elevation. (b)-(e) Predicted reflectivity fields from experiments
517 1C sfc, no_sfc, last2C_sfc, and allC_sfc, respectively, remapped onto the radar
518 0.5° elevation at 1830 LST. The black lines outline the borders of Kaiyuan City.
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Figure 11. As in Figure 10, but for radar radial velocity (m s*!) fields. The white
contours outline the 30 dBZ reflectivity and denote the locations of the simulated
storms. The white circles denote the locations of LMCs. The black dots denote the
location of SY radar.
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531 Previously, Figure 9b shows that the intensity of the near-surface vortex in allC sfc
532 decreases significantly shortly after it reaches maximum. Taking a closer look at the reflectivity
533  fields in allC _sfc, spurious convection is found to be generated west of the simulated supercell
534  (Figure 10e), which may be responsible for the weakening of the near-surface vortex in
535 allC_sfc. To investigate the evolution of near-surface vortices further, the perturbation potential

536  temperature 0', {and w fields at the first model level above ground are plotted in Figure 12.

537 It can be seen that the near-surface vortex first develops in allC_sfc near the hook echo of
538  the supercell (Figure 12g), but it vanishes soon during the next 25 minutes (Figure 12h). In
539  comparison, the near-surface vortex in 1C_sfc develops more slowly (Figures 12a and 12b),
540  given its relatively weak parent storm (Figure 9). In last2C sfc, the near-surface vortex
541  develops 10 minutes later than that in allC_sfc but maintains for a longer period (Figures 12e
542 and 12f). No near-surface vortex develops during the entire forecast of no_sfc (Figures 12c and
543 12d). Similar results were found in Yokota et al. (2016); when no surface data were assimilated,

544  LMC did not develop in their forecasts.

545 Studies have shown that stronger and longer-lived (weaker or nonexistent) TLVs are often
546  associated with a weaker (stronger) cold outflow (Snook & Xue, 2008; Marquis et al., 2012;
547  Markowski & Richardson, 2014; Dawson et al., 2015). More specifically, the evaporatively
548  cooled air that originated in the storm downdraft can be treated as a negatively buoyant source
549  that has a negative impact on tornadogenesis when ingested into the tornado. Too strong cold
550  pool can also cause misalignment between the low-level gust front forcing and the mesocyclone
551  above (Snook & Xue, 2008). This is the case in no_sfc. The cold outflow produced by the
552 supercell appears to be too strong to produce and maintain the near-surface vortex (Figure 12c).
553  Consequently, no near-surface vortex forms during the subsequent forecast (Figure 12d). In
554  contrast, with additional surface DA, the cold pool strength in the forecasts of all three other
555  experiments is reduced to a moderate level, and the near-surface vortices are generated

556  successfully at some point.

557 In allC sfc, spurious convection continues to grow when the supercell develops and
558  extends its southern part into the inflow region (Figures 12g and 12h), which has a negative
559  impact on the development of the near-surface vortex. In contrast, the near-surface vortex in
560 last2C sfc develops under an undisturbed inflow environment, and is able to maintain for a

561  longer period than that in allC_sfc.

562 We note that although 3DVAR is practical for high-resolution numerical simulation, it

563  usually generates less dynamically balanced analysis fields for the lack of flow-dependent
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564  forecast error covariance, in particular the cross-covariance among model state variables.
565  Studies have shown that 3DV AR could produce spurious precipitation and large position errors
566  of precipitation in the forecast (Hu & Xue, 2007; Vendrasco et al., 2016; Federico et al., 2019).
567  These problems may worsen in a rapid-cycled DA framework. When dense surface data are
568  assimilated in a 5-min interval, frequently excited dynamic imbalances may not have enough
569  time to settle/spin-down to achieve relatively balanced forecasts before next DA, causing
570  spurious error growth (Hu & Xue, 2007). Figure 13 shows the horizontal convergence fields at
571  the first model level to highlight the dynamically unbalanced wind fields within the final
572  analyses. Without using surface data, no significant convergence occurs west of the supercell
573  (Figure 13a). However, with more cycles of surface data assimilated, the convergence increases
574  rapidly west of the supercell (Figures 13b, 13c¢, and 13d), triggering spurious convection. This
575  suggests more imbalance in the final analysis of allC_sfc compared to the other experiments.
576  We attempted to reduce such wind field noise by increasing the decorrelation/influence radius
577  of the dense surface DA, and the imbalance noise is much reduced when the influence radius
578 1is increased to 60 km. However, increasing the influence radius also smooths out detailed
579  structures of the cold pools and gust fronts that are important for the development of near-
580  surface vortices. Therefore, it is a dilemma associated with the inherent limitation of the
581 3DVAR technique, which uses static background error covariance, whose spatial decorrelation
582  scales are empirically specified in ARPS 3DVar. Ensemble-derived flow-dependent
583  covariances may help, but it is beyond the scope of this study.
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boxes highlight the regions of significant dynamically imbalanced wind fields in

().

To explore the reason behind the differences in the intensity of simulated supercells during
the forecasts, we further investigate the final analysis fields from the four experiments. Figure
14 shows the mixed layer convective available potential energy (MLCAPE) from the final
analyses and the analysis increments of water vapor mixing ratio (g,) at the lowest model level

above ground.
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606 Compared to no_sfc that does not assimilate any surface data (Figure 14c¢), the other three
607  experiments all exhibit a high-MLCAPE region southwest of the simulated supercell. The
608  presence of high MLCAPE in the inflow region allows the supercell to develop more vigorous
609  updrafts and produce stronger LMCs (Figures 11b, 11d, and 11¢) and near-surface vortices
610  (Figures 12b, 12f, and 12g) during the forecast. A further investigation reveals that these
611 regions of high MLCAPE are mainly produced by near-surface g, analysis increments of
612  similar patterns (Figures 14b, 14f, and 14h), as introduced by dense surface data during the DA
613  process. Apparently, as more (fewer) cycles of surface data are assimilated, more (less) ¢,
614  increment is introduced, resulting in higher (lower) MLCAPE as in allC sfc and last2C_sfc
615  (1C sfc). It should be noted that the rounded patterns in these analysis fields can be attributed
616  to the super-observations made during the DA process and these data are analyzed with a

617  horizontal influence radii of 20 km.

618 The above analyses illustrated how the structures in the final analyses impact the evolution
619  of simulated supercell, LMC, and low-level vortices. The improvements in analyzed supercell
620  structures including the cold pool, and the better maintenance of near-surface vortices in the
621  forecasts highlight the key role of surface DA for the supercell predictions. Even though
622  significant forecast errors still remain, including timing error in the low-level vortex

623  development, the positive impacts of dense surface data, in addition to radar data, are evident.

624 Since last2C_sfc produces the best forecasts on the 450-m grid (Figure 7), a tornado-
625  resolving simulation with two additional grids nested inside its 450-m forecast is carried out,

626  and the results on the innermost 50-m grid will be presented in the next subsection.

627 4.4 Tornado forecasts on the 50-m grid

628 In this section, we examine the evolution and structures of the predicted tornado on the 50-
629 m grid nested inside the best-performing forecasts of last2C sfc. Before diving into the
630  tornado-scale details, we first examine the storm-scale features of the simulated supercell and
631  its embedded LMC on the 50-m grid. Similar to the 450-m results, the predicted reflectivity
632  and radial velocity on the 50-m grid are remapped onto the 0.5° elevation of the SY radar. The
633  fields at 1842 LST are plotted in Figure 15.

29



Page 33 of 65

42°20'N

42°15'N

42°10'N

42°5'N

42°N

124°10°E 124°20'E 124°30'E 124°40'E 124°10'E 124°20'E 124°30'E 124°40'E

634 10 20 30 40 50 60 70 27 45 5 0 5 15 27

635 Figure 15. (a) Simulated reflectivity and (b) radial velocity from the 50-m

636 simulation at 1842 LST, projected to the 0.5° elevation of the SY radar. The white

637 contours in (b) outline the 30 dBZ reflectivity. The black dashed circle indicates

638 the tornado vortex region.

639

640 Compared to the 450-m forecast, the simulated reflectivity and radial velocity fields on the

641  50-m grid contain much more detailed structures. Specifically, it shows a more pronounced
642  hook echo containing an inward-spiraling reflectivity pattern at the northwestern tip of the
643  supercell (Figure 15a). For the radial velocity field, a finer-scale radial velocity couplet with
644  inbound-outbound velocity difference exceeding 70 m s! is located within the hook echo (see
645  the black circle in Figure 15b), indicating the presence of a stronger circulation than the one on

646  450-m grid and corresponding to a tornado or tornado-cyclone scale circulation.

647 To see the general evolution of the predicted tornado, time series of the maximum ¢
648  maximum wind speed, and minimum perturbation pressure at the first model level above
649  ground, and the maximum w below 1-km height are plotted in Figure 16. A strong near-surface
650  vortex develops at around 1832 LST and reaches EF0 tornado intensity at around 1838 LST.
651  Here, a persistent near-surface vortex that lasts no shorter than 2 minutes with the surface wind
652  speed exceeding 30 m s! (the threshold of an EF0 tornado) is considered a tornado. The
653  predicted tornado quickly intensifies and reaches EF2 intensity with the maximum wind speed
654  exceeding 50 m s at 1841 LST. The minimum pressure of about -13 hPa, maximum near-
655  surface {of more than 0.7 s°!, and maximum w of over 40 m s-! below 1 km near 1841 LST all
656  indicate that a well-defined tornado has formed at this time. After that, the tornado begins to

657  weaken and decreases to EF0 intensity at 1843 LST. The maximum ¢ is restored above 0.5 s°!
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658  around 1849 LST. By 1850 LST, the tornado vortex is mostly dissipated. The tornado with EFO

659 intensity or above therefore lasts for about 5 minutes in the simulation.

50 0.80 ‘ ‘ ‘ — ; ‘ ‘ ‘ 3 - 50
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661 Figure 16. Time series of predicted maximum ( (dark blue, s™'), wind speed (red,
662 m s!), and minimum perturbation pressure (brown, hPa) at the first model level
663 above ground, and the maximum w below 1-km height (purple, m s!) on the 50-m
664 grid from 1824 to 1900 LST. Data are plotted in a 30-second interval.
665
666 A composite of ¢ at the lowest model level on the 50-m grid at a number of times is shown

667  in Figure 17 to visualize the evolution of the simulated tornado vortex. A small vortex first
668  forms at 1830 LST. It then increases in size and intensity and establishes a well-defined strong
669  vortex with a ‘one-cell’ structure (Davies-Jones et al., 2001), with the maximum vorticity
670  located at the vortex center from 1832:30 to 1835:30 LST. Shortly after, it quickly evolves into
671  a ‘two-cell’ structure (Davies-Jones et al., 2001) with a high-vorticity ring forming around the
672  vortex center at 18:36:30 LST. This vorticity ring becomes stronger and more axisymmetric
673  from 1838:30 and remains so through 1842:30. By 1843:30, the vortex ring expands in
674  diameter and appears to become unstable. The vortex ring becomes discontinuous, and strong
675  axis-asymmetry starts to develop. Such evolution is usually accompanied by the development
676  of a downdraft at the center of the vortex that reaches the ground creating divergence. Sub-
677  vortices appear to develop on the vortex ring by 1844:30, due to barotropic instability triggering
678  vortex Rossby waves (Huang & Xue, 2023). The closed ring structure is maintained for about
679 7 minutes from 18:36:30 to 18:43:30 LST then breaks into a ring of multiple sub-vortices at
680  18:44:30 LST. With the instability and strong divergence at the center of the vortex, the tornado
681  vortex quickly breaks down and dissipates in the ensuing couple of minutes (Figure 17). Similar
682  evolution was found in the simulation of a supercell tornado that occurred in Funing, Jiangsu,
683  China in 2016 (see Figure 12 of Sun et al. (2019)), except the simulated sub-vortices in their

684  case lasted much longer. Xue et al. (2014) also obtained similar general evolution of a supercell
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685  tornado that occurred in Oklahoma, USA (see their Fig. 14), and such a sequence of evolution

686  appear common to several existing real-case simulations of tornado life cycle.
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688 Figure 17. Overview of large positive { (color shaded, s!) at the lowest model level
689 above ground for the simulated tornado plotted each minute between 18:28:30 to
690 18:45:30 LST 3 July 2019.
691
692 The structures of the simulated tornado are further illustrated by the horizontal and vertical

693  cross sections in Figure 18, showing the w and ¢ fields through the tornado at 1835, 1842, and
694  1844:30 LST. They correspond to the times when the tornado forms at the one-cell stage, the
695  tornado reaches peak intensity in the two-cell stage, and the tornado vortex breaks down into

696  sub-vortices at the multiple-vortex stage, respectively.

697 At 1835 LST, the tornado has a well-defined one-cell structure with the vortex center
698  surrounded by cyclonically rotating winds at the tip of the hook echo (Figure 18a). A
699  southwest-northeast-oriented vertical cross section through the vortex center shows that the
700  maximum is near the surface and the vorticity decreases with height, which is characteristic of
701  a fully developed tornado (Huang & Xue, 2025b). Meanwhile, upward motion is generally
702  associated with the £ column although the strongest updrafts are not located at the vortex center

703 but at the edge of the large vorticity column with w at the vorticity column center being <2 m

704  s' while w>10 m s! at ~ 800 m height on the south side (Figure 18b). Huang and Xue (2025a)
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705  explain such a structure as the result of negative downward dynamic pressure gradient force
706  (DPGF) due to strong near-ground rotation within the vortex, and positive upward DPGF off
707  the center of the vortex due to strong flow convergence and deformation associated with the
708  splat term in the diagnostic pressure equation. Weak downdrafts are found outside of the vortex
709  center close to the ground (Figure 18b), which should be at least partially due to the

710  compensating circulation outside the strong updrafts.

711 By 1842 LST, the predicted tornado has entered into the two-cell stage with the largest
712 being concentrated in a ring and displaced from the vortex center (Figure 18c and Figure 17).
713 The cyclonically rotating winds around the vortex center are increased significantly and exceed
714 the EF2 intensity at this time. In the west-east-oriented vertical cross section through the vortex
715  ring (along line C-D in Figure 18c), the maximum C remains near the ground and is located at
716  the vorticity ring. The maximum w is located immediately outside of the vortex ring, where
717  radial flow convergence is the strongest. On the west side of the vortex, the updraft is stronger
718  and more upright, and its low-level maximum is found at about 1-km height. The maximum on
719  the east side of the vortex is closer to the ground (Figure 18d). Meanwhile, a strong downdraft
720  with |w| > 8 m s! reaching the ground surface has developed at the vortex center, due to the
721  downward PGF associated with strong near-surface rotation discussed above, which has also
722 been referred to as the vortex-valve effect (Trapp, 2000). This downdraft extends from the
723 surface to about 2 km with its maximum value at about 1-km height (Figure 18d). As suggested

724  earlier, further intensification of this vortex-core downdraft can cause the demise of the tornado.

725 At 1844:30 LST, multiple sub-vortices are seen to have developed along the vorticity ring
726  and are revolving around the tornado vortex center (Figure 18e). The horizontal wind speed
727  decreases a little due to the overall weakening of the tornado vortex (Figure 16). In the vertical
728  cross section through the two strongest sub-vortices, the sub-vortices are relatively shallow and
729  vertically tilted (Figure 18f). The updraft cores are collocated with the sub-vortices; it extends
730  to ~2 km on the north side but is shallower on the south side; this is consistent with the results
731  presented in Huang and Xue (2025a) that the low-level flows converging into the tornado
732 vortex from the north side are stronger while occlusion downdrafts are generally found on the
733 southeast side outside the vorticity ring. At 1844:30 LST, the downdraft at the vortex center
734 has been enhanced significantly and extends to above 2-km height (Figure 18f), which causes
735  stronger divergent flow near the ground within the vortex (Figure 18e). This divergent flow
736  inhibits the further development of the tornado vortex and leads to the quick dissipation of the
737  tornado (Figures 16 and 17).
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Figure 18. (a, c, e¢) Horizontal cross sections of predicted  (color shaded, s!),
horizontal wind vectors, 30-dBZ reflectivity (thick black contours), and w (magenta
contours every 1 m s'! with negative contours dashed) at the first model level above

ground and (b, d, f) vertical cross sections of { (color shaded, s!) and w (magenta
contours every 2 m s with negative contours dashed) at (a, b) 1835:00, (c, d)
1842:00, and (e, f) 1844:30 LST. The locations of the vertical cross-sections are
marked by straight lines in (a, ¢, €) with the orientation of cross-sections labeled
with A-B, C-D, E-F, respectively.

Although the predicted tornado strength is weaker than observed and there are timing and
location errors between the forecast and observations, the general track length, orientation, as

well as the life cycle of the predicted tornado agree reasonably well with the observations. The
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750  overall southeastward displacement of the tornado track appears to be more due to the
751  southeastward displacement of the predicted supercell (see Figure 10) than due to the relative
752 position of the tornado within the storm. Since the starting time of the free forecast is slightly
753 later than the real-world tornadogenesis time due to the need to assimilate sufficient radar
754  observations and to give the model needed spin-up time, the timing and location errors are
755  difficult to avoid completely. Similar degrees of errors are often found in limited available real
756  tornado simulation/prediction studies, even when multi-volumes of radar data are assimilated
757  (e.g., Xueetal., 2014). Large differences are also found in the tracks and longevity of simulated
758  tornadoes among the ensemble members initialized with EnKF analyses in Snook et al. (2019).
759  The most encouraging part of our results is the general success in obtaining tornadoes or
760  tornado-like vortices with realistic structures and evolutions that have reasonable
761  correspondence with the observed supercell tornado. The results also show that a state-of-the-
762  science NWP model run at a LES resolution, with assimilation of high-resolution convective-
763  scale data, has the intrinsic ability to produce realistic forecast of tornadoes. This study
764  demonstrates this for the first time for a tornado case in China, assimilating data from multiple
765  operational radars of diverse types and dense surface station data. Given the large uncertainties
766  and low predictability of tornadoes (Markowski, 2020), ensemble probabilistic forecasting is
767  needed for the most effective forecast guidance (Stensrud et al., 2009).

768

769 5. Summary and discussion

770 In this study, the 3 July 2019 Kaiyuan, China tornadic supercell and its embedded tornado
771  are simulated using the WRF model, initialized from a set of initial conditions that assimilated
772 Doppler weather radar and high-resolution surface observations using the ARPS 3DVar and
773  cloud analysis system. The WRF model is configured with five levels of nested grids with the
774 DA performed on the third-level 450-m grid. The innermost grid of 50-m grid spacing serves

775  to explicitly simulate the Kaiyuan tornado.

776 Four experiments with reflectivity and radial velocity data from multiple radars assimilated
777  in every cycle at 5-minute intervals over a 30-minute period, or in the last cycle at the end are
778  conducted, while additional observations from dense surface stations are assimilated within the
779  last cycle only (experiment 1C_sfc), in the last two cycles (last2C_sfc), in all cycles (allC_sfc)
780  or in no cycle at all (no_sfc). Emphasis is placed on the impact of the additional surface data
781  on the supercell analysis and prediction, and the subsequent simulation/prediction of the

782  embedded tornado. The root-mean squared innovations (RMSIs) of the analyses calculated
35
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783  against observed reflectivity and radial velocity are effectively reduced in all experiments after
784  each cycle when radar data are assimilated. With additional surface data assimilation, the
785  RMSIs of forecast reflectivity and radial velocity from 1C_sfc, last2C sfc, and allC_sfc are
786  lower than those of no_sfc that assimilates no surface data. The RMSIs of the analyses
787  calculated against surface observations, including station pressure, temperature, dewpoint,
788  wind speed, and u, v components of surface wind, are also reduced significantly after each
789  cycle of surface DA. Without surface DA, the RMSIs in no_sfc are the highest at the final

790  analysis time and remain the highest throughout the subsequent forecast.

791 The morphology and structures of the analyzed supercells in all experiments are improved
792  byradar DA. The experiments assimilating surface data in multiple cycles produce better near-
793  surface features, especially in terms of better-constructed cold pools. Forecasting results also
794  demonstrate clear improvements when dense surface data are assimilated. Specifically, a well-
795  defined hook echo and strong low-level mesocyclone circulation are produced with surface
796 DA, while the hook echo and mesocyclone are less organized or weaker in no_sfc. In addition,
797  the supercell updraft and near-surface rotation in the forecasts are stronger when surface data

798  are assimilated.

799 No strong near-surface vortex is produced when surface data are not assimilated due to the
800  poor representation of the simulated cold pool. Although rapidly cycled surface DA can
801  improve the cold pool representation during the forecasts, it also causes significant spurious
802  convection due to imbalances introduced, which also negatively impacts the maintenance of
803  the near-surface vortex. Further investigation of the final analyses provide insights on the
804  different intensities of the simulated supercells during the forecasts. When more cycles of
805  surface data are assimilated, higher MLCAPE is found in the final analyses, resulting in a more

806  intense supercell.

807 Based on the best-performing 450-m forecast of the tornadic supercell, two more grids with
808 150 m and 50 m grid spacings are nested within it to explicitly predict the Kaiyuan tornado.
809  The simulated supercell on the 50-m grid exhibits more detailed storm-scale structures and
810  tornado-scale circulations than on the 450-m grid. At the tornado-resolving 50-m resolution,
811  the model predicts realistically the genesis and evolution of a tornado, which evolves through
812  one-cell, two-cell, and multiple sub-vortices stages. Horizontal and vertical cross-sections
813  through the simulated tornado vortex at the three stages show fine-scale structures that are
814  consistent with the findings in previous theoretical, numerical, and observational studies of
815  tornadoes (Rotunno & Klemp, 1985; Lewellen et al., 1997; Davies-Jones et al., 2001; Wurman,

816  2002; Lee & Wurman, 2005; Xue et al., 2014; Mashiko & Niino, 2017; Sun et al., 2019).
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817  Although there are timing and location errors between the predicted and observed tornadoes,
818  the track and life cycle of the predicted tornado agree reasonably well with observations. The
819  similarity between the storm-relative locations of the predicted and observed tornado provides
820  additional evidence that the dynamical processes involved in the two counterparts are in general

821 consistent.

822 In all, the high-resolution DA and simulation/prediction experiments conducted in this
823  study demonstrate the importance of assimilating high-resolution surface observations, in
824  addition to those of radars, to improve the prediction of the tornadic supercell and its embedded
825 tornado. The two types of observations are complementary and cover mainly in-storm
826  conditions and the storm environment, respectively. To the best of the authors’ knowledge, this
827  study represents the first real-case study in which a tornado in China is explicitly predicted
828  through the assimilation of radar and dense surface observations. The presented results are
829  encouraging in the pursuit of a warn-on-forecast concept (Stensrud et al., 2009) aiming at
830  numerically predicting tornadoes to achieve longer tornado warning lead times and higher
831  spatial accuracy from an operational forecasting point of view. In the meantime, some special
832  treatment had to be made in the experiments to obtain the desirable forecasting results, which
833  are partly due to limitations of observations in spatial and temporal scales and the assimilation
834  method used. Therefore, studies of additional tornado cases and using more advanced DA
835  methods are warranted to better understand the predictability aspects of the tornado prediction
836  science. The model simulation data sets can also be analyzed in detail to understand dynamical
837  processes for tornadoes, as has been done for the Funing tornado case (e.g., Huang & Xue,
838 2023, 2025a).
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Data Availability Statement.

ARPS model can be downloaded online (available at http://arps.caps.ou.edu/). CAPS

Polarimetric Radar data Simulator (CAPS-PRS) can be downloaded online (available at
https://arps.caps.ou.edu/downloadpyDualPol.html). ERAS reanalysis data can be downloaded
online (available at https://doi.org/10.24381/cds.bd0915c6). Radar data and dense automatic

weather station (AWS) data are provided by the Liaoning Meteorological Bureau, Jilin
Meteorological Service, and Heilongjiang Meteorological Bureau. The processed data sets
within this paper, including the radar and AWS datasets, radar emulation, data assimilation and
numerical ~ simulation  outputs can be found at  Harvard  Dataverse

(https://doi.org/10.7910/DVN/A6RSTY).
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