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ABSTRACT

Explicit forecasts of a tornado-like vortex (TLV) require subkilometer grid spacing because of their small

size. Most previous TLV prediction studies started from interpolated kilometer grid spacing initial conditions

(ICs) rather than subkilometer grid spacing ICs. The tornadoes embedded in the 8 May 2003 Oklahoma City

tornadic supercell are used to understand the impact of IC resolution on TLV predictions. Two ICs at 500-m

and 2-km grid spacings are, respectively, produced through an efficient dual-resolution (DR) and a single-

coarse-resolution (SCR) EnVar ingesting a 2-km ensemble. Both experiments launch 1-h forecasts at 500-m

grid spacing. Diagnostics of data assimilation (DA) cycling reveal DR produces stronger and broader rear-

flank cold pools, more intense downdrafts and updrafts with finer scales, and more hydrometeors at high

altitudes through accumulated differences between two DA algorithms. Relative differences in DR, com-

pared to SCR, include the integration from higher-resolution analyses, the update for higher-resolution

backgrounds, and the propagation of ensemble perturbations along higher-resolution model trajectory.

Predictions for storm morphology and cold pools are more realistic in DR than in SCR. The DR-TLV tracks

match better with the observed tornado tracks than SCR-TLV in timing of intensity variation, and in duration.

Additional experiments suggest 1) the analyzed kinematic variables strongly influence timing of intensity

variation through affecting both low-level rear-flank outflow and midlevel updraft; 2) potential temperature

analysis by DR extends the second track’s duration consistent with enhanced low-level stretching,

delayed broadening large-scale downdraft, and (or) increased near-surface baroclinic vorticity supply; and

3) hydrometeor analyses have little impact on TLV predictions.

1. Introduction

Accurate prediction of the evolution of a tornado still

remains a great challenge. Instead of directly predicting

tornadoes, many studies have employed ensemble-based

data assimilation (DA) methods to initialize the parent

storms that spawn tornadoes by assimilating radar and

other observations (e.g., Dowell et al. 2004; Jung et al.

2012; Tanamachi et al. 2013; Yussouf et al. 2013; Wang

and Wang 2017). These studies often adopt 1–3km hor-

izontal grid spacings to produce proxy forecasts of tor-

nado existence inferred frommid- and low-level rotations

(Sobash et al. 2016). However, other studies (e.g., Trapp

1999; Markowski et al. 2011; Marquis et al. 2012;

Thompson et al. 2015) have shown that the strength

and existence of mid- and low-level mesocyclones may

not agree well with tornado occurrence, which suggests

the need to explicitly predict tornadoes or tornado-like

vortices (TLVs). Given most tornado vortices have a

maximum spatial scale less than 2 km (Wurman and

Alexander 2004; Wurman and Kosiba 2013), a sub-

kilometer (i.e., usually # 500m) grid spacing is vital to

resolve the finescale properties of tornadoes or TLVs.

Some studies (Mashiko et al. 2009; Schenkman et al.

2012; Xue et al. 2014; Schenkman et al. 2014; Dawson

et al. 2015; Seko et al. 2015; Hanley et al. 2016) have

attempted to predict or simulate tornadoes or TLVs

with a subkilometer grid spacing. For instance, a tornado

in Typhoon Shanshan was simulated in Mashiko et al.

(2009) at a 50-m grid spacing. Their simulation was ini-

tialized by downscaling initial conditions (ICs) at 5-km

grid spacing. Schenkman et al. (2012) simulated a TLV

on a 100-m resolution grid nested from 400-m ICs and

documented in detail the process of the tornadogenesis.

In separate case studies, Xue et al. (2014) and Schenkman

et al. (2014) used a 50-m grid, downscaled from a 1-kmCorresponding author: Xuguang Wang, xuguang.wang@ou.edu
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analysis, to produce F3-intensity tornadoes. In these

studies, the simulated tornadoes had an approximately

8-km displacement in location compared to the observed

long-lived F4-intensity tornado. A similar study with 100-

and 200-m grid spacings initialized from ICs at 2.2-km

grid spacing was conducted to simulate TLVs using the

Unified Model from the Met Office (Hanley et al. 2016).

Dawson et al. (2015) utilized a simulation at a 250-m grid

spacing initialized from a 1-h forecast at 1-km horizontal

grid spacing to investigate the sensitivity of TLV to the

microphysics schemes. Each of these studies showed that

TLVs can be producedwith simulations at a subkilometer

grid spacing; however, they initialize simulations from

coarser-resolution ICs, most at grid spacings greater than

1km. Downscaling ICs from a coarser resolution may

lose the finer-scale characteristics associated with the

TLV. Potvin et al. (2017) examined the impact of IC

resolution on TLV prediction by using a simulation

framework where the truth simulation is known and by

generating ICs at various resolutions through filtering the

simulated truth. They found the subsequent TLV simu-

lation is relatively insensitive to the resolution of the ICs.

The present study is the first to examine the impact of

using an IC at a subkilometer versus kilometer grid

spacing on the prediction of TLV for the 8 May 2003

Oklahoma City (OKC) tornadic supercell case. In the

present study the ICs are produced directly from a cycled

DA system. The subkilometer grid spacing DA experi-

ment was realized by extending the dual-resolution GSI

ensemble-based variational (EnVar) system.

Ensemble-based DA systems involve running multiple

ensemble member forecasts to create flow-dependent

background error covariance, which can be computation-

ally expensive especially with increasing model resolution.

For example, Marquis et al. (2014) acknowledged the

challenge of running all background ensemble members

at a subkilometer grid spacing due to the large computa-

tional cost. To reduce the cost, several studies have either

proposed or implemented a dual-resolution (DR) ap-

proach where a high-resolution first guess at a kilometer

grid spacing is updated by using a coarser-resolution en-

semble in a pure ensemble Kalman filter (Gao and Xue

2008; Rainwater and Hunt 2013) or an EnVar hybrid DA

system (Schwartz et al. 2015; Schwartz 2016; Lu et al. 2017;

Potvin et al. 2017; Kay and Wang 2020). None of these

studies, however, extended the DR approach to generate

analyses at a subkilometer grid spacing to study the impact

of using the subkilometer grid spacing ICs for TLV pre-

diction. In the present study, we further extend the DR

capability of the GSI-based EnVar system for convective-

scaleDAandpredictions at a subkilometer grid spacing. In

particular, we adopt the extended system to address the

following question: What is the impact of initializing from

an analysis at a subkilometer grid spacing versus an anal-

ysis at a kilometer grid spacing on the subsequent predic-

tion of TLVs embedded in the 8 May 2003 OKC tornadic

supercell? The DR extension was made in the GSI-based

EnVar with the direct radar radial velocity and re-

flectivity assimilation capability proposed and im-

plemented byWang andWang (2017). Two experiments

are designed and performed to address the proposed

question. In the first experiment, a DR EnVar is im-

plemented which produces the high-resolution ICs at a

500-m grid spacing while ingesting a coarser-resolution

ensemble at a 2-km grid spacing to estimate the back-

ground error covariance. The second experiment adopts a

single-coarse-resolution (SCR) EnVar where the ICs are

produced at a 2-km grid spacing ingesting an ensemble at

the same 2-km grid spacing. The subsequent simulation in

the SCR experiment is run at a 500-m grid spacing ini-

tialized from the downscaled 2-km analysis. Such an ex-

perimental design allows us to investigate the proposed

question fromboth theDAalgorithm differences point of

view and from a storm dynamics and thermodynamics

point of view. Note that this study does not aim to

provide a comprehensive theory on tornadogenesis or

evolution. Rather, a hypothesis based on a qualitative

diagnostic is aimed at facilitating a physical understand-

ing of the proposed question.

The rest of the paper is organized as follows. Section 2

briefly introduces the 8 May 2003 OKC tornadic su-

percell and its embedded tornadoes. In section 3, we

describe the formulations of the DR method in GSI-

based EnVar and the setup of the DA and forecast ex-

periments. Section 4 first describes the differences of the

ICs produced by SCR and DR, followed by detailed

diagnostics on DA cycling to understand the causes of

the differences in the ICs. Furthermore, section 4 dis-

cusses additional sensitivity experiments and diagnostics

to reveal how the differences in ICs are translated into

the subsequent forecast differences in durations, and

intensity variations along the TLV tracks. Section 5

summarizes the paper.

2. Case overview

The 8 May 2003 OKC tornadic supercell thunder-

storms have been investigated by a series of studies,

including Romine et al. (2008), Hu and Xue (2007),

Yussouf et al. (2013), Xue et al. (2014), and Wang and

Wang (2017). An isolated supercell developed along a

dryline located in west-central Oklahoma, identified

by a pronounced hook appendage at around 2200 UTC.

This supercell storm moved toward the east-northeast

and started to decay after 2300 UTC, dissipating over an

hour later by 0020 UTC 9May. According to the official
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National Weather Service (NWS) survey results,1 this

supercell produced three tornadoes that passed through

Moore, southern Oklahoma City, Midwest City, and

Choctaw, Oklahoma. The first reported tornado existed

for 1min from 2200 to 2201 UTC with a damage path of

about 0.3 km but was not discernable in any WSR-88D

radar products (Romine et al. 2008). The segmented

paths produced by the second and third tornadoes listed

in the National Climatic Data Center Storm Data pub-

lication (NCDC 2003, 340–342) are shown in Fig. 1. An

F0 tornado formed southwest of Moore and lasted from

2204 to 2208 UTC, tracking on the ground for about

3 km. Within the same storm, a third stronger F2–F4

scale tornado formed at 2210 UTC and dissipated at

2238UTCwith a;30km east-northeast track. The third

tornado received more attention in previous work

(Schenkman et al. 2012; Xue et al. 2014) than the sec-

ond one, as the second one was weak and short lived.

However, different from these studies, the examined

tornado predictions in this work include the periods for

both the second and third tornadoes. Burgess et al.

(2005) and other studies (Burgess 2004; Romine et al.

2008) mentioned that a continued tornado-scale vortex

persisted from 2204 to 2238 UTC according to the ob-

servations from the Terminal Doppler Weather Radar

atWill Rogers World Airport, Oklahoma City (TDWR),

despite two damage tracks were generated. This study

will focus on how the intensity variation of simulated

surface vorticity is aligned with that along observed

damage tracks.

3. Methodology and experiment design

a. GSI-based dual-resolution EnVar algorithm

The DR EnVar system has been introduced and

implemented for different EnVar DA systems and

experimented with various phenomena, such as the

precipitation forecasts in the Weather Research and

Forecasting Model data assimilation system (WRFDA)

by Schwartz et al. (2015) and the hurricane predictions

in GSI by Lu et al. (2017). This study extends the DR

capability of the GSI-based EnVar for TLV predictions

with the analysis produced at a subkilometer grid spac-

ing. The GSI EnVar DA system has been extended with

the capability to directly assimilate both the radial ve-

locity and radar reflectivity observations (Wang and

Wang 2017). Pure ensemble covariance is used in this

GSI-based DR EnVar and its formulations are briefly

described as follows. The notations largely followWang

(2010) and Schwartz et al. (2015).

FIG. 1. The observed damage path of the 8 May 2003 Oklahoma City (OKC) tornado

overlaid on the map of the Moore–south OKC area. Image is obtained from the National

Weather Service website (https://www.weather.gov/oun/events-20030508).

1 The NWS report for the 8 May 2003 Oklahoma City tornadic

supercell is summarized in https://www.weather.gov/oun/events-

20030508.
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The EnVar obtains the analysis increment x0 by min-

imizing the following cost function:

J(a)5 0:5(a)TA21(a)1 0:5(yo
0
2Hx0)TR21(yo

0
2Hx0) .

(1)

On the right-hand side of Eq. (1), the localization for the

ensemble covariance is defined in the block-diagonal

matrix A; the vector a is formed by concatenating the

nondimensional control vectors ak, k5 1, . . .K, in which

K denotes the ensemble size. The last term of Eq. (1) is

the observation term, where R is the observation error

covariance matrix,H is the linearization of the nonlinear

observation operator, and yo
0
is the innovation vector

measuring the deviation between the observation and its

first guess. Here we define the analysis increment x0 as

x0 5VDa . (2)

The matrixD is formulated by [diag(xe1) � � � diag(xek)] and
xek denotes the kth ensemble perturbation normalized by
ffiffiffiffiffiffiffiffiffiffiffiffi

K2 1
p

. The operator V is adopted to interpolate vector

Da from at a coarse resolution to at a fine resolution.

In the aforementioned equations, xek and ak are vec-

tors of length ne, and vector x0 has a length nc. Length ne
represents the number of state variables used in the

ensemble perturbation, while length nc is the number of

state variables associated with the analysis increment. D

is a ne 3 Kne matrix, a is a vector of length Kne, and the

vector Da has a length ne. In SCR EnVar system, where

the ensemble member and control are at the same res-

olution,V is an identity matrix with the size of ne5 nc. In

the DR EnVar system, usually nc . ne. The interpola-

tion operator V in this case has a dimension of nc 3 ne.

Following Wang (2010), the gradient of Eq. (1) with

respect to the extended control variable a can be de-

rived as

=
a
J5A21a1DTVTHTR21(Hx0 2 yo

0
) . (3)

In Eq. (3) VT, the adjoint matrix of V with a dimension

of ne 3 nc, is applied to convert HTR21(Hx0 2 yo
0
) from a

fine grid to a coarse grid. During the variational mini-

mization, VT and V are applied to HTR21(Hx0 2 yo
0
) and

Da for each iteration, respectively. It is noted that the

above formulations are also valid for the SCR EnVar

if VT and V are identity matrices. Therefore, Eqs. (2)

and (3) are the general expressions for both SCR and

DR EnVar.

After the DA procedures, a control analysis at a

subkilometer grid spacing is produced by DR EnVar,

while the control analysis in SCR EnVar uses a kilo-

meter grid spacing. Thus the finer-scale processes and

features are better resolved with DR EnVar than SCR

EnVar during theDA cycling. In our experiment design,

the same observations are assimilated in both configu-

rations. Given that the radial resolution of the WSR-

88D radar observation can reach 250m, a subkilometer

grid spacing analysis can better ingest the information

from such observations than a kilometer grid spacing

analysis.

b. Configuration of data assimilation and forecast
experiments

Version 3.6.1 of WRF-ARW is adopted with a two-

way nested domain for experiments in this study

(Fig. 2). The outer domain has 226 3 181 horizontal

grid points with a 2-km grid spacing, and the inner

domain has 361 3 281 horizontal grid points with a

500-m grid spacing. The number of vertical levels is

set to 50. The same physics schemes are used for

both domains. Specifically, the model employs the

Thompson microphysics scheme (Thompson et al.

2008), the Mellor–Yamada–Janjić planetary bound-

ary layer scheme (Mellor and Yamada 1982; Janjić

1990, 1994, 2002), the Noah land surface model (Chen

and Dudhia 2001), and the Rapid Radiative Transfer

Model for general circulationmodels schemes (RRTMG;

Iacono et al. 2008) as the longwave and shortwave radi-

ation schemes.

Both radar reflectivity and radial velocity are as-

similated in this study. These radar observations were

retrieved from the National Climatic Data Center

(NCDC) archive. The Warning Decision Support

System-Integrated Information (WDSSII; Lakshmanan

et al. 2007) utility is adopted for the quality control

of these radar data. Spurious reflectivity in the model

is intended to be suppressed by assimilating the

‘‘non-precipitation’’ radar observations and setting all

FIG. 2. The 2-km/500-m nested domain for data assimilation and

free forecast.
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observed reflectivity lower than 5 to 0 dBZ prior to as-

similation. The observation errors for radar reflectivity

and radial velocity are defined as 5 dBZ and 2m s21,

respectively.

By assimilating radar radial velocity and reflectivity,

the two-way coupled GSI-based SCR and DR EnVar

systems are applied to directly produce ICs at a 2-km

grid spacing (Exp-SCR) and at a 500-m grid spacing

(Exp-DR), respectively. Such a two-way coupled GSI-

based EnVar DA system has been applied for the op-

erational Global Forecast System [e.g., Fig. 1b of Wang

et al. (2013)] and for the operational HurricaneWeather

Research and Forecasting (HWRF) model [Fig. 1 of Lu

et al. (2017)]. Both experiments are conducted with

similar procedures except the grid spacing of the control

analysis and background forecast where a grid spacing of

500m is used for the Exp-DR and a grid spacing of 2 km

for Exp-SCR. Both systems ingest a 45-member en-

semble at a 2-km grid spacing. The flowcharts of the

radar DA and the subsequent forecasts for the two ex-

periments are shown in Fig. 3. Similar to Wang and

Wang (2017), the radar observations are assimilated

every 5min from 2100 to 2200 UTC 8 May 2003. For

Exp-SCR, the 2-km control analysis generated from the

final DA cycle valid at 2200 UTC is downscaled to a

500-m grid before initializing a free forecast. Such

downscaling of a coarser-resolution analysis is the gen-

eral application in previous TLV prediction studies

(Mashiko et al. 2009; Schenkman et al. 2012; Xue et al.

2014; Schenkman et al. 2014; Dawson et al. 2015; Hanley

et al. 2016). Together with the 500-m control analy-

sis directly produced from Exp-DR, two 1-h high-

resolution TLV deterministic forecasts are launched

at a 500-m grid spacing for both Exp-SCR and Exp-DR.

During the DA cycling, following the flowchart

of a two way coupled hybrid DA system [Fig. 1b of

Wang et al. (2013)], the control first guess is updated

using EnVar (Wang 2010; Wang and Wang 2017)

by ingesting ensemble perturbations to estimate the

background error covariance, while the ensemble first

guess perturbations are updated by the ensemble

square root filter (EnSRF; Whitaker and Hamill 2002).

The final ensemble analyses are obtained by recenter-

ing the EnSRF ensemble analyses around the control

analysis following Wang et al. (2013). Specifically in

Exp-DR, the 2-km control analysis is replaced by the

500-m control analysis through a two-way nest run, and

then is used to recenter the 2-km EnSRF ensemble

analyses. The same DA parameters are applied for

both Exp-SCR and Exp-DR. The localization scales

are 12 km in the horizontal and 1.1 scale height in the

vertical. As in Wang and Wang (2017), equivalent

cutoff distances are used in EnVar and EnSRF. The

analysis perturbations are inflated so that the final

posterior ensemble spread is 90% of the prior ensem-

ble spread (Whitaker and Hamill 2012). In addition

to increasing the spread of the first guess ensem-

ble, smoothed constant inflation and additive noise

(Whitaker et al. 2008; Dowell and Wicker 2009;

Dowell et al. 2011; Dawson et al. 2012; Jung et al.

2012; Wang et al. 2013; Yussouf et al. 2013; Wang and

Wang 2017) with both horizontal and vertical length

scales of 3 km are applied in regions where the ob-

served radar reflectivity exceeds 25 dBZ. Constant

inflation with a coefficient of 1.04 is applied to each

ensemble perturbation in each DA cycle. Additive

noise with standard deviations of 0.5m s21, 0.5 K, and

0.5K (Yussouf et al. 2013; Wang and Wang 2017) are,

respectively, added to the horizontal winds, temper-

ature, and dewpoint fields for the first six DA cycles.

After applying the constant inflation and additive

noise techniques, the analyses are further advanced

FIG. 3. Schematics of the analyses and forecasts for Exp-SCR and Exp-DR. Both experiments assimilate the

radar data every 5min from 2100 to 2200 UTC. The analyses at 2-km and 500-m grid spacings are, respectively,

generated in Exp-SCR and Exp-DR by ingesting an ensemble at a 2-km grid spacing. To be comparable with DR,

the analysis from SCR is downscaled to 500-m grid. Two 1-h 500-m forecasts are then initialized by both analyses at

2200 UTC after 1-h assimilation.
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for 5min to establish the flow-dependent structure

(Wang et al. 2013; Wang and Wang 2017).

4. Results

a. Comparison of DR and SCREnVar during the DA
cycling

To understand the impacts of DR versus SCR EnVar

on the final control analysis, both the first guess and

analysis from Exp-DR are compared with those from

Exp-SCR during the DA cycling in Figs. 4 and 5. After

6 DA cycles, the two experiments both spin up the storm

and reach a similar horizontal coverage of reflectivity at

about 2130 UTC (Figs. 4c,i,o,u). During the early spinup

period, both experiments generate similar cold pools

and reflectivity fields at low levels (Figs. 4a,b vs

Figs. 4g,h), as well as similar upper-level vertical mo-

tions (Figs. 5a,b vs Figs. 5g,h). Starting from 2130 UTC,

the vertical motion and reflectivity at upper levels

(Figs. 5d–f vs Figs. 5j–l) and the cold pool over the rear-

flank (RF) region (Figs. 4d–f vs Figs. 4j–l) become re-

markably different between the two experiments. For

example, Exp-DR produces an updraft in the upper

levels (i.e., 7 km AGL) that is more than 10m s21

stronger than Exp-SCR (Fig. 5f vs Fig. 5l). It also

produces a downdraft below 3 kmAGL that is;4m s21

stronger thanExp-SCR (Fig. 5e vs Fig. 5k).Accompanying

the stronger updraft, more hydrometeors are elevated to

FIG. 4. The reflectivity (contours from 20 to 60 dBZ at 20 dBZ intervals; dBZ) at 1 km AGL and surface equivalent potential tem-

perature (colors; K) (a)–(l) analysis and (m)–(x) first guess for (a)–(f),(m)–(r) Exp-DRand (g)–(l),(s)–(x) Exp-SCR fromdata assimilation

cycles valid at 2110, 2120, 2130, 2140, 2150, and 2200 UTC, respectively. Green lines in the first column represent the positions of 0–12 km

AGL vertical cross sections in Fig. 5. These greens lines are selected across the maximum reflectivity at 1 km AGL.
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FIG. 5. Vertical cross sections of reflectivity (colors; dBZ) and vertical motions (contours from 238 to 50m s21 at 4

intervals; m s21) (a)–(l) analysis and (m)–(x) first guess for (a)–(f),(m)–(r) Exp-DR and (g)–(l),(s)–(x) Exp-SCR from

data assimilation cycles valid at 2110, 2120, 2130, 2140, 2150, and 2200 UTC 8 May 2003, respectively. (y) Vertical

section of observed reflectivity (colors; dBZ) valid at 2200 UTC across its surface maxima. Solid contours (pattern

shading) represent upward (downward) velocity.
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higher altitudes in Exp-DR, which produces ;10dBZ

higher reflectivity above 7kmAGL (Fig. 5f vs Fig. 5l). The

RF cold pool in Exp-DR is;10K colder than in Exp-SCR

(Fig. 4e vs Fig. 4k). In general, the cold pool temperature

can be greatly reduced through enhanced precipitation

loading and the associated increased cooling by evapora-

tion and melting (Dowell et al. 2011; Yussouf et al. 2013).

The greater enhancement for the cold pool in Exp-DR

relative to Exp-SCR corresponds well with the stronger

downdrafts below 3km AGL (Figs. 5d–f,p–r vs Figs. 6j–

l,v–x). These differences become increasingly pronounced

after 2140 UTC, suggesting that the differences at the final

analysis are an accumulated effect from the preceding DA

cycles.

We speculate that the final analysis difference is

caused by the following differences in the DR and SCR

DA algorithms. Both systems use the ensemble back-

ground at the same 2-km grid spacing. As the control

background forecast in Exp-DR uses a higher resolu-

tion, its first guess is expected to better depict finer-scale

features associated with the supercell development (e.g.,

Adlerman andDroegemeier 2002; Noda andNiino 2003;

Fiori et al. 2010) and to better compare against the high-

resolution observations for the innovation calculation rel-

ative to Exp-SCR. Moreover, the recentering procedure

adopted in our two-way coupled EnVar DA system im-

plicitly allows the coarse-resolution background ensemble

to propagate along the high-resolution control trajectory.

Mathematically, the terms related to the ensemble co-

variance and the innovation vector, expressed asD and yo
0

in Eq. (1) are different between the two algorithms.

To reveal the impact of the differences in ensemble

covariances and observation innovations between Exp-

DR and Exp-SCR on their own analyses, three one cycle

DA experiments with the analysis valid at 2200 UTC

8 May 2003 are designed (Table 1). In Exp-Ch_Eh, the

configuration of the control first guess (FG) and the

ensemble background is the same as Exp-DR. Exp-Ch_El

is the same as Exp-DR except that the preceding analysis

ensemble valid at 2155 UTC is recentered around a 2-km

control analysis rather than a 500-m control analysis.

Therefore, during the subsequent 5-min first guess fore-

casts, the ensemble first guess in Exp-Ch_Eh evolves im-

plicitly along with the trajectory of a 500-m grid whereas

Exp-Ch_El implicitly evolves with the trajectory of a 2-km

grid.Due to nonlinearity, the ensemble perturbations valid

at 2200 UTC are therefore different. Compared to Exp-

Ch_El (Fig. 6e), the Exp-Ch_Eh (Fig. 6d) spread of ver-

tical velocity (w) is broadly smaller above 3km AGL and

has more finescale details between 3 and 7km AGL.

FIG. 6. Vertical cross sections

along the green line in Fig. 4f of

vertical motion (w) increments

(colors; m s21) at 2200 UTC 8May

2003 for (a) Exp-Ch_Eh, (b) Exp-

Ch_El, and (c) Exp-Cl_Eh. The

first guess ofw (contours from238

to 50m s21 at 4 intervals; m s21) is

overlaid. Solid (dashed) contours

represent upward (downward)

motion. Vertical cross sections of

w prior ensemble standard devia-

tions (m s21) for (d) Exp-Ch_Eh

and (e) Exp-Ch_El.
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Under 3 km AGL, the spread is larger in Exp-Ch_Eh.

Consistently, the Exp-Ch_Eh w increments are smaller

above 3 km AGL than in Exp-Ch_El. In contrast, Exp-

Ch_Eh has w increments below 3km AGL that are

2–4m s21 greater than in Exp-Ch_El. Therefore, Exp-

Ch_Eh has more enhanced downdraft and updraft cou-

plets at low levels over the rear-flank area. As shown later

in section 4c and in previous tornado simulation studies

(e.g., Marquis et al. 2016), the low-level updraft-downdraft

couplet’s structure commonly persists around tornadoes.

The impact of the innovation differences is examined

in the third experiment, Exp-Cl_Eh. Exp-Cl_Eh only

differs from Exp-Ch_Eh by the control first guess valid

at 2200 UTC. During 2155–2200 UTC, the 500-m and

2-km control FGs are produced simultaneously with a

two-way nesting. Therefore, the simulated storm fea-

tures are the same in both FGs except that the 2-km grid

spacing produces a more smoothed field. The difference

of w increments between Exp-Ch_Eh and Exp-Cl_Eh is

shown in Fig. 6. Exp-Cl_Eh has more smoothed w in-

crements than Exp-Ch_Eh throughout all vertical levels.

The low-level updraft-downdraft couplet’s structure in

the w increments is much less pronounced in Exp-Cl_Eh.

These experiments suggest that the algorithm differences

between Exp-DR and Exp-SCR can accumulate during

the DA cycling which contributes to the notable final

analysis differences.

The differences of the final analysis between Exp-DR

and Exp-SCR at 2200 UTC 8 May 2003 are shown in

Figs. 5f, 5l, and 7. Specifically, Exp-SCR generally has

the more smoothed updraft and downdraft distributions

than Exp-DR at 2 km AGL (Figs. 7a,b). The maximum

downdraft in Exp-DR is ;6ms21 greater than in Exp-

SCR; the Exp-DR coverage of the strong updraft is

more widespread than Exp-SCR. Consistent with the

greater upper-level updraft in Exp-DR, more reflectivity

is found at high altitudes in Exp-DR (Figs. 5f,l). The Exp-

DR reflectivity above 7km AGL is;10dBZ larger than

Exp-SCR. Larger reflectivity at high altitudes in Exp-DR

is more consistent with observations (Fig. 5y), indicating

that the stronger upper-level updraft in Exp-DR may be

more consistent with reality. Near the ground, a more

widespread RF cold pool with colder air is produced in

Exp-DR relative to Exp-SCR (Figs. 7c,d). The minimum

equivalent potential temperature over the RF area of

Exp-DR is more than 20K lower than that of Exp-SCR.

Rather limited surface observations are available in the

cold pool area at the analysis time. In both experiments,

the Oklahoma City (KOKC) METAR station observa-

tion is found in the east edge of the cold pool (Fig. 11)

near the analysis time. The analyzed equivalent potential

temperature (ue) at KOKC in Exp-DR is ;2K colder

than in Exp-SCR and closer to the observation, despite

the fact that it is still ;7K warmer than the reality at

2159 UTC (Fig. 8a). This KOKC observation demon-

strates that the stronger cold pool in Exp-DR is more

realistic. Note that we use ue in this study to visualize and

quantify the cold pools as in Dawson et al. (2010, 2015).

It is found there is no significant difference between using

ue and potential temperature to define the cold pool

(not shown).

b. Verification of the predicted storm morphology
and cold pool

In this section, two 1-h free forecasts are launched to

explore the impacts of the differences in the analysis on

the predicted storm morphology. For comparison pur-

pose, the observed reflectivity and radial velocity at the

1.458 elevation of the KTLX radar valid from 2200 to

2230 UTC are plotted at a 10-min interval in Figs. 9a–e

and 10a–e, respectively. The corresponding simulated

fields from Exp-DR and Exp-SCR in Figs. 9f–o and

Figs. 10f–o are mapped onto the same points as obser-

vations. Due to the effects of ground clutter in the lowest

0.58 elevation, the 1.458 elevation is applied here to

present the low-level storm features.

At the analysis time (2200 UTC), both experiments

have a similar storm morphology. Exp-DR produces a

slightly better analysis of the areal extent of reflectivity

than Exp-SCR (Figs. 9a,f,k). Throughout the period

from 2200 to 2230 UTC, this observed supercell storm

moves east-northeastward. The predicted storms from

TABLE 1. List of EnVar tests and their configurations for control first guess (FG) and ensemble. The analysis time is valid at 2200 UTC

8 May 2003. The 500-m and 2-km control FGs are generated through advancing the 500-m and 2-km control analyses valid at 2155 UTC

from Exp-DR with two-way nesting for 5min. Both ensembles used in Exp-Ch_Eh and Exp-Ch_El are initialized from the ensemble

analysis valid at 2155 UTC, despite which are recentered around the 500-m and 2-km control analyses, respectively.

Expt

Input configuration

Control FG Ensemble

Exp-Ch_Eha 500-m control FG 2-kmensemble evolving along the trajectory of a 500-m control grid

Exp-Ch_El Same as Exp-Ch_Eh 2-km ensemble evolving along the trajectory of a 2-km control grid

Exp-Cl_Eh 2-km control FG Same as Exp-Ch_Eh

a Exp-Ch_Eh, a single cycle experiment, uses the same configuration of control first guess and ensemble background as Exp-DR.
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both experiments move in the same direction and at a

generally similar speed. The observed hook echo per-

sists more than 30min from 2200 UTC. The predicted

storm in Exp-DR maintains a similar hook echo at the

southwest end of the reflectivity core in the same period

(Figs. 9f–j); the hook echo in Exp-SCR is only well-

defined until 2210 UTC (Figs. 9k–m). Thereafter it be-

comes less pronounced (Figs. 9n,o). Consistent with the

reflectivity, the observed radial velocity differences across

the couplet continuously persist from 2200 to 2220 UTC

(Figs. 10a–d). The radial velocity couplet is not discernable

at 2230 UTC (Fig. 10e) due to its short distance from the

radar site. The Exp-DR radial velocity couplet resembles

the observations with strong couplets persisting during

2200–2220 UTC. In contrast, the Exp-SCR radial velocity

couplet is consistently weaker than Exp-DR and further

weakens at 2220 UTC (Fig. 10n). Although both experi-

ments generally have weaker radial velocity couplets than

the reality, the couplets in Exp-DR are closer to the ob-

servations than in Exp-SCR (Figs. 10f–o). The weaker

radial velocity couplets in both experiments may be

attributed to the 500-m grid spacing, which is still in-

sufficient to fully resolve the tornado-scale vortex (Xue

et al. 2014).

The predicted cold pools for both experiments from

2201 to 2235 UTC are shown in Fig. 11. The RF cold

pool in Exp-DR is consistently stronger (;6K colder ue)

than that in Exp-SCR in the first 20min lead times

(Figs. 11a–e vs Figs. 11i–m). Beginning at 2225UTC, the

rear-flank (RF) cold pool becomes much weaker than

before and the forward-flank (FF) cold pool strengths in

both experiments. At the KOKC station (Fig. 8a), ue in

reality sharply decreases from 351 to 336K during 2159–

2211 UTC, which indicates that the cold pool rapidly

extended while going through this station. After that,

the cold pool near this station is weakened as ue gradu-

ally gets warmer. Both experiments experience the same

processes. However, Exp-DR has a generally 5K colder

cold pool at this station until 2247 UTC and its ue is

closer to the observations (Fig. 8a) than Exp-SCR. As

indicated in Fig. 8b, the observed cold pool starts to pass

by the Tinker Air Force Base, Oklahoma (KTIK),

FIG. 7. The vertical velocity (colors; m s21) and cyclonic vorticity (contours from 0.01 to 0.04 s21 at 0.01 s21

intervals; s21) at 2 km AGL at the analysis time for (a) Exp-DR and (b) Exp-SCR. The equivalent potential

temperature (colors; K), vertical motions (green contours from 23 to 3m s21 at 1m s21 interval; m s21), and re-

flectivity (blue contours at 20 and 40 dBZ) near the ground valid at 2200 UTC for (c) Exp-DR and (d) Exp-SCR.

The position of rear-flank gust front (RFGF; thick black line) are subjectively determined based on the conver-

gence and wind speed fields.
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station at ;2220 UTC and continues being enhanced at

least until 2235 UTC. This trend is better captured by

Exp-DR than Exp-SCR, despite Exp-DR still having a

warmer cold pool than reality (Fig. 8b). Although the

cold pool from Exp-SCR produces a colder temperature

that is closer to the observation at 2227 UTC, the tem-

perature trend before and after this time deviates from

that of the reality more than Exp-DR.

c. Comparison of the predicted tornado-like
vortices (TLVs)

1) COMPARISON OF THE SIMULATED

NEAR-SURFACE TLVS

Given that the low-level rotation is used to describe

the evolution of tornadoes at low levels in past studies

(e.g., Markowski et al. 2012; Marquis et al. 2012, 2016),

the simulated near-surface2 TLV tracks and the time

series of the maximum vertical vorticity at the first

model level (around 10mAGL) are examined (Fig. 12).

In this study, we have subjectively defined a TLV path

with its vorticity at the lowest model level (;10mAGL)

exceeding 0.03 s21 in this study. As shown in Figs. 12a

and 12b, the TLV paths are determined by the locations

of the surface vertical vorticity maxima in the first

40-min forecast period. Exp-DR produces two consec-

utive TLV tracks with the vertical vorticity greater than

0.03 s21. It is found that the two simulated tracks are

generated along with the weakening and reintensification

of the same vortex. The first simulated track is around

2205–2210UTC and the second is 2213–2232UTC.These

simulated tracks are basically consistent with the ob-

served tornado damage paths, respectively, lasting during

2204–2208 UTC and 2210–2238 UTC, as shown in Fig. 1.

The predicted second vorticity path in Exp-DR gradually

deviates from the observed track toward the southeast

after 2230 UTC. In comparison, Exp-SCR only produces

one TLV path with the vertical vorticity greater than

0.03 s21 during 2205–2218 UTC. The TLV path in Exp-

SCR coincides with the observed first tornado damage

path in location but persists unrealistically longer than the

observation in duration. In addition, the predicted vor-

ticity path increasingly deviates from the observed path

and moves southeastward after 2220 UTC.

Note that the purpose of this study is not to explicitly

predict the tornadoes as a 500-m horizontal grid spacing

is still too low to resolve the tornado-scale vortex (Xue

et al. 2014). Instead, trends of changes in the simulated

TLV intensity are investigated. Categories on the orig-

inal Fujita scale are used to measure the strength of the

TLV that each simulation can reach. Relative to the

single peak of wind speedmaxima in Exp-SCR, Exp-DR

has two 10-m wind speed peaks, one short lived and one

long lived, which better fits the observations. Both ex-

periments produce 10-m wind maxima that reaches or

surpasses F1 intensity. In particular, Exp-DR predicts

maximum wind, respectively, surpassing and approach-

ing the F1 level during both peak periods, 2205–2209 and

2215–2228 UTC. In contrast, the maximum wind speed

in Exp-SCR that reaches the F1 level only persists for a

short period from 2205 to 2210 UTC. As shown in

Figs. 12c and 12d, the variations of maximum 10-m wind

speed resonate with the variation of the vertical vorticity

maxima in both experiments. These results reveal that

Exp-DR performs better than Exp-SCR in the timing of

the intensity variation and in the duration of the TLV.

2) RELATIONSHIPS BETWEEN LOW-LEVEL

CONVERGENCE AND NEAR-SURFACE TLV
EVOLUTION

To determine the factors that dominate the variation

of the near-surface vertical vorticity, the stretching, ad-

vection and tilting terms in the vertical vorticity equation

are individually examined. The maxima of each quantity

within a 1-km horizontal distance of the maximum vertical

FIG. 8. Equivalent potential temperature (K) from observations

(gray dots) and simulations of Exp-DR (dashed) and Exp-SCR

(solid) at (a) KOKC and (b) KTIKMETAR stations for the period

2200–2300 UTC 8May 2003. Locations of KOKC and KTIK are

marked in Figs. 9 and 11.

2 In this study, near-surface or near ground level refers to the first

model level at around 10m AGL.
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FIG. 9. Reflectivity fields at 1.458 elevation of the KTLX radar for (a)–(e) observations, and experiments

(f)–(j) Exp-DR and (k)–(o) Exp-SCR from 2200 to 2230 UTC 8May 2003. Corresponding times are indicated

at the top of each figure. The radar site at Twin Lakes, OK (KTLX), is marked by a star sign. Locations for

aviation METAR stations at KOKC and KTIK are labeled with plus and cross signs, respectively.
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FIG. 10. As in Fig. 9, but for the radial velocity (m s21) fields.
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FIG. 11. Equivalent potential temperature (colors; K) at the lowest model level (;10m AGL), vertical vorticity (black contours from

0.02 to 0.08 s21 at 0.02 s21 interval; s21) at 100m AGL, and averaged latent cooling rate (green contours from 22 to 230Kmin21 at

8 Kmin21 interval; Kmin21) below 1 kmAGL for (a)–(h) Exp-DR, (i)–(p) Exp-SCR, (q)–(x) Exp-T, and (y)–(af) Exp-UVWfrom2201 to

2235UTC 8May 2003. Corresponding forecast time is indicated in each figure of the first column. Locations for aviationMETAR stations

at KOKC and KTIK are labeled with plus and cross signs, respectively. As the latent cooling rate is calculated during model integration,

we use 1-min forecast rather than the analysis in the first row.
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vorticity are presented for both experiments in Figs. 12c

and 12d. The stretching term is remarkably greater than

the tilting and advection terms at almost all forecast pe-

riods, especially during the periods with significant vorti-

ces. The vertical vorticity maxima most closely follow the

maxima of the stretching term in both experiments, im-

plying that the near-surface TLVs are intensified mostly

through the stretching process. This result is consistent

with the findings in previous studies (e.g., Klemp and

Rotunno 1983; Wicker and Wilhelmson 1995; Noda and

Niino 2010; Roberts et al. 2016; Rotunno et al. 2017) that

the stretching (convergence) dominantly contributes to the

latter stages of tornadogenesis and its persistence.

The variation of the vertical vorticity in relation to the

variation of the low-level convergence is also validated

in Fig. 13. Here the low-level convergence can be de-

rived by the vertical gradient of vertical velocity below

1km AGL in Figs. 13a and 13b. Exp-DR produces two

periods of the persistent strong low-level convergence,

2203–2209 and 2213–2226 UTC (Fig. 13a), while only

one period of low-level convergence from 2202 to

2216 UTC is found in Exp-SCR (Fig. 13b). In both

experiments, the strong low-level vertical vorticity is

accompanied by the enhanced low-level convergence

(Figs. 13a,b) and strongest positive stretching near

the surface (Figs. 13c,d). As the downdraft begins to

FIG. 12. Evolution of the near-surface vertical vorticity associated with the simulated TLVs from (a) Exp-DR

and (b) Exp-SCR. The overlaid squiggly line in each panel is the NWS-observed tornado damage tracks during

2204–2238 UTC as in Fig. 1. The time series of maximum 10-m wind speed (red), vertical surface vorticity (black),

and maxima of the horizontal advection (dotted–dashed), tilting (dotted), and stretching (dashed) terms in the

vertical vorticity equation within a 1-km horizontal distance of the peak surface vorticity from (c) Exp-DR and

(d) Exp-SCR. The two horizontal red lines in both figures indicate the magnitudes of F0 and F1 tornado intensities,

respectively.
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develop near the surface and shifts into the vorticity

maxima, the weakening convergence or the strength-

ening divergence below 1-km AGL coincides with the

reduced stretching and the weakened near-surface

vertical vorticity. This can be seen, for example,

from 2209 to 2213 UTC and after 2230 UTC in Exp-

DR (Figs. 13a,c), and after 2219 UTC in Exp-SCR

(Figs. 13b,d). However, some weak low-level down-

drafts during the periods of 2226–2230 UTC in Exp-DR

(Fig. 13a) and 2216–2219 UTC in Exp-SCR (Fig. 13b)

are found to be aligned with large vertical vorticity and

strong stretching near the ground. These weak low-level

downdrafts during these periods are also directly under

the greatly reduced vertical vorticity above 1 km AGL.

Note that the vertical velocity in Fig. 13 is an average

over an area within the 1 km radius around the maxi-

mum surface vorticity center. Updrafts and downdrafts

coexist in the averaging area below 1kmAGL, although

the downdraft is slightly stronger. These downdrafts are

speculated to be induced by the low-level vertical vor-

ticity that is stronger than that aloft (Klemp andRotunno

1983). This downdraft-inducing process is the so-called

‘‘vortex valve effect’’ (Lewellen 1971; Lemon et al. 1975;

Trapp 2000). These downdrafts can enhance the nearby

updraft and the associated near-surface convergence and

vorticity as long as they are not strong enough to devas-

tate the low-level rotations (Markowski et al. 2002;

Marquis et al. 2016).

3) IMPACT OF VERTICAL ALIGNMENT OF

LOW-LEVEL CONVERGENCE AND MIDLEVEL

UPDRAFT ON THE TLV EVOLUTION

Prior studies found that a tornado can be maintained

when the low-level convergence is located beneath the

midlevel updraft (Dowell and Bluestein 2002); while the

displacement of the TLV and its associated low-level

convergence from the updraft aloft may lead to the demise

of a tornado (Wakimoto and Martner 1992; Wicker and

Wilhelmson 1995; Snook and Xue 2008; Marquis et al.

2012). Consistent with these prior studies, the significant

vortices near the surface (Figs. 12c,d) are accompanied by

strong low-level convergence and the updraft above 1km

AGL in both experiments (Figs. 13a,b). Starting from

2207 UTC, the weakening low-level vorticity in Exp-DR

coincides with either the reduced updraft strength, the

appearance of a downdraft above 1km AGL, or the mis-

alignment of the updraft core aloft with the TLV-related

low-level convergence. After 2213 UTC, both the low-

level convergence and the updraft aloft (e.g., 1–2km

AGL) are gradually enhanced. The vertical vorticity near

the surface starts to increase accordingly in Exp-DR

(Fig. 13a). These results are consistent with the weaken-

ing and reintensification of the surface vorticity core in

FIG. 13. Peak vertical vorticity (colors; s21) and mean vertical

motion (contours from 23 to 9m s21 at 1m s21 interval and 9 to

30m s21 at 3m s21 interval; m s21) within the surface maximum

vertical vorticity as a function of height and time for (a) Exp-DR

and (b) Exp-SCR during 2200–2240 UTC. Solid contours (pattern

shading) represent upward (downward) motion. Stretching of

vertical vorticity (colors; s22) at the surface vorticity maximum for

(c) Exp-DR, (d) Exp-SCR, and (e) Exp-T during 2200–2240 UTC.

Mean vertical motion within the surface maximum vertical vor-

ticity for Exp-T is overlaid in (e).
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Exp-DR in Figs. 12a and 12c. Different from Exp-DR

where the weakening midlevel updraft reaches down to

0.5km AGL, in Exp-SCR such a weakening midlevel up-

draft or appearance of a downdraft starting at 2207 UTC

primarily occurs above 3 km AGL and the structures

below 3km AGL are barely affected. Therefore, the

low-level significant vortices persist until 2215 UTC in

Exp-SCR (Fig. 12d). This result is also consistent with

the surface vorticity variation of weakening without

reintensification in Exp-SCR.

The comparisons between Exp-DR and Exp-SCR are

briefly summarized as follows. Relative to Exp-SCR,

Exp-DR performs closer to the observations in the

timing of the intensity variation and in the duration of

the predicted TLV tracks. These different performances

are found to agree well with the differences between

both experiments in the low-level convergence and its

vertical placement with respect to the midlevel updraft.

As these predicted differences are caused by the differ-

ences in initial conditions (ICs), the following section 4d

provides qualitative explanations to understand how

these differences in ICs can affect the subsequent TLV

predictions from a physical process perspective.

d. Diagnosing impact of the SCR and DR EnVar
analyses on the predicted TLV

According to the comparisons between Exp-SCR and

Exp-DR in section 4a, their IC differences can be clas-

sified into three categories: the vertical distributions of

hydrometeor mixing ratios, the coverage and size of RF

cold pools, and the structure and strength of the updraft

and downdraft. To isolate the impact of each difference

on the subsequent TLV predictions, four additional

sensitivity experiments are conducted, shown in Table 2.3

To examine the impact of the differences in the vertical

reflectivity distributions, Exp-Hydro is the same as Exp-

SCR except the analyzed hydrometeors are replaced by

that from Exp-DR at the analysis time valid at 2200 UTC

8May 2003. Exp-UVWaims to identify the impact of the

differences in the kinematic fields by substituting the

analyzed kinematic fields in Exp-SCR with that from

Exp-DR. Cold pool evolution can be affected by several

factors (i.e., temperature and moisture fields) (James

et al. 2010). Replacement of either the analyzed potential

temperature or the analyzed water vapor mixing ratio

from Exp-DR can enhance the analyzed cold pools in

Exp-SCR. However, potential temperature is found to

dominate (not shown). Exp-T is therefore used to ex-

amine the impact of the differences in the analyzed cold

pools where the analyzed potential temperature in Exp-

SCR is replaced with that in Exp-DR. The combined

impact of the differences in both kinematic fields and cold

pools is given for experiment Exp-UVWT through the

replacement of both from Exp-DR. Through comparison

with Exp-UVW, Exp-UVWT can also examine the im-

pact of the differences in cold pools.

Figure 14 shows the simulated TLV tracks from the

sensitivity experiments in Table 2. The simulated TLV

tracks here are represented by the near-surface vertical

vorticity with its value greater than 0.03 s21 as in Fig. 12.

Exp-Hydro closely resembles Exp-SCR for the TLV

track from 2204 to 2218 UTC (Fig. 14a). Exp-Hydro

slightly enhances the short-lived second TLV track

persisting only for ;1min. In contrast, Exp-T produces

two TLV tracks. The first of these TLVs persists from

2204 to 2218 UTC similar to the single TLV in Exp-SCR

and Exp-Hydro. The duration of the first is longer than

the observed damage track in Fig. 1. The second TLV

track appears and intensifies beginning at 2223 UTC. Its

track is located about 3 km east-northeast of the first one

and persists for 5min (Fig. 14b). Experiments Exp-

UVW (Fig. 14c) and Exp-UVWT (Fig. 14d) both have

two TLV tracks, but with different timings of the in-

tensity variation compared to Exp-T. In Exp-UVW and

Exp-UVWT, their first TLV tracks are maintained

during the period from 2205 to 2210 UTC with the sec-

ond TLV tracks appearing around 2215 UTC, consistent

with the timing of the intensity variation of TLV in Exp-

DR. However, Exp-UVW produces a remarkably weaker

and shorter-lived TLV track from 2215 to 2226 UTC than

Exp-UVWT and Exp-DR. In contrast, the duration of the

second TLV track from 2215 to 2233 UTC in Exp-UVWT

is more similar to Exp-DR (2213–2232 UTC).

In summary, compared with the timing of the ob-

served tornado damage tracks (Fig. 1), the duration of

the first TLV track is too long in Exp-Hydro and Exp-T.

Replacing the analyzed kinematic fields in Exp-UVW

and Exp-UVWT, the timing of maturation, dissipation,

and reintensification for the TLV agrees well with the

observations. After replacing the analyzed potential

temperature, the duration of the second TLV track in

TABLE 2. List of the replaced analyzed fields in sensitivity

experiments.

Expt Fields to be replaced in the ICs

Exp-Hydro Hydrometeormixing ratios, including rainwater,

snow, graupel, and ice mixing ratios

Exp-T Potential temperature (u)

Exp-UVW Kinematic fields (u, y, and w)

Exp-UVWT Potential temperature (u) and kinematic fields

(u, y, and w)

3 None of the replacement experiments show an initial shock

during the early stage of the model integration.
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Exp-T and Exp-UVWT is extended compared to Exp-

SCR and Exp-UVW, respectively. Replacing the hydro-

meteor mixing ratios in Exp-Hydro has only insignificant

changes in the predicted TLV from Exp-SCR. Exp-Hydro

becomes similar to Exp-SCR in less than 10min (not

shown). Together, these comparisons indicate that the

analyzed kinematic variables in Exp-DR strongly affect

the timing of intensity variation of the TLV, including the

TLV’s dissipation and reintensification; the duration of the

secondTLV track is associatedwith the analyzed potential

temperature and the impact of the analyzed hydrometeor

mixing ratios is negligible. The following process-based

qualitative diagnostics facilitate a physical understanding

of how the IC differences in the kinematic and potential

temperature fields could impact the subsequent TLV

evolutions. It is noted that this paper only intends to

identify some plausible mechanisms that may be consistent

with the differences in the evolution of the TLVs between

Exp-SCR and Exp-DR. Other mechanisms may also be

consistent and more robust analysis is required to adjudi-

cate between them.

1) COLD POOL EVOLUTION DIFFERENCES

Numerous observational and idealized numerical stud-

ies (e.g., Leslie and Smith 1978; Markowski et al. 2002,

2003; Snook andXue 2008; Lerach andCotton 2012) found

tornadogenesis significantly relies on the characteristics of

cold pools. This section describes the major differences in

cold pool evolution and characteristics among Exp-SCR,

Exp-T, and Exp-UVW. These differences are then used to

explain the impact of analyzed kinematic fields and po-

tential temperature on TLV predictions in sections 4d(2)

and 4d(3). Relative to Exp-SCR (Figs. 11i–p), Exp-T

consistently produces at least 3K stronger cold pools in

both RF and FF regions (Figs. 11q–x) during 2200–

2220 UTC. The cold pool strength between Exp-SCR and

Exp-UVW is comparable (Figs. 11y–af). However, the

RF cold pool in Exp-UVW more quickly expands east-

northeastward than both its FF cold pool and the RF cold

pool in Exp-SCR, particularly at the earlier forecast pe-

riods (i.e., before 2220 UTC; Figs. 11y–ac). The FF

broadening cold pools in the later forecast periods are

comparable in strength among all experiments (Fig. 11).

Such broadening cold pool is induced by a broadening

downdraft commonly found in early studies (e.g., Lemon

and Doswell 1979; Wicker andWilhelmson 1995; Marquis

et al. 2016). It is, however, noted that the timing of the FF

broadening downdraft is different among different exper-

iments. Specifically, the broadening downdraft in Exp-

UVW and Exp-SCR occurs earlier4 between 2220 and

FIG. 14. As in Figs. 12a,b, but for (a) Exp-Hydro, (b) Exp-T, (c) Exp-UVW, and (d) Exp-UVWT in Table 1.

4 The occurrence of the broadening downdraft is indicated by the

enhanced and enlarged cold pool, where the equivalent potential

temperature near the low-level mesocyclone lower than 336K is

used to define the enhancing cold pool.
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2225UTC (Figs. 11m,n,ac,ad), followed byExp-T between

2225 and 2230 UTC (Figs. 11v,x).

2) IMPACT OF ANALYZED KINEMATIC FIELDS

The analyzed kinematic variables here are repre-

sented by the vertical velocity at 2 km AGL in Fig. 7.

Relative to Exp-SCR, Exp-DR has a stronger RF

downdraft and a broadly stronger updraft, especially

over the RF area. Such a stronger RF downdraft in Exp-

DR persists during the subsequent forecast (Figs. 16a–c

vs Figs. 17a–c). Replacement of the kinematic fields in

Exp-UVW can also maintain a similar stronger RF

downdraft during the forecast period (Fig. 15). The low-

level RF downdraft maxima in Exp-UVW are 6 and

4ms21 greater than that in Exp-SCR, respectively, at

2203 UTC (Figs. 15a,c) and at 2210 UTC (Figs. 15b,d).

As discussed in section 4d(1), relative to Exp-SCR, this

stronger downdraft is consistent with the stronger west-

southwesterly RF cold pool outflow following theRFGF

and therefore a faster east-northeastward movement of

the RFGF in Exp-UVW (Figs. 10y–af and 15).

To understand the impact of the kinematic field dif-

ferences, especially the downdraft differences on the

timing of the intensity variation of TLV, comparisons of

the storm and TLV structures between Exp-SCR and

Exp-DR/Exp-UVW/Exp-UVWT are conducted during

the stages of maturation, weakening, and reintensifica-

tion for the TLV (e.g., 2206–2215 UTC). As Exp-DR

and Exp-UVW/Exp-UVWT have similar structures

during the period for the first TLV track, the storm

and TLV structures in Exp-DR at all developmental

stages are shown in Fig. 16 and compared with Exp-

SCR in Fig. 17. The bands of updraft cores at 2 km

AGL in Figs. 16a–c and 17a–c indicate the spatial lo-

cations of the convergence and the GFs near the sur-

face. During the period of 2206–2215 UTC, due to the

strong west-southwesterly RF cold pool outflow surge,

the RFGF moves east-northeastward more rapidly

than the left-flank convergence boundary (LFCB).

The updraft cores aloft therefore are gradually sepa-

rated in Exp-DR (Fig. 16). At 2206 UTC, the southern

midlevel updraft core is ;4 km east of the northern

one (Fig. 16a); after 9min, the two updraft cores are

separated by more than 9 km at 2215 UTC (Fig. 16c).

Along with the separating updraft cores, the meso-

cyclone (illustrated with green dots in Figs. 16a–c or

FIG. 15. Equivalent potential temperature (colors; K), vertical vorticity (thin black contours from 0.01 to 0.08 s21

at intervals 0.01 s21; s21), and reflectivity (blue contours at 20 and 40 dBZ) near the ground and vertical velocity

(green contours from210 to 14m s21 at intervals 2m s21; m s21) at 500mAGL. These fields are valid at (a),(c) 2203

and (b),(d) 2210 UTC for (a),(b) Exp-SCR and (c),(d) Exp-UVW.
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green columns in Figs. 16d–f) is increasingly tilted

from the ground to the upper levels (e.g., 4 km AGL)

in a southeast–northwest orientation during 2206–

2212 UTC. Between 2212 and 2215 UTC, it gradually

becomes vertically stacked. On the contrary, Exp-

SCR fails to capture such a process. It produces a

much weaker west-southwesterly RF cold pool out-

flow associated with its weaker downdraft. As a result,

unlike Exp-DR, the two updraft cores of Exp-SCR are

moving at a similar speed without being gradually sep-

arated during 2206–2215 UTC (Figs. 17a–f). The meso-

cyclone is vertically stacked throughout this period.

For Exp-DR, the near-surface mesocyclone (light

green dot in Fig. 16b) travels east-northeastward faster

than the northern midlevel updraft cores, consistent

with the strong west-southwesterly RF cold pool outflow

at low levels from 2206 to 2211 UTC. The vertical

misalignment between the surface rotation center

motion and the northern updraft core aloft tends to

undercut or inhibit the vorticity stretching (Brooks

et al. 1993; Markowski et al. 2003) required for the

enhancement of the TLV. This is consistent with the

decreasing near-surface stretching in Figs. 12c and 13c

during 2208–2211 UTC. After 4min, the near-surface

vorticity is gradually reintensified, consistent with the

low-level mesocyclone that becomes increasingly verti-

cally aligned with the southern midlevel updraft core

(Figs. 16c,f). For Exp-SCR, due to the weaker RF cold

pool outflow associated with the weaker downdraft,

the similar tilt of the vertical alignment between the

surface rotation center and the updraft core aloft is

not found. Therefore the near-surface vorticity could

be maintained for an unrealistically longer time than

the first TLV track in Exp-DR.

We notice both the vorticity and the stretching near

the surface have an abrupt decrease occurring at

;2208 UTC but an increase with a much slower rate

from 2211 UTC for Exp-DR (Figs. 13a,c). The de-

crease is associated with the tilt of the mesocyclone as

discussed in Fig. 16b. However, the relatively slow

increase may be caused by the low-level (i.e., below

1 km AGL) downdraft surrounding the near-surface

rotation center in Fig. 13a, despite the rotation center

being located beneath the updraft core along the

southern RFGF at 2211 UTC (Fig. 16b). To investigate

this low-level air descent, a vertical cross section of

FIG. 16. The vertical velocity (colors; m s21) and cyclonic vorticity (contours from 0.01 to 0.04 s21 at 0.01 s21 intervals; s21) at 2 kmAGL

in the forecasts valid at (a) 2206, (b) 2212, and (c) 2215 UTC for Exp-DR. The green dots in (a)–(c) represent the maximum cyclonic

vorticity at 0.1, 1, 2.5, and 4 km AGL, respectively. (d)–(f) Schematic diagram of the TLV evolution processes from 2206 to 2215 UTC is

illustrated. Green columns refer to the structure of TLV, gray thick vectors indicate the downdraft trailing the updrafts, and N-updraft

(red bulk) and S-updraft (blue bulk) represents the northern and southern midlevel updraft cores, respectively. The intensity of TLV is

indicated schematically with the thickness of green column. In the x–y horizontal sections, the gray thin vectors indicate the rear-flank

(RF) downdraft outflow and its strength is indicated schematically with the length of vectors; near-surface gust fronts are traced with bold

black lines. The left-flank convergence boundary (LFCB), rear-flank gust front (RFGF), and forward-flank gust front (FFGF) are an-

notated with gray thick lines. The straight black line in (b) indicates the location of the vertical cross section in Fig. 18.
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vertical velocity and vertical vorticity along the black

line in Fig. 16b is shown in Fig. 18. The low-level ro-

tation core is located west of the updraft maximum

along the RFGF and ;3 km away from the conver-

gence center near the ground. A descent below 1 km

AGL within the low-level rotation almost aligns along

its rotation axis. This may be caused by the stronger

low-level vorticity overlaid with a weaker rotation

aloft, which could induce a downward pressure gradi-

ent force (Klemp and Rotunno 1983). The weaker ro-

tation aloft is present within the updraft core along the

RFGF andmay be produced with cyclonic vorticity and

anticyclonic vorticity straddling the vertical velocity

maxima above 2 km AGL. This typically occurs in an

environment where the horizontal vorticity is crosswise

[Fig. 7 of Davies-Jones (1984)].

3) IMPACT OF ANALYZED POTENTIAL

TEMPERATURE

Comparisons of the simulated TLV tracks between

Exp-SCR (Exp-UVW) and Exp-T (Exp-UVWT) suggest

that the duration of the second TLV track could be af-

fected by the analyzed potential temperature (u; Fig. 12b

vs Figs. 14b,c vs Fig. 14d). As discussed in section 4d(1),

the replacement of analyzed u can enhance the RF and

FF cold pools in the subsequent forecasts. This corre-

sponds to the strengthened low-level latent cooling rate

relative to Exp-SCR (Fig. 11). These stronger cold pools

could be maintained during the forecast period through

more hydrometeor loading and evaporation.

The longevity of the second TLV track in Exp-T can

be attributed to the following three factors. First, rela-

tive to Exp-SCR, the stronger cold pool in Exp-T can

cause greater cold pool outflow (Markowski et al. 2008),

which favors the enhancement of the low-level conver-

gence surrounding the low-levelmesocyclone during 2222–

2228 UTC, as shown in Fig. 13e. Meanwhile, low-level

stretching is also increased, which is consistent with the

discussions in section 4c. According to earlier studies (e.g.,

Klemp and Rotunno 1983; Wicker and Wilhelmson 1995;

Noda and Niino 2010; Roberts et al. 2016; Rotunno et al.

2017), the increased stretching can be associated with the

FIG. 17. As in Fig. 16, but for Exp-SCR.

FIG. 18. Vertical cross sections of vertical velocity (colors; m s21)

and vertical vorticity (contours from 20.04 to 0.08 s21 at 0.005 s21

intervals; s21) along the black think line in Fig. 16b for the forecast

of Exp-DR valid at 2211 UTC. The green triangle indicates the

location of low-level rotation core.
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enhanced second TLV track in Exp-T and Exp-UVWT.

Second, as discussed in section 4d(1), the broadening

downdraft near the low-levelmesocyclone inExp-T occurs

later than Exp-SCR (Fig. 11). Therefore, the surface ro-

tation center could be taken over by the large-scale

downdraft in Exp-T later than in Exp-SCR, contributing

to the longevity of TLV in Exp-T. A similar trend is also

found in the comparison between Exp-UVW and Exp-

UVWT. Third, the stronger RF cold pool in Exp-UVWT

and Exp-T can provide more baroclinically induced hori-

zontal vorticity (Markowski et al. 2008), which may facil-

itate the TLV development (Klemp and Rotunno 1983).

It is noted that previous studies (e.g., Snook andXue 2008;

Lerach et al. 2008; Dawson et al. 2015) found a simulated

longer-lived tornado is associated with weaker cold pools

rather than stronger ones. The result in this paper is not in-

consistent with these studies, as the stronger cold pool in this

study with an equivalent potential temperature deficit of

;8K (i.e., Figs. 10f,v) is comparablewith theirweaker cold

pool.Our result also suggests tooweakof the cold pool like

that in Exp-SCR may not favor a longer-lived tornado.

These results are consistent with Markowski et al. (2008).

5. Summary and discussion

Plenty of previous studies adopted proxy forecasts of

tornadoes inferred from strong mid- and low-level ro-

tations, mostly in simulations with a 1–3 km grid spacing.

However, it has been demonstrated that the existence

and strength of such rotations are not reliable indicators

for tornado occurrence. An explicit forecast of torna-

does or tornado-like vortices (TLVs) provides a more

accurate representation of the existence of tornadoes in

model simulations. Given the small size of tornado

vortices, it is clear that a subkilometer grid spacing is

essential to resolve the finescale properties of tornadoes

or TLVs. A few prior studies have attempted to predict

the tornadoes or TLVs at a subkilometer grid spacing.

However, these subkilometer TLV predictions are ini-

tialized by downscaling from a coarse-resolution analy-

sis with grid spacings$1 km in most of these studies. To

address the impact of subkilometer versus kilometer

grid spacing on ICs and the subsequent TLV predic-

tions, two experiments are designed. In the first experi-

ment, an efficient dual-resolution (DR) approach is

extended within the GSI-based EnVar framework to

directly produce a 500-m analysis by ingesting a 2-km

ensemble with a 500-m control first guess. The second

experiment adopts a single-coarse-resolution (SCR)

EnVar where the ICs are produced at a 2-km grid

spacing, ingesting a 2-km ensemble. The subsequent

high-resolution TLV predictions are conducted at a

500-m grid spacing for both experiments.

The impact of subkilometer versus kilometer grid

spacing ICs are examined on the 8 May 2003 Oklahoma

City tornadic supercell storm with simulations produced

by the WRF-ARW Model. Radar observations includ-

ing reflectivity and radial velocity are assimilated every

5min starting at 2100 UTC 8May 2003 for a total period

of 1 h. Direct assimilation of reflectivity using reflectivity

as a state variable is employed (Wang and Wang 2017).

A 45-member ensemble at 2-km grid spacing is used in

both GSI-based DR and SCR EnVar systems and their

initial ensemble is downscaled frommesoscale ensemble

analyses. The 2-km control analysis for SCR and the

500-m control analysis for DR are, respectively, pro-

vided to recenter the 2-km EnKF ensemble analyses.

Comparisons of the ICs between the two experiments

show that DR produces a stronger and more widespread

RF cold pool, more intense downdraft and updraft fields

with finer-scale features, and increased reflectivity at

high altitudes relative to SCR. Further diagnostics for

each DA cycle and from a DA algorithm perspective

indicate that these differences are an accumulated impact

of integrating the higher-resolution analyses, updating

the higher-resolution background, and propagating the

ensemble perturbations along the trajectory of a higher-

resolution grid in DR than in SCR. It is found that DR

can better capture the storm evolution than SCR by

maintaining a well-defined hook echo and strong radial

velocity couplet for more than 30min, which is closer to

the reality than SCR. Observations from two METAR

stations suggest that the stronger cold pool and its evo-

lution in DR are more realistic than in SCR. The differ-

ences in ICs lead to remarkably different TLV tracks in

the subsequent forecasts. The TLV tracks inDRfit better

with the observations with two TLV tracks. Specifically,

the DR TLVs are more consistent with the observed

tornado damage tracks in both the timing of the intensity

variation and the duration of the TLV. On the contrary,

in the SCR experiment, only one TLV track persists for

;20min, which is unrealistically longer than the first

observed tornado track. Detailed diagnostics suggest that

these differences in the simulated TLV tracks agree well

with the differences in the low-level convergence and its

vertical placementwith themidlevel updraft betweenDR

and SCR.

The diverse evolutions of the simulated TLVs are

caused by the different features in the ICs between DR

and SCR. The IC differences include three categories:

vertical distributions of the hydrometeor mixing ratios,

the cold pool represented by the potential temperature,

and the downdraft and updraft with finescale features.

To isolate the impact of each difference on the TLV

predictions, four additional sensitivity experiments are

conducted. In these experiments, the TLV predictions
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are initialized from the ICs in which the analyzed vari-

ables in SCR are individually replaced by those in DR.

Qualitative diagnostics of these experiments are per-

formed to assist physical understanding of the differences

in the TLV predictions. These results are summarized as

follows.

1) The analyzed downdraft and updraft fields largely

influence the timing of the variation of the TLV

intensity, including the weakening and reintensifica-

tion for the TLV. Compared to SCR, the stronger RF

downdraft in DR produces a stronger RF outflow.

Therefore, the RF cold pool accompanying the RFGF

expands east-northeastward faster than the FF cold

pool. The near-surface rotation center then travels

east-northeastward faster than the northern updraft

core aloft due to the greater RF outflow. Such tilt

results in TLV weakening. As the low-level meso-

cyclone is increasingly vertically stacked with the

southern midlevel updraft core, the near-surface

vorticity is gradually reintensified. For SCR, the

weaker RF cold pool outflow, consistent with the

weaker RF downdraft, leads to little or no tilt between

the near-surface mesocyclone and the northern up-

draft core aloft. Therefore, the near-surface vorticity

is maintained for an unrealistically long time.

2) The duration of the second TLV track is associated

with potential temperature differences in the ICs.

Compared to SCR, the stronger RF cold pool pro-

duced in the DR analysis persists during the entire

forecast period, most likely through the increased

precipitation loading and evaporation. Intensification

of near-surface vorticity is consistent with the en-

hanced stretching due to the increased convergence

and (or) more horizontal baroclinic vorticity supply

associated with the colder cold pool. In addition, the

analyzed potential temperature from DR favors the

delay of the broadening large-scale downdraft near

the surface mesocyclone. Therefore the TLV in the

experiments with the analyzed potential temperature

from DR is longer lived.

3) The experiment replacing the analyzed hydrometeor

mixing ratios from DR essentially resembles SCR. It

is found that the distribution of hydrometeor mixing

ratios consistent with the kinematic fields is adjusted

back to be similar to SCR in less than 10min.

Therefore, the impact of isolated hydrometeor mix-

ing ratios is negligible.

This study utilizes a 500-m horizontal grid spacing to

predict the TLV to understand the impact of sub-

kilometer versus kilometer grid spacing analyses on the

subkilometer TLV predictions. However, tornado-scale

circulations cannot be fully resolved in our simulations

with a 500-m grid spacing. Explicit simulations of tor-

nadoes require at least 100-m grid spacing, even 50m as

shown by Xue et al. (2014). With this finer resolution, it

is possible to more explicitly reveal the tornado-scale

circulations. Given the consistency between the horizontal

and vertical resolutions (Lindzen and Fox-Rabinovitz

1989), the impact of the vertical resolution on the TLV

predictions also needs to be considered in future work. In

addition, the sensitivity experiments indicate the evolution

of the modeled TLV can be significantly affected by

physical variations of the cold pool, etc., which strongly

relies on the choice of physical parameterization schemes,

especially microphysics and planetary boundary layer

schemes. Future studies are required to investigate

the performances of different schemes on the TLV

predictions.
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