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Tornadoes pose a risk of catastrophic economic loss and casualty in the
United States. Modification of land use by urbanization alters the
meteorological conditions that may impact tornado formation and
intensification processes. Here we explored the simulated impact of Kansas
City urbanization on the tornado potential of a supercell storm. In this studied
case, we found that urbanization might enhance tornado potential by a)
strengthening the low-level streamwise vorticity in the storm inflow region,
thus forming stronger rotating updrafts; and b) intensifying near-surface
horizontal vorticity near the boundary of the forward-flank cold pool which
increases the ingestion, tilting, and stretching of streamwise horizontal vorticity
into vertical vorticity. The former results from the stronger east-to-west pressure
perturbation gradient due to the faster, stronger outflow boundary, and the latter
is mainly a result of stronger cold fronts and a better alignment of storm-relative
inflow with the horizontal vorticity vector. We emphasize that our conclusions
only represent one possibility of how urbanization would affect tornado potential,
and a more systematic examination is needed to achieve a more general
conclusion.
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1 Introduction

Tornadoes are one of the most devastating severe weather hazards in the United States,
capable of producing significant property damage and casualties (Changnon, 2009).
Through decades of scientific exploration of tornadoes and tornado-producing
thunderstorms, researchers have made remarkable progress in understanding the
characteristics of tornadoes, as well as the physical processes related to tornado
formation and intensification (e.g., Lemon and Doswell, 1979; Brooks et al., 1993;
Markowski, 2002; Markowski et al., 2002; Wurman et al., 2012; Flournoy et al., 2020).
However, few studies have examined how changes in urbanization would be expected to
impact supercell and associated tornado activities (Reames and Stensrud, 2018).

Urbanization is an extreme case of land use change (Shepherd, 2005) that modifies
surface heat, moisture, and momentum exchanges, which in turn alter low-level atmospheric
conditions. It is projected that the global urban land coverage will increase by about 6 times,
on average, by end of the 21st century compared with 2010, based on intensive fossil-fueled
development (Gao and O’Neill, 2020). This rapid urbanization has motivated sustained
research on urban meteorology and climate over the past 50 years (Ching et al., 2018). Many
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previous studies have revealed that urbanization has a notable
impact on local weather and climate at all scales (Qian et al.,
2022). For example, the urban heat island (UHI), along with
altered sensible and latent heat flux, soil moisture, etc., could
enhance low-level temperature, turbulence, and convergent
mesoscale circulations, which promotes storm initiation and
subsequent intensification, increased heavy precipitation, large
hail, and stronger convective-scale winds (Bornstein and Lin,
2000; Shepherd, 2005; Hubbart et al., 2014; Haberlie et al., 2015;
Liu and Niyogi, 2019; Fan et al., 2020; Javanroodi and Nik, 2020;
Singh et al., 2020; Lin et al., 2021).

The majority of past studies on urbanization effects investigated
precipitation formed from relatively weak convective storms. A few
recent modeling studies have explored urbanization impacts on
supercell storms interacting with urban areas (Reames and Stensrud,
2018; Lin et al., 2021). Reames and Stensrud (2018) showed that
urban areas have a significant impact on low-level rotation and
mesocyclone (a meso-gamma scale region of rotation, typically
around 3–10 km in diameter) track, but they did not further
explore the impact on tornado activity. A long-term analysis of
tornado reports showed a correlation between tornado occurrences
and land surface heterogeneity—particularly at the boundaries of
urban and forested land cover (Kellner and Niyogi, 2014). Higher
probabilities of tornado occurrence in urban counties than in rural
counties have been reported (Aguirre et al., 1993; Ashley, 2007),
although reporting biases due to population density could play a role
(Anderson et al., 2007). Early studies have examined long-term
climatological near-tornado environments and indicated that low-
level moisture content is indispensable for tornadogenesis (e.g.,
Miller, 1972). Based on this finding, urbanization could be an
adverse factor for tornadogenesis because it generally results in a
drier planetary boundary layer (PBL). Therefore, process-level
studies of the urbanization effect on tornado activities are highly
needed.

Tornadogenesis and intensity are associated with storm-scale
characteristics and processes (e.g., Brooks et al., 1993; Parker, 2014;
Davies-Jones, 2015; Flournoy et al., 2020). There are several key
processes for tornado formation in supercells. First, the flux of low-
level streamwise horizontal vorticity to a convective updraft and the
subsequent vertical tilting and stretching forms the mesocyclone and
intensifies the mid-low-level updraft (Barnes, 1978; Doswell and
Burgess, 1993; Glickman, 2000; Dahl, 2017). Second, to form a
tornadic vortex, the near-surface horizontal vorticity, which can be
embedded in the large-scale environment and possibly enhanced by
low-level baroclinity (Dahl et al., 2014; Markowski and Richardson,
2014; Parker and Dahl, 2015) or surface friction (Schenkman et al.,
2014; Roberts et al., 2016), is vertically tilted, stretched, and advected
upward by the low-level updraft. The development of near-surface
vertical vorticity commonly involves rear-flank downdrafts through
the generation of baroclinic vorticity associated with the outflow
temperature gradient and augmentation of vortex lines near the
ground (Davies-Jones and Brooks, 1993; Markowski, 2002). Thus,
many crucial processes governing tornadogenesis are impacted by
the low-level wind and thermodynamic fields that may be affected by
the underlying surface.

Tornado potential has been examined using various parameters
in model simulations at convection-permitting scales, for example,
storm updraft helicity (UH; the vertical integral of the product of

vertical velocity and vertical vorticity) between 2 and 5 km altitudes
(Clark et al., 2013) and vertical relative vorticity, as well as the
characteristics of the storm environment including wind shear at
low levels (Markowski and Richardson, 2014; Sobash et al., 2016)
and the significant tornado parameter (STP; Thompson et al., 2012).
The STP is a composite index of mixed-layer (ML) lifted
condensation level (LCL; the level at which a parcel becomes
saturated), convective available potential energy (CAPE; the
vertically integrated energy that buoyancy would provide for
rising air mass), convective inhibition (CIN; the amount of
energy that prevents air parcels from rising), effective storm-
relative helicity (ESRH; a measure of the potential for cyclonic
updraft rotation relative to a right-moving supercell within the
effective inflow layer), and effective bulk wind difference (EBWD;
the magnitude of the vector wind difference from the effective inflow
base upward to 50% of the equilibrium level height for the most
unstable parcel in the lowest 300 mb). STP is calculated as below:

STP � MLCAPE
1500 J kg−1

×
ESRH

150m2 s−2
×

EBWD
20ms−1

×
2000 −MLLCL

1000m

×
200 +MLCIN
150 J kg−1

(1)
By interpreting these variables, the Storm Prediction Center

(SPC) issues tornado warnings when the occurrences of tornadoes
become imminent (Shafer et al., 2010; Tippett et al., 2012; Clark
et al., 2018).

Here we explore a possible urbanization effect on the tornado
potential of a supercell storm using simulations of an event
occurring in Kansas City that was observed during the Plains
Elevated Convection at Night (PECAN; Geerts et al., 2017) field
campaign on the evening of 1–2 July 2015. This paper continues
the work of Lin et al. (2021) (hereafter, “LIN21”), who
investigated urbanization effects on storm formation,
evolution, and hail occurrences for the same case using
numerical simulations. Here, we find that in the studied case
the urban area associated with Kansas City might enhance
simulated tornado potential through the local enhancement of
environmental parameters favorable for supercell tornadoes in
the near-storm inflow.

2 Methods

2.1 Case description

A supercell storm occurred over Kansas City on 1–2 July 2015
(Figure 1C). A series of weak tornadoes with the enhanced Fujita
(EF) scale rating of 0 or 1 were reported (Figure 1A). Two of them
were reported between 23:33 and 01:07 UTC in Lee’s Summit and
west-southwest of the Pleasant Hill Weather Forecast Office,
respectively. These tornadoes caused some building damage. The
storm developed along a pre-existing east-west-oriented quasi-
stationary front located approximately 100 km north of a warm
front (Figure 1B), which was produced by the preceding storm on
the previous day. Southerly and southwesterly flow at the low levels
advected warm, moist air northward into the region, resulting in an
unstable environment with surface-based CAPE (SBCAPE) of more
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than 3800 J kg−1 (LIN21). After the storm initiated in the area
northwest of the Kansas City metro area, it traveled
southeastward toward the city, intensified, and eventually
developed tornadoes. The first confirmed tornado report was
EF0 in Raytown (39.01°N, 94.47°W) at 23:33 UTC, followed by
the EF1 in Lee’s Summit (38.91°N, 94.38°W) at about 23:51 UTC
(Figure 1D).

Before the outbreak of the first tornado, National Weather
Service (NWS) issued a tornado watch as shown in Figure 1B
(pink area), where the greatest tornado threat has been
highlighted over eastern Missouri and eastern Kansas. The
supercell, developed along the quasi-stationary front persist from
southeast of Kansas eastward through north-central Missouri, grew
upscale, and propagated southwestward between the quasi-
stationary front and the pre-existing boundary (Figures 1B,C).

During the outbreak of the most intense tornado, the tornado-
producing supercell demonstrates the typical hook echo structure as
seen in many observational archives of tornadic supercells
(Markowski, 2002; Markowski et al., 2002; Wurman and Kosiba,
2013). However, the location of the hook echo is around 44 km to

the southeast of the first reported tornado touch-down over Kansas
City, indicating the tornado case in this study is not much related to
the hook echo. As revealed by previous studies (Maddox, 1980;
Markowski et al., 1998; Rasmussen et al., 2000;Wurman et al., 2007),
a considerable number of tornadoes occurred near low-level
boundaries (e.g., synoptic-scale fronts, or outflow boundaries
produced by antecedent systems), which are not associated with
a forward flank downdraft (FFD) or rear flank downdraft (RFD).
The increased tornado potential has been commonly recorded when
supercells move along or across those boundaries due to the
enhanced low-level wind shear (Schultz et al., 2014), and many
significant tornadoes (i.e., EF5) with the devastating outbreak have
been formed in such condition (Markowski et al., 1998; Knupp et al.,
2014). The studied tornadic supercell case follows this concept.

2.2 Model simulations

This work leverages simulations described by LIN21. We refer
the reader to that study for model details. To briefly summarize the

FIGURE 1
(A) The mesoscale environment on 1 July 2015, adapted from the mesoscale discussion #1274 issued by NOAA Storm Prediction Center (https://
www.spc.noaa.gov/products/md/2015/md1274.html). LLJ denotes low-level jet. (B) The reports of large hail, tornado, and strong winds from the NOAA
Storm Prediction Center (SPC). Photos of (C) the tornado-producing supercell (photo by Jared Leighton, http://slightrisk.net/chase_2015/july_1), (D) the
tornado in Lee’s Summit (photo by Christopher Gitro).
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experiment design, the simulations were run at 1-km grid spacing
using the Chemistry version of the Weather Research and
Forecasting (WRF) model coupled with the spectral-bin
microphysics (SBM) scheme (Gao et al., 2016). Urban physics is
represented by the multi-layer urban canopy model Building
Environment Parameterization coupled with Building Energy
Model (BEP+BEM; Martilli et al., 2002; Salamanca and Martilli,
2010). Two simulations are used in this study to examine the urban
land effect on tornado potential. One is a baseline simulation with
realistic land surface conditions and anthropogenic emissions. In the
second simulation, the urban land surface is replaced by the
surrounding cropland. These simulations are referred to as
“ULandAero” and “No_ULand”, respectively, in LIN21. For
simplicity, we have renamed them the “City” and “No-City”
simulations, respectively. The baseline simulation (“City”) was
verified with observations of precipitation, radar reflectivity, and
hail as detailed in LIN21.

The evolutions of the observed and simulated storms are
compared in Supplementary Figures S2 and S6 of LIN21. Note,
LIN21 showed that anthropogenic aerosols did not significantly
affect the storm initiation and subsequent development; thus, their
effect on the tornado potential is not considered here. Although we
do not expect tornadoes to be directly resolved in simulations with a
1-km grid spacing, we do expect that crucial variables and processes
impacting the structure and behavior of the parent supercell that
may affect tornado potential are adequately represented. Tornado
watches are often issued based on the analysis of model simulations
conducted with kilometer-scale grid spacings (e.g., Gallo et al., 2016;
2018).

2.3 Diagnostic variables for tornado
potential

As discussed earlier, STP and UH are commonly used for
indicating the tornado potential of a storm and its ambient
environment. Tornadic environments are typically associated
with STP values greater than 1 in the model-derived proximity
soundings of Thompson et al. (2007). Gallo et al. (2016); Gallo et al.
(2018) forecasted tornadoes from convection-permitting
simulations using a combination of environmental parameters
such as 2–5-km UH ≥ 75 m2 s−2, STP >1, the ratio of SBCAPE to
most unstable CAPE (MUCAPE) greater than 0.75, and SBLCL
heights below 1.5 km. We employ these variables to quantify the
tornado potential in the simulations.

Following the key processes for tornadogenesis associated with
supercells discussed in the introduction, we examined streamwise
horizontal vorticity and the flux into convective updrafts in two
layers: between z = 0.1–1.0 km (“low-levels”), and z = 0.1–0.2 km
(the “near-surface” layer). In literature (Flournoy et al., 2020), ‘low-
level’ typically refers to 0–1 km above the ground level (AGL), and
‘near-surface’ roughly corresponds to tens of meters above AGL.
Here 0.1 km AGL is taken as the bottom level of both layers since
there is only one model level below 0.1 km.We calculated the storm-
relative streamwise horizontal vorticity (SRSHV) in the near-storm
environment, which is the dot product between the horizontal
vorticity (i.e., the curl of vertical wind shear) and horizontal
velocity vectors:

SRSHV � − �k×
z �V
zz

( ) · ( �V − �c) ≈ − �k× Vtop
���→− Vbot

���→( )[ ]/ Ztop − Zbot( ) · Vmid(�����→− �c)
(2)

where V represents the ground-relative wind vector, Z is the height
AGL, c is the storm motion vector, and k is the unit vector in the
vertical. Subscripts top, mid, and bot represent the upper, middle,
and lower height bounds of a prescribed vertical layer over which
SRSHV is being evaluated (e.g., 1 km, 0.5 km, and 0.1 km AGL,
respectively).

SRSHV describes the critical processes for tornadogenesis,
which involves the low-level streamwise horizontal vorticity
feeding into the convective updraft. It is different from STP - a
composite index for tornado potential.

3 Results

3.1 Enhanced tornado potential

The simulated convective storm initiates northwest of Kansas
City near the quasi-stationary front at around 21:20 UTC (all
times are UTC hereafter). A much larger storm (regarding both
spatial coverage and maximum reflectivity, Figure 2A2, D2 vs
Figure 2A3, D3) forms in the City run compared to the No-City
run (also see Figure 5 of LIN21). As described in LIN21, in the
City simulation, the convective cell develops and moves
southeastward, and at ~ 21:40 UTC, it meets with the strong
convergence-divergence couplets characteristic of updrafts and
their corresponding downdrafts (i.e., secondary circulation)
forming at the northern boundary of the city due to stronger
moisture and temperature gradients (Figure 8 of LIN21). The
convergence-divergence couplets result from the higher low-level
temperature and larger urban–rural moisture and temperature
gradients at the urban-rural boundaries. These gradients can
induce a secondary circulation (Chen and Avissar, 1994; Kang,
2009), as air flows from the cooler to the warmer parts, creating a
low-level convergence zone near the interface, and they result
from the northward advection of warm and dry air from the city
by the southerly-southeasterly low-level winds. The meeting of
the convective cell with the convergence-divergence couplets
enhances the convection and precipitation, in contrast with
the No-City simulation, which lacks the UHI and associated
mesoscale convergence pattern (Figure 8 of LIN21). Flow
convergence at the northern boundary of Kansas City may
also favor updraft development on the flank of the storm
nearest to the city, influencing the northerly component of
storm motion. Through the examination of the storm
evolution depicted by radar reflectivity as shown in Figure 2,
the storm traverses the northern and eastern extents of the city
for about 2 hours after 21:40 UTC, whereas the storm in the No-
City simulation has a more eastward component of motion and a
path deviating from the location of Kansas City (also see Figure 6
of LIN21). Note that in all figures the city boundary is marked
using gray solid lines for the City simulation and gray dash lines
for the No-City simulation.

The low-level UH (calculated from 0.1 to 3 km AGL) and STP
begin to show some minor differences between the simulations by
21:40, with higher values in the City case that become discernible by

Frontiers in Earth Science frontiersin.org04

Fan et al. 10.3389/feart.2023.1148506

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1148506


FIGURE 2
Evolution of radar reflectivity for (A1–A3) observation, (B1–B3) City simulation, and (C1–C3) No-City simulation. The time steps are not exactly
matched between observation and simulations because the simulated storm initiated about 50 min earlier and grew slower relative to the observed one.
The white triangle in (D1–D3) indicates the location of the first tornado report at 23:33 UTC.
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FIGURE 3
Comparisons in (A1,A2) composite radar reflectivity, (B1,B2) significant tornado parameter (STP), (C1,C2) 100m-3 km updraft helicity, and (D1,D2)
effective storm-relative helicity (ESRH) between the City (left column) and No City (right column) simulations at 23:30 UTC. The white triangle in (A1,A2)
indicates the location of the first tornado report at 23:33 UTC. The white boxes in (B1,B2) denote regions 1 and 2.
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23:00 (Supplementary Figure S1). At 23:30, close to the time of the
first observed tornado, the spatial coverage of the embedded strong
radar echoes (>40 dBZ) within the storm in the City simulation is
much larger and has expanded more to the southwest than in the
No-City case (Figure 3A1, A2). STP is ~2.0 in the storm inflow
region to the south-southeast of the updraft core, approximately
1.0 larger than in the No-City simulation (Figure 3B1, B2). Further,
UH in the convective core (>45 dBZ) is greater in the City
simulation (>250 m-2 s-2) than in the No-City simulation
(~150 m-2 s-2; Figure 3C1, C2). The greater STP and UH values
in the City case suggest that tornado potential is enhanced by the
parent storm’s response to the Kansas City urbanization. Although
SBLCL heights in the urban area in the City case are about 300 m
larger than those in the No-City case (Supplementary Figures S2,S3),
they are all below 1.5 km and SBCAPE/MUCAPE ~1.0 for both
cases, meeting the criteria for elevated tornado potential used by
Gallo et al. (2016); Gallo et al. (2018) (see section 2.3).

There are two regions with larger STP in the low-level inflow to
the storm that correspond to two critical processes for
tornadogenesis (regions 1 and 2, denoted with white boxes in
Figure 3B1). Region 1 includes the ambient inflow area, where
barotropic low-level streamwise horizontal vorticity associated
with vertical shear of the horizontal wind is advected into the
convective updraft. The first observed Raytown tornado (EF0)
occurred north of this region (the white triangle in Figure 3A1).
In the City case, STP in region 1 increases northward and peaks near
the city (>2.0; Figure 3B1). However, the STP values in the
corresponding region in No-City are smaller (<1.6; Figure 3B2),
with the highest values shifted toward the east.

STP is composed of measures of ESRH, LCL, CAPE, and CIN.
Their temporal evolutions are shown in Supplementary Figures
S2,S3. At 23:30, just before the development of the first tornado,
the larger STP within region 1 in the City simulation is primarily
attributed to larger values of ESRH because SBLCLs in this region
are higher, and both SBCAPE and SBCIN are slightly smaller than in
the No-city simulation (acting to reduce STP). Therefore, a slightly
less favorable thermodynamic environment for tornadogenesis
exists in the City case (Supplementary Figures S2E1–E3 vs.
Supplementary Figures S3E1–E3). Similar thermodynamic
differences also existed before the storm was initiated (21:00;
Supplementary Figures S2A1–A3 vs. Supplementary Figure
S3A1–A3), suggesting that they are a result of warmer and drier
conditions produced by urbanization (Supplementary Figure S4).
Larger ESRH in the inflow region of the City storm appears to be a
result of the storm response to the urbanization as it is forming and
intensifying as the obvious differences between the City and No-City
simulations are shown from 23:00 (Supplementary Figure S2D4 vs.
Supplementary Figure S3D4), which will be further scrutinized in
the section below. The eastward shift of STP in the No-City case
compared to the City case is consistent with the southeastward shift
in ESRH.

Region 2 in Figure 3B1 corresponds to the cold pool front where
the precipitation interacts with the ambient low-level air, where
significant near-surface horizontal vorticity can form as a result of
the horizontal temperature gradient associated with the cold pool.
The STP in this region is higher (>2.0) and has a larger spatial
coverage in the City simulation than in the No-City simulation;
again, due to greater ESRH (Supplementary Figures S2, S3). As in

region 1, SBLCL in region 2 of the City case is greater, and SBCAPE
and SBCIN are smaller compared to the No-City case. However,
these differences are much smaller compared with region 1 because
this region is embedded in the convective core of the storm, where
the strong vertical motions dominate the signature of vertical wind
shear.

3.2 Mechanisms for enhanced tornado
potential

The formation of the low-level rotation by the tilting and
stretching of low-level streamwise horizontal vorticity within the
updraft is typically considered a prerequisite for tornadogenesis. The
SRSHV at 23:30 is shown in Figure 4A1, A2. The contrast in SRSHV
between the two simulations matches well with their contrast in STP,
with much higher values in the City simulation in region 1 (by ~60 ×
10−3 m s-2, or ~40%) and region 2 (Figure 4A3). By matching SRSHV
in Figure 4A1 with the maximum low-level updraft in the City case
(Figure 4B1), we can see that the SRSHV flow is feeding into updrafts
at the location of the first reported tornado as clearly shown in
Figure 4C1, facilitating the formation and intensification of the low-
level rotating updraft. However, in the No-City case, SRSHV is much
weaker and does not flow into the updrafts (Figure 4B2,C2);
therefore, the supply of low-level horizontal vorticity into the
convective updraft is weaker and perhaps less favorable for
tornadogenesis processes than in the City case.

To understand the physical processes resulting in larger SRSHV
in the ambient inflow region south-southeast of the updraft of the
City case, we divide this region into three portions, the ‘center’ area
with the largest difference in SRSHV, and its adjacent areas on the
west and east (areas C, W, and E, respectively, in Figure 4A3).
SRSHV has two components, the horizontal storm-relative wind
vector in the middle of the layer (500 m, Figure 5B1–B3) and the
horizontal vorticity vector calculated between the top
(Figure 5C1–C3) and bottom (Figure 5A1–A3) of the 0.1–1 km
layer. The 500-m storm-relative winds in area C are stronger and
oriented more southeasterly in the City simulation than in the No-
City simulation (Figure 5B1–B3 and purple vectors in Figure 4C1,
C2). Though horizontal vorticity vectors in area C are oriented
similarly across both cases, the magnitude is greater in the City case
(about 35% mean increase over area C at 23:30). This is more clearly
shown in the time series (Figure 6A) and is also reflected in the
vertical wind shear between 0.1–1 km (Figure 6B). Thus, greater
SRSHV in the City case is a result of slightly enhanced storm-relative
inflow that is much better aligned with the orientation of stronger
horizontal vorticity.

Now the question is how the vertical wind shear (and associated
horizontal vorticity) and storm-relative inflow are greater in the City
case than in the No-City case.We examine the pressure perturbation
fields and wind fields at the bottom (100 m AGL), middle (500 m),
and top (1 km) layers (Figure 5). At 100 mAGL, area C is dominated
by southeasterly winds in both simulations (Figure 5A1–A3). The
mean wind in this area veers southerly at the middle layer (500 m)
(Figures 5B1–B3), and finally southwesterly at the top layer
(Figure 5C1–C3). Over area C, the City case contains stronger
easterly winds at 100 m (Figure 5A3) and weaker westerly winds
at 1000 m than the No-City case (Figure 5C3). The magnitude of the
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zonal wind difference between City and No-City is larger at the
bottom layer than that at the top of the layer (Figure 5A3 vs
Figure 5C3). This leads to the larger bulk wind shear (Figure 6B)
and subsequently higher horizontal vorticity (black barbs,
Figure 4C1,C2).

Stronger easterly winds at the bottom of the layer and weaker
westerly winds at the top layer in area C in the City case are
associated with the stronger westward-oriented perturbation
pressure gradient (PPG) acting across area W and E than in the
No-City case (Figure 5A3). Although a similar qualitative pattern of
pressure perturbation differences is also found in the middle layer
(Figure 5B3) and the top layer (Figure 5C3), the PPG is stronger at
the bottom layer compared with the elevated layers (Figure 6D),
explaining the larger increase in the magnitude of winds. Time

evolution plots show that the stronger easterly wind at the bottom
layer (Figure 6C; easterly is negative and westerly is positive), greater
wind shear (Figure 6B), and larger SRSHV (Figure 6A) become
prominent after 23:10. The largest differences in wind shear and
SRSHV between the two simulations occur between 23:30–00:
00 when a series of tornados were reported.

How is the pressure perturbation higher in area E and lower in
area W in the City simulation compared to the No-City simulation
(differences of 14.4 pa and −14.7 pa, respectively)? An outflow
boundary (represented by the 30.5°C isotherm in Figure 7)
propagates southwestward as the supercell evolves in both
simulations. It is noteworthy that the cold pool in the City
simulation has higher intensity and larger coverage than the No-
City simulation throughout the lifecycle of the storm from 22:00

FIGURE 4
Storm-relative streamwise horizontal vorticity (SRSHV) within 100m-1 km for (A1) City, (A2) No-City, and (A3) the difference between City and No-
City at 23:30 UTC. (B1–B3) same as (A1–A3) except for the maximum vertical velocity below 1 km above ground level (AGL). The composite diagnostic
maps are shown for (C1)City and (C2)No-City simulations, where the 500 m storm relative wind (purple barbs) and 100m-1 km horizontal vorticity (black
barbs) are overlaid on the SRSHV (contour). Note that barbs within the inflow region of area C are highlighted.
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(Supplementary Figure S5). As the outflow boundary (bold black
line in Figure 5A1, A2) travels southward, a positive pressure
perturbation develops ahead of it in the ambient inflow in area
E. Although the causes of this positive perturbation pressure are
unknown and beyond the scope of this paper, its presence is
consistent with past schematic models and idealized simulations
containing dynamically-induced high pressure leading to an outflow
gust front (e.g., Wakimoto, 1982; Markowski and Richardson, 2010).
This pressure perturbation is stronger in the City simulation than in
the No-City simulation because of its colder outflow and faster
motion toward the south (Figure 7A vs Figure 7B). At 23:30 UTC in
the City case, the outflow boundary has already passed area E and is
moving through area W, but in No-City it has not yet arrived at area
E; hence the pressure perturbation is increased in area E in the City
simulation as shown in Figure 5A3,C3. Lower pressure in area W in
the City simulation may be associated with enhanced inflow drawn
by a stronger core storm updraft. The increased pressure
perturbation in area E and decrease in area W leads to the larger

zonal PPG, resulting in the enhanced easterly wind at the bottom
layer (100 m) and subsequently the strong vertical wind shear and
streamwise vorticity within 100 m—1 km in area C. Meanwhile, the
storm-relative inflow at the middle layer (purple barbs, Figure 4C1,
C2) is also better aligned with the vorticity vector (i.e., much smaller
angles between the purple and black bards compared with the No-
City case), which also contributes to the enhanced SRSHV in City
simulation. Note the storm-relative inflow speed is not changed
significantly from the City to No-City case (purple bards between
Figure 4C1, C2). The better alignment probably results from the
stronger PPG at 500 m as well (Figure 5B1–B3). This result may be
consistent with past studies showing increases in low-level shear and
storm-relative helicity in proximity to supercell thunderstorms, in
part due to low-level inflow acceleration by the storm updraft (e.g.,
Nowotarski and Markowski, 2016; Wade et al., 2018). In addition to
PPG, the altered wind pattern and the subsequent production of
horizontal vorticity in City simulation could also be influenced by
the friction from the planetary boundary layer procession due to the

FIGURE 5
Pressure perturbation (contour; calculated by subtracting the mean pressure of the in-flow area (95.25°- 93.85°W, 38.5°- 39.75°N) and wind field
(barbs) at 100 m AGL for (A1) City, (A2) No-City, and (A3) the difference between City and No-City at 23:30 UTC. (B1–B3) and (C1–C3) are the same as
(A1–A3), except for 500m and 1 km AGL. The black lines on (A1,A2) indicate the 33°C (dashed) and 30.5°C (solid) isotherms. The difference in winds is
plotted for the storm-relative winds. The boxes on (A3,C3) are the same as those in Figure 4A3.
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FIGURE 6
Comparison between City and No-City in the temporal evolutions of (A) SRSHV, (B) vertical wind shear within the 100m-1 km layer in area C, (C) the
zonal wind speed at 100m and 1 km in area C (easterly is negative and westerly is positive), and (D) the difference in pressure perturbation between area E
and area W at 100 m and 1 km. The lines represent the domain average values, while the box plots show the 5th percentile value (lower whisker), 25th
percentile value (bottom of the box), median value (center of the box), 75th percentile value (top of the box), and 95th percentile value (upper
whisker) of all the grid elements within the selected area.

FIGURE 7
Temperature (contoured line) and wind vectors (arrow) 23:30 UTC at 100 m AGL for (A) City and (B) No-City simulations.
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surface roughness change. However, since the BEP + BEM urban
canopy model used in this study considers the building energy
effects, changing surface roughness is not a straightforward task and
it will also impact energy. Therefore, we are not able to separately
look at the contribution from the changes in surface roughness in
this study.

In summary, the enhanced low-level SRSHV over the storm
inflow region in the City case is a result of the combined effects of 1)
greater horizontal vorticity induced by the enhanced pressure
perturbation gradient, and 2) a storm-relative wind vector that is
better aligned with the vorticity vector. Both factors are closely
related to the faster southwestward propagation of a stronger

FIGURE 8
The 100 m absolute vorticity (contour) and streamline for (A1) City simulation, (A2) No-City simulation, and (A3) their difference (City—No-City) at
23:30 UTC. (B1–B3) are same as (A1–A3), except for 3 km absolute vorticity. (C1–C3) 100m–200 m storm-relative streamwise horizontal vorticity
(SRSHV). The purple and green circles on (A1,A2), (B1,B2), and (C1,C2) indicate the locations of near-surface mesocyclone for City and No-City
simulations, respectively. The white boxes on (C1,C2) highlights the zoom-in domain used in (A3,C3) and (D1,D2). The composite diagnostic maps
are shown for (D1) City and (D2) No-City simulations, where the 150 m storm-relative wind (purple barbs) and 100 m–200 m horizontal vorticity (black
barbs) are overlaid on the SRSHV (contour). Note that barbs within the inflow region along the thermal boundary are highlighted in D1.
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outflow boundary in City simulation which causes a stronger PPG
gradient. The stronger outflow boundary in the City case is a result
of stronger storm caused by the urban land effect, which produces
stronger turbulence and secondary circulation due to the downwind
advection of urban heat and large temperature and moisture
gradients at the urban-rural boundaries (LIN21). The faster
southwestward propagation of the storm in the City case is
because the secondary circulation at the northern urban-rural
boundaries diverts the pre-existing storm toward the city (more
details are presented in LIN21).

3.3 Near-surface rotation and its
intensification

The advection, tilting, and stretching of near-surface
horizontal vorticity by the low-level updraft is critical for
tornadogenesis. As discussed earlier, there is an area of
enhanced STP and UH values located east of the urban area in
the City case compared to the No-City case (region 2; Figure 3B1,
B2 and Figure 3C1, C2). This region of higher STP is collocated
with the southeast edge of the low-level mesocyclone (Figure 8A1).
By zooming into the eastern part of the urban area, we can see that
a mesocyclone forms in the City case (purple circle in Figure 8A1,
the enclosed vertical vorticity exceeds 400 × 10−5 s-1). A similar
mesocyclone is also found in the No-City simulation but its
location is shifted to the east (green circle in Figure 8A2),
corresponding to the eastward shift of the storm path compared
with the City case, as detailed in LIN21. When comparing with the

middle-level mesocyclone (Figure 8B), we can see the near-surface
maximum vorticity well aligns with its counterpart at mid-level in
the City case (the purple cycle in Figure 8B1 vs Figure 8A1).
However, for the No-City case, the mid-level vorticity center is
shifted eastward away from the near-surface mesocyclone (the
green cycle in Figure 8B2 vs Figure 8A2). This is consistent with
several studies that indicate that the potential for tornadogenesis is
reduced with an increasing vertical tilt of the mesocyclone and
updraft (e.g., Dowell and Bluestein, 2002; Marquis et al., 2012).

The near-surface SRSHV (100–200 m AGL) in region
2 upstream of the main updraft and mesocyclone is stronger in
the City case than in the No-City case (Figure 8C1–C3). Again, we
decompose SRSHV into the horizontal vorticity component (vertical
wind shear; Figure 9A1–A3) and the storm-relative horizontal wind
component (horizontal wind, Figure 9B1–B3). Given the fact that
the band of enhanced SRSHV is approximately aligned with the
easterly wind, only the meridional component of the wind shear is
examined in Figure 9A1–A3, and similarly, their difference in
storm-relative zonal wind component is examined in
Figure 9B1–B3. The difference in storm-relative easterly winds
between the City and No-City simulations is more substantial
than the difference in the wind shear (Figure 9B3 vs Figure 9A3).
Therefore, different from region 1, where the larger SRSHV is driven
by differences in the magnitude and orientation of both the
horizontal wind and vorticity vectors, in region 2, the enhanced
near-surface SRSHV in the City case is mainly caused by the increase
in the easterly storm-relative inflow wind speed as well as a more
widespread alignment of orientation with the horizontal vorticity
vector (Figure 8D1 vs D2).

FIGURE 9
Vertical velocity at 150 m (contour lines) overlaid on the meridional component of 100m–200 m vertical wind shear (barbs) for (A1) City, (A2) No-
City, and (A3) the difference between City and No-City at 23:30 UTC. (B1–B2) 150 m temperature (contour) and wind (barbs) fields. (B3) Shows the
difference in the storm-relative zonal wind. The temperature gradients in the two simulations are calculated along the white lines in (B1) and (B2)
respectively.
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Through the joint examination of the concurrent temperature field
(Figure 8C; Figure 9B), the increased southeasterly winds are oriented
along the boundary of the temperature contrast in the City simulation
whose temperature gradient (as indicated by the white line) reaches
0.7°C/km. The temperature contrast in the No-City simulation is only
~0.1°C/km. It is expected that the stronger temperature gradient in the
City case results in the increased baroclinic generation of horizontal
vorticity in this region compared to the No-City case. However,
increased inflow winds in the City case may temper the portion of
SRSHV generated by baroclinic processes because of reduced parcel
residence time within the temperature gradient zone. Regardless, the
stronger horizontal pressure perturbation gradients ahead of the cold
pool in the City case (Figure 5A3) increase SRSHV due to accelerated
southeasterly winds. The stronger thermal gradient (i.e., stronger cold
pool) in the City case should be due to the stronger precipitation and
convective downdrafts.

4 Discussion

We investigate a possible role played by urbanization in enhancing
tornado potential by using a pair of high-resolution simulations of a
tornadic supercell, one including urbanized land use representing
Kansas City and another that replaces Kansas City with cropland
similar to its surroundings. We find that urbanization might
enhance tornado potential by influencing two key mesoscale and
storm-scale processes (summarized in Figure 10). In these
simulations, urbanization yielded a larger supercell storm with
stronger updrafts and precipitation than in the case without the
urban region. This stronger and larger storm occurred because of
the secondary circulation at the downwind urban-rural boundaries at its

initial and developing stages, as discussed in LIN21. The stronger storm
leads to colder outflow that moves faster toward the south. A larger
west-to-east pressure perturbation gradient is generated ahead of the
cold pool in the ambient inflow of the City case, resulting in stronger
easterly winds. As a result, greater low-level (below 1 km) streamwise
vorticity is produced ahead of the storm, enhancing the low-level
rotating updraft. Without the city, the storm is weaker and its
motion is shifted eastward from the path taken in the City case;
thus, the outflow from the storm in the No-City case is weaker and
moves southward at a slower speed. These differences lead to a weaker
horizontal pressure gradient ahead of the cold pool; thus, smaller wind
shear and SRSHV changes in the inflow. Further, differences in overall
storm motion result in a different storm-relative helicity in the ambient
inflow of the City storm.

Also, the low-level rotation (i.e., SRSHV) was enhanced near the
boundary of the forward-flank cold pool region, because the outflow in
the City case is colder than in the No-City case (i.e., colder cold pool). It
was unclear if this enhancement was due in part to increase baroclinic
generation of horizontal vorticity. Regardless, in this area the easterly
storm-relative inflow wind speed was increased and horizontal vorticity
vectors were better aligned with the easterly storm-relative inflow than
in the No-City case, increasing the SRSHV that is ingested into, tilted,
and stretched by the primary updraft to generate substantial vertical
vorticity. Without the city landscape, cold pools are much weaker,
resulting in weaker low-level temperature gradients, weaker
southeasterly inflow winds, and smaller SRSHV which is not well
aligned with the storm-relative inflow.

In summary, in the studied case, the enhancement in tornado
potential for the storm with the Kansas City urbanization considered is
aided by both the enhanced SRSHV in the low-level inflow region and
the storm’s forward flank cold pool region near the surface. Both of

FIGURE 10
Urbanization enhances the tornado potential through two pathways: (1) enhanced low-level SRSHV feeding updrafts due to stronger east-west
pressure perturbation gradient as a result of faster, stronger storm outflow, and (2) intensified near-surface SRSHVwhich ismore aligned with the easterly
storm-relative inflow because of stronger cold pool front which increases southeasterly winds. Both pathways are associated with a stronger storm at the
initial and developing stages resulting from the Kansas City urbanization.
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these enhancements result from the enhanced storm and altered storm
path by the Kansas City urbanization because of the downwind
advection of urban heat and large temperature and moisture
gradients at the urban-rural boundaries. The mechanisms leading to
the enhanced tornado potential by urban land use in this study involve
mesoscale and storm-scale processes that are general intrinsic properties
of supercell storms. Therefore, we believe this study should be
instructive in exploring urbanization impact on tornadoes in other
supercell storms. However, we emphasize that these conclusions may
differ by urban structure, different initial or boundary meteorological
conditions, or the time and location that a storm encounters the urban
zone. Due to the large computational cost associated with our
simulations with detailed physics, we were not able to do ensemble
simulations. Thus, the result presented in this study only represents one
possibility of how urbanization would affect tornado potential, and a
more systematic examination is needed to achieve a more general
conclusion.
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