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Abstract: Idealized simulations with a cloud-resolving model are conducted to examine the impact 1

of a simplified city on the structure of a supercell thunderstorm. The simplified city is created by 2

enhancing the surface roughness length and/or surface temperature relative to the surroundings. 3

When the simplified city is both warmer and has larger surface roughness relative to its surroundings, 4

the supercell that passes over it has larger updraft helicity (at both midlevels and the surface) and 5

enhanced precipitation and hail downwind of the city, all relative to the control simulation. The 6

storm environment within the city has larger convective available potential energy which helps 7

stimulate stronger low-level updrafts. Storm relative helicity (SRH) is actually reduced over the city, 8

but enhanced in a narrow band on the northern edge of the city. This band of larger SRH is ingested 9

by the primary updraft just prior to passing over the city, corresponding with enhancement to the 10

near-surface mesocyclone. Additional simulations in which the simplified city is altered by removing 11

either the heat island or surface roughness length gradient reveal that the presence of a heat island is 12

most closely associated with enhancements to updraft helicity and low-level updrafts relative to the 13

control simulation. 14

Keywords: supercell, convection; idealized; urban 15

1. Introduction 16

Supercells are some of the most intense thunderstorms on Earth. These rotating 17

thunderstorms are not only responsible for the vast majority of strong tornadoes, but 18

nearly all large hail events as well [1]. They can also produce damaging straight-line winds 19

and flash flooding. Because of the societal hazards associated with these storms, timely 20

and accurate prediction is key. While the overall environmental conditions responsible 21

for supercell formation are well-known [2–5], many studies have found that gradients 22

(or boundaries) in the mesoscale environment can have a substantial impact on supercell 23

structure and evolution [6–13]. 24

In addition to gradients in atmospheric properties, supercells have also been found 25

to be influenced by variability in land surface characteristics, particularly terrain [14–17]. 26

Some studies have also noted that tornado development in supercells may be impacted by 27

elevation changes [18–22] while others have explored the link between tornado formation 28

and variations in surface roughness [22–24]. Numerical simulations have also shown that 29

the development of near-ground rotation is sensitive to surface friction magnitude [25–27]. 30

Another well-known factor that has been shown to impact thunderstorms is the 31

presence of an urban area [28–30]. Urban areas can contain gradients in both atmospheric 32

properties (due to the urban heat island) and surface roughness characteristics (due to 33

horizontal variations in land use). While many studies have shown that large cities can 34

influence thunderstorm structure [31], only a few have investigated organized forms of 35

convection [32,33]. Recently, Naylor and Mulholland 33 (herein NM23) conducted idealized 36

simulations of squall lines interacting with a simplified urban area. Under moderate to 37

strong low-level wind shear in the storm environment, midlevel updrafts were enhanced 38

after passing over the idealized city with the magnitude of the enhancement being strongly 39
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dependent on the strength of the urban heat island. Trajectory analysis revealed that 40

updraft parcels originating from the urban area had increased buoyancy resulting in 41

stronger vertical motion. In contrast, weak wind shear produced updrafts with a rearward 42

tilt. In these simulations, parcels with enhanced buoyancy were confined to the low-level 43

updraft, which resulted in an amplified front-to-rear pressure gradient that accelerated 44

the rear inflow jet. Furthermore, very few studies have specifically examined interactions 45

between supercells and urban areas [34,35]. Reames and Stensrud 34 conducted real-data 46

simulations with the Weather Research and Forecasting (WRF) model and found that the 47

presence of an urban area modified the midlevel and low-level rotational properties of a 48

supercell. However, they did not note any impacts to updraft strength. Lin et al. 35 also 49

used a version of the WRF model to simulate a supercell near Kansas City, MO. While Lin 50

et al. 35 did note that the presence of an urban area resulted in a stronger updraft, they 51

did not examine the rotational properties of the supercell. In addition, neither of the 52

aforementioned studies examined the relative influence of temperature and roughness 53

anomalies over the urban areas. The purpose of this study is to further examine interactions 54

between supercells and urban areas in a controlled, idealized framework to understand 55

how spatial gradients in temperature and surface roughness length can impact storm 56

structure with an emphasis on the development on low-level rotation. 57

2. Methodology 58

Cloud Model 1 (CM1) version 18 [36] is used for all simulations. The model is con- 59

figured with constant horizontal grid spacing of 250 m and a stretched vertical grid. The 60

horizontal domain is 240 km in both the east-west and north-south directions. The vertical 61

grid spacing is 50 m below z=2.4 km and stretches to 500 m by z=9 km. A total of 98 62

vertical levels are used and the model top is 22 km. While the horizontal grid spacing is 63

not sufficient to fully resolve simulated tornadoes, it is sufficient to resolve the storm-scale 64

processes that promote the development of near-surface rotation [37–39]. Microphysical 65

processes are represented by the double-moment scheme from Morrison et al. 40,41, with 66

hail set as the prognostic ice species. Simulations are run for 3.5 hours and model history 67

files are output every 5 min for the first 90 min of simulations time and every 1 min after- 68

ward. Open-radiative boundary conditions are used in the horizontal directions. A free slip 69

upper boundary condition is used with Rayleigh damping applied above z=15 km. The 70

lower boundary is semi-slip. Surface drag is based on Fairall et al. 42 for small wind speeds 71

and Donelan et al. 43 for large wind speeds. 72

Figure 1 shows a skew-T diagram and hodograph of the initial conditions, which 73

are based on the thermodynamic profile from Weisman and Klemp 2,3 and quarter-circle 74

hodograph from Weisman and Rotunno 44. These conditions produce a storm environment 75

with CAPE of approximately 2200 J kg−1 and 0–6 km bulk wind shear of 32 m s−1. Storm 76

relative helicity is 81 m2 s−2 over the 0–1 km layer and 192 m2 s−2 over the 0–3 km 77

layer. Storms are initiated using a thermal bubble with a maximum potential temperature 78

perturbation of 1.5 K placed in the western side of the domain at the initial time step. The 79

location of the thermal bubble is chosen such that the primary updraft of the mature right- 80

moving supercell passes through the center of the domain in both the x and y directions. 81

The bubble is centered 1.4 km above the lower boundary with a vertical radius of 1.4 82

km and a 10 km horizontal radius. Random potential temperature perturbations with a 83

maximum magnitude of 0.25 K are inserted into the initial conditions. 84

In the control simulation, the surface has a constant skin temperature of 300 K and a 85

roughness length of 0.2 m, which is representative of a mixture of cropland and woodland. 86

All other surface characteristics (e.g., moisture availability, thermal inertia) are chosen such 87

that the low-level thermal structure remains approximately constant over the duration 88

of the simulation. A second simulation includes a simplified urban area which is placed 89

in the center of the model domain (herein simply referred to as the “city" simulation). 90

To approximate urban effects, the methodology of NM23 is used: a circular region with 91

a radius of 10 km is placed in the center of the domain. Within this region, the skin 92
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temperature is 5 K greater than the surroundings and the surface roughness length is set to 93

2 m, which is comparable to the roughness length of the center of a very dense urban area 94

containing high-rise buildings. Testing has shown that a 5 K skin temperature excess in 95

combination with a 2 m roughness length is the largest possible without new convective 96

cells being initiated on the edge of the city in this particular model configuration. Naylor 97

32 and NM23 have shown that for a given skin temperature excess, increasing the surface 98

roughness length results in stronger and deeper heat islands due to increased vertical 99

mixing. 100

Although some recent studies have utilized a force-balance procedure to ensure that 101

the environmental wind profile remains steady throughout the simulation [26], no such 102

balancing procedure is used in the current study. Table 1 shows values of environmental 103

parameters at a grid point downwind of the domain center at three different times. Storm 104

relative helicity is an integrated parameter that is sensitive to small changes in wind speed 105

and direction. Over the first 90 minutes, there is little change to SRH. Thermodynamic fields 106

such as CAPE, CIN, and LCL height are sensitive to surface temperature and moisture and 107

these fields also show minimal fluctuations. 108

While the environment is quasi-steady away from the domain center, the presence of 109

a heat island in the city simulation has a strong impact on the near surface thermodynamic 110

structure (Fig. 2) Temperature differences between the city and the surrounding area 111

extend to at least 525 m above the surface. The heat island is strongest near the surface and 112

reaches a peak magnitude between t=80 min and t=100 min. After this time the heat island 113

magnitude decreases sharply as the cold pool from the supercell passes over the simplified 114

city. 115

Additional simulations are also presented for comparison to the control and city simu- 116

lations. In one simulation (herein referred to as the "noUHI" simulation) the simplified city 117

does not produce a heat island but still represents an area of enhanced surface roughness 118

length. In another simulation, (herein referred to as "no∆z0"), a heat island is present 119

but the surface roughness length is not enhanced over the simplified city. Because heat 120

island depth and magnitude are sensitive to turbulence induced by the enhanced surface 121

roughness, a 10 K skin temperature perturbation was needed in the no∆z0 simulation 122

to generate a heat island similar to that found in the city simulation. Several additional 123

sensitivity tests are done to verify the robustness of the results. In these simulations–the 124

details of which are given in the next section–a small ensemble is created by varying physics 125

parameterizations and shifting the initial location of the warm bubble perturbation 126

3. Results 127

Over the first 80 min of simulation time the two simulations are practically identical 128

(Fig. 3). The warm bubble initiation method causes a storm to grow and eventually form a 129

splitting supercell with the right-moving storm moving across the center of the domain 130

(not shown). By t=90 min, small differences in vertical velocity begin emerging due to the 131

storm in the city simulation approaching and interacting with the simplified city. The cold 132

pool from the right-moving supercell in both simulations passes over the domain center 133

around t=100 min (Fig. 2). 134

At mid to upper levels (Fig. 3a,b) the two simulations exhibit minimal differences in 135

vertical velocity. The largest differences are found at lower levels and are coincident with 136

interactions between the supercell updraft and simplified city (Fig. 3c,d). Around t=90 min, 137

vertical velocity at z=3 km in the control simulation begins to decrease. In contrast, the 138

supercell in the city simulation experiences a steady increase in vertical velocity at z=3 km 139

as it approaches the western edge of the idealized city. This continues until approximately 140

t=110 min when the maximum 3 km vertical velocity in the city simulation reaches 27 m 141

s−1 compared to 22 m s−1 in the control simulation at the same time. After this time, 3 km 142

vertical velocity in the two supercells is quite similar for the remainder of the simulations. 143

Differences in vertical velocity can also be seen at z=1 km (Fig. 3d). From t=100 min through 144

t=110 min values of maximum vertical velocity at z=1 km in the city simulation are more 145
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Figure 1. Skew-T log-p diagram and hodograph (inset) of the initial conditions. The hodograph has
units of m s−1 and is colored by height above the surface. Red represents horizontal winds between
0–1 km, green between 1–3 km, and blue from 3–10 km. The box in the lower-left of the skew-T
diagram contains calculated parameters such as 0–1 km storm relative helicity (0-1 SRH), 0–3 km
storm relative helicity (0-3 SRH), 0–6 km bulk wind shear magnitude (0-6 shear), convective available
potential energy for a surface-based parcel (sbCAPE), convective inhibition for a surface based parcel
(sbCIN), and the lifting condensation level of a surface-based parcel (LCL).
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Figure 2. Time-series of heat island magnitude at different vertical levels in the city simulation. Heat
island magnitude is calculated as the difference between the average temperature within the idealized
city at a particular level and the temperature of the far field at the same level.

Figure 3. Time-series of maximum vertical velocity for the city (blue dashed line) and control (orange
solid line) simulations at vertical grid levels approximately a z=9 km, b z=6 km, c z=3 km, and d z=1
km above the lower boundary. Data prior to t=90 min have a temporal resolution of 5 min, with a 1
min resolution after t=90 min. The blue box highlights the approximate time period that the updraft
of the right moving supercell passes over the defined urban area in the center of the domain.
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Table 1. Values of environmental parameters at a grid point 40 km west of the domain center at three
select times. Values on the left of each cell are for the control simulation and values in parentheses
are for the city simulation.

Parameter t=30 min t=60 min t=90 min

0–1 SRH (m2 s−2) 75 (75) 81 (81) 82 (82)
0–3 SRH (m2 s−2) 187 (187) 192 (192) 192 (192)
0–6 shear (m s−1) 32 (32) 32 (32) 32 (32)
sbCAPE (J kg−1) 2165 (2165) 2198 (2198) 2087 (2081)
sbCIN (J kg−1) -49 (-49) -49 (-49) -51 (-51)
LCL (mb) 894 (894) 894 (894) 894 (894)

consistent than those in the control simulation, which experiences sudden decreases in 146

vertical velocity during this period. At t=110 min, the maximum z=1 km vertical velocity 147

in the city simulation is 13 m s−1, but only 10 m s−1 in the control simulation. Another 148

noticeable difference can be seen around t=120 min, with the supercell in the control 149

simulation experiencing a sudden but short-lived increase in vertical velocity that is not 150

present in the city simulation. Although this peak is short-lived, vertical velocity at z= 1 151

km remains slightly stronger in the control simulation until approximately t=140 min. 152

The strength of the mesocyclone can be quantified by updraft helicity (UH), which 153

represents the product of vertical velocity (w) and vertical vorticity (ζ) integrated from a 154

lower height (z1) to an upper height (z2) 155

UH =
∫ z2

z1

wζdz (1)

For the midlevel mesocyclone 2–5 km has been shown to be an appropriate integration 156

depth [45–47] while the near-surface mesocyclone can be represented by UH integrated 157

from 0–1 km [48]. 158

The tracks of the midlevel and surface mesocyclones are shown in Figs. 4a–d. The 159

midlevel mesocyclone tracks across the center of the domain in both the control and city 160

simulations (Figs. 4a,b). In the city simulation, this means the mesocyclone passes directly 161

through the idealized city. In the control simulation the midlevel mesocyclone reaches a 162

maximum strength near x=-15 km (Fig. 4a). A similar signature is seen in the city simulation 163

at approximately the same location (Fig. 4b). Both mesocyclones experience several brief 164

episodes of intensification as the storms continues to move east and track across the center 165

of the domain. These intensification periods are stronger in magnitude and cover a larger 166

area in the city simulation (Figs. 4a,b). Closer to the surface, the low-level mesocyclone is 167

quite weak in the control simulation (Fig. 4c). In the center of the domain, there are small, 168

brief increases in UH0−1, but overall the values remain small in magnitude and cover a 169

limited area (Fig. 4c). In contrast, UH0−1 in the city simulation becomes large just outside 170

the western edge of the idealized city with larger values persisting across the width of 171

the simplified city before decreasing just outside of the eastern edge (Fig. 4d). In the city 172

simulation, areas of enhanced UH0−1 tracks are closely aligned with increased vertical 173

vorticity near the surface (Fig. 4f). 174

The time evolution of maximum updraft helicity is impacted by the presence of the 175

city, with differences between the two simulations being more prominent near the surface 176

(Fig. 5) At midlevels, UH2−5 is identical until approximately t=90 min. Around t=98 min 177

both supercells experience an increase in UH2−5 to over 2500 m2 s−2. Over the next 20 178

minutes, UH2−5 declines in both simulations but maximum UH2−5 in the city simulation 179

remains larger in comparison to the control while passing over the simplified city. After 180

t=120 min both supercells have comparable patterns in UH2−5. Larger differences are seen 181

in UH0−1 (Fig. 5b). Between t=60 min and t=80 min, UH0−1 in both supercells begins 182

to increase. As the supercell in the city simulation approaches the western edge of the 183
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simplified city, UH0−1 abruptly jumps to nearly 200 m2 s−2 and remains over 100 m2 s−2
184

as the primary circulation passes over the simplified city. In contrast, UH0−1 in the control 185

simulation remains less than 75 m2 s−2 during this same time period. After t=120 min, 186

at which point the supercell in the city simulation has completely left the simplified city, 187

UH0−1 values decrease to those seen in the control simulation. Not only are maximum 188

values of UH0−1 greater in the city simulation while the supercell passes over the simplified 189

city, but the overall area of larger UH0−1 is amplified as well (Fig. 5c). Between t=100 190

and t=120 min, the area of larger UH0−1 in the city simulation is more than triple that 191

in the control simulation. After this time the area of UH0−1 rapidly decreases in the city 192

simulation and follows a similar pattern to control for the remainder of the simulation. 193

The presence of the simplified city has a strong impact on the local storm environment 194

(Fig. 6). At t = 75 min the primary updraft is approximately 30 km to the west of the 195

domain center. Low-level flow into the updraft base creates a localized increase in SRH 196

in both simulations (near x = -25 km, y = 0 km; Fig. 6a, b). In addition, the presence 197

of the simplified city has a noticeable impact on SRH, with reduced values over the city 198

and a narrow ribbon of enhanced SRH on its north side (Fig. 6b). The urban heat island 199

within the city also produces a substantial enhancement to CAPE (Fig. 6d). The average 200

CAPE over the simplified city is approximately 2700 J kg−1 compared to 2100–2200 J 201

kg−1 in the environment outside of the city. By t=90 min the forward flank region of 202

the supercell crosses the domain center in both simulations. In the city simulation, the 203

ribbon of enhanced 0–1 km SRH on the north side of the simplified city is further amplified 204

as it interacts with the forward-flank gust front (Fig. 6f). The primary updraft has also 205

moved closer to the area of higher CAPE air within the simplified city (Fig. 6h). From 206

previous analysis, (Figs. 3c, 5b), this is approximately the time that the supercell in the city 207

simulation begins experiencing larger UH0−1 relative to the control simulation. 208

Figure 7 provides an in-depth comparison of the low-level structure in the two sim- 209

ulations at two different times. At t=93 min the storms in the two different simulations 210

are very similar in numerous ways. The primary updraft is centered approximately 12–13 211

km west of the domain center with the surface gust front underneath the main updraft. A 212

prominent appendage is seen in the precipitation field near x=-18 km, y=-2 km and the 213

strongest surface winds behind the surface gust front are from the northwest. The most 214

noticeable differences are found within the inflow and forward flank regions. In the city 215

simulation (Fig. 7b) the inflow winds near the surface have a more southerly component 216

compared to the control simulation. To the east of the primary updraft (near x=-5 km, y=2.5 217

km), there is a stronger directional wind shift in the city simulation, which is also very near 218

the area of enhanced 0–1 km SRH seen in Fig. 6f. The supercell in the city simulation also 219

possesses areas of stronger UH2−5 as well as pockets of UH0−1 along the forward flank 220

gust front that are not present in the control simulation. At t=121 min the supercell in the 221

city simulation is exiting the eastern edge of the city (Fig. 7d). Two prominent ’kinks’ in 222

the gust front are present in the city simulation, both of which contain areas of enhanced 223

UH0−1. No large values of UH0−1 are present along the gust front of the supercell in the 224

control simulation. In fact, the area of largest UH0−1 UH is well behind the gust front and 225

outside of the primary updraft. 226

The presence of the simplified city also results in increased downwind precipitation, 227

which is one of the most commonly documented signatures of city-storm interactions 228

[29,30,49]. Figure 8a shows swaths of accumulated rainfall at the lowest model grid level. 229

On the western half of the domain (x < 0 km), the two simulations produce strikingly 230

similar results. However, differences become apparent as the supercells track through the 231

eastern half of the domain (x > 0 km). The strongest enhancement appears approximately 232

10–60 km downwind of the city center. There is also evidence of increased hail, with the 233

largest differences occurring between x=30 km and x=45 km. A similar increase in hail was 234

documented in the squall line simulations of [33]. 235

To further examine which aspects of the simplified city are most responsible for the 236

observed variations in low-level mesocyclone strength, two additional simulations are 237
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Figure 4. Swaths of 2–5 km updraft helicity (panels a, b), 0–1 km updraft helicity (panels c, d), and
vertical vorticity (ζ; panels e, f) at the lowest model level. The 0–1 km UH values are filtered based
on a 2–5 km UH threshold of 150 m2 s−2. The dashed gray circle represents the location and extent of
the simplified city. For the control simulations (a, c), the areal extent of the simplified city is simply
shown for reference.



Version May 7, 2024 submitted to Meteorology 9

Figure 5. a Time-series of grid point maximum 2–5 km UH values in the city (blue dashed line) and
control (solid orange line) simulations. The shaded blue area represents the approximate time period
that the updraft of the right moving supercells passes over the defined urban area in the center of
the domain. Panel b is similar to a, except showing 0–1 km UH. Values after t=90 min are smoothed
using a 5 min moving average. Panel c shows time-series of the areal extent of UH0−1 greater than
25 m2 s−2. in each simulation. All values in b and c are masked to only consider grid points also
associated with UH2−5 greater than 150 m2 s−2.
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Figure 6. Storm relative helicity (integrated from 0–1 km; panels a, b, e, f ) and surface-based
convective available potential energy (panels c, d, g, h) at t=75 min and t=90 min in the control and
city simulations. The solid black line in each panel represents the 2 g kg−1 contour of rain water
mixing ratio at z=25 m, the dotted blue line is the -1 K potential temperature perturbation at z=25 m
(to estimate the storm gust front), and the dashed white line indicates the areal extent of the ideal city.
In the control simulations (panels a, c, e, g), the areal extent of the city is shown only for reference.
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Figure 7. Overview of storm structure at t=93 min (top) and t=121 min (bottom). The solid black
line is the 2 g kg−1 contour of rain water mixing ratio at z=25 m, the dashed blue line is the -1 K
potential temperature perturbation at z=25 m (to estimate the storm gust front), the thin, dashed
orange line is the 10 m s−1 contour of vertical velocity at z=6 km, and the arrows represents the wind
vectors at z=25 m. The filled cool colors are 2–5 km updraft helicity and the filled warm colors are 0–1
km updraft helicity. Values are filtered to only show 0–1 km UH values at grid points with 2–5 km
UH greater or equal to 150 m2 s−2. The dashed gray circle represents the location and extent of the
idealized city.
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Figure 8. Swaths of accumulated surface rainfall (top) and maximum grid point hail mixing ratio
at the lowest model level (bottom). The dashed gray circle represents the location and extent of the
idealized city.
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presented for comparison to the city and control simulations. In one simulation (herein 238

referred to as the "noUHI" simulation) the simplified city does not produce a heat island 239

but still represents an area of enhanced surface roughness length. In the second simulation, 240

(herein referred to as "no∆z0"), a heat island is present but the surface roughness length 241

is not enhanced over the simplified city. At midlevels, UH2−5 is similar among all four 242

simulations prior to t=100 min (Fig. 9). The supercell in each of the four simulations 243

experiences a local maximum of over 2500 m2 s−2 at approximately t=97 min. After this 244

time UH2−5 decreases in all simulations, however the decrease between t=100 min and 245

t=115 min in noUHI more closely aligns with the control simulation while the decrease 246

in no∆z0 closely resembles that of the city simulation. The city and no∆z0 simulation 247

have values of UH2−5 that are occasionally more than double those in control and noUHI. 248

After t=115 min UH2−5 in the four simulations exhibits a similar cyclic pattern with the 249

noUHI simulation tending to have slightly larger values than the other three simulations. 250

Closer to the surface, UH0−1 in the noUHI simulation is substantially less than in the city 251

simulation from t=100–120 min and follows a pattern very similar to that of the control 252

simulation, whereas no∆z0 closely resembles the city simulation (Fig. 9b). While passing 253

over the simplified city, maximum low-level vertical velocity values in the control and 254

noUHI simulations are less than those in the city and no∆z0 simulations (Fig. 9 c, d). This 255

is almost assuredly due to the enhanced CAPE values in the city (Fig. 6d) and no∆z0 256

simulations (not shown). NM23 have previously shown that air parcels originating over 257

a heat island with enhanced CAPE are ingested by the convective updrafts leading to 258

enhanced buoyant acceleration 259

The heat island also appears to be primary driver of variations in storm relative helicity 260

between the different simulations. Figure 10 shows the difference in 0–1 km SRH in the 261

noUHI simulation compared to the control and city simulations at t=75 min. Compared 262

to the control simulation, 0–1 km SRH values are slightly larger (approximately 10 %) 263

over the area where surface roughness length is increased. In addition, while 0–1 km SRH 264

values in noUHI are substantially larger in the center of the domain compared to the city 265

simulation, there is no ribbon of enhanced 0–1 km SRH on the north side of the simplified 266

city. However, despite the larger SRH over the entirety of the simplified city, the supercell 267

in noUHI does not experience enhanced UH0−1 like the supercell in the city simulation 268

(Fig. 9b). Based on this evidence it appears that the larger UH0−1 in the city simulation 269

from t=100 min to t=120 min is more influenced by the stronger low-level updrafts–which 270

are a result of the storm ingesting warm, buoyant air originating from the heat island–than 271

by the magnitude of 0–1 km SRH over the city. 272

Several sensitivity tests are presented in order to examine the robustness of the results. 273

A small ensemble of simulations in which certain features of the simulations are slightly 274

altered is shown in Table 2. The simulations are varied by changing the microphysics 275

parameterization, enabling a radiation parameterization, and shifting the location of the ini- 276

tial warm bubble perturbation. In the control_rad and city_rad simulations, the shortwave 277

radiation parameterization is configured with a fixed latitude and longitude of 38.32◦N, 278

-85.75◦W and a simulation start time of 16 UTC on 15 July. While the fine-scale details 279

in each of these simulations vary slightly, the overall findings remain unchanged. Figure 280

11 shows that, in all sensitivity tests, both the maximum UH0−1 magnitude and overall 281

area of UH0−1 are greater in the simulation with a city than in the appropriate comparison 282

control simulation during the 20 minute period when the storms pass over the simplified 283

city. All of the city simulations exhibit similar characteristics beyond the patterns in UH0−1, 284

such as strengthened low-level updrafts while passing over the simplified city, enhanced 285

precipitation downwind of the city, and a ribbon of larger 0–1 km SRH on the northern 286

edge of the simplified city (not shown). 287

4. Summary and Conclusions 288

An idealized cloud model is used to examine the behavior of a supercell thunderstorm 289

interacting with a simplified urban area, characterized by enhanced surface temperature 290
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Figure 9. a Time-series of grid point maximum updraft helicity from 2–5 km in the control (solid
orange line), city (dashed blue line), noUHI (dotted magenta line), and no∆z0 (dashed green line)
simulations. The shaded blue area indicates the approximate time period in which the updraft of the
right-moving supercell is interacting with the idealized city. b Same as a, except showing 0–1 km
updraft helicity. Values in b are smoothed using a 5 min moving average and masked to only consider
grid points also associated with UH2−5 greater than 150 m2 s−2. Panels c and d show time-series of
maximum vertical velocity at 3 km and 1 km, respectively. Notation is the same as in panels a and b.
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Figure 10. Difference in 0–1 km SRH at t=75 min between a noUHI and control and b noUHI and
city. The solid black line is the 2 g kg−1 contour of rain water mixing ratio at z=25 m in the noUHI
simulation and the dashed gray line represents the horizontal extent of the idealized city.

Table 2. Summary of sensitivity experiments. All simulations are identical to the control and city
simulations discussed in Section 2 except in the specific manner described in the second column.

Name Description

control_rad
Shortwave and longwave radiation are

parameterized using the NASA Goddard
scheme [50,51].

city_rad

control_nssl Microphysics are represented using the NSSL
double-moment scheme ([52].

city_nssl

control_west Initial warm bubble perturbation is shifted 5
km to the west

city_west

city_pert
Skin temperature perturbation is set to 5.2 K
and surface roughness length over the city is

2.1 m

and roughness length relative to its surroundings. These results are compared to those 291

from a control simulation without a city. The results show that the city has a substantial 292

influence on the properties of the supercell’s rotating updraft, primarily near the surface. 293

The simulation with a simplified city produces a supercell with a stronger low-level updraft 294

and enhanced updraft helicity beginning near the upwind edge of the city and continuing 295

past the downwind side. These differences are likely related to modifications to the near 296

storm environment, including increases in CAPE over the city and the presence of a 297

narrow band of larger 0–1 km SRH on the northern side of the city. Additionally, the 298

supercell that interacts with the city also produces more rain and hail than the supercell 299

in the control simulation. This is consistent with many previous findings of precipitation 300

enhancement downwind of an urban area. Additional simulations are shown in which 301

the city is characterized by either enhanced surface roughness length or a heat island. The 302

supercell in the enhanced roughness length simulation evolves in a similar manner to the 303

control simulation and does not experience the strong increase in UH0−1 that is seen in 304

the city simulation. In contrast, the supercell in the simulation with a heat island and no 305

roughness length gradient experiences enhanced low-level updrafts and an increase in 306

UH0−1 similar to the storm in the city simulation. This suggests that the urban heat island 307
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Figure 11. Time-series analysis of a maximum 0–1 km updraft helicity and b areal extent of 0–1 km
updraft helicity greater than 25 m2 s−2 in the sensitivity tests described in Table 2. The city_pert
simulation is not included in this figure because the results were very similar to the city simulation.
Values after t=90 min in a are smoothed using a 5 min moving average. All values in a and b are
masked to only consider grid points also associated with UH2−5 greater than 150 m2 s−2.
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may have a stronger impact on updraft helicity enhancement than horizontal gradients in 308

surface roughness length. 309

While previous studies have shown that cities can have an impact on atmospheric 310

convection, this current study presents evidence that large urban areas with prominent heat 311

islands may alter rotational characteristics–and perhaps tornado producing potential–of 312

supercells. Future work will focus on examining modifications to storm-scale processes– 313

particularly those that may influence the development of vertical vorticity near the surface– 314

that result in enhanced updraft helicity when the supercell interacts with a city. 315
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