
The Effect of Surface Drag Strength on Mesocyclone IntensiÞcation and Tornadogenesis
in Idealized Supercell Simulations

BRETT ROBERTS a AND MING XUE

Center for Analysis and Prediction of Storms, and School of Meteorology, University of Oklahoma, Norman, Oklahoma

DANIEL T. D AWSON II

Purdue University, West Lafayette, Indiana

(Manuscript received 24 April 2019, in Þnal form 22 January 2020)

ABSTRACT

A suite of six idealized supercell simulations isperformed in which the surface drag coefÞcientCd is varied over a
range of values from 0 to 0.05 to represent a variety of water and land surfaces. The experiments employ a new
technique for enforcing a three-force balance among the pressure gradient, Coriolis, and frictional forces so that the
environmental wind proÞle can remain unchanged throughout the simulation. The initial low-level mesocyclone
lowers toward the ground, intensiÞes, and produces a tornado in all experiments withCd $ 0.002, with the in-
tensiÞcation occurring earlier for larger Cd. In the experiment with Cd 5 0, the low-level mesocyclone remains
comparatively weak throughout the simulation and doesnot produce a tornado. Vertical cross sections through the
simulated tornadoes revealan axial downdraft that reaches the ground only in experiments with smaller Cd, as well
as stronger corner ßow in experiments with larger Cd. Material circuits are initialized enclosing the low-level
mesocyclone in each experiment and traced backward in time. Circulation budgets for these circuits implicate
surface drag acting in the inßow sector of the supercell as having generated important positive circulation, and its
relative contribution increases with Cd. However, the circulation generation is similar in magnitude for the ex-
periments with Cd 5 0.02 and 0.05, and the tornado in the latter experiment is weaker. This suggests the possible
existence of an optimal range ofCd values for promoting intense tornadoes within our experimental conÞguration.

1. Introduction

The role of surface drag in supercell dynamics, and par-
ticularly in tornadogenesis, continues to receive heightened
research interest during recent years. To a large degree, the
present study represents an extension ofRoberts et al.
(2016, hereafterR16) and Roberts and Xue (2017, hereafter
RX17) that examine the effects of surface drag using a Þxed
drag coefÞcient Cd value of 0.01. As such, we will Þrst
summarize those two studies for context, then brießy review
relevant studies over the past few years.

a. Summary ofR16 and RX17

R16performed a pair of idealized supercell simulation
experiments at 50m grid spacing using the Advanced

Regional Prediction System (ARPS; Xue et al. 2000,
2001, 2003) initialized with an en vironmental sounding
based on the 3 May 1999 tornado outbreak in central
Oklahoma. The Þrst experiment, full-wind friction
(FWFRIC), employed the standard ARPS model for-
mulation for surface drag where drag is applied to the
full near-surface horizontal wind components. The sec-
ond experiment, environment-only friction (EnvFRIC),
used a modiÞed formulation where drag was effectively
applied only to the base-state wind proÞle; that is, drag
acted only to maintain the environmental wind proÞle
that was in three-force balance among the horizontal
pressure gradient force (PGF), Coriolis force, and surface
drag, and did not inßuence perturbation winds associated
with the simulated storm. Both experiments used a drag
coefÞcient of Cd 5 0.01. A strong tornado occurred in
FWFRIC about 25min into the supercell storm simulation,
while no tornado occurred in EnvFRIC during the Þrst
40min. Vorticity budgets along tornado-entering trajectories
in FWFRIC revealed strong enhancement of horizontal
vorticity by surface drag in the near-ground inßow east
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of the mesocyclone, which subsequently contributed to
cyclonic vorticity in the tornado after tilting and stretching
when the trajectories turned upward. In addition, near-
ground horizontal convergence along a boundary beneath
the low-level mesocyclone was shown to be substantially
stronger in FWFRIC than in EnvFRIC during and pre-
ceding tornadogenesis.

RX17 extended the analysis of experiments FWFRIC
and EnvFRIC to the low-level mesocyclone during the
pretornadogenesis phase of the simulated storm evolu-
tion. Lagrangian circulation budget analyses were per-
formed to elucidate the source of circulation along
evolving material circuits. The material circuits were
initialized around the low-level mesocyclone and traced
backward in time. The circulation budgets for the cir-
cuits in FWFRIC revealed that, for the low-level me-
socyclone below 1 km AGL during the 5 min period
immediately preceding tornadogenesis, surface drag had
generated a substantial fraction of the mesocyclone
circulation. The low-level mesocyclone circulation in
EnvFRIC during the same period, while comparable in
magnitude to that in FWFRIC, was predominantly
barotropic in origin (i.e., it originated from the preex-
isting environmental wind shear). In both simulations,
only a weak cold pool with a small footprint had de-
veloped during the period preceding tornadogenesis,
and baroclinity was shown to make a minimal contri-
bution to the mesocyclone circulation.

Taken in sum, the results ofR16 and RX17 illustrated a
scenario of supercell evolution wherein surface drag gen-
erates enhanced horizontal vorticity on the storm scale,
and this vorticity is then tilted and stretched to contribute
meaningfully to cyclonic vorticity in the mesocyclone and
tornado. One limitation of those results is that only a single
value of Cd was employed, so the sensitivity of the meso-
cyclone intensiÞcation and tornadogenesis to the drag
strength is unknown. For example, will the tornado be
increasingly stronger if the drag coefÞcient is increased
to the upper limits associated with real land surfaces, or
will sufÞciently strong drag weaken or even eliminate
the tornado? To answer these questions, the present
study performs a suite of idealized supercell simulations
in which Cd is set to zero or to values between 0.002 and
0.05; the nonzero values cover a representative range for
drag over water and land surfaces of different roughnesses.
To facilitate the use of different Cd values in idealized
storm simulations within the same environment, a new
technique is employed to keep the environmental wind
proÞle in the far Þeld more or less unchanged throughout
the simulation regardless of the value ofCd, while still al-
lowing drag to act on the full wind components. Effects of
the drag strength on the simulated storm intensity and
structures, especially those pertaining to the mesocyclone

and ensuing tornado, are documented. The relative
contributions of surface drag to the circulation about
mesocyclone-enclosing material circuits for different
drag strengths are also analyzed and compared.

b. Recent progress on supercell and tornadogenesis
dynamics

In the period since the preparation of RX17, a theme
in much of the new literature on the tornadogenesis
problem has been a return to somewhat more funda-
mental questions about relevant supercell dynamics, rather
than a special emphasis on which physical mechanism(s)
generate tornadic vorticity. For example, Coffer and
Parker (2016, hereafter CP16) examined idealized single-
sounding 125m numerical simulations initialized with
composites of observed soundings collected during the
VORTEX2 Þeld project. SpeciÞcally, a simulation initial-
ized using a composite of tornadic cases was compared
against one initialized using a composite of nontornadic
cases. The supercell in the tornadic composite experiment
produced a tornado-like vortex (TLV) with EF3-strength
wind speeds, while the supercell in the nontornadic
composite experiment failed to produce an organized
TLV. This outcome was linked to the stronger low-level
mesocyclone and associated updraft in the tornadic
composite experiment. The relatively more dominant
streamwise (crosswise) vorticity near the ground in the
tornadic (nontornadic) composite sounding is argued,
after tilting and ingest into the low-level mesocyclone, to
have more effectively induced a positive feedback of
dynamic perturbation pressure falls aloft that gave rise
to this robust updraft. Implicit in this conclusion is that
the environmental wind shear (and associated baro-
tropic horizontal vorticity) is a crucial and direct control
on mesocyclone processes near and below 1 km AGL, in
addition to its more ubiquitously understood impact on
midlevel rotation. This is noteworthy because the liter-
ature on supercell dynamics has long emphasized the
need for downdrafts to generate ÔÔnear groundÕÕ cyclonic
vorticity in a supercell. The basis for this argument is
typically that tilting of horizontal vorticity in near-ground
parcels ascending into an updraft cannot commence
quickly enough to generate meaningful vertical vorticity
until some appreciable height AGL (e.g., Rotunno and
Klemp 1985; Davies-Jones and Brooks 1993; Markowski
et al. 2008; Davies-Jones 2015). However, Rotunno et al.
(2017, hereafter RMB17) have cast some doubt on this
notion, using highly idealized numerical experiments (in
which a pseudostorm updraft and downdraft were forced
by persistent speciÞed heating and cooling sources, re-
spectively, and the lower boundary was free slip) to dem-
onstrate how near-ground parcels with initially negligible
vertical vorticity can in fact acquire cyclonic vorticity
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ÔÔnear the groundÕÕ (e.g., 1 m AGL) immediately upon
ascent. The key ingredient for this near-ground pro-
duction is the presence of very large streamwise hori-
zontal vorticity prior to ascent; due to the action of
stretching, such large streamwise vorticity is more likely
to be found in accelerating ßows (e.g., an outßow surge, or
inßow accelerating toward the center of an intensifying
mesocyclone) than decelerating ßows (e.g., inßow stag-
nating upon approach to a strong, vertically erect gust
front; Davies-Jones and Markowski 2013). Note that in
RMB17Õs experiments, preexisting cyclonic vorticity prior
to ascent is still beneÞcial for subsequently generating large
values near the ground, even if it is not strictly necessary.

R16 identiÞed a mechanism for cyclonic vorticity
production during trajectory descent toward the ground
analogous to the ÔÔvortex line slippageÕÕ mechanism in
Davies-Jones and Brooks (1993), except that it is the
exchange of frictional crosswise vorticity into the hori-
zontal streamwise directionÑra ther than direct, baroclinic
generation of horizontal streamwise vorticityÑwhich ini-
tiates the process during descent (cf. Fig. 19 inR16). This
mechanism, which was demonstrated for a representative
parcel trajectory entering the simulated tornado in R16,
is one example of how vorticity generated without baro-
clinic inßuence could contribute directly to tornado-
genesis. If the arguments of RMB17 apply to most
supercells in nature, it is even possible that near-ground
parcels without a history of descent could contribute to
substantial near-ground cyclonic vorticity in low-level
mesocyclones and tornadoes1; in principle, this would
further open the door to important generation mecha-
nisms other than baroclinity (e.g., frictional generation,
or tilting and stretching of environmental vorticity).
Considering that frictionally generated horizontal vor-
ticity is largest near the ground, and previous modeling
studies (Schenkman et al. 2014; R16) have shown that
the so-called riverbend effect can convert much of the
initially crosswise frictional vorticity possessed by tornado-
bound parcels into streamwise vorticity as the ßow curves
cyclonically and converges toward the vortex (after
which tilting into the vertical and ampliÞcation from
stretching can be expected upon ascent into the vortex),
it is clear that further investigation into frictional effects
on supercell dynamics and tornadogenesis is warranted.

Coffer and Parker (2018, hereafter CP18) conducted
an expanded suite of idealized experiments initialized

with intermediate soundings interpolated between the
CP16tornadic and nontornadic composite proÞles, Þnding
a ÔÔtipping pointÕÕ where TLV genesis occurs if the
background environment is composed at least 40% of
the tornadic composite. Again, the role of the low-level
environmental horizontal vorticity magnitude and ori-
entation (in particular, the 0Ð500 m AGL storm-relative
helicity) in promoting a robust low-level mesocyclone
is identiÞed as the key causal factor for this tipping
point. CP18 state among their key conclusions that
ÔÔoperationally, it matters not how vertical vorticity is
generated at the surface,ÕÕ so long as a strong low-level
updraft exists to stretch the vorticity sufÞciently upon
ascent. This is a Þnding echoed byYokota et al. (2018,
hereafter Y18), who conducted a 33-member ensemble of
50 m real-data simulations of the 6 May 2012 Tsukuba,
Japan, supercell tornado case. Circulation analyses for
circuits initialized encircling tornadoes in various mem-
bers, then integrated backward in time, revealed that
friction tended to have a larger overall contribution to
circulation than baroclinity; nonetheless, baroclinity was a
dominant source of tornadic circulation in some members.
Furthermore, the relative roles of different circulation
generation mechanisms within an ensemble member
were not strongly correlated with the existence or inten-
sity of a tornado in that member. Instead, Y18 found
ÔÔtornadogenesis was especially well correlated with the
strength of low-level mesocyclones at about 1 km AGL
and water vapor near the surfaceÕÕ in the minutes prior to
genesis. The critical role of the low-level mesocyclone
and updraft strength was also seen inRX17 and several
other high-resolution modeling studies (e.g.,Noda and
Niino 2010; Mashiko 2016), with RX17 placing partic-
ular emphasis on the effect of horizontal vorticity gen-
erated by surface drag on the mesocyclone intensity.
Trapp et al. (2017) has argued using a simple mathe-
matical model that the updraft width, in addition to
strength, may also control tornado intensity. A com-
monality of these studies is the critical role played by the
low-level mesocyclone, which provides the needed in-
tense vertical stretching. Meanwhile, these studies also
point to the important role of the vertical shear/horizontal
vorticity contained in the ßow feeding the mesocyclone,
which may come from the background environment or
be generated/enhanced by the storm (e.g., through
baroclinity or surface friction). These Þndings motivate
a particular focus on the dynamics and evolution of the
low-level mesocyclone in the present study across our
suite of experiments with different Cd values.

As fundamental conceptual models of supercell be-
havior are evolving to accommodate new insights and
experimental results, identiÞcation of speciÞc vorticity
generation mechanisms acting on parcels bound for the

1 Although both parcels analyzed in RMB17 descended prior to
acquiring cyclonic vorticity, their results demonstrate a key phys-
ical mechanism (large stretching of horizontal streamwise vorticity
prior to ascent) that could also manifest in parcels accelerating
horizontally near the ground without a history of participation in a
downdraft.
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low-level mesocyclone and tornado remains an important
facet of understanding their dynamics. Furthermore, in the
case of surface drag, any potential role it might play in
important vorticity generation has potential operational
relevance, since the surface roughness beneath and
surrounding a supercell can in many cases be reasonably
assessed in real time. Thus, our continued work in this
area has both academic and operational relevance.

The rest of this paper is organized as follows.Section 2
brießy describes the new technique for maintaining the
environmental wind proÞle, and how it differs from the
experimental setup inR16. Section 3presents the results
of our new experiments. Section 4 summarizes the re-
sults, discusses their implications, and suggests possible
areas of future research.

2. Methodology

a. Environmental wind balance technique

When compared to experiments FWFRIC and EnvFRIC
analyzed in R16 and RX17 (described in section 1a), the
simulations analyzed in the present study differ chießy
in our approach to modeling the force balance in the
background environment, and also in the actual value of
the surface drag coefÞcient.

In section 2b of R16, we detailed a procedure for
establishing a base-state sounding that is in a three-force
balance among the horizontal PGF, Coriolis force, and
frictional force (the so-called geotriptic balance; Johnson
1966). In the current study, we will refer to the force-
balancing technique fromR16as the frictional balancing
procedure (FBP). As a brief review, the FBP involved
integrating a 1D version of the ARPS model (the same
model used for the 3D storm simulations, with the same
vertical grid spacing and physics parameterizations)
for a 48 h adjustment period. The 1D simulation was
initialized with a sounding extracted from a real-data
simulation of the 3 May 1999 tornado outbreak in cen-
tral Oklahoma conducted by Dawson et al. (2010,
hereafter DA10 ); this initial sounding (called MAY3)
was assumed to be in geostrophic balance, even though
drag acting within the modeled planetary boundary
layer (PBL) qualitatively violated this assumption. The
1D simulation effectively included the large-scale PGF,
Coriolis force, and surface drag (usingCd 5 0.01, which
was selected as an intermediate value representative of
land). After the 48 h adjustment, a three-force balance
was achieved in the 1D column, and the resulting ther-
modynamic and kinematic proÞles were taken as a
sounding we called MAY3B ( Fig. 1). In R16 and RX17,
MAY3B was used to deÞne the storm environment in 3D
storm simulation experiments (FWFRIC and EnvFRIC)

that used Cd 5 0.01. By employing the FBP, R16 and
RX17 compared the application of parameterized sur-
face drag to the full wind (FWFRIC) versus its appli-
cation to only the base-state wind (EnvFRIC). The
action of surface drag within the 1D adjustment simu-
lation resulted in a substantial change in the low-level
wind proÞle of MAY3B, when compared to the original
MAY3 sounding. MAY3B consequently contains an
excess of near-ground shear (e.g., 0Ð1 km storm-relative
helicity of 435m2s2 2 in MAY3B vs 310m 2s2 2 in MAY3)

FIG . 1. (a) Skew TÐlogp plot and (b) wind hodograph, repre-
senting sounding MAY3B, which is used to initialize all experi-
ments in the present study. In (b), dots and their annotations
represent heights (km AGL), and the green arrow emanating from
the origin represents the ÔÔground-motion vectorÕÕ (i.e., the vector
that is added to the base-state wind proÞle to obtain a quasi-
stationary storm in the simulation). Adapted from R16.
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that is attributable directly to the assumption of MAY3Õs
geostrophy in the FBP. Furthermore, this change in low-
level shear was necessarily dependent on the magnitude
of Cd, meaning that different choices of Cd would have
yielded different shear proÞles. Therefore, with the FBP
method, it was not possible to run experiments varyingCd

while keeping the same environmental wind proÞle bal-
anced in all of the simulations. It is the goal of this study to
overcome this limitation and examine the impact of dif-
ferent Cd values on storms developing within the same
environment.

In the present study, the FBP is supplanted by a new
approach called the geotriptic wind balance (GWB)
technique introduced in a companion paper (Dawson
et al. 2019, hereafter DRX19 ). Brießy, its purpose is to
make practical the use of any sounding to deÞne the
storm environment for idealized simulations with surface
drag using a constant drag coefÞcientCd. It accomplishes
this by explicitly adding a compensating horizontally uni-
form force to the horizontal momentum equations that
balances the Coriolis and friction forces on the large
scale (i.e., for the unperturbed storm environment). This
compensating force [hereafter the ÔÔpseudo-PGFÕÕ (PPGF)]
is found by evaluating the time tendency of the horizontal
momentum equations under the action of Coriolis and
frictional forces, typically using a suitable horizontal aver-
age of an unperturbed region of the domain near the be-
ginning of the simulation. The required force is then the
negativeof this time tendency. The PPGF so computed is
added immediately back to the RHS of the horizontal
momentum equations for the initial time step and all sub-
sequent times. In this manner, the GWB technique will
ensure the background environment (i.e., the far Þeld away
from storm-induced perturbations) remains in three-force
balance, and therefore quasi-steady state, for any back-
ground sounding.

Along with this property, another advantage of the
GWB technique over the FBP technique makes it ideal
for the purposes of the study: while the FBP is only
physically justiÞable to the extent that the initial input
sounding is in geostrophic balance, this is not the case
when using the GWB technique, since it explicitly assumes
the initial proÞle is in three-force balance(i.e., Coriolis,
PGF, and friction) and is thus more ßexible. We refer the
reader to DRX19 for further details. In the present study,
we apply a range ofCd values to experiments that all share
the same initial sounding (MAY3B). Thus, in these ex-
periments, we do not claim to model the three-force bal-
ance from the real storm environment that produced
MAY3B. Instead, as in R16 and RX17, we are artiÞcially
forcing the background environment to remain the same
over different surfaces in order to discern the impact of
drag speciÞcally onstorm perturbations.

b. Experimental design and model conÞguration

In this study, six experiments with different drag co-
efÞcient values are performed using the GWB tech-
nique. For continuity with FWFRIC and EnvFRIC
(from R16 and RX17; more details in section 1a) and to
facilitate clean comparisons with those earlier experi-
ments, the initial sounding for all experiments herein is
MAY3B ( Fig. 1). We therefore again emphasize the
caveat that MAY3B contains some degree of artiÞcially
enhanced near-ground shear when compared withDA10 Õs
original simulation, as described insection 2a.

The experiments and their drag coefÞcients are sum-
marized in Table 1, along with representative land surfaces
for each coefÞcient.2 These experiments are intended to
sample the parameter space spanned by land surfaces over
which supercells may exist in the real world, ranging from
short grassland to tall forests and urban cores (with the
exception of CD0, which represents an idealized fric-
tionless surface). Experiment CD0 is the GWB-based
equivalent to EnvFRIC; that is, drag does not act on
storm perturbations in CD0, even though its background
wind proÞle has resulted from drag. In the remaining
experiments, drag does act on the storm perturbations,
but the magnitude varies according toCd. Experiment
CD1-2, with Cd 5 0.01 (1 3 102 2), is the GWB-based
equivalent to FWFRIC. Although CD0 (CD1-2) is not
identical in evolution to En vFRIC (FWFRIC), they are
qualitatively very similar thro ughout the analysis period.

Our numerical simulations are conducted using the
ARPS (Xue et al. 2000, 2001) with the same conÞgura-
tion described in R16, aside from the implementation of
the GWB technique and our speciÞed values ofCd. The
grid spacing is 50 m in the horizontal. There are 83 ver-
tical levels, and vertical grid spacing ranges from 20 m
near the ground to 400 m in the upper troposphere. The
physical domain is 64 km3 96 km in horizontal extent
and 16 km deep in the vertical. For this study, simulations
were integrated in time to 3000 s. The initial condition is
horizontally homogeneous (deÞned by the aforemen-
tioned sounding MAY3B) except for an ellipsoidal
thermal bubble with a maximum potential temperature
perturbation of 6 K (used to initiate deep moist con-
vection). Parameterization of microphysics follows the
Þve-species formulation of Lin et al. (1983), but with
the rain intercept parameter n0r reduced to 23 106. The
1.5-order TKE formulation of Moeng and Wyngaard (1988)
is employed to parameterize subgrid-scale turbulence.

2 Note that only roughness length z0 can be linked directly to
land surface types, whileCd in a numerical model is a function of
both z0 and the height of the lowest scalar grid levelz1 (10 m AGL,
in our conÞguration). See (4) ofWieringa (1993) for details.
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3. Simulation results

a. Overview and qualitative analysis

As with the original FWFRIC and EnvFRIC experi-
ments from R16 (described at length in section 1a), all
six experiments evolve qualitatively similarly to each
other for the Þrst 600 s. Subsequently, as with those two
experiments, subtle differences in the near-ground wind
Þeld begin to grow during the 600Ð1200 s period, yield-
ing more qualitatively meaningful differences by 1500 s.
Figure 2a presents a time series of domainwide3 mini-
mum perturbation pressure for the GWB experiments.
All experiments with drag enabled (Cd . 0) exhibit large
pressure deÞcits of 40Ð80 hPa during the 1500Ð2200 s
time period. A tendency exists for an experimentÕs larg-
est deÞcit to occur earlier asCd increases (e.g., CD2-2
reaches its minimum around 1500 s, whereas CD2-3
reaches its minimum around 2000s). CD0 stands in stark
contrast to the drag-enabled experiments, with pressure
deÞcits remaining smaller than 25 hPa throughout the
period. Among the drag-enabled experiments, pressure
deÞcits in CD5-2 are substantially smaller than in the
other experiments. A time series of maximum storm-
relative horizontal winds (Fig. 2b) also reveals that wind
maxima tend to be larger, and occur earlier in time, in
the experiments with larger Cd (except for the largest
value). The differences in maximum wind magnitude
between the strong-drag and weak-drag experiments are
somewhat less pronounced than the corresponding dif-
ferences in pressure deÞcits, however, as wind speeds
associated with strong outßows and other nontornadic
features can also become quite large (e.g., even CD0
reaches a maximum of 80 m s2 1 around 2800 s, and this
strong ßow is not associated with a near-surface vortex;
Fig. 2c). A corresponding time series of maximum ver-
tical vorticity below 2 km AGL ( Fig. 2c) tracks the

interexperiment timing and magnitude differences of
the perturbation pressure minima quite closely, includ-
ing the relatively weak maxima in CD5-2 when com-
pared to the other drag-enabled experiments. The storm
features responsible for these discrepancies will now be
shown and discussed.

Figure 3 presents domainwide timeÐheight cross
sections from 0 to 3000s of maximum updraft and vertical
vorticity for the six experimen ts. The initial lowering of the
mesocyclone from around 1500m AGL toward the ground
can be seen in the plots of updraft magnitude (Figs. 3aÐf)
to begin earlier during the simulation as Cd increases.
Similar to FWFRIC in R16, large cyclonic vorticity de-
velops quickly upward from the ground in all experiments
except CD0 during the 1300Ð1800 s period (Figs. 3gÐl).
This process occurs progressively earlier with increasing
Cd from 0.002 in CD2-3 to 0.02 in CD2-2, but there is
little difference in timing between CD2-2 and CD5-2.
Based on these cross sections, it appears that surface
drag (with a Cd value as small as 0.002) is required in
order for an intense low-level mesocyclone to develop
during this early stage of the simulation, and that larger
values generally hasten this process. However, at the
high end of the sampledCd parameter space, there exist
signs of an upper limit on favorability for intense low-
level mesocyclogenesis somewhere in the range 0.02#
Cd # 0.05. Although the lowering of the mesocyclone
occurs slightly earlier in CD5-2 than in CD2-2, the
maximum mesocyclone updraft and vorticity are weaker
overall in CD5-2, and intense rotation (z $ 0.75 s2 1)
does not extend above 300 m AGL (Figs. 3d,e,i,j). This
may be due to the increasingly large damping effect on
the near-surface ßow as the surface drag increases in
strength.

Horizontal cross sections of horizontal convergence,
perturbation pressure, and ground-relative wind vectors
at 1320 s are presented inFig. 4. In CD0, a broad zone of
convergence is seen along the surface boundary, which is
primarily northÐsouth oriented and separates westerly
and easterly ßow (Fig. 4a). As Cd increases in the re-
maining experiments, a few trends are noted. First, the
surface boundary becomes progressively more curved
along its northern extent around (x 5 36 km,y 5 65 km).
Second, the convergence zone becomes more compact,
with a larger maximum convergence magnitude at its
center (except in CD5-2, where maximum convergence
is weaker than in all other drag-enabled experiments).
Third, the ÔÔinßow lowÕÕ (denoted by the innermost
perturbation pressure contour) east of the boundary
becomes centered more toward the northwest. In CD2-2
and CD5-2, a strong pressure minimum associated with a
developing tornado can already be seen near (x 5 36 km,
y 5 64 km) (Figs. 4e,f). All of these trends largely mirror

TABLE 1. Drag coefÞcientsCd for GWB experiments. For each
Cd, the equivalent roughness lengthz0 and representative real-
world surface type(s) are presented in accordance with the de-
scriptions of Wieringa (1993).

Expt Cd Equivalent z0 (m) Representative surface type

CD0 0 0 Idealized frictionless
CD2-3 0.002 0.002 Short grass
CD5-3 0.005 0.04 Long grass
CD1-2 0.01 0.2 Cropland
CD2-2 0.02 0.6 Bushland, suburb
CD5-2 0.05 1.7 Mature forest, city core

3 Note that in Fig. 2, although plotted values are domainwide
extrema, larger magnitudes are almost always associated with the
low-level mesocyclone region and/or tornado.
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the discrepancies between EnvFRIC and FWFRIC an-
alyzed in R16 (see their Fig. 4). The relatively orderly
changes with increasingCd between CD0 and CD2-2
bolster conÞdence that the early-simulation conver-
gence boundary behavior in FWFRIC and EnvFRIC is
predictable and representative of monotonic trends
within the Cd parameter space. By contrast, the mark-
edly weaker convergence maximum in CD5-2 relative to
CD2-2 is another indication that surface drag in CD5-2
is so strong as to interfere4 with processes that encour-
age more intense low-level mesocyclogenesis and tor-
nadogenesis during this period in CD2-2 (Figs. 4e,f). The
ground-relative ßow on both sides of the boundary, and
particularly within the inßow east of the boundary, is so
weak in CD5-2 (Fig. 4f) that low-level convergence is

relatively anemic, and this proves detrimental to low-
level updraft maintenance (Fig. 3e).

Figure 5 displays horizontal cross sections at 10 m
AGL and 1800 s, revealing the extent and strength of the
surface cold pool and tornado (except in CD0, where no
tornado is ongoing at 1800 s). At 1800 s, the surface
convergence boundary remains more northÐsouth ori-
ented in experiments with smaller Cd, whereas ex-
periments with larger Cd tend to exhibit a strongly
curved boundary that wraps into the tornado. It is
noteworthy that relatively warm air resulting from a
dynamically driven downdraft south of the mesocyclone
[e.g., centered near (x 5 32 km, y 5 63 km) in Fig. 5a]
tends to wrap cyclonically around the mesocyclone
and partially encircle the tornado in the experiments
with larger Cd, whereas the surface boundary south
of the mesocyclone in CD0 (and, to a much lesser
extent, CD2-3) appears to block this warm air from
wrapping in.

FIG . 2. Time series of domainwide (a) minimum perturbation pressure, (b) maximum
horizontal storm-relative wind speed, and (c) maximum vertical vorticity below 2 km AGL
for the six GWB-based experiments between 0 and 3000 s.

4 A tornado occurs shortly after this time in both CD2-2 and
CD5-2, but its intensity is much greater in CD2-2 (cf. Fig. 2).
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