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1 INTRODUCTION

To estimate what damage a tornado measured
over open plains might have produced had that tornado
passed instead over a large structure or group of struc-
tures, it is common to simply superpose the measured
wind fields over the new environment (e.g., Wurman
et al. (2007)). One should, however, also consider how
the presence of the structures, or more generally any
localized surface roughness elements, might themselves
alter the tornado wind fields. The known sensitivity of
the tornado cornerflow to properties of the near- sur-
face inflow suggest that such effects could at times be
significant. It has long been appreciated that an in-
crease in general surface roughness will alter tornado
cornerflow structure toward that for a vortex character-
ized by a lower swirl ratio (e.g., Leslie (1977); Lewellen
et al. (2000)), but the effects of very local changes
in roughness have not, to our knowledge, been previ-
ously considered. Deducing such effects by observing
the behavior of actual tornadoes transitioning between
different environments (or the changes in the damage
tracks they leave behind) is problematic because of the
natural unsteadiness of tornado behavior due to other
effects such as changes in conditions aloft. Here we
use large eddy simulations (LES) and simple theoretical
models to help isolate possible effects of local rough-
ness elements.

2 APPROXIMATE TORNADO SURFACE

LAYER DYNAMICS

The outer conditions of the simulations (away from
the surface and vortex core) are taken with a constant
angular momentum (Γ∞) and constant horizontal con-
vergence (ac). This provides an exact inviscid solution
of the incompressible Navier-Stokes equation with per-
turbation pressure p and velocity components u, v, w
(radial, azimuthal, vertical) of:
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u = −acr (2)

v = Γ∞/r (3)

w = 2acz . (4)

For convenience we have chosen mass units such that
the density ρ = 1 drops out of the equations. For
a simplified model of the surface layer consider first a
smooth surface with a layer of reduced angular momen-
tum, Γ1, between it and the Γ∞ region aloft (arising
perhaps from surface friction at larger radii). In the
inviscid approximation the Bernoulli constant (or total
head, H1), Γ1 and radial flux (Φ) in this layer are all
conserved as this fluid flows inward (given the assumed
smooth surface). Further, for modest layer thickness
and away from the core, the boundary-layer approxi-
mation is valid so that dp/dz = 0 in the layer, so p is
known from the solution aloft. One can then simply
solve for the velocity components within the layer and
the layer depth h1 as a function of radius:
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v1 = Γ1/r (6)

h1 = Φ/(2πru1) . (7)

Generally the cases and regions of most interest are
when r is small enough that the swirl terms dominate
the convergence terms in p and |p| dominates |H1| so
to good approximation we have,

u1 ≈
√

Γ2
∞

− Γ2

1
/r (8)

h1 ≈ Φ/(2π
√

Γ2
∞

− Γ2

1
) . (9)

Thus the magnitudes of u1 and v1 both increase as
1/r with decreasing r, but the angle of the boundary
layer flow and its depth h1 do not change (features
seen to good approximation over the relevant regions
in the simulations even with more realistic conditions).
This solution holds until the vortex core radius is ap-
proached. The structure in this cornerflow region is
largely governed by the cornerflow swirl ratio (Lewellen
et al., 2000),

Sc = rcΓ
2

∞
/Υ , (10)

where rc is the vortex core radius above the cornerflow
region and Υ is the depleted angular momentum flux



flowing through the region. In the simple model above
Υ = (Γ∞ −Γ1)Φ leading to a simple relation between
Sc, rc and h1:

Sc ≈
rc

2πh1

. (11)

This agrees with the qualitative structure one expects
in the cornerflow: a shallow inflow layer relative to the
core radius aloft for “high-swirl” conditions; a relatively
deep one for “low-swirl”.

For less idealized surface layers (e.g., a smooth Γ
profile rather than a discontinuous step in z) Υ is more
easily defined unambiguously than Φ and h1 so it is
convenient, for purposes of general scaling arguments,
to define characteristic scales of the latter in terms of
the former by matching results for the simplest Γ1 = 0
version of the model above,

Υ(r) ≡

∫
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Now consider the effects of individual surface
roughness elements in this simple model. We assume
these to be arrayed sparsely on the surface (so that
their contributions may be considered approximately
independent of each other) but uniformly enough that
approximate axisymmetry of the inflow will persist. We
assume the vortex translation speed to be negligible,
again for the sake of approximate axisymmetry. Each
element acts as a sink of angular momentum and hence
a source of Υ. The drag force exerted by each element
on the flow is given by,

~Fd = −
1

2
CdAb| ~ub| ~ub , (15)

where ~ub is the unperturbed wind velocity at the ele-
ments position, Ab is the projected cross-sectional area
of the element and Cd is the drag coefficient, which for
a bluff body is nearly independent of Reynold’s number
and Cd ≈ 1. Each element acts as a sink for angular
momentum, with the change in radial flux of angu-
lar momentum (i.e., the net increase in Υ due to the
element) equal to the torque exerted by the element
integrated over its extent. Then for a block element of
height zb located a distance rb from the tornado axis
(and again assuming the swirl dominated regime where
|p| dominates |H1|),
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∫
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In the limit of tall sparse elements stretching well into
the Γ∞ layer this becomes of order (dropping Cd as

well),
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The addition of a tornado translation speed alters the
relative velocity between the element and the tornado
center, either increasing or decreasing the change in Υ
depending on whether the element lies to the right or
left of the tornado path (assuming counter-clockwise
rotation). In the limit where the swirl velocity domi-
nates the translation velocity (17) is modified to,∗

δΥ ≈
Ab(Γ∞ ± utyb)

2

2rb
, (18)

for translation velocity ut and transverse distance yb

between the element and the tornado path (using the
plus sign if it lies to the right and minus sign if it lies
to the left).

From this rough approximation and the definition
(10) we can estimate that for a single roughness ele-
ment to have a significant effect on Sc we must have
δΥ non-negligible relative to rcΓ

2

∞
/Sc. Since changes

in Sc have their greatest effects on near-surface tornado
structure and intensity when Sc has a value around the
low-swirl peak (S∗

c ≈1.2-1.5)(Lewellen et al., 2000)
rather than for Sc ≫ 1, we can express this alterna-
tively that a single roughness element will significantly
impact the near-surface tornado structure and intensity
if,

Ab/rb ∼ rc . (19)

Note that the increase of a roughness element’s effects
with decreasing rb will not generally continue for rb ≪
rc because the winds encountered do not continue to
grow (and in a large high-swirl tornado may drop off
significantly).

Several observations can be drawn from this sim-
ple analysis. There are three basic length scales of
the roughness elements (object height, width, and dis-
tance from the tornado) and three basic length scales
of the tornado (core size, inflow layer depth, and ra-
dial extent over which swirl dominates the inflow aloft,
rs ∼

√

Γ∞/ac) that play a role. Because low-level
wind speeds scale roughly as 1/r, the effects of in-
dividual roughness elements on the tornado increase
greatly as their distance from the tornado (relative to
the tornado core size) decreases; however, for a quasi-
uniform coverage of roughness elements over the sur-
face the effects of the far-field elements in aggregate
will dominate because of the increase in number in-
volved (area scaling as r2). The integrated far-field

∗Note that unlike in the axisymmetric case, in the presence
of a translation much of the near-surface flow at large radius
(where the translation velocity might easily exceed the swirl
velocity) will not be channeled into the vortex core and thus
not contribute to Υ.
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effects may either weaken or strengthen the tornado
near the surface, depending on Sc. Far field elements
will have an impact only as long as they are within
the convergence region feeding the vortex core (out to
∼ rs) and the effects may largely saturate if the layer
depth grows deep enough (h1 ∼ zb).

3 SIMULATION APPROACH

For the simulations considered here, a limited volume
(2×2×3 km3) was employed, with different choices of
steady converging swirling inflows (rotating cycloni-
cally) applied at the boundaries to produce different
types of turbulent vortices within. Simple block “build-
ings”, either singly or in arrays, were included using the
“Immersed Boundary Method” (IMB). The implemen-
tation of the IMB used was essentially that which we
employed earlier for incorporating smooth topography
(Lewellen, 2010) with, however, one important differ-
ence. Since the IMB involves a continuation of the flow
solution within the solid with forcing terms included to
implement the flow boundary conditions implicitly at
the immersed surface, it works best for smooth sur-
faces. At high Reynolds numbers (where we cannot
assume all velocities become small around the bound-
ary) it becomes problematic for boundaries with dis-
continuous slopes unless the boundaries coincide with
grid boundaries for the normal velocity components.
Accordingly simulations with translating tornadoes and
blocks were performed in a reference frame fixed with
the blocks, with time varying conditions set on the
domain boundaries consistent with the tornado trans-
lation. High resolution and numerical efficiency were
retained by using an extended central fine grid region
and keeping the tornado core within that region by per-
forming the simulations in two or three segments over
time, imposing finite domain shifts between the grids
used. The methods were checked against control runs
using the same procedures without blocks as well as
against ones with blocks and stationary tornadoes.

In addition to the block elements a uniform back-
ground surface roughness could be included defined by
a surface roughness length z0, assuming a turbulent
log-layer boundary layer below the first vertical grid
point of the simulation. The roughness of the block
faces themselves were, for simplicity, considered to be
negligible. Other details of the model and simulation
procedures may be found in Lewellen et al. (2008) and
references therein.

One challenge in trying to study surface roughness
effects with limited domain simulations is that for some
conditions surface changes will strongly affect the core
flow and result in a physical feedback involving the core
even far above the corner flow. To allow this feedback

to occur in physically realistic fashion independent of
the details of the boundary conditions chosen at the
domain top we simulated, in many cases, nested cir-
culations on inner and outer scales as in fig 1. This
may be considered as an idealized version of a tornado
circulation within a mesocyclone circulation. These
were produced as described in Lewellen and Lewellen
(2007a) (see e.g., fig. 3 there). The inner vortex is
driven by the convergence into the larger-scale vortex
corner flow. As a result the simulated tornado vortex
core “terminates” aloft within the domain in a physi-
cally realistic way.

Figure 1: Swirl velocity on a central slice through
the full simulation domain showing nested inner and
outer circulations. A 120 m tall block element is
included.

Of order ∼150 simulations were performed vary-
ing tornado swirl ratio, size, and translation speed and
block dimensions, number and placement. Finest grid
resolutions were 4 m in the horizontal and 1 m in the
vertical.

Important caveats to the study include the absence
of storm-scale effects and that the blocks were treated
as static and impermeable with no debris effects consid-
ered. Clearly for some conditions wind-induced damage
could change the aerodynamics of the surface struc-
tures significantly and hence change both the effects
on the tornado and the pressure forces the structures
are subjected to.
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4 SAMPLE SIMULATION RESULTS

Figure 2: Surface tracks of peak pressure drop
encountered at 3 m height for sample simulated
medium swirl tornadoes moving left to right. Block
dimensions are 40×40×120 m. Ratio of translation
velocity to core swirl velocity aloft is ut/vc ≈ .4 (top
and middle); ut/vc ≈ .15 (bottom).

Figure 3: Surface tracks of peak pressure drop en-
countered at 3 m height for sample simulated high
swirl tornadoes. Block dimensions are 40×40×120
m; ut/vc ≈ .15.

Figures 2-3 show sample results for cases with only
a single block roughness element (e.g., a large build-

Figure 4: Surface tracks as in fig. 3 but over arrays
of 40×40 m blocks of heights 20 m (top), 40 m (mid-
dle), 120 m (bottom).

ing) as viewed from “tracks” of the peak near-surface
pressure drops encountered over time as the simulated
tornado translates over the surface. Figure 4 gives
some further examples with simulated vortices inter-
acting with an array of block elements. Several of the
features predicted by the simple surface analysis given
above are readily apparent: the effects of the block are
slight if rb is much greater than rc but can be very
large when (19) is satisfied; the effects are significantly
larger for blocks lying to the left of the tornado path
than those to the right when the tornado is rapidly
translating; smaller blocks give smaller effects; and the
effects of a block on the main vortex are less for larger
rc.

The presence of a block (or blocks) can lead to
regions of intensification or deintensification near the
surface (or both). The axisymmetric analysis would
predict that an increases in Υ from a block would ef-
fectively decrease the corner flow swirl ratio, leading to
a net increase in intensity near the surface (but con-
tracted footprint) unless (or until) Sc is pushed well
below S∗

c , blowing out the core at the surface and
dropping the near-surface intensification. Qualitatively
these expectations seem properly reflected in the sim-
ulation results but there are other factors (not consid-
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Figure 5: Evolution of the bottom frame case of fig. 4
as visualized with nested perturbation pressure iso-
surfaces sampled at equally spaced time intervals.

ered in the simple theoretical model above) that lead
to a much richer array of effects. Among the most
important are transient effects. The response from ap-
proaching and then receding from a block (first increas-
ing and then decreasing Υ into the corner flow) does
not lead to a symmetric response because the tran-
sient increase in Υ affects the core flow throughout the
subsequent evolution, sometimes leading to a transient
overshoot in near-surface intensification downstream of
the blocks (e.g. fig. 2 bottom frame, fig. 4 bottom
frame, fig. 5) – an example of “corner flow collapse”
intensification (Lewellen and Lewellen, 2007b). Other
effects include: deviations from axisymmetry due to the
presence of the block causing deflections in the tornado
path at the surface; angular momentum losses from tall
near-by blocks feeding directly into the core aloft with-
out passing through the surface layer (weakening the
cornerflow below); and disruption or enhancement of
secondary vortices. The latter effects are particularly
important for high-swirl tornadoes with large rc: Ab/rb

may be significant relative to the size of a secondary
vortex even when it is dwarfed by the scale of the pri-
mary vortex. This can lead to significant weakening of
secondary vortices. Occasionally, however it can lead
to a stronger secondary vortex downstream, starting
from a vortex shed in the block’s wake.

5 PRESSURE FORCES ON BUILDING FACES

While the emphasis in this study has been on the ef-
fects of “buildings” on the tornado flow, the pressure
forces exerted by the tornado on a building are obvi-
ously of critical interest. For the simulation set, time
histories of the pressure distributions on the block sur-
faces were collected. Figures 6 and 7 show sample
results from one case. Net forces on the blocks tend to

Figure 6: Bottom frame: time history of integrated
net horizontal force per area on different blocks
(block 1 light blue, 2 dark blue, 3 black, 4 red, 5
light purple, 6 green, 7 dark purple, 8 grey). Blocks
as labeled in the top frame showing also horizontal
wind vectors and near-surface pressure at time 84
s when the vortex is centered over the block array.
The case is that of the middle frame of fig. 4.

Figure 7: Perturbation pressure distribution on the
South, East, North and West faces of block-3 at 84
s shown in fig. 6

fluctuate significantly in time, both in magnitude and
direction. The spatial fluctuations in the wind-induced
pressure distributions on individual block faces tend to
be significant as well (the variances being typically of
the same order as the mean), so local forces can be ex-
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pected to significantly exceed mean forces much of the
time. For a given position relative to the tornado, to-
tal forces on single blocks scale roughly with the block
area unless the blocks are large enough to significantly
affect the tornado strength, whereupon the force per
area on the block tends to drop. It is an interesting
consequence of the flow geometry that in some cir-
cumstances a block can effectively shield itself to some
extent from the strongest winds. As expected the mean
force on tall (relative to h1) blocks is dominantly from
the swirl component but veers toward the radial for
shorter blocks. From the initial inspection of the re-
sults few general rules about the pressure forcing (such
as which positions in block arrays might generally en-
counter greater or lesser forcing) are apparent across
the simulation set. The utility of the results for assess-
ing the failure modes of actual structures is substan-
tially limited by treating the blocks as impermeable:
the actual forces on building segments would depend
as well on the pressure response within the buildings
(which may be expected to vary significantly depend-
ing on building volume and tornado translation speed)
and on aerodynamic changes due to structural damage.

6 CONCLUSIONS

A large simulation set together with simpler analytic
estimates suggest that individual roughness elements
can lead to significant local weakening and/or strength-
ening of a tornado if large enough and close enough
(Ab/rb ∼ rc). The effects are largest on low or medium
swirl tornadoes and on secondary vortices within high
swirl tornadoes. For tornadoes with significant trans-
lation velocities the effects are greatest for elements
on the right side of the tornado path where the swirl
and translation velocities are aligned. While the sim-
ulations suggest that large buildings might sometimes
shield themselves and other local structures from the
strongest tornado winds, we stress that they do not
support any general conclusions about city environ-
ments providing protection from tornadoes: a large
enough high-swirl tornado would not be appreciably
weakened and the presence of large buildings could in
some circumstances lead to more damaging winds in
some locations from modest sized tornadoes.
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