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1 INTRODUCTION u = adfr 2
vV = 1 =r (3)

To estimate what damage a tornado measured
w = 2az (4)

over open plains might have produced had that tornado

passed instead over a large structure or group of struc-For convenience we have chosen mass units such that
tures, it is common to simply superpose the measuredthe density = 1 drops out of the equations. For
wind elds over the new environment (e.g., Wurman g simpli ed model of the surface layer consider rst a
et al. (2007)). One should, however, also consider howsmooth surface with a layer of reduced angular momen-
the presence of the structures, or more generally anytym, ,, between it and the 1 region aloft (arising
localized surface roughness elements, might themselvegerhaps from surface friction at larger radii). In the
alter the tornado wind elds. The known sensitivity of inviscid approximation the Bernoulli constant (or total
the tornado corner ow to properties of the near- sur- head,H,), ; and radial ux ( ) in this layer are all
face in ow suggest that such e ects could at times be conserved as this uid ows inward (given the assumed
signi cant. It has long been appreciated that an in- smooth surface). Further, for modest layer thickness
crease in general surface rOUghneSS will alter tornad%nd away from the core, the boundary-|ayer approxi-
corner ow structure toward that for a vortex character- mation is valid so thatdp=dz= 0 in the layer, sop is
ized by a lower swirl ratio (e.g., Leslie (1977); Lewellen known from the solution aloft. One can then simply
et al. (2000)), but the e ects of very local changes solve for the velocity components within the layer and
in roughness have not, to our knowledge, been previ-the layer depthh; as a function of radius:

ously considered. Deducing such e ects by observing

. e . 2 2
the behawor of actual tornadoes transitioning between up = [2Hi+ L . Ly @2r2)i=2 (5)
di erent environments (or the changes in the damage r
tracks they leave behind) is problematic because of the Vio= = (6)
natural unsteadiness of tornado behavior due to other hy =  =2rui) (7)

e ects such as changes in conditions aloft. Here we . )
use large eddy simulations (LES) and simple theoretical®€nerally the cases and regions of most interest are
models to help isolate possible e ects of local rough- whenr is small enough that the swirl terms dominate

ness elements. the convergence terms ip and jpj dominatesjH1j so
to good approximation we have,
q___
2 APPROXIMATE TORNADO SURFACE up g 2=r (8)
LAYER DYNAMICS q__
hy =2 % B 9)

The outer conditions of the simulations (away from ) ]

the surface and vortex core) are taken with a constant Thus the magnitudes ot and vy both increase as
angular momentum (; ) and constant horizontal con- 1=r with decregsmg, but the angle of the boundary
vergence &). This provides an exact inviscid solution layer ow and its depth h_l do not change (feature_:s
of the incompressible Navier-Stokes equation with per- S€€n t0 good approximation over the relevant regions

turbation pressurep and velocity components, v, w N the simulations even with more realistic conditions).
(radial, azimuthal, vertical) of: This solution holds until the vortex core radius is ap-

proached. The structure in this corner ow region is

1 2 largely governed by the corner ow swirl ratio (Lewellen
p = Srrar’) 2a7 (1) etal, 2000),

Sc=re 2= (10)
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owing through the region. In the simple model above well),

=( 1 1) leading to a simple relation between Ay ? (17)
Se 2 h° (12) The addition of a tornado translation speed alters the
1

relative velocity between the element and the tornado

This agrees with the qualitative structure one expects center, either increasing or decreasing the change in

in the corner ow: a shallow in ow layer relative to the depending on whether the element lies to the right or

core radius aloft for \high-swirl" conditions; a relativel  |eft of the tornado path (assuming counter-clockwise

deep one for \low-swirl". rotation). In the limit where the swirl velocity domi-
For less idealized surface layers (e.g., a smooth nates the translation velocity (17) is modi ed to,

pro le rather than a discontinuous step in)  is more )

easily de ned unambiguously than and h; so it is Ap( 1 UtYp) . (18)

convenient, for purposes of general scaling arguments, 2rp '

to de ne characteristic scales of the latter in terms of for translation velocityu; and transverse distancg,
the former by matching results for the simplest =0 petween the element and the tornado path (using the

version of the model above, plus sign if it lies to the right and minus sign if it lies
z to the left).
(r) dz2ru (r;z)( 1 (rz)) (12) From this rough approximation and the de nition

(10) we can estimate that for a single roughness ele-
=1 (13) ment to have a signi cant e ect onS; we must have
hy =2 1) : (14) non-negligible relative to. 2 =S.. Since changes
in S¢ have their greatest e ects on near-surface tornado
Now consider the eects of individual surface strycture and intensity wher$. has a value around the
roughness elements in this simple model. We assumggw-swirl peak 6. 1.2-1.5)(Lewellen et al., 2000)
these to be arrayed sparsely on the surface (so thatather than forS. 1, we can express this alterna-
their contributions may be considered approximately tively that a single roughness element will signi cantly

independent of each other) but uniformly enough that jmpact the near-surface tornado structure and intensity
approximate axisymmetry of the in ow will persist. We jf

assume the vortex translation speed to be negligible, Ap=rp rc (19)
again for the sake of approximate axisymmetry. Each Note that the | f h | " ¢
element acts as a sink of angular momentum and hence ote that e increase ot a roughness elements e ects

a source of . The drag force exerted by each element with decreasing, will not generally continue fory,
on the ow is given by, r. because the winds encountered do not continue to

grow (and in a large high-swirl tornado may drop o
o signi cantly).
Fa= SCaAvjthbith (15) Several observations can be drawn from this sim-
ple analysis. There are three basic length scales of
wheret, is the unperturbed wind velocity at the ele- the roughness elements (object height, width, and dis-
ments position Ay, is the projected cross-sectional area tance from the tornado) and three basic length scales
of the element and:d is the drag coe Cient, which for of the tornado (Core Size’ in ow |ayer depth, and ra-
a blu body is nearly independent of Reynold's number gjg| exjent over which swirl dominates the in ow aloft,
andCy 1. Each element acts as a sink for angular rs 1 =a) that play a role. Because low-level
momentum, with the change in radial ux of angu- \ind speeds scale roughly dsr, the e ects of in-
lar momentum (i.e., the net increase in due to the  gjyidual roughness elements on the tornado increase
element) equal to the torque exerted by the element greatly as their distance from the tornado (relative to
integrated over its extent. Then for a block element of the tornado core size) decreases; however, for a quasi-
height z, located a distance, from the tornado axis  yniform coverage of roughness elements over the sur-
(and again assuming the swirl dominated regime whereface the e ects of the far- eld elements in aggregate

jpi dominatesjH 1)), will dominate because of the increase in number in-
Z CA 1 Z, volved (area scaling as?). The integrated far- eld
- dAb 1 i
- (r Fq) 2 2rp Z_b 0 dz(r.z) Note that unlike in the axisymmetric case, in the presence

(16) of a translation much of the near-surface ow at large radius

- . ! (where the translation velocity might easily exceed the swi rl
In the limit of tall sparse elements stretching well into yejocity) will not be channeled into the vortex core and thus

the 1 layer this becomes of order (droppinfQqy as  not contribute to .



e ects may either weaken or strengthen the tornado to occur in physically realistic fashion independent of
near the surface, depending &. Far eld elements the details of the boundary conditions chosen at the
will have an impact only as long as they are within domain top we simulated, in many cases, nested cir-
the convergence region feeding the vortex core (out to culations on inner and outer scales as in g 1. This
rs) and the e ects may largely saturate if the layer may be considered as an idealized version of a tornado
depth grows deep enougth{ z,). circulation within a mesocyclone circulation. These
were produced as described in Lewellen and Lewellen
(2007a) (see e.g., g. 3 there). The inner vortex is
driven by the convergence into the larger-scale vortex

For the simulations considered here, a limited volumeCOMer ow. As a result the simulated tornado vortex
(2 2 3 km?) was employed, with di erent choices of COre \terr_nmates" aloft within the domain in a physi-
steady converging swirling in ows (rotating cycloni- Ccally realistic way.

cally) applied at the boundaries to produce dierent

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 di er-

ence. Since the IMB involves a continuation of the ow

solution within the solid with forcing terms included to

implement the ow 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 witt
grid boundaries for the normal velocity components.
Accordingly simulations with translating tornadoes and
blocks were performed in a reference frame xed with
the blocks, with time varying conditions set on the
domain boundaries consistent with the tornado trans-
lation. High resolution and numerical e ciency were i
retained by using an extended central ne grid region

and keeping the tornado core within that region by per- rigyre 1: Swirl velocity on a central slice through
forming the simulations in two or three segments OVer y,q 1| simulation domain showing nested inner and

time, imposing nite domain shifts between the grids g ter circulations. A 120 m tall block element is
used. The methods were checked against control runs, | ,ded.

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- Of order 150 simulations were performed vary-
ground surface roughness could be included de ned bying tornado swirl ratio, size, and translation speed and
a surface roughness lengiy, assuming a turbulent  pjock dimensions, number and placement. Finest grid

log-layer boundary layer below the rst vertical grid resolutions were 4 m in the horizontal and 1 m in the
point of the simulation. The roughness of the block \grtical.

faces themselves were, for simplicity, considered to be
negligible. Other details of the model and simulation Important caveats to the study include the absence
procedures may be found in Lewellen et al. (2008) andof storm-scale e ects and that the blocks were treated
references therein. as static and impermeable with no debris e ects consid-
One challenge in trying to study surface roughnessered. Clearly for some conditions wind-induced damage
e ects with limited domain simulations is that for some could change the aerodynamics of the surface struc-
conditions surface changes will strongly a ect the core tures signi cantly and hence change both the e ects
ow and result in a physical feedback involving the core on the tornado and the pressure forces the structures
even far above the corner ow. To allow this feedback are subjected to.

3 SIMULATION APPROACH
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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  Figure 4: Surface tracks as in g. 3 but over arrays
velocity to core swirl velocity aloft is ug=v, :4 (top ~ ©f 40 40 m blocks of heights 20 m (top), 40 m (mid-
and middle); u;=v,  :15 (bottom). 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 e ects of the block are
slight if ry is much greater tharr, but can be very
large when (19) is satis ed; the e ects are signi cantly
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 e ects; and the
e ects of a block on the main vortex are less for larger
re.

The presence of a block (or blocks) can lead to
regions of intensi cation or deintensi cation near the
surface (or both). The axisymmetric analysis would
. predict that an increases in from a block would ef-
Figure 3: Surface tracks of peak pressure drop en- feciively decrease the comer ow swirl ratio, leading to
countered at 3 m height for sample simulated high 5 et increase in intensity near the surface (but con-
swirl tornadoes. Block dimensions are 4040 120  5cted footprint) unless (or until)S; is pushed well
m; u=ve 15 below S;, blowing out the core at the surface and

dropping the near-surface intensi cation. Qualitatively

Figures 2-3 show sample results for cases with onlythese expectations seem properly re ected in the sim-
a single block roughness element (e.g., a large build-ulation results but there are other factors (not consid-
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ered in the simple theoretical model above) that lead
Block 12345678

to a much richer array of e ects. Among the most
important are transient e ects. The response from ap- 1529
proaching and then receding from a block ( rstincreas-

ing and then decreasing into the corner ow) does

not lead to a symmetric response because the tran-'???|
sient increase in a ects the core ow throughout the
subsequent evolution, sometimes leading to a transient
overshoot in near-surface intensi cation downstream of "
the blocks (e.g. g. 2 bottom frame, g. 4 bottom
frame, g. 5) { an example of \corner ow collapse” PR ‘ ‘ ‘
intensi cation (Lewellen and Lewellen, 2007b). Other 0 50 100 150
e ects include: deviations from axisymmetry due tothe . . ) )
presence of the block causing de ections in the tornado F19ure 6: Bottom frame: time history of integrated
path at the surface; angular momentum losses from tall "€t horizontal force per area on dierent blocks
near-by blocks feeding directly into the core aloft with- (Plock 1 light blue, 2 dark blue, 3 black, 4 red, 5
out passing through the surface layer (weakening the l9ht purple, 6 green, 7 dark purple, 8 grey). Blocks
corner ow below): and disruption or enhancement of as labeled in the top frame showing also hor_lzontal
secondary vortices. The latter e ects are particularly Wind vectors and near-surface pressure at time 84
important for high-swirl tornadoes with large.: Ap=rp s when thg vortex is cenFered over the block array.
may be signi cant relative to the size of a secondary 1€ case is that of the middie frame of g. 4.

vortex even when it is dwarfed by the scale of the pri-

mary vortex. This can lead to signi cant weakening of

secondary vortices. Occasionally, however it can leac

to a stronger secondary vortex downstream, starting

from a vortex shed in the block's wake. - ’

Figure 7: Perturbation pressure distribution on the
South, East, North and West faces of block-3 at 84

While the emphasis in this study has been on the ef-S shown in g. 6

fects of \buildings" on the tornado ow, the pressure

forces exerted by the tornado on a building are obvi- uctuate signi cantly in time, both in magnitude and
ously of critical interest. For the simulation set, time direction. The spatial uctuations in the wind-induced
histories of the pressure distributions on the block sur- pressure distributions on individual block faces tend to
faces were collected. Figures 6 and 7 show samplée signi cant as well (the variances being typically of
results from one case. Net forces on the blocks tend tothe same order as the mean), so local forces can be ex-

5 PRESSURE FORCES ON BUILDING FACES



pected to signi cantly exceed mean forces much of the mos. Sci, 34, 1022{1027.

time. For a given position relative to the tornado, to-

tal forces on single blocks scale roughly with the block L€Wellen, D. C., 2010: E ects of topography on tor-
area unless the blocks are large enough to signi cantly Nado dynamics: A simulation studyreprints, 26th

a ect the tornado strength, whereupon the force per ~ conference on Severe Local Stormd/S, Nashville,
area on the block tends to drop. It is an interesting 1 \» Paper 4B.1.

consequence of the ow geometry that in some cir- | g\yelien, D. C., B. Gong, and W. S. Lewellen, 2008:
cumstances a block can e (_act|vely shield itself to some E ects of ne-scale debris on near-surface tornado
extent from the str_ongest winds. A_s expe_cted the mean dynamics.J. Atmos. Sci, 65, 3247{3262.

force on tall (relative toh1) blocks is dominantly from

the swirl component but veers toward the radial for Lewellen, D. C., and W. S. Lewellen, 2007a: Near-
shorter blocks. From the initial inspection of the re-  surface intensi cation of tornado vorticesl. Atmos.
sults few general rules about the pressure forcing (such Sci, 64, 2176{2194.

as which positions in block arrays might generally en-

counter greater or lesser forcing) are apparent across-eWellen, D. C., and W. S. Lewellen, 2007b: Near-
the simulation set. The utility of the results for assess-  SUrface vortex intensi cation through corner ow
ing the failure modes of actual structures is substan- collapse.J. Atmos. Sci, 64, 2195{2209.

tially limited by treating the blocks as impermeable: | q\vellen. D. C.. W. S. Lewellen. and J. Xia. 2000: The
the actual forces on building segments would depend j, yence of a local swirl ratio on tornado intensi ca-

as well on the pressure response within the buildings iion near the surfaceJ. Atmos. Sci. 57 527{544.
(which may be expected to vary signi cantly depend- T

ing on building volume and tornado translation speed) Wurman, J., C. Alexander, P. Robinson, and
and on aerodynamic changes due to structural damage. Y. Richardson, 2007: Low-level winds in tornadoes

and potential catastrophic tornado impacts in urban
6 CONCLUSIONS areas.Bull. Amer. Meteor. Soc.88, 31{46.

A large simulation set together with simpler analytic
estimates suggest that individual roughness elements
can lead to signi cant local weakening and/or strength-
ening of a tornado if large enough and close enough
(Ap=rp r¢). The e ects are largest on low or medium
swirl tornadoes and on secondary vortices within high
swirl tornadoes. For tornadoes with signi cant trans-
lation velocities the e ects 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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