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ABSTRACT

1.

Observations of flow and dispersion in urban
areas with tall buildings have revealed a
phenomenon whereby contaminants can be
transported vertically up the lee sides of tall buildings
due to the ve rtical flow in the wake of the building.
This phenomenon, which contributes to w hat is
sometimes called “rapid vertical dispersion”, has
im portant consequences for the dispersion of
pollutants in urban areas and its understanding may
be crucial to im proving urban dispersion models.
This venting effect was observed in a wind-tunnel
study of dispersion from the site of the destroyed
W orld Trade Center (W TC ) in New York City, using
a scale model of lower Manhattan, including a scaled
represe ntation of the rubb le pile.
Enhanced vertical d ispersion was seen on the
downwind side of several tall buildings in the highly
urban area surrounding the WT C site using a smoke
tracer.
Th e flo w responsible for this vertical
dispersion was meas ured with laser Doppler
velocim etry, and its effects on the plume were
dem onstrated with concentration measurem ents of
an ethane tracer released from the rubble pile.
Nota bly, the W orld Financial Center buildings, which
stood upwind of the W TC site for westerly winds,
caused an initial vertical dispersion of the plume
before it began to m ove dow nw ind. This vertical
dispersion was caused by a vertical flow in the wake
of these bu ildings and resulted in rapid transport of
con tam inants to heights above the building tops.
The enhancem ent of the dispersion of the W TC
plume due to tall building wake effects is analyzed
and compared with Gaussian plume m odel
predictions.

To evaluate and enhance our numerical
simulation capabilities for lower Manhattan and other
urban areas and to support ongoing risk assessm ent
and public health studies of the W orld Trade Center
disaster, EPA's Office of Research and Development
initiated a wind-tunnel study of flow and pollutant
dispersion in the complex Lower Manhattan area.
The wind-tunnel study was conducted using a scale
model of lo wer Manhattan, including a scaled
representation of the W orld T rade Center (W TC)
rubble pile.
Neither the initial explosions on
September 11, 2001 nor the c ollapses of the towers
have been sim ulated. Instead, dispersion from the
smoldering rub ble pile was m odeled fo r the tim e
period approxim ately two to six weeks after the
catastrophe.
A prominent characteristic of the flow through
this highly urban area of lower Manhattan is the
tendency for some tall buildings to create wakes that
transport contaminants from street level to the
building ro oftop s. T his phenomenon was observed
in each o f the three phases of the study: flow
visualization, velocity measurements, and tracer
con cen tration m eas urem ents .
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INTRODUCTION

2. EXPERIMENT
A photograph of the 1:600 scale model of the
lower end of Manhattan Island installed in the EP A’s
Meteorological W ind Tunnel (3.7m wide, 2.3m high,
18m long, m ore fully d escribed by Snyder, 1979) is
shown in Fig. 1. The m odel was constructe d of rigid
polyurethane foam mounted on a plywood base and
centered 250m east and 115m south (full scale) of
the center of the W TC site. It encompasses all of
the south ern tip o f Manh attan Island .
A sim ulated atm ospheric boundary layer (abl)
was developed us ing three Irwin (1981) spires and
roughness blocks (18m m high, 27m m squ are) with
25% area coverage. Th ese blocks ended at roughly
the weste rn edge of the Hu dson River, wh ich is
about 1 km wide at this point. Me asu rem ents
showed the full-scale (600:1) equivalent of this abl
would have a depth of 1100m, and a roughness
length of 0.4m full scale at the end of the roughness

Figure 1. View of scale model in wind tu nnel for th e 270 ° wind direction case, looking dow nstream (toward east).
blocks, which is consistent with the built-up
urban/suburban area on the New Jerse y (western)
side of the river. Detailed m easurem ents were
made for winds from the west (270°) and the
southwest (22 5°), altho ugh re sults s hown in this
paper only from the 270° case.
The free-stream velocity (U o) was set at 4.23

Figure 2. Plan view of study area. Red asterisks
indicate selected LDV measurem ent sites.

m/s, providing a street-canyon Reynolds number
(Res=U oW /<) of approximately 10,000 for the
smallest stree t-can yon width (35m m or 2 1m full
scale). W is the street canyon width and < is the
dyn am ic vi scosi ty of air .
In d e p e n d e nt
m eas urem ents of flow in idealized two-dimensional
street canyons suggested that Reynolds-numb er
independence would be achieved if Res exceeded
420 0.
A plan view of the model is shown in Figure 2.
A roughly square array of 9 discrete tubes was used
to release efflue nt from the sm oldering rubble pile to
sim ulate the distribution of e m issions. N eutrally
buoyant ethane was used as a tracer for quantitative
m easurem ents of concentrations with flame
ionization detectors.
Flow visualization was
performed using a theatrical smoke generator and a
laser light sheet used to illuminate cross sections of
the plume.
For the quantitative flow meas urem ents , a
laser-Doppler anem om eter (L DA ) was us ed a t a
series of points located within various street canyons
throughout the area. The LDA was aimed through
glass windows in the floor of the w ind tun nel so as to
elim inate disturbances from the LD A probe as well
as to avoid building interferences to the LDA
line-of-sight.
This arrangement allowed the
m eas urem ent of horizontal com pon ents of velocity.
A small mirror placed at 45° to the LDA viewing
direction and supported by small-diameter rods
extending through the window enabled the additional

measurem ent of vertical components as well as
vertica l travers ing (S nyder & C astro , 1998).
Eight basic locations were selected for LDA
measurem ents, providing a cross section of the
different types of local building topographies in the
region (e.g., low-rise buildings with narrow streets,
open space surrounded by tall buildings, narrow
canyon surrounded by tall buildings, etc.) and
covering a range of distances and directions from
the W TC site. Fo rtuna tely, a number of the selected
measurem ent locations were on the downstream
side of relatively tall buildings. Therefore, the
velocity m ea su rem en ts p rovided qu an titative
information on the vertical transport of po llutants in
thos e situa tions.
Each of these measurem ent locations included
at least a pair of ports or windows for access by the
LDA and, in some locations, as many as 5 ports. The
separation between the pairs was 100mm and, in
general, pairs were oriented along the street axes.
T he 100m m separation was the same as the beam
exte nsion beyond the 45° mirror on the LDA.
Therefore, by using the mirror when the LDA head
was in one port of the p air and rem oving it when in
the other, vertical profiles of both horizontal and
vertical velocities could be measured along the same
line, generally at the center of the street canyon.
Also, by rotating the LDA probe with mirror attached,
it was possible to measure off-axis profiles, thus
providing cross-sectional information on the flow
structure within the canyon.
A large number (133) of sampling ports were
installed on the model surface to facilitate the
measurem ent of ground-level c on ce ntr atio n
distributions. Sampling “rakes” on a traverse system
allowed lateral and vertica l conc entra tion pro files to
be measured at virtually any position in the model
city. Samples acquired in this way were analyzed

Figure 4. Visualization of smoke in a horizontal plane
just above the height of the tallest buildings using a
laser light sheet.

with Hydrocarbon Analyzers equipped with flame
i o n iz a ti o n dete c t o r s t o d e te r m i n e m e a n
con cen trations of the trace r m aterial.
3. FLOW VISUALIZATION
One prominent feature observed from the flow
visualization was entrainment of source material
upwind into the lee of the W orld Financ ial Center
(W FC). The subsequent upwash or "pum ping" of
smoke up the lee side to the building top and even
above, resulted in what appeared to be a continuous
elevated rele ase. T his effect ca n be seen clearly in
Figure 3 where the plum e from the W TC site
reaches the top of the W FC building before it leaves
the im m ediate area of the rubble pile. Similar
"pumping" action was obs erve d from building s to the
sou th and somewhat downwind of the source.
These results may be seen in Figure 4, where a
laser-light sheet illuminated a horizontal plane just
above one of the tallest buildings (the Chase
Man hattan Building). The figure app ears to show 3
distinct "plumes". The one on the right originated
from the W FC (213m high), the middle one from the
Liberty Plaza Building (236m), and the (somewhat
m ore diffuse) one on the left from the Chase
Manhattan Building (274m). These are the three
tallest buildings in the vicinity of the W TC site.
4. VELOCITY VECTORS

Figure 3. Visualization of smoke in a vertical plane
parallel to the direction of the freestream flow (from
left to right).

The vertical transport of pollutants in the wakes
of tall buildings can be attributed to relatively strong
upd rafts which have been quantified for a number of
prominent buildings in the lower Manhattan study
area. Using LD A, the velocity fields were measured

Figure 5. Velocity vectors on the dow nwind side of tall buildings (show n in silhouette on the left side of each
figure. a) Chase Manhattan building (Federal Reserve building on right), b) Woolworth building, c) unknown
building approximately 300m northeast of WTC site.

at many locations across the area, several of which
were on the downstream side of tall buildings
(indicated with asterisks in Figure 2). In general, the
air moves vertically up the lee side of tall buildings
with a ve locity that can easily exceed 10% of the
freestrea m veloc ity aloft (Figu re 5).
The Ch ase M anhattan building (located
approxim ate ly 500m south east o f W TC site) is one
of the tallest buildings in the Wall Street area with a
rectangular block -like shap e that proje cts above the
neighboring buildings. The flow on the lee side of
that building rises dram atically (Figure 5a)
Figure 5b shows the flow behind the W oolworth
building located approxim ate ly 300m east-northeast
of the W TC site. This bu ilding, although quite tall
(241m ), tapers toward to the top, there by reducing its
influence on the flow around it. Nevertheless, the
flow on the lee side of the building exhibits the same
ten dency to trans port m aterial from grou nd level to
the top of the building that was seen at Chase
Ma nha ttan building.
Figure 5c shows a much shorter building,
located approximately 300m northeast of the W TC
site on the edge of an area where most of the
building s are low-rise. Although the building on the
left in Figure 5c is not tall compared to the
W oolworth Building or the Chase Manhattan
building, it does stand taller tha n the building s in its
imm ediate vicinity. The flow vectors in the figure
indic ate that even behind this building, the flow is

drawn up the lee side to the top of the building
before b eing swe pt downs tream by the flow aloft.
5.

TRACER MEASUREMENTS

The effect of the tall building upwash can be
seen in the tracer measurements of the simulated
W TC plume. Cross sections of concen tration were
measured at 300, 600 and 1200m downwind of the
W TC site. These are sh own in Figure 6, where
isoconcentration contours against a background of
the city skyline viewed from downstream provide
som e indications about the plume size and behavior.
(The values of the isoconcentrations are
nondim ensional, 100CU oH2/Q, where C is the
measured con cen tration, H is a referen ce len gth
scale (150m m ) indicative of an average building
height, and Q is the volum etric source flow rate.)
At the 300m distance (Fig. 7a), the most notab le
feature of the cross section is the two lobes of higher
concentrations on the side s, with a valley of lower
concentrations in the middle. This is rather clear
evidence of the "pumping" of effluent up the lee
sides of the W orld Fina ncial Cen ter an d the Liberty
Plaza Bu ilding.
The influence of the Chase
Manhattan Building was not a factor at th is
downwind distance, since it is located very near this
plane. The plum e was stron gly asym m etrical, with
the north lobe bein g m uch wider an d higher in
elevation than the south lobe. Also at this downwind
distance, the plum e ap pea rs to b e sh ifted slightly to

Figure 6. Plum e cross sections at dow nw ind distances of: a) 300 m, b) 60 0m , and c) 1200m . View look ing upstream
against skyline of city. Shorter buildings indicated in lighter colors.
the north side of a line aligned with the free-stream
wind and throu gh the ce nter o f the W TC site
(hen ceforth referred to as the centerline). The

largest con cen tratio n, indicated by the circled star,
how ever, is on th e ce nterline .
At 600m downw ind, two lobes were still evident,

but were more diffuse. A notable feature was the
lateral shift of the plume from a northward bias to a
southwa rd b i a s ; th e m aximum m easure d
concentration was located over 100m south of the
centerline. The maximum concentration is shown
elevated above ground level at this dista nce, but it
may have been lower; no m easurem ents were made
at lower elevations at this downstream location,
because buildings w ere in the way.
At 1200m downw ind, only the north lobe was
pronounced; a roughly horizontal concentration
contour on the south side suggests that the m iddle
and sou th plum es observe d in Fig. 3 have essentially
merged at th is downwind distance. Also notice able
here was the strong spread of the plume to the s outh
side, with the "10"-contour reaching only 170m to the
north of the centerline, but 440m south of the
centerline. The m aximum concentration was located
about 240m south of the centerline, indicating an
angular shift of the plum e by approxim ate ly 11° from
a line dire ctly downw ind of the source. W e believe
this is an indication of a recirculation caused by the
dense cluster of tall buildings in the vicinity of W all
Street (centered at approximately 500m south of the
centerline through the source). At this distance, the
maximum concentration was elevate d approxim ate ly

Figure 7. Gaussian plume model results using
AERMO D. Plume cross sections at downwind
distances of: a) 300m, b) 600m, and c) 1200m. View
looking upstream.

80m above ground level. The dots forming vertical
lines in this part of the figure indicate the locations
whe re co nce ntration s we re m eas ured .
Com parisons with AERMO D, a steady-state
Gaussian plume model (Cim orelli, 2003), reveal that
building effects, especially vertical venting on the lee
sides of tall buildings and increased mechanical
turbulence due to the urban surface characteristics,
have a significant im pact on the grow th of plumes
originating from ground level sources. AERMOD
was run a ssu m ing ne utral atmospheric conditions
with the same approach flow and source
characteristics as existed in the meteorological wind
tunnel experiments.

6.

CONCLUSIONS

Flow visualization showed that three of the tallest
buildings surrounding the W TC site caused strong
transport of co ntam inants up their lee sides , with
results that looked like "chimneys" outputting smoke
plumes above their tops. The W orld Financial
Center was actually upstream of the W TC site, so
that effluent was first entrained into the building
wake, then transported to the building top. The
Chase Manhattan Building was well off to the s outh
and well downwind of the source, but nevertheless
displayed similar behavior.
Velocity m eas urem ents confirmed that the
vertica l transport o f pollutants in the building wakes
was likely attributable to the mean vertical velocity
produced on the lee side of these tall buildings.
These velocities can easily reach magnitudes of
10% of the freestrea m veloc ity aloft.
Concentration m easurem ents s howe d a highly
distorted plum e dow nw ind that wa s clearly
influenced by the venting action of the tall buildings
and by the blockage effect of the dense cluster of tall
buildings surrounding Wall Street. The locus of
maxim um concentrations did not follow the
free-stream wind direction, but rather deviated by an
angle in excess of 10 ° from a line pointing dire ctly
downwind. Further, the lateral distributions showed
a bifurcation of the upper levels of the plume (high
concentrations on the two sides with lower
concentrations in the middle) that clearly resulted
from the upwash behind the tall buildings.
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