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he extentof the region that might become contaminated following a 
release of toxic material in, say, central London, United Kingdom, and 
the subsequent movement of polluted air is a matter of importance to 

U.K. emergency response planning, management! and training personnel. 
Knowledge of short-range dispefsion behavior, in the United Kingdom and 
similar northern European cities is clearly vital but is severely limited by 
the lack of pertinent experimental information. Results from studies in 
cities in the United States [e:g„  Salt Lake City, Utah (Allwin e et al. 2002; 
Doran et al. 2002), and Oklahoma City, Oklahoma (Alpine et al. 2004)), 
while useful, are not directly applicable because of The gJteat differences 

Uai^ j^ rch i tecture and, perhaps to a lesser extent, the prevailing climatfc 
conditions. Similarly, the extensive body of inforraatimvalx -̂ flow and 
dispersion in regular obstacle arrays is also informative but not directly 
applicable because one of th^ key features of the urban geometry is its 
irregularity, both in building height and plan dimensions. 

Relevant tracer dispersion experiments in European cities have previ-
ously been carried out in Birmingham, United Kingdom (Britter et al. 
2002); in Basel, Switzerland (Rotach et al. 2004); and also in London. The 
early London experiments formed part of the Engineering and Physical 
Sciences Research Council (EPSRC), United Kingdom-funded Dispersion 
of Air Pollution and its Penetration into the Local Environment (DAPPLE) 
project, which ran from 2002 to 2006. Further information can be found 
on the DAPPLE Web site (www.dappiJ.org.uk), which includes •  
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T a b l e 1.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA Summary of the full-scale stationary-source tracer  experiments carried out from 2 0 0 3 to 2 0 0 8 

inclusive. Note that our  moving-source experiments took place on 11 Nov 2 0 0 4 and 13 Mar  2 0 0 8 simulta-
neous to the stationary-source experiments (Shallcross et al. 2 0 0 9 ) . 
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15 May 2003, 

1700 

3.2 -138 2 1 10 3 9 (+ roof) 75-430 

3 Jun 2004, 

1630 

2.2 +53 3 1 10 3 14 (+ roof + 

indoors) 

40-590 

4 Jun 2004, 

1400 

2.6 +3 3 1 10 3 14 (+ roof + 

indoors) 

75-430 

2 Nov 2004, 

1500 

2.1 + 114 1 2 1 8 13 37-234 

11 Nov 2004, 

1400 

1.6 - 9 6 1 2 1 8 14 47-200 

30 May 2007, 

1200 

2.9 + 86 3 4 1 30 15 22-437 

06 Jun 2007, 

1200 

1.9 -122 3 4 1 30 15 22-437 

07 Jun 2007, 

1200 

I.I -121 3 4 1 30 15 22-437 

28 Jun 2007, 

1300 

2.6 + 19 3 1 10 3 18 22-437 

13 Mar 2008, 

MOO 

2.3 +33 1 8 1 30 14 40-280 

many reports, videos, figures, maps, and text; but, in 

short, EPSRC-DAPPLE concentrated chiefly on per-

sonal human exposure to traffic pollutants (Arnold 

et al. 2004; Colvile et al. 2004), the effects of traffic 

and street layout on environmental turbulent flow 

within street canyons (Dobre et al. 2005), and both 
fixed- and moving-source tracer dispersion experi-
ments (Arnold et al. 2004; Martin et al. 2008). 

The EPSRC-DAPPLE studies did not yield a 
sufficiently extensive database of tracer dispersion 
experiments that could be used unambiguously for 
evaluating modeling techniques or for probing in 
detail the dispersion processes and their variabil-
ity. Field tracer experiments of the type considered 
here have to be classified as individual realizations 
in conditions that seldom, if ever, repeat. However, 
given a large enough number of such realizations, 
it is possible to derive robust features of dispersion 
behavior, and it is these features that models need to 
predict. It should also be possible to assess the bias, 
if not scatter, in model predictions, because this wil l 
be dominated by variability in the observations. In 
the wind tunnel, large ensembles can be obtained 
in identical experimental condit ions and model 
performance can be assessed based on the statistical 
properties of the ensembles. 

The overriding objective of the 2007 work (sum-
marized in this article) was to use our capability 
to help build a larger database of tracer studies at a 
single site in London and then to find relationships 
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from west to east, and Gloucester Place, which inter-
sects perpendicularly with Marylebone Road near the 
DAPPLE operations center in the Westminster City 
Council (WCC) building. Marylebone Road forms the 
northern boundary of the central London congestion 
charging zone and has three lanes of busy traffic in 
each direction (flow rates of 3,000-3,400 vehicles per 
hour are typical on weekdays). Gloucester Place is 
three lanes in width and traffic is one-way northward. 
The mean building height in the study area is 21.5 m 

describing the spatial patterns of concentration away 
from a source of emitted material. Appropriate field-
work, from 2002 to 2007 and beyond, has been suc-
cessfully undertaken in central London (Table 1) and 
has established a multidisciplinary research capability 
in the United Kingdom that is capable of combined 
urban tracer dispersion trials, micrometeorological 
fieldwork, wind tunnel simulation studies, and a 
range of computational modeling. Using the same 
tracer release methodology (see the 'Tracer Methodol-
ogy" section), the total number of DAPPLE full-scale 
tracer studies successfully undertaken has exceeded 
50, including both fixed-source and novel moving-
source experiments. Any parties wishing to make use 
of our database should view our Web site and contact 
Professor Alan RobinszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA (info@dapple.org.uk) in the 
first instance. 

Since the primary aim in 2007 was to obtain data 
at street level and to make best use of the limited 
number of sampling units available, the investigation 
of vertical dispersion is not included in this article. 
In particular, the loss of tracer to the flow above roof 
level, and the subsequent dispersion in the boundary 
layer, wil l be investigated by wind tunnel and large-
eddy simulation (LES) computational fluid dynamics 
(CFD) modeling. Rooftop release and measurements 
of tracer have been conducted in previous DAPPLE 
work, which indicated well-mixed conditions within 
the street canyons (Martin et al. 2008). 

The purpose of this article is to give an overview 
of the experimental design and methodology for 
full-scale tracer dispersion experiments and to pres-
ent some early results from the 2007 campaign. The 
following four scientific questions are addressed in 
this article: i) What scientific principles are needed 
to design such experiments? ii ) What is the rate 
of decrease in tracer concentration away from the 
source? iii ) How is the extent of the plume affected 
by the interaction between mean above-roof winds 
and flow modification as a result of the geometry of 
the street network? iv) What, if any, simple guidelines 
for dispersion behavior can be made that can inform 
emergency planning and response? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FULL-SCAL E DISPERSION EXPERIMENTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2007. The fieldwork objectives were to i) release a 
nontoxic tracer gas, ii) ascertain the tracer concentra-
tion within the local street network, and iii ) analyze 
the tracer concentrations in conjunction with wind 
and turbulence information. 

The experimental work took place in central 
London (Fig. 1). The two major roads in the vicinity 
are Marylebone Road, which runs 17° anticlockwise 

AMERICAN METEOROLOGICAL SOCIETY 

FIG. I. The map shows the DAPPLE area of central 
London, and is centered at the focal intersection, 
that of Marylebone Road and Gloucester  Place (at 
5I.52I8°N, O.I597°W). Also shown are the locations 
used in the summer 2007 campaign. The sampling 
receptors are numbered 1-19 (red circles). On each 
tracer  day, there were three fixed-point tracer  sources 
(blue stars). There was always a release at location X 
outside the Westminster  City Council building. The 
release points at sites Y and Z varied depending on the 
wind direction, so that the releases from sites Y and 
Z on a given day were planned to be upwind of most 
of the receptors; the dark blue stars are the locations 
actually used (on tracer  day I, the south tracer  release 
sites were used on days 2 and 3 north , and day 4 west). 
Ultrasonic anemometers (marked with black dots) 
were located atop Westminster  City Council Librar y 
rooftop (L), around the focal intersection (intersection 
sites labeled 1-3 and 5), and at tracer  release sites (see 
text), (top right ) The inset shows the DAPPLE street 
coordinate system for  wind vectors: theta is defined 
wit h respect to Marylebone Road and is positive 
anticlockwise (Dobre et al. 2005). The base map is an 
Ordnance Survey/EDINA supplied service (© crown 
copyright/database right 2008). 
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(with a range of 10-64 m). The experimental site 
was chosen because the site required a diameter of 
approximately 500 m to cover the range of near-field 
dispersion. 

Tracer methodology. Three detectably different per-
f lurocarbon (PFC) tracers were used in this work 
(see "Tracers for environmental flow analysis" for 
more information): perfluoromethyl-cyclohexane 
(PMCH, C7F14), para-perfluorodimethyl-cyclohexane 
(p-PDMCH, CgF16), and meta-perfluorodimethyl-
cyclohexane (m-PDMCH, CgF16). They were obtained 
as pure liquids (F2 Chemicals, Ltd.) f rom which 
appropriate gravimetric dilutions were prepared 
(Linde Gases, Ltd.). The street-side release apparatus 
comprised a stainless steel 15-L silica-lined canister 
(Restek, Ltd.), which was connected to a pressure 
transmitter (Series 33X, Keller UK, Ltd.). A special-
ist software program monitored the output f rom 
the pressure transmitter; temperature dependencies 

and nonlinearity of the sensors were mathemati-
cally compensated for after the release. Components 
were connected together using stainless steel tubing 
(3.18-mm outer diameter and 2.16-mm inner diam-
eter, Swagelok, Ltd.). The gas flow rate was controlled 
by the use of a Flostat flow controller (type MNBS12, 
Roxspur Measurement and Control, Ltd.). The flow 
controller was used to maintain a constant flow when 
the supply pressure varied but where the discharge 
pressure was relatively constant (in our case, to the 
atmosphere). The release rate Q was recorded and 
ranged from 60 to 359 fig s-1. The total mass emitted 
M from each point-source release ranged from 54 to 
323 mg, according to experimental requirements. 
The extreme sensitivity of the tracer detection sys-
tem implied that these very low tracer emission rates 
could be used, something that greatly simplified the 
planning procedures for the fieldwork. The choice of 
emission rate was determined by preliminary wind 
tunnel work (Robins and Cheng 2003) and a simple 

TRACERS FOR ENVIRONMENTAL FLOW ANALYSIS 

AzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t racer gas suitable for full-scale experiments must be i) 

invisible, odorless, and nontoxic, so that there is no cause 

for concern or disruption to the public; ii) nonreactive and 

nondepositing on long t ime scales, so that it disperses as 

a passive tracer in the f low; and iii) readily detectable, so 

that the concentrations can be measured at the required 

distances away f rom source. Ideally, the background con-

centrat ion should be very small and constant, so that only a 

small amount of t racer needs t o be used to overpower the 

background signal. 

Trace gases that satisfy these requirements and that are 

often used in full-scale dispersion studies are cyclic perf luo-

roalkanes (PFCs) and sulfur hexafluoride (SF6). PFCs have 

been used in many studies t o determine source-receptor 

relationships (e.g., Lovelock and Ferber 1982; D 'Ot tav io et al. 

1986; Logomarsino 1996; Dietz 1986). Both PFCs and SF6 

are inert (certainly on much greater t ime scales than apply 

to our experiments), nontoxic, nondepositing, invisible gases 

and—especially in the quantities t o be used—have no local 

environmental effects. However, they are gases wi th high 

global warming potentials (GWPs), which must be considered. 

Table SB I presents climate effect information for the PFC and 

SF6 tracer emissions used in DAPPLE experiments. GWPs for 

particular PFCs are not always available, and thus the table 

shows calculations based on a PFC wi th a typical high G W P 

to illustrate the point. A fur ther important point is that PFCs 

have "zero ozone depletion potential" (Tsai et al. 2002). 

Background concentrations of PFCs are extremely low; 

for example, PMCH has a background concentration of ~5 

parts per quadrillion (ppq; I part in I015). This, together wi th 

the extremely sensitive detection techniques, implies that a 

release of around 200 times less (by mass) can be compared 

w i th a release of SF6, which leads t o a considerable 

reduction in the global warming effect of tracer experi-

ments using PFCs rather than SF6 (see Table SBI). Since 

there are fewer concerns wi th the use of PFCs com-

pared wi th SF6, only PFC tracers were used f rom 2007 

onward in DAPPLE f ieldwork. Regulations have also 

been introduced in Europe to reduce emissions of gases 

wi th high GWPs, which apply to SF6 and some PFCs but 

not to those used in the 2007 f ie ldwork [ for fur ther 

details, see European Communi ty (EC) Regulation No. 

842/2006 on Certain Fluorinated Greenhouse Gases]. 

TABL EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA SBI. Climate effect informatio n for  the 
PFC and SF6 tracer  emissions used in DAPPLE 
experiments. Data from the Intergovernmental 
Panel on Climate Change (IPCC; Solomon et al. 
2007). Since the IPCC report did not list the 
specific PFC used, we have taken the maximum 
PFC value listed in the report for  illustrativ e 
comparison with SF6. 

Item s f 6 PFC 

C 0 2 equivalence (global warming 

potential for 100 years) 

22,800 12,200 

Lifetime in the atmosphere (yr) 3,200 50,000 

Approximate release needed per 

experiment 

100 g 500 mg 

Total tracer release for 

30 experiments 

3 kg 15 g 

Total C 0 2 equivalent 68.4 tons 183 kg 
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correlation relationship based on existing urban dis-
persion data (Neophytou and Britter 2004; see also 
forthcoming discussion). 

Mean above-roof winds came from a range of 
directions during the campaign periods. In anticipa-
tion of that, the tracer release and sampling method-
ology was designed to be flexible, so that an appropri-
ate strategy could be selected according to the most 
up-to-date forecast on the morning of each day of a 
planned tracer release (the tracer days). On tracer 
days, a unique PFC tracer type (mentioned earlier) 
was emitted from each of the three release sites: X, Y, 
and Z. The post-experiment laboratory analysis was 
able to discriminate between each tracer type from a 
single sample; thus, three concentration values were 
recorded in each sample. Site X was near the center 
of the site and was surrounded by sampling recep-
tors (the red circles in Fig. 1). Site X was fixed for the 
2007/08 campaigns. Four potential release sites were 
planned for site Y, so that its release was i) upstream 
of most of the receptors and ii) on the major street 
canyon that ran parallel to the largest vector compo-
nent of the mean above-roof flow (either Gloucester 
Place or Marylebone Road). The third release site, Z, 
was subsequently selected and located on a narrower 
and less-trafficked side street that was close to the 
chosen Y site. Hence, Z releases were also upwind of 
most receptors and were in streets that were perpen-
dicular to the major street canyon in which site Y was 
located. In this way, a comparison can be made of the 
dispersion patterns from two nearby release points 
located in streets perpendicular to one another under 
the same meteorological conditions. 

Release sites Y and Z were chosen and fixed for 
the run of experiments conducted during each tracer 
day. This choice was based on analysis of the weather 
forecast on the preceding day and on-site conditions 
on the tracer day. This strategy was chosen so that the 
receptor sites were fixed for all tracer days and that 
only the tracer source locations were varied. This sim-
plified the logistics, because each receptor required 
a person to oversee the sampling. Furthermore, the 
release sites Y and Z were specifically chosen to be 
midway along the length of their respective street 
canyons. Release locations near intersections were 
specifically excluded because of the local variability 
in flow and dispersion on very-short spatial scales [of, 
say, less than one building height from the source; see 
Belcher (2005)]. Releases from intersections were not 
suited to our objective because a much larger data-
base would be required in such locations, beyond the 
resources available. Wind tunnel studies are better 
suited to conducting such work because experimental 

conditions are full y controlled and repeatable (Robins 
et al. 2002). 

To full y understand (and model) the spread of the 
tracer, information would be required on horizontal 
and vertical structures of the plume. However, the 
2007 experiments were designed to discover informa-
tion on the reduction of contamination away from 
the source at the street level, which is important for 
the exposure of humans in the urban environment 
to contamination. Thus, at street level, a network 
of up to 18 air sampling receptors was positioned 
in the local street network on tracer days. Straight-
line source-receptor distances were in the range of 
22-437 m, with a mean of 189 m. Several receptors 
were located along the major roads (Marylebone 
Road and Gloucester Place) where flow channeling 
parallel to the mean above-roof wind was expected 
(Dobre et al. 2005; Belcher 2005). Some receptors were 
located upwind of the sources because some upwind 
transport is expected in the complex local flow field 
(see "Effects of the above-roof flow and street network 
layout on in-street flow" for more information). There 
were three sets of paired receptor sites on opposite 
sides of the major roads (receptors 7/16, 9/17, and 
11/18) deployed on tracer day 4 to assess how well 
mixed the tracer was across streets that were parallel 
to the mean above-roof wind direction and to probe 
the effects of canyon vortices in streets perpendicular 
to the mean above-roof wind. 

An operator remained at each receptor site for 
the durat ion of the deployment, for safety and 
security purposes. At each such site, the inlet to an 
air sampling pump (SKC, Ltd.) was connected to a 
hose that sampled air from 1-m height. The outlet 
was attached to a 5-L sampling bag (Tedlar) for each 
required sample. At predetermined times—read from 
radio-synchronized clocks—all personnel across 
the DAPPLE site simultaneously attached new bags 
to the sampling pumps. These were filled during a 
fixed period and then detached from the pumps and 
stored. Physical isolation of the release and sampling 
teams was ensured at all times before, during, and 
after experiments to avoid corruption of the collected 
air samples. 

The release and sampling strategy was changed 
on different days to allow different experiment types 
to be conducted. Dosage experiments were carried 
out on the first three tracer days (31 May and 7 and 
8 June 2007), whereas the experiment on 28 June 
was time resolved. For the dosage (time integrated) 
experiments, there were typically four sets of 45-min 
measurement cycles conducted during each tracer 
day. Each set was composed of a tracer release from 
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EFFECTS OF THE ABOVE-ROOF FLOW AND STREET NETWORK LAYOUT 
ON IN-STREET FLOW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

AzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
fundamental street ne twork component is the street 

canyon: a long, narrow street, ofzyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLJIHGFEDCBA H and W, w i th buildings 

on either side, as i l lustrated in Fig. SB I. Local time-averaged 

f low depends upon the incident wind direct ion relative t o 

the canyon, a) W h e n the mean above-roof wind has a sub-

stantial component perpendicular t o the canyon, a vor tex 

occurs in the time-averaged f low wi th a shear layer near 

roof level, b) In contrast, when the mean above-roof wind is 

mainly parallel t o the street canyon, channeling f low results. 

In channeling f low conditions, the components of the wind in 

the vertical and cross-street directions are small compared 

w i th the component along the length of the street. For c), 

oblique f low, a blend of the t w o features for parallel and per-

pendicular f low results in helical f low in the t ime mean (e.g., 

Dobre et al. 2005). No te that these time-averaged descrip-

tions mask great unsteadiness in the f low and the intermit-

tent exchange of air w i th the f low above the canyon. 

Another fundamental street ne twork component is 

the intersection. Intersection f low is generally less well 

understood, and a general description has not yet been 

formulated. For f low perpendicular/parallel t o the streets 

forming an intersection, the proposed view is that there is 

channeling along the street parallel to the wind and wi th 

canyon vortices in the perpendicular street, w i th l i tt le 

penetration of pollutant f rom the one street canyon into 

the other. For oblique f low, DAPPLE and related w o r k has 

revealed several key features, some of which are il lustrated 

in Figs. SB2 and SB3 and the associated movie (online at 

doi: 10.1175/2009BAMS2638.2). There is a strong, three-

dimensional interaction between the flows into the intersec-

t ion f rom the street network, resulting in increased turbu-

lence levels and vertical motions that enhance the exchanges 

between both the street canyons systems and the above-roof 

f low. Extensive horizontal recirculation regions fo rm that are 

major features of the inhomogeneous mixing conditions, as 

clearly seen in Fig. SB2. 

FIG. SB I (TOP LEFT). Flo w regime s in stree t canyon s (Belche r 2005): (a) a sid e vie w fo r mean above-roo f flo w perpendicula r 
t o th e stree t canyon ; (b ) a pla n vie w fo r mean above-roo f flo w paralle l t o th e stree t canyon ; (c ) a 3D vie w fo r obliqu e flo w 
(th e mean above-roo f win d vecto r is show n togethe r wit h th e component s paralle l and perpendicula r to th e canyon) . Th e 
wav y lin e in (a) represent s intermittenc y in th e shea r laye r at roo f level ; th e blu e arrow s in (c ) sho w a stree t canyo n vortex . 
Th e channele d flo w in (b ) is show n in th e stree t canyon . 
FIG. SB2 (BOTTOM LEFT). A n annotate d photograp h fro m th e flo w visualizatio n in th e Universit y of Surrey' s EnFl o win d tunne l 
(see Robin s et al . 2004). A lase r ligh t shee t illuminate d a horizonta l pla n alon g Marylebon e Road to sho w th e horizonta l 
componen t of th e flo w at th e intersection . Smok e was injecte d as marke d fro m a sourc e in Glouceste r Place . A t th e heigh t 
of illumination , 0.2H, smok e in th e regio n show n was confine d mainl y t o th e sout h sid e of Marylebon e Road . A n extensive , 
horizonta l recirculatio n was forme d downstrea m fro m th e junctio n on th e sout h sid e of th e road . Smok e was also seen up -
strea m in a recirculatio n regio n in th e wak e of th e Westminste r Cit y Counci l building . Intermit ten t "shea r layer "  vortice s 
wer e apparen t in th e vide o of thi s flo w and wer e associate d wit h thi s "upwind "  transport . 
FIG. SB3 (RIGHT). Schemati c representatio n of th e flo w inferre d fro m th e win d tunne l visualizatio n fo r an obliqu e flo w acros s an 
intersectio n [se e also Fig . SB2 and movi e (doi: 10.1175/2009BAMS2638.2)]. Darke r blue s are used fo r flow s of trace r at highe r 
elevation s and lighte r blu e fo r near th e stree t level . Ther e is , of course , continuou s small-scal e mixin g betwee n thes e mean 
flo w features . Th e positio n of th e win d tunne l smok e sourc e is show n by an orang e cub e (see also Fig . SB2 fo r clarity) . 
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0 to 15 min, concurrent with sampling from 0 to 
30 min, followed by a 15-min period with no release 
or sampling to ensure that tracer levels in a street 
network returned to background levels (a schematic 
is shown of this release and a sampling schedule in 
Fig. 4). The number of dosage experiments per tracer 
day was maximized by the careful choice of release 
rate and duration (hence the mass of release), so that 
tracer concentrations returned to background levels 
between experiments while ensuring that measurable 
tracer levels above the background were seen over the 
distances involved. Extra background samples were 
taken between experiments to confirm that reduction 
to background levels had been achieved. For the time-
resolved experiment, there was one 30-min experi-
ment in which the release ran from 0 to 15 min. Ten 
3-min sampling sets were taken during minutes 0-30. 
Each set was composed of a 2.5-min sample, followed 
by 30 s of nonsampling to allow operators the time 
needed to change sample bags (a schematic is shown 
of this release and a sampling schedule in Fig. 5). Very 
few samples were lost; overall, there were 92% success-
ful bag analyses from the intended samples. 

Tracer analysis. Off-site analytical instrumentation 
was used to determine tracer concentrations. A gas 
chromatograph (GC; model 6890, Hewlett Packard, 
Ltd.) was attached to a mass selective detector (model 
5973, Hewlett Packard, Ltd.), and PFC concentrations 
were obtained with the mass spectrometer operated 
in negative-ion chemical ionization mode (NICI) 
as well as selected ion-monitoring (SIM) model. An 
adsorption-desorption system (ADS) based on the 
design in Bassford et al. (1998) was used for sample 
trapping and desorption. The ADS encompassed all of 
the electronics, electrically actuated valves, mass flow 
controller, air sampling pump, and ancillary software 
to analyze bag samples and calibration standards in 
a repetitive sequence. Samples were cryogenically 
adsorbed (-50° ± 3°C) onto a stainless steel microtrap 
that contained 10 mg of a carbon-based adsorbent 
Carboxen 569, with a 40-50 mesh (Supelco). Under 
these analytical conditions, several liters of PFC 
could be quantitatively trapped on to the microtrap 
without exceeding the theoretical breakthrough 
volume (BTV). Because of the small volume of the 
microtrap (-100 and the relatively large volume of 
the air samples, there was a substantial sample pre-
concentration, which enhanced the sensitivity of the 
analytical method. Samples were then quantitatively 
desorbed at 255°C to the GC column. The analytes 
were separated using a 30 m x 0.32 mm graphitized 
carbon (Carbograph) PLOT capillary column (LARA 

s.r.l.). A more complete description can be found in 
Simmonds et al. (2002). 

Flow measurements. Flow data were obtained to give 
the following three main products: i) in-street mean 
velocity and turbulence conditions, ii) estimates of 
sensible heat flux and thus atmospheric stability, 
and iii ) reference speeds used for nondimensional-
izing concentration and dosage data. Eleven ultra-
sonic anemometers (R2 and R3 research-grade Gill 
Instruments) were deployed to provide 3D winds and 
virtual temperature at 10-20 Hz for these purposes. 
The anemometers were logged either with a Campbell 
CR1000 logger or directly to laptops via serial/ 
Universal Serial Bus (USB) ports. 

Two of the anemometers were installed at refer-
ence sites: tower top and rooftop. The tower-top 
instrument was mounted at a height1 of 190 m on 
a lattice mast at the top of the British Telecom (BT) 
tower (51.5215°N, 0.1389°W), which is about 1.5 km 
east of the DAPPLE central area (note there are no 
other comparably tall buildings in the vicinity of the 
DAPPLE and BT tower area). The other reference 
was mounted on the roof of the Westminster City 
Council Library (51.5210°N, 0.1605°W); the roof 
height is 15.5 m, and the anemometer head was an 
additional 2.9 m above the rooftop. The relationship 
between the two reference measurements was ana-
lyzed to determine which was most appropriate for 
characterizing conditions within the street canyons. 
The data can also be used to discover if , and under 
what conditions, the flow in the roughness sublayer 
immediately above the roof becomes decoupled from 
the flow aloft. There were six anemometers around 
the focal intersection (i.e., where Gloucester Place 
meets Marylebone Road) to probe the flow structure 
at a complex intersection (Fig. 1). There were pairs of 
anemometers at sites 1 and 2 (each at 4 and 7 m above 
street level), and single anemometers at sites 3 and 
5 (at 4 m) and also at each release site at a height of 
1 m (sites Y and Z) or 1.5 m (site X). The street-level 
data provided information on the initial dispersion 
behavior and helped diagnose local flow features (see 
"Effects of the above-roof flow and street network 
layout on in-street flow") . 

ANALYSI S OF FLO W A N D TURBULENCE . 
Reference winds. The climatology of wind speeds at 
rooftop (18.4 m) and tower top (190 m) measured 
throughout 2007 is shown as a scattergram in 

1 Al l heights in this art icle are above ground level, unless 

otherwise stated. 
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FIGzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 2. Scattergram of 2007 (whole year) 15-min mean 
wind speeds at rooftop and tower  top over  all periods 
of the day (12,619 samples available for  analysis). The 
data were binned int o 100 x 100 cells (hence, bins are 
0.05 m s"1 for  roof data and 0.2 m s"1 for  tower  data). 
The colors (see color  bar) are the number  of 15-min 
mean samples per  bin. The rati o of the means of the 
tw o datasets is 4.1 (a slope of 5.7 was found when a 
linear  regression was performed on the 15-min mean 
data). The dayt ime mean wind speeds on the four 
tracer  days are marked (see also Table 2). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 2. The 15-min mean wind speeds are 7.4 m s_1 

at tower top and 1.8 m s"1 at rooftop, which is a fac-

tor of 4.1 slower at rooftop. Sector analysis showed 

that this ratio was not related to wind direct ion; 

indeed, some of the spread might be due to changes 

in atmospheric stability (cf. Klein and Clark 2007). 

The associated 2007 climatology of wind direction 

is shown in Fig. 3. The wind direction veers (turns 

clockwise), with height f rom rooftop to tower top, 

by a mean angle of 9°. Recognizing this veering is 

important in interpreting wind vectors from a refer-

ence site, particularly for emergency response and 

planning purposes. Figure 3 shows that there were 

two directions (centered at the rooftop at -130° and 

-80°) where the rooftop wind direction did not vary 

given substantial variations in the tower-top wind 

direction. 

Reference sites in u rban areas wil l always be 

e f fec ted by some f lo w d i s t o r t i on due to local 

buildings. Detailed sector analysis suggested that the 

rooftop wind direction displayed anomalies related 

to certain channeling or wake effects associated with 

individual buildings located upwind of the rooftop 

site. Because the height of the rooftop reference wind 

measurement was only 2.9 m above the roof, it is likely 

that the wind measurements were affected by roof-

top flow distortion [further details of rooftop flow 

distortion are in Barlow et al. (2009)]. The effects of 

flow distortion have not been considered in the data 

analysis shown in this article. This distortion might 

affect both the wind speed ratio (4.1) and the degree 

of veering of the wind with height (9°). A combination 

of wind tunnel, field, and LES CFD work is being used 

to address this issue. zyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLJIHGFEDCBA

Campaign winds. General flow characteristics on the 

tracer days are illustrated in Tables 2 and 3, and the 

reference wind speeds and directions measured are 

marked in Fig. 2 and 3. On the tracer days, the wind 

directions coincided with the predominant condi-

tions (Fig. 3). Wind speeds occurred near the center of 

the distribution on tracer days 2-4, but anomalously 

fast winds at rooftop relative to tower top occurred on 

tracer day 1. Note also that tracer days 2 and 3 had the 

same wind direction but different wind speeds and 

atmospheric stabilities (see Table 2); thus, detailed 

analysis of these days might aid interpretation of the 

full-scale variability of concentration data for a given 

flow direction. 

Figure 4 illustrates dispersion and wind conditions 

on tracer day 1. Given the information in Table 2, the 

nature of the street-level mean flow (the blue vectors) 

was as expected given the mean above-roof winds 

FIG. 3. Scattergram of 2007 (whole year) wind direc-
tion (for  coordinate system; see inset in Fig. I ) at 
roof to p and tower  top over  all periods of the day 
(12,619 samples available for  analysis). The data are 
binned int o 2° cells. The colors (see color  bar) are the 
number  of 15-min mean samples per  bin. The thicker 
black diagonal is the I: I line. There is a mean veer  in 
wind direction between the sites of 9°. The four  tracer 
days are marked and coincide wit h predominant wind 
directions (see also Table 2). 
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TABL EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 2. Summary of 15-min mean flow conditions [calculated using a double-rotation streamwise 
analysis, following section 4 in Wilczak et al. (2001)] for  2007 tracer-day periods (typically 1100-
1330 UTC). Sensible heat and stability calculated as per  Kaimal and Finnigan (1994). Note that drag 
coefficient values expected using the Roth (2000) formulatio n arezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA C™of = 0.25 and C^ower = 0.09. Wind 
data are shown with ±1 standard deviation computed from the 20-Hz ultrasonic anemometer  data. 

Tracer  day 1 2 3 4 

Choices (direction) for tracer re-

lease (sites Y and Z; see Fig. 1) 
S N N W 

Date (2007) 31 May 7 Jun 8 Jun 28 Jun 

Sensible heatzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA H (W m~2) Tower 240 73 187 73 

Stability parameterzyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLKJIHGFEDCBA z/L Tower -2.1 -5 .3 -3 .7 -2 .2 

Tower 6.9 ± 1.2 6.1 ±0 .9 3.1 ± 1.0 8.7 ± 1.0 
Mean wind speed U (m s ') 

Roof 2.9 ± 1.6 1.9 ± 1.2 I.I ±0 .9 2.6 ± 1.7 

Tower 0.11 0.07 0.18 0.05 

CD=Nuw 4-vw \ U 
Roof 0.15 0.25 0.28 0.18 

Tower +77 ± 44 -133 ± 4 4 -123 ± 4 0 +29 ± 51 
Mean wind direction 6 ( ) 

Roof +86 ± 48 -122 ± 5 0 -121 ± 4 5 + 19 ± 3 7 

TABL E 3. Characteristics used to aid qualitativ e anal/sis of in-street turbulence and dispersion. See 
also Table 2. 

Tracer  day 1 2 3 4 

Choices (direction) for tracer release 

(sites Y and Z; see Fig. 1) 
s N N W 

Date (2007) 31 May 7 Jun 8 Jun 28 Jun 

Flow type expected: channeling f low (=>) up 

(T) or down (4,). Traffic-heavy sites are also 

indicated 

( » ) X t I I => Flow type expected: channeling f low (=>) up 

(T) or down (4,). Traffic-heavy sites are also 

indicated ( « ) Y => => => => 

Z I t t I 

X 0.33 0.33 0.33 0.33 

Height- to-width ratio of canyon (H/W) Y 0.93 1.02 1.02 0.65 

Z 1.43 1.49 1.49 1.41 

(the red vectors). In particular, tracer day 1 had strong 
flow northward across the site, with channeling flow 
northward along Gloucester Place evident at site Y. In 
the street perpendicular to the mean above-roof wind 
at site Z (York Street), there was a combination of recir-
culation plus some flow along streets perpendicular to 
the mean above-roof wind (see Dobre et al. 2005). 

RESULT S OF T H E TRACE R MEASURE -
MENTS. To be able to compare the full-scale mea-
surements of tracer concentration with results from 
the scaled wind tunnel model, it is necessary to make 
the concentration dimensionless. A rational method 
of nondimentionalization follows from the conserva-
tion of mass of emitted tracer. In the steady state, the 
flux of tracer from the source Q (kg s-1) must balance 
the flux advected through any plane perpendicular 

to the mean wind direction. Mathematically, this can 
be written as 

Q = J J UC dy dzy (*) 
o -°o 

where U is the wind speed (m s1), C is the concentra-
tion (kg nr3), and y and z are the lateral and vertical 
coordinates, respectively. Thus, nondimensionaliza-
tion was made by choosing an appropriate wind 
speed and length scale. Since we focused on the near 
field, we expected the urban geometry to control the 
dispersion rather than, for example, boundary layer 
depth. Furthermore, since the wind tunnel model is a 
scaled representation of the real geometry, any linear 
dimension representative of the real geometry wil l 
suffice. Here, we chose the mean building heightyvpljiUTJHA H 
to make the y and z dimensionless in Eq. (1). It was 
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FIGzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4. Summary of flow and dispersion 
conditions on tracer  day I. Colors are 
th e D* [see Eq. (3)] values summed 
over  the four  re leases at site Y on 
tracer  day I (see key for  values) for  the 
sample sites 1-15. Ultrasonic anemom-
eter  data are shown as the 10 mean 
wind vectors over  the sampling period 
1100-1345 UTC (hence, each individual 
vector  is a mean over  16.5 min). The 
flow vectors are blue at street level 
(sites X, Y, and Z; see also Fig. I) and 
red on rooftop (wind direction was -86° 
± 48°). For  clarity , intersection and 
tower-top ultrasonic anemometer  data 
are omitted. The release and sampling 
schedule is marked along the bottom 
(UTC) . Background level was D* = 
2 x 10"3. For  analysis, the site is split into 
four  areas [as defined in the (bottom 
left ) inset schematic]: upwind for  sites 
±90°- l80° wit h respect to the mean 
above-roof wind direction; crosswind 
for  ±45°-90°; downwind receptors are 
less than ±45°; and channeling is defined 
as a subset of the downwind sites along 
Gloucester  Place (which is near  parallel 
t o the mean above-roof wind direction). 
Channeled flow is indicated by a gray 
arro w along Gloucester  Place. The base 
map is an Ordinance Survey/EDINA 
supplied service (© crown copyright/ 
database right 2008). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

then natural to choose the mean wind speed at mean 
building height, namely,zyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLKJIHGFEDCBA UH for a scale of wind speed. 
Following Eq. (1), the concentration should be made 
dimensionless as zyxwvutsrponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q 

The paired receptors were deployed on tracer day 4 
for the time-resolved experiment in which samples 
were taken frequently enough for the evolution of 
concentration to be analyzed. The synoptic situation 
was nonfrontal, with westerly winds (mean wind 
direct ion,yvpljiUTJHA 0 = +19° at rooftop; see Table 2), and 
hence release sites to the west were chosen, Yw and 
Zw (Fig. 1). Results from two sets of paired receptors 
are shown in Fig. 5 for the tracer release from site Y. 
The sites close to the site Y source (7 and 16) experi-

FIG. 5. Time-evolving nondimensional concentration 
[C* , see Eq. (2)] at two paired sites, 7/16 and 9/17 (at 
distances 81\67 and 272\260 m), fro m the tracer  re-
leased at Y w on tracer  day 4 from 1200 UTC onward. 
Each point represents a 2.5-min sample taken every 
three min [(top) timeline: the orange A- l are samples 
and the blue is the 15-min tracer  release]. The dashed 
lin e shows the level of nondimensional background 
concentration (5 * I0~4). 
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enced an order of magnitude greater concentration 
than those farther from the Y source (9 and 17) in 
all but the second sample (minutes 3-6) when site 7 
experienced somewhat low concentrations. During 
minutes 3-6, the ultrasonic anemometer data at site 
Y showed that the local flow turned to -83°, which 
was anomalous to the -2° mean for the whole 30-min 
period. This local temporal fluctuation was thus con-
sistent with the reduced concentrations seen at site 7 
in the second sample. In fact, results at site 7 (receptor 
in the pair closest to the Y source) showed consider-
able variability, sometimes an order of magnitude, 
relative to site 16 and also in time from sample to 
sample. Farther from the Y source (at sites 9 and 17), 
there was much more agreement within the pair. This 
was expected. At farther range the plume of material 
was presumably well mixed within the street canyon; 
however, at very short range, the tracer was unlikely 
to be well mixed across the street canyon. Thus, the 
near-source sites (sites 7 and 16) were far enough 
apart, relative to their distance from the Y source, 
such that small changes in wind direction near Y led 
to the main mass of tracer passing over one receptor 
site and not the other. 

A decrease of tracer concentration to background 
levels occurred in the eighth sample (21-23.5 min) at 
the pair farthest (sites 9 and 17) from the Y source; 
this was 6-8.5 min after the release ceased. However, 
in this case, the levels of concentration at the near-
source sites (sites 7 and 16) decreased by more than 
two orders of magnitude but did not quite decay to 
background concentrations within the 30-min sam-
pling period, an observation that wil l have important 
consequences for emergency planning. However, this 
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FIG.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 6. Schematic for  flow on tracer  day I (based on the 
background shown in "Effect s of the above-roof flow 
and street network layout on in-street flow") . Some 
key flow features have been shown to aid qualitativ e 
analysis of Fig. 4. The large straight blue arrows repre-
sent channeling flow in uninterrupte d street canyons, 
such as Gloucester  Place. The curly arrows show the 
wake recirculations expected in canyons perpendicular 
t o the mean above-roof wind. These arrows have two 
heads, showing that mean flow in the direction perpen-
dicular  (or  nearly so) to the above-roof wind is weak 
and thus can transport material in either  direction 
along the street canyon. Intersection flow is dominated 
by the channeling flow, with horizontal wake recircula-
tions shown by arrows. The underlying map shows the 
wind tunnel model for  buildings in the DAPPLE area; 
buildin g heights are grouped and color-coded in meters 
at full scale as 10-14 red; 15-19 orange; 20-24 yellow; 
25-29 green; 30-34 blue; and 50-65 black. 

result wil l probably need to be repeated before fir m 
conclusions can be taken forward. 

Dosage experiments were carried out on tracer days 
1-3. In these experiments, there was a short-duration 
release of a finit e amount of material, whereas sam-
pling continued for a long enough period to capture 
the passage of the tracer cloud. Thus, dosage is the 
total exposure at one site, equal to the concentra-
tion integrated over the sample t ime (kg m~3 s). 
Accordingly, nondimensional dosage is given by zyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLKJIHGFEDCBA

BUM2 

D* = s —, (3) 
M 

where M is the total mass of material released (kg; 
equal to the release rate integrated over the release 
duration). 

On tracer day 1, a frontal synoptic system had 
moved through from west to east the previous night 
and southerly winds predominated. The 15-min mean 
rooftop wind direction varied between 60° and 100° 
during the experiments, which gave mostly chan-
neling flow northward along Gloucester Place. The 
dosages for tracer day 1 at site Y were consistent with 
dispersion controlled by the flow features described in 
the "Effects of the above-roof flow and street network 
layout on in-street flow" section. There was strong 
channeling flow from the south along Gloucester 
Place that gave high values of dosages in the along-
wind direction and a rather sharp decrease laterally. 
This channeled flow is indicated by the gray arrow 
in Fig. 4. The figure also shows areas that are defined 
here as downwind, crosswind, and upwind. There was 
no upwind dosage on this occasion as a result of the 
strong and persistent channeling effect northward 

JULY 2009 BAF15- | 9 6 5 

Unauthenticated | Downloaded 08/20/22 01:13 PM UTC



show evidence of a helical struc-
ture: a canyon vortex plus down-
street transport (see "Effects of the 
above-roof flow and street network 
layout on in-street flow") . Note also 
the above-background dosages at 
upwind sites: sites 14 and 15 (up to 
162 m from the source). 

Al l the dosage data were pooled 
to show the variation of nondimen-
sional dosage against nondimen-
sional straight-line distance from the 
source (Fig. 8). The results showed 
a large variability but with a robust 
upper limit . At the farthest distances 
from the source, the concentration 
values were recorded near this upper 
limi t only in the downwind sector. 
However, at short range, concentra-
tion values nearer to the upper limi t 
were recorded for all sectors. Of the 
83 values in the upwind sector, only 
6 exceeded background levels farther 
thanzyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLKJIHGFEDCBA 6H from the source and no val-
ues above background were observed 
beyond 8H. High tracer concentra-
tions within an inner radius from the 
source of up to around 130-173 m 
(6-8H) were consequently observed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIG. 7.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA Same as Fig. 4, but for  tracer  day 2 at site Z and colors are regardless of the mean above-roof 
values at site Z on tracer  day 2. wind direction. The paths from the 

source to these elevated dosages did 
not cross more than two intersections; thus, we might 
find that a 2-block radius is a useful measure for the 
area of substantial contamination (at least in this area 
of central London). 

Beyond the inner radius of contamination, there 
is a clear stratification of the data (Fig. 8): most of 
the downwind data clustered together nearer to the 
upper limi t of the data and 97% of the downwind 
samples experienced above-background dosages. The 
upper limi t of the data is constrained by cases of flow 
channeled from site Y northward along Gloucester 
Place on tracer day 1. The decay of the maximum 
downstream contamination with distance is consis-
tent with an inverse square relationship as deduced 
by Neophytou and Britter (2004) and conf i rmed 
by extensive wind tunnel data for a range of wind 
directions (Robins 2008). This upper bound can be 
approximated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D* = 12(jR / H)~2, (4) 
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along Gloucester Place. The qualitative in-street flow 
characteristics are summarized in Fig. 6 in the form 
of a schematic to aid the interpretation of the dosage 
data in Fig. 4. 

On tracer day 2, there was high mean-sea-level 
atmospheric pressure (1020 hPa at local noon) with 
weak winds; the 15-min mean rooftop winds were 
from the northeast. The wind vectors and the dos-
ages from the release at site Z on tracer day 2 are 
shown in Fig. 7. This figure contrasts with Fig. 4, 
because on tracer day 2 the flow was oblique to the 
street network; hence, downstream receptors did not 
experience a narrow region of intense dosages—like 
on tracer day 1—because there was no strongly chan-
neled flow along a major road. Instead, the tracer 
more easily spread laterally as it was transported 
through the street network. In addition, the release 
shown was from site Z, a side street, in which the 
tracer was expected to experience extensive local 
in-canyon mixing before reaching other streets. 
Indeed, the local winds (the blue vectors at site Z) 
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and this fi t is shown in Fig. 8 to be equally appli-

cable to the upper bound of field data. Hanna et al. 

(2007) have shown that a similar decay law applied 

to the dispersion data f rom the Oklahoma City and 

Manhat tan experiments. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SUMMARY . A successful full-scale tracer disper-

sion campaign was under taken in central London 

dur ing the summer of 2007, cont inu ing the series 

that began in 2004. In this article, we demonstrated 

the synthesis that DAPPLE can br ing by the incor-

porat ion of f low features—such as channel ing and 

corner vort ices—into the tracer data analysis and 

reviewed results f rom the analysis of data f rom this 

campaign. This clearly just i f ies the exper imental 

design, which aimed to allow successful sampl ing 

of much of the spatial variability in near-field urban 

dispersion under a range of background wind speeds 

and directions. 

Two sets of long-term reference measurements 

were taken to generate a cl imatology of the winds 

at the site—in part icular, the relationship between 

mean rooftop (18 m) and tower-top (190 m) winds. 

A n impor tant conclusion was that for analysis of 

tracer t ransport, the local f low in the street network 

was better represented by the mean wind at rooftop 

than tower top. However, the associated wind tun-

nel work was most readily character ized in terms 

of the "free stream" wind speed, so it was therefore 

important to understand the relationships between 

the two reference winds. A result of the cont inuing 

analysis was f inding a ratio of 4.1 between the 15-min 

mean wind speeds at rooftop and tower top in near-

neutral conditions. This ratio is useful in assigning 

the same reference flow in nondimensional ized data 

in both wind tunnel and full-scale fieldwork. Here, 

the rooftop wind speed has been used as the reference 

wit h which to nondimensional ize the dosage data 

for comparison with models and other tracer release 

experiments. 

Each field experiment is simply a single realiza-

tion f rom the ensemble of possible outcomes, given 

the boundary condit ions. At best, two or three ex-

per iments might be under taken with very similar 

boundary conditions. In the wind tunnel, however, 

100 realizations have been found necessary to deter-

mine reliably the statistical properties of dispersion 

behavior (Robins 2008). Hence, the wind tunnel is the 

key tool that can provide a ful l analysis of variability, 

but this too has its l imitations. For example, at lower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIG. 8 . Pooled results fro m all summer  2 0 0 7 dosage 
expe r imen ts ( t racer  days 1-3); 432 dosage values 
were analyzed. On thezyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLJIHGFEDCBA y axis is the D* [see Eq. (3)] . 
On th e x axis is th e nondimensional d is tance: th e 
straight-lin e distance R (i.e., not the st reet network 
route) nondimensionalized by H. The purpl e line is an 
empirical upper-bound fi t derived fro m the wind tunnel 
wor k (Robins 2 0 0 8 ) , whereby th e nondimensional 
dosage decreases wit h the inverse square of distance 
fro m source: D* = \2(R/H)~2; see also Neophytou and 
Britte r  ( 2 0 0 4 ) for  furthe r  details on thi s relationship. 
Th e receptor  dosages are coded in four  groups (see 
inset): upwind for  sites ± 9 0 ° - 1 8 0 ° wit h respect t o the 
mean rooftop wind direction; crosswind for  ± 4 5 ° - 9 0 ° ; 

downwind receptors are withi n 45°; and channeled sites 
that are a subset of the downwind sites for  which the 
wind was near  parallel t o a major  road on which there 
was a release (e.g., the case on tracer  day I, see Fig. 4). 
Th e nondimensional background dosage varied fro m 
7 X I0" 4xto to 5 x |0 -3 (thi s range was due t o the variatio n 
in mean above-roof wind speeds on different tracer 
days and release rates for  different experiments), and 
colored boxes at background levels are not shaded 
( these empty squares are marked "b "  in the legend). 

wind speeds, t ra f f i c -produced turbu lence (TPT2; 

Di Sabatino et al. 2003; Kastner-Klein et al. 2003) 

probably becomes impor tant but was not included 

i n the w ind tunnel model ing. Fur ther work is in 

progress to investigate such issues using the advanced 

large-eddy simulation model, FLUIDIT Y (Pain 2000; 

Wang et al. 2005), which includes the s imulat ion 

of vehicles moving through the study area and the 

addit ional turbulence and pollutant dispersion that 

they induce. The key point is that all of these research 

techniques need to be used in a complementary way 

2 TPT wil l be analyzed by comparing in-street turbulence for different above-roof mean wind speeds—TPT is expected to 

contribute a higher fraction of in-street turbulence during low wind speeds—and compared with traffic flow data. 
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to reach an adequate understanding of the flow and 

dispersion processes. 

The decay of the maximum downstream contami-

nation with distance in these full-scale experiments 

was consistent with the inverse square relationship. 

Channel ing flow was observed at site Y on tracer 

day 1, which explained the extremely high dosages 

that extended nor thward along Gloucester Place 

(indeed, these were the data that formed the upper 

limi t of dosage as a funct ion of distance f rom the 

source in Fig. 8). One of the key questions addressed 

by DAPPLE was whether there are simple dispersion 

guidelines that can be reliably applied in emergency 

situations. From the work summarized in this article, 

we can conclude that regardless of the mean above-

roof wind direction i) the most contaminated areas 

were within one block of the source in all directions 

and ii ) above-background dosages are possible up 

to around 6 -8zyxwvutsrqponmlkjihgfedcbaZYWVUTSRQPONMLKJIHGFEDCBAH in any direction (where H is mean 

building height). Beyond this distance, the greatest 

dosages were in the downwind sector following the 

inverse square decay relationship and particularly 

at sites where there was an uninterrupted path from 

source to receptor along a street that was parallel to 

the mean above-roof flow. 

Simple dispersion guidelines are essential and 

need careful development in their own right, separate 

f rom questions concerning their application, such 

as when or whether to shelter or evacuate to control 

exposure. Such integrated analysis clearly requires 

an interdiscipl inary approach and is work that is 

cont inu ing wi th i n the DAPPLE consor t ium and 

elsewhere in the world. 
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