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The destgn and execution of two tield experiments wihich measured airflow and scalar dispersion in model usban

canyons placed in the atmospheric boundary layer are described. These data were acquired to evaluate SCAM. 2 three dimensinnal.
steady state airflow and scaba dispersion maodel. Continuous, parallel rows of single storey bueiidings were used to simulate an urban

'
£y
it

anyon, with each experiment having different canyon lengths and aspect {heightiwidth] ratios. A %Ldim {nitrous oxide} was cmitted
com & semi-continuous line source which tan along the ground for the full length of the canyon. The three dimensional flow fieid

and sealar concentrations were measured vsing a spatial aray of sensors throughout the canyon air miumc 50 -'\I\-@ could thus be
evalusted for varying canyon geometries and approwch Hows in a natural boundary laver, Besults of the field evaluation are
described in two companion papers. Part T describes the field program. the measured scalar concentrations and sirfiow a'r:gimcs.

1. INTRODUCTION
il Context and Rationale

The urban environmeni is home o an increasingly i
proportion of the human population. By 20600, over half «
the world's people witl live in cities Understanding ht,
physical urban environment and its effect on dlmmphuzr
processes 1s imperative if we are io intelligently plan cities
that demand fewer resources and reduce mwnm;m,nmi COSES,

Urban climues result from the exchange of heat, mass and
momentum between the urban surface and the aumosphere.
The methodological problems posed by the complexity of the
urban environment are resofved by recognising. following
Oke (1976), that cities and their climate are characterised by
two distinet spatiab seales: the mesoscale influence of the
whole city which lzads 1o the development of an urban
boundary {ayer {(UBL}; and the microscale  influence of
buiidings and city blocks which make up the urban canopy
layer (UCL). The urban canyon is the fundamental building
wlock of the UCL. comprising two parallel rows of buitdings
{height, H} separated by an alley or street (width, Wy, The
canyon aspect rutio (AsH/W) is vonsidered to be a primary
influence nn the microclimate of the UCL.

Several intensive measurernent and modelling studies (see
reviews by Oke, 1983 Grimmond and Oke, 1995; Cleugh,
{995 and Changnon, 1981) have shown the rypical
magaitude and variation of heat and energy fluzes i the
URBL. There have been a few detailed measurement studies in
the complex UCL showing the nature of radiation exchanges,
energy halances and airflow (Munez and Oke, 1977, Mills
and Arnfield, T993) in urban cagyons. Fowever the sheer

complexity of the UCL. and the logistical difficultics of
mounting experiments there, means that maodelling 15 the
primary means by which further insight it urban canopy
atmospheric processes will be gained.

Such modelling requires not only the development of
ically-based models but also obtuining g quatlity
measurement data scts for model evaluation. The research
deseribed in Parts Tand [T of this paper i the third step in our
development of a fuil energy budget model Tor a dry urban

canyon which began with the development of a4 canyon
radintion exchange model (Johnson e af, 19911 A sweady
state, numerical maodel for How around buildings was then
modified to simulate airflow i urhan canyons {Hunter. 1989,
Hunter of gl 1991, 1992), A scalar dispersion model was
subsequently linked o the airflow model (Hunter, 1and) The
combined airflow and scalar dispersion model 15 known a3
SCAM.  SCAM  was  initially  evaluated  using €O
wnccnuation% obtained from @ US study (Johoson e al.
10713, however a more rigorous evaiuation of SCAM was
reqmrf:d before it could be Linked with the radiatve exchange
model 1o achieve a full energy balance model. This further
evaluation of SCAM, using airflow and sealar concentrations
measured in mode! urban canyons placed in an simospheric
poundary laver, is the subject of the research described.

1.2 Obiectives

The objectives of this paper, and its compamion (Fart 1k
Johnson ef al., this volume} are to
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(1) describe the design and execution of two field
experiments conducted to obiain an evaluation data set for
SCAM (Part I

2y describe the mean airflow regime in the urban canyon and
the resultant scalar concentration distribution (Pant 1)

(33 describe the implementation  of SCAM  for  the
experimental  wban  canyons  and  compare SCAMs
predictions of  the  aiflow  and  scalar concentration

distributions with those measured (Part [H.

This research has an important contribution beyond just
providing a test data set for model evatuation. It provides an
excellent  temporal and  {adbeit more  limited)  spatial
deseription of the mean and turbulent airflow and scelar
concentrations in the air volume of a very simple urban
canyon. In particular, the controlied release of the scalar
from a line source with a known emission rate means that the
information can also be used 1o beder understand atrfow and
ransport processes in wban canyons. For example, much has
been written about the importance of the aspect ratio (A) as a
dimensionless criteria determining airflow, trbulence and
thug microclimates in urban canyons, Oke (1988b) developed
criteria {or determining airflow regimes (isolated roughness,
wake interference and skinmming) within urban canvons asing
only A However, as Hunter of af. (1991} show, this is only
vajid for infinitely long, 210 canyons, In realistic 3D canvons,
the ends become important. A consideration of basie fluid
sts that the npwind roughness (which

mechanics also suyg
determines the wrbulence in the approach flow): the wind
shear at roof beight and the width of the upwind and
downwind buildings will also be important. Criteria such s
those of Oke's do not consider these other factars. The data

obtained provide us with the opportunity to evaluate some of

these issues. Thus. we examine the measurement data for
evidence of particular flow regimes and confirm that SCAM
can indeed replicate these.

2 SCAM: A BCALAR CANYON AIRFLOW
MODEL
2.1 Briet Model Description

SCAM has three components: a GRID file which delines the
urban canyon geomelry, the position of the scalar source and
s emission rate; an airflow model (CITYY and a 3D
atmospheric diffusion model which uses the output from
CITY to predict scalar dispersion {via, advection and
turbulent diffusion) in the urban canyon specified in the
GRID file. Part 1T describes these components in detall.

At the core of SCAM is CITY, 2 modificd form of Paterson’s
{(1986) 3D model of flow around bugldings, CITY is a steady
state, k-£. 1.5 order closure model. Thus there are three
prognostic equations for the mean velocities and wrbulent
kinetic energy (TKE) and a highly parameterised equation
for the dissipation, £ CITY is initiated with an upwind,
equilibrium wind profile. SCALAR solves the atmospheric
diffusion equation for this airflow and a koown scalar
amission rate. Details of the aumerical methods; model
implementation efc. are given in Hunter (1989, 1993

22 Sensitivity Analvses

A model such as SCAM predicts a steady state flow regime
on the assurmption that the approach flow i constant in tme,
A scadar 1 then emitted into thiv Fow and us wihinecanyon
concentration catcubated, Thus the cutpur of STCAM s

characterised by detaifed spatial resolution, but no temporal
variation. Fiekd measurements, on the other hund., will always
be limited spatiatly because of sensor availubility and rhe
need © minrmse et flow. The
are, however, characterised by o detaled nme vecord, at o
lmited number of focations,

crence with the exising

& sumber of conditions must theretore he met 11 we are W
sucvesd 1 oour aim of evaluating o steady state wodel with
Lax
distribusion not be overly sensitive o sl changes i
upwind wind direction. A
taken for the scalar concentrations to reach steady state be
fess that the time over which the upwind wind conditions
Limmited avadability of sensors means tat they oist

feld data, The fest is that the modelled How Deld and s¢

cond requirement s that the time

chang
be optimally positioned. To this end, we undertook a series
of sensitivity analvses to delerming the sensiavity of the
model 10 upwind wind direction: times typically taken 1o
reach steady stale and typical scalar distributions across the
canyon. The latter was used to identify locations to place
sensors i the held experiment. For example. aithough
sensors should be sited at the canyen ends o sample
maximunt concenirations, the position of these “peaks™ s
sensitive to wind direction. Concenration measurements are
therefore better 1aken mn the mud-canyon positon &l varying
hetghts and include sites 2-3 m from the fee wall, Resalis
from these and farther seasitivity analyses conducted as purt

of the prelimimary model evaluation, are described in Part {1

3 FIELD EXPERIMENT
3. Why Field Measuremenis?

The data needed 0 evaluare o model such as this could be
obtained in three ways: direct numerical simulations (eg.
using large eddy simulation): wind wnnel modelling and field
measuremends 10 a Tnatwral” atmoesphenc boundary layer
(ABL), The advaniage of the first two approaches are that
they are compatible with SCAM. iz they produce sieady
state solutions with a large degree of spatial resohution.
Hpfortunately, they are also both models so one is always
fuced with the question of whether they are correct.

Wind tunnel stmulations are a owidely used, and valid.
evaluation technique, however they are not without their
flaws. For example, for this research we require airifow dala
around roughness elements with heights (HY of order 10 o,
The ratio of H o ABL depth iy oo 001 In boundary fayer
wind tunnels, the boundary layer may onfy be | m deep and
50 the modelled roughness element hewht would need o be
0.01 m to maintan smuhinnde, However, Reyeold™s number
similarity must also be maintained. Given that ARL flows



areund buildings have Reynolds numbers of =107, velocilies
in wind runnels would need to be of order 107 ms” o
maintain dynamical simifarity. MNormally, targer roughness
elements would be wsed to achieve Reynolds number
similarity but then the ratio of H to boundary layer depth will
be large, ca. 0.1 for wind tupnels compared to 0.01 for ABL
flows. This does not invalidate the use of wind tunnels, i
simply hightights the disadvaniages of using wind tunnels as
the main source of data to evaluate a numerical model
Indeed, wind tunsel deta are often compared o ABL data as

areatity.choeck,

Tior these reasons. as well as the difficulty of accessing a
wind tunnel or an LES medel, we decided 1o conduct our
measurements in the ABL using urban canyons whose heighi
was of the same order as typical urban canyons.

3.2 Site Selectnion Criteria
The need for strong, steady winds dictated the timing of the
experiment. Yortex driven flows are most likely when roof-
fevel windspeeds exceed 2 met (DePaul and Shich, 1986).
Purthermore, neutral flows are required both upwind and
within the urban canyon. Finally, steady winds are required
1 achieve conditions compatible with a steady state model.
[ Sydney. such winds are most frequent either in the
winterfspring  when westerly  flows dominate or in the
seabreezes that oceur from spring through to avtumn.

These predominant wind directions meant that a north-south
oriented canyon would have approach flow angles roughly
normal to the canyon's long axis and would minimise jetling
fiow parallel to the canyon, The largest concentraiions and
maximum vartex circulation would be achieved under these
conditions. making it a more interesting regime o model.
The canyon roof, walls and floor also aceded 1o be simooth as
SCAM cannot simulate the twrbnlence generated by wall

irregularitics.

A controlled scalar release was required, using a line source
stretehing the full length of the canyon, at the canyon
midpein:, In pollution studies, such a line source would
simulate a ling of traffic (although this is not necessary for
this experiment). Mitric oxide (N0} was selected as the scalar
beeause it can be detected at very low concentrations, thus
reducing the amounts of gas used and costs.

Meeting these criteriz was simplified by using a “model”
urban canyon rather than an existing strest flanked by
buildings. Two sites were selected for each Reld experiment:
one in Western Sydney for the winter study and one at the
coast in Northern Sydney for the autumne study.

3.3 Field Program 1 (FP1)

Two paralie] rows of storage units, aligned north-south, at
“Allsafe Storage” in Blacktown {Westemn Sydney) were
selected for FPL. The canyon dimensions {(L=08 m: W=7.5 m
and H=3 m) yield an aspect ratio of .42, The large L:H ratio

(=20 cffectively makes this canyon two dimensional, A
arass paddock extended 3H m o the west of the canyon. The
surrounding fand-use was a mix of farms and Lght industries,
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Figure 1: Model urban canvon experimental layout in FPL:
{ay plan view showing mid-canyon, centre canyon, lee and
windward walls: (b) cross section at mid-canyon showing

tocation of Gill propeller anemometers (x) and rooftop
anemometer. Note that the basic lavout for FP2 was dentical.

For FPI, the line source for scalar emissions was a simplc,
pressurised garden soaker hose running the full canyon

length at the canyon centre (Figure fa). NO and air were
s thus

mixed at mid-canyon and pumped into the hose. NO w
released along the full Jength of hose through holes spaced at
ce .05 m intervals.

A S m mast placed upwind, and instrumented with a Met One
cap anemometer gnd wind vane, recorded the approach wind
speeds and directions needed for model intalisation,

To evaluate SCAM, abflow and scalar conceatrations
measurements were needed at varying locations within the
urban canyon airspace. focussing on the mid-canyon area
where the vortes is centred.

Three 3D (Gill) propeller anemometers were deployed (o
measure the across-canvon, along-canyon and vertical wind
velocities at three locations. Figure 1b shows these inital
locations: »=0.75 m in the canyon centre ai the mid-canyon
point {MC); lee wall at z=1.9 m (ML) fee wall at 2229 m
{also ML and rooftop Gilly, but they varied between
experimental rung, An R M. Young Wind Sentry anemometer
and wind vane were placed on the upwind roof (50 cm above
the roofi. Signals from these sensors were sampled and
stored al SHz wsing a 21X Campbell Scientific micrologger
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and PC. Upwind winds were sampled every ten seconds and

one minule statistics reeorded.

Gus Intakes were arranged In two vertical profiles at mid-
canyon (Figure 23, Each profife bad an intake at 0.73 m.
1.5 m and 2.9 m. One profile was located adjacent to the
camyon lee wall (ML) and the sther at mid-canyon {(MC).

Wing 5 T

fiow i

) |t ‘
. 'J !aT
L ML C

& Trugk
Figure 2: (a3 Plan view of FPT canyon with location of gas
intakes and PVC tubing back 1o truck and mobile laborwtory;
(b cross section showing vertical profile of gas intakes (x0.

Two gas sampling units (Monttor Laby NOx Analysers} were
housed in CSIRG™s mobile laboratory. Adr from each of the
intakes was hought back along separate PV tubes to the two
MNCx analysers. These were switched such that two pairs of
PVC lines could be sampled, consecutively, by each
anatyser, enabling a rotal of four sites o be monitored. These
data were sampled at 0.1 Hy and stored on a PC,

Measurements were obtained over a sequence of B non-
consecutive days from August - November, 1993, Gnly 2
days with gas sampling and airflow measurements were

obtatned. The remaining & days recorded airflow alone.

3.2 Field Program 2 (FF2)
Basically the same array was used in FPZ, however

significant improvements were made to the line source and
gas sampling procedures.

Four demountables were assembled into a north-south
oriented canyon (H=3 m; L=1¥ m: W=3 m} on a large
paddock adjacent 1o sports fields in Curl Curl, Morthern
Sydney. This canyon has an aspect ratio of unity and a LoH
ratio of six - making 1 a toly 3D canyvon. The feich
surrounding the canyon comprised grass paddocks and sports
fiekds extending for over 300 m w the cast and west. Thus
both easterly and westerly winds could be used.

The line source was replaced by an elevated (0.1 m), G.03 m
diameter PYC wbe with 0.3 mum holes dritled every 0.05 m.
This rigid line source ensured an even pressure distribution,
and hence flow rate, along its full length (18 m).

The same anemomeiers {cup and propellery were used us in
FPLL however the upwind anemometer and windvane were
mounted at a height of 2 m. The sampling scheme and
instriments were otherwise dentical to FP

An extra NOx analvser was hired, enghling 6 sites to be

0
samipied in a single experimental run. As m PP PV abing
was used 1o bring air from the sas ntakes back to the NOx

analysers which were housed inside one of the demountables.
The two profiles were used 10 a sinnlar configuration to FPi.

The six eay intakes were consecutively sampled (again using
a switching arrangement) at | Hz using & Campbell Sciennfic
21X microtogzer, The data were transierred 1o o PO at the
end of each experimental run which, because of storage
bradtations on the 2EXL had 1o be shorened 10 M43 mins.

Actotal of 135 experimental rens were acquived over O days in
March and Apeil, 19940 All but ane (March 31 comprised
both gas and wirflow messurements.

4. RESULTS: AIRFLOW REGIMES

Al data were averaged Into one minute blocks for the initial
analysis of the flow regimes. This s bec
circulation s helieved to be driven by the mean, rather than
the turbulent, flow. Pertods when the upwind flow was fuirly
consiant for periods of 10 ming were selecled for model

anse the veorlex

evaluation

Although the primary goal of the research was 1o evaluale
SCAM, we firstly used the measwred data 1o “deseribe™ the
airflow regime present i each canvon, for varying approach
flows. Three questions were of particular interest: (4 Is there
a cross-canyon vortes?; (0 s the How skimming, wake
interference or isolated roughness (using the defimitions of
Oke, 1988bi'% (i) what is the effect of oblique How and
canyun ends on (1) and (i), especially in the FP2 canyon?

This approach s adopted for two reasons, Piesily, the
modelled gas conpcenrations will be incorrect i the predicied
flow regime is incorrect. so an evaluaton of the airflow
prediciions is crucial to the evaluation of SCAM. Secondly.
despite our best efforts, the arrfiow fy temporaily varable
which makes a direct comparison between wind velocities
(measured and modelied) difficudt, Rather, it iz bettar to use
the measured daln 1o describe the auflow regime and then
compare this with the predictions Fom 5CAR. Hach canyon
is treated separately inthe following description because
guite different features were observed in each,

4.1 Adrflow Repimes i FP
401 The Vortex

A mean cross-canyon vortex will be characterised by a
reversal in flow direction at the floor of the wban canyon.
Thus for normal flow. the airflow at the canyon floor will be
reversed and directed back towards the lee wall, Nakamura
and Oke (19%8) identified such a fow feature in their wind
measuremenis in an wrban canyon (A=1) by comparing the
wind direction at the upwind roof and the canyon fToor {mid
and cenlre canyon position). They found that the wathin-
canyon wind direction  {(Sugeen)  was  almost o Tmirror
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reflection”™ of the flow at fooftop Ouonep). AL inlermediate
Makamura and Oke Obssrvcd that ti1s:
refiection’™

approach angles (>07)
angle of incidence was greater than the angle of 7
of the ow.

indicating a “cushioning

Ploting G ¥5 Boomp f0r PP (Figtre 3a) reveals a similar
= [ 3 H reanop

refationship. but the data 1s very scuttered. A much stronger

relationship is found between the mean wind direction

measured at the mnﬂnp fust nside the jee wall (8,0 and
Bmon (Flovre 3b). Similar relationships were found for the
other runs in H’i, and iHustrate the same features described

by Makamurs and Oke,
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Figure 3: Scatterplots showing relationships between Gunpon

{y-axisy and (2) Quonop: (B} Bronr . Runs 2 und 3, 21/09/93,

4.1.2  Airflow Regime

Wind tunnel studies by Hussain and Lee (1980) and the
numerical simulations of Hunter et af. {1992} suggested that
a simple cross-canyoen voriex within a skimming flow regime
only oceurs in canyons where A>{.63. Given thai the aspect
ratio in FP1 was only 0.42, are these observed flow reversals
actually a recirculazing flow in the wake of an isolated
building? Further insight was obtained by analysing the data
collected from the three Gill anemometers mounted at a

e ot (1,75 moin the centre of the canyon (MOC) and at the
ML and windward walls (MW,

heigh
lee (

Strong easterly flow is recorded at MU a reversal of the

above canvon flow. There 18 also a strony relationship
between the updraft velocities {wy,) at the lee wall and the
downdreaft  velocities  (wae)  ab the  windward  wall
(w0, This close hnk is maintained even as the

approach low changes, suggesting that these are parts of a
i

single flow feature, a cross-cunyon vortex, Interestng
PrePaul and Shish (1986) report ivpical downdraft velocities
of 0.6 w,, Tor the voriex flow found in their canyon,

Y.

These features suggest that isolated roughness How s not
onable given the heighis and spacing of

present, which s ¢
these buildings. Wake merference How, which 1s more
likely, would be indicated by turbulent, mostly wesierly flow
at MO In fact the flow at MO 15 always easterly and the
vertical velocities are always positive (e, showing updralis)

and less turbulent than at the base of the lee wall (ML

e 4), all the ground level flow s
ds the fee walll wih the stronges:

{soe 1

In summar
directed back  tows
veloeities  occurring  at centre canyon  (MCO) Strong
downdrafis are present at the windward wall (MW and
ts at the lee wall (ML A of these
nming flow regime.

shghtly weaker upd
features poii Lo a sk

}

ik
| 4 a-F

Lea Centra Winchward

Figure 41 20 schematic of wind vectors showing the cross-
canvon voriex, driven by skimming flow, us determined by
Gifl uvw anemometers, FPI canyon (mid-canyon position).

A windspeed threshoid for the oaset of vorticolar flow was
also apparent 1 FPL Guapgp 2108 Ouayen were better correlated
(required for vortex flow) when the above roof windspeeds
exceed 2 ms, in accordance with DePaul and Shich (1986)
and providing further evidence of skimming {fow.

The limiled concenwation data are in accord with this
skimming flow regime. The highest concentrations are found
near the ground (and thus in proximity to the source) and at
the lee wall (ML0.73). Here there are weaker updrafts, and
the airflow (the lower arm of the cross-canyon vortex) has
moved over the line source, This feads to a “build-up™ of
scalar at the base of the lee wall.



4.2 Airflow Regimes in FP2
42,1 The Vortex

The canyon used m FP2 had an aspect rauo of unity.
Previous work {(eg. Hunter ¢ af, 1992 Nakamura and Oke.
[988) suggests that such a canvon would also be
characterised by a cross-canyon vortex as a component of a
skimming flow regime. It was on this basis that we sited the
anemoemeters and gas intakes for FP2.

Correlations between 81 watep 200 Bren failed to reveal
any consistent patterns that would sugpest this regime. Cne
expernimental run observed flow towards the lee wall at
ground fevel, however this is overwhelmed by the influence
of lateral tlow which seems 1o break down this structure. This
influence of lateral flow s responsible for the failure to
identify a cross- canyon vortex using these methods,

4.2.2  The Effect of Lateral Flows and Canyon Ends

Analyses of each of the flow components, similar to those for
FP1 (but note that the approach flow is now easterly - not
westerly), were conducted o determine the general flow
regime in FP2. The importance of the canyon ends and lateral
flows was also assessed.
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Figare 5: Relationship between direction of approach flow
(Roof tep direction) and wind direction at canyon floor,
midcanyon: (a) for E-NE and (b) for E-SE approach flows

For normal approach fows, downdrafts observed ar the base
of the windward wall (MW} were correlated with updrafls at
the base of the leeward wall (ML), although the relative
streagths did not follow the patern found is FP1. The cross-
canyon velocities at MW and MO were consisiently westerly
{ie. reverse flow), This cross-canyon flow was correlated
with the vpdrafts observed at the lee wall {ML) and the
downdralls at the windward wall (MW, These findings are
similar to FPLand suggest a skimming flow regome.

The neghgible cross-canyon flow observed at the lee wall
(ML may indicate a “guiet” recirculation zone. a feature
observed at this position in the field program of Johnson e
af. {197 1) and the simulations of Johnson and Hunter (19955

Of considerable interest is the increased importance of lateral
Hows, and canyon ends for this short canyon. For approach
flows that varied from 30 o 907 (Figure 3u) the within-
canyon (MC) direction is constant st ca 340" Approach
flows varying from 80 and 130" likewise are maiched by
fairly constant within-canyon flows of around 2007 (Figure
5b). Once established. it appears that the lateral component
within the canyon i maintained until overcome by an
opposing flow frum the opposite direction. In short, flow
parallel to the canyon walls 18 not needed © maintain fateral
flow within the canvon,

An experimental run with the Gill anemometers placed at the
canyon ends revealed the importance of lateral flows. Ay the
northerly Hlow component increased, stronger updrafls at the
base of the northern lee wall were observed. and vice versa
for the southern end (Figures 6a and b). Thus the momentum
from the flow penetrating the canyon 18 transferred into the
lateral flow and the vertical flow viathe vortex.

The combination of these flow characteristics, plus the
presence of updrafts throughout, suggests a spiralling voriex
flow moving downstream with the flow pesetrating the
canyon. This vortex decreases in strength with downstream
distance in the canyon.

The scalar concentration measurements show, as in FPI,
decreasing concentrations with height at the lee wall and at
the canyon midpoint. A surprising feature, however, is the
reversal of this pattern at the windward wall where
conceptrations at 0.75 m are slightly less than at 1.25 m. This
suggests a transport mechamsm at levels halfway op the
canyon not seen i the airflow measurements, je. a non-
reversing flow at a height of 1.4 m that moves over the
source {at canyon centre), carrying the scalar towards the
windward wall. At cach height, concentrations were always
greatest at the lee wall, followed by those at the canyon
centre which, in turn, were greater than concentrations at the
windward wall. This is in accord with a voriex circulation.



