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Abstract. In this study we investigate ultrafine particle influence the UFP vertical fluxes from a street canyon. Both
(UFP) fluxes using a first order eddy viscosity turbulence clo-turbulent fluxes and fluxes due to mean flows are shown to
sure Computational Fluid Dynamics (CFD) model and deter-contribute to the overall ventilation characteristics of a street
mine the different factors that influence emissions of UFPcanyon. We then derive a simple parameterised numerical
into the urban boundary layer. Both vertical turbulent fluxes prediction model for UFP venting at the roof level of the
as well as the fluxes due to mean circulatory flow are showrncanyon. This simple model is then compared with tower
to contribute to the overall ventilation characteristics of streetbased micrometeorological flux measurements reported in
canyons. We then derive a simple parameterised numericakcently published field studies. Whilst undoubtedly crude
prediction model for canyon top UFP venting which is then these comparisons may be used as a starting point for link-
compared with tower based micrometeorological flux mea-ing street level concentrations to those measured above the
surements obtained during the REPARTEE & CityFlux field urban roughness sublayer with potential for validating high
experiments. resolution neighbourhood-scale air quality models.

1 Introduction 2 Background

The spatial heterogeneity of urban street canyons and th&n understanding of the ventilation characteristics of street
complex interplay of chemically, spatially and temporally C@nyons under a range of flow conditions will aid the predic-

varying ultrafine particle (UFP) emission sources as a funclion of the average UFP pollutant concentrations for street

tion of micrometeorological and meteorological factors rep- €€l pollutant exposure assessment, pollutant monitoring
resents a challenge to both dispersion modelling activitied'€tWork design and data interpretation. It is also the first

and field observations. Measurement campaigns genetS-Fep in coupling street level UFP concentrations to net emis-
ally have insufficient resolution to represent aerosol parti-Sio" fluxes measured above the urban roughness sublayer, for

cle transport and transformation adequately and must be in@SS€ssing regional and climate model impact and mitigation

formed by appropriate dispersion modelling techniques. StUdieS_-_ _ _ _
In this study we investigate UFP fluxes using a first order MPlicit in most operational street canyon models is that
eddy viscosity turbulence closure Computational Fluid Dy- the canyon is venting vertically. Whilst it is understood that

namics (CFD) model to determine the different factors thatVertical fluxes from street canyons are governed by both tur-
bulence and advection in the vertical direction, due to com-

plex circulatory flows within the canyon, the relative impor-
Correspondence tdvl. W. Gallagher tance of each process is a topic of ongoing research. Ad-
BY (martin.gallagher@manchester.ac.uk)  vection originates from the mean flow of roof level wind
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conditions and turbulence arises from unsteady flows causeboth turbulent and vertical advective fluxes at roof level has
by eddy motions in the air. The sources of turbulence arenot been studied in detail and needs further investigation.
buoyancy, shear at the surfaces, traffic movement and the tur-

bulent intensity of the flow above the canyon. If we consider

the case of wind blowing perpendicular to a canyon axis, the3 CFD model framework and results

layer of strong shear that develops at the canyon top is be-

lieved to oscillate, driving an intermittent mixing circulation For this study an in-house two dimensional (2D) CFD mod-
around the street canyon (Belcher, 2005). Pollutants travel€lling platform based on the incompressible finite volume
ling up the leeward face of a canyon require sufficient mo-method (Patankar, 1980) was used. The mass, momen-
mentum to penetrate the shear layer and be transported infé/m and standark-e turbulence model (Launder and Spald-
the overlying boundary layer and this takes place over relaing, 1974) equations representing the continuous phase were
tively long timescales+30—60 s) (Walton and Cheng, 2002). solved. An additional energy equation was solved when
Using a 2-D Computational Fluid Dynamics (CFD) model considering buoyancy cases based on the Boussinesq Ap-
coupled with the standaide turbulence model and consid- Pproximation. The discrete phase, representing UFP, was
ering wind perpendicular to the longitudinal axis of an ide- characterised via the Modal Method (Whitby et al., 1991)
alised canyon, (e.@spect ratio H/W~0.5-2 where H is the and assumed to be transported by the velocity field for the
canyon height and W its width; Turbulent Intensit9.001—  continuous phase. Due to the low volumetric loading and
0.025 and wind speeds5 m/9 it has been shown that the stokes number of UFP, this assumption is a plausible one.
turbulent flux contribution dominates the net vertical flux of The equations were solved using the deferred correction To-
pollutants as it was found to be an order of magnitude largettal Variation Differencing Scheme except for the turbulence
than the advective flux. In addition, the net effect of turbu- €quations, which were solved using the Upward Differenc-
lent flux has been found to exhaust pollutants whilst the netng Scheme. The SIMPLE (Semi Implicit Method for Pres-
effect of advective flux is to re-entrain pollutants (Baik and sure Linked Equations) pressure-velocity coupling scheme
Kim, 2002). was used to obtain the velocity field. Details may be found

There is evidence from past experimental studies thain Ferziger and Peric (1999) and Versteeg and Malalasekera
canyon ventilation is a function of a range of flow conditions, (2007). Steady-state solutions were obtained for all cases.
in particular turbulence, wind speed and canyon geometry. In The code was validated against a benchmark 2-D cavity
a field study, DePaul and Sheih (1986) found that the ventitest case (Ketzel et al., 2004). The solution of the code was
lation velocity of a tracer from a canyon with aspect ratio compared with wind tunnel databases to assess the model
H/W=1.5 was correlated with both friction velocity,., at skill in solving the mass, momentum, turbulence (standard
the roof level, and the horizontal win@,. In addition, Bar- ¢ turbulence model) equations. The flow obtained within the
low and Belcher (2002) found that the street canyon aspecgavity by the model is characterised by a main re-circulation
ratio is an important factor in influencing the ventilation effi- vortex and a secondary vortex at the leeward side of the cav-
ciency. It has also been found that amongst all flow regimesity close to the ground (Fig. 1a). This result is quantitatively
ventilation efficiency is most dominant for wake-interference consistent with both wind tunnel databases (Fig. 2) (Ketzel et
flow. Both studies have found a robust relationship betweerfl., 2004) and previous numerical simulation (Fig. 1b) (Sa-
mean ventilation velocity and horizontal wind component, vory et al., 2004) of the same case. The horizontal velocity
suggesting that the scalar transport is controlled by turbuprofiles obtained using the model of this study along 3 axes
lence (Barlow and Belcher, 2002). This hypothesis is consiswithin the cavity compares well with wind tunnel database
tent with the numerical studies referred to above. (Fig. 2a, b and c).

In spite of extensive studies on the escape of pollutants The computational domain comprised of the symmetry, in-
from street canyons, there are still several research questiorist and outlet boundary conditions with a cavity below rep-
warranting further investigation. There has been little at-resenting an idealized street canyon (Fig. 3). The height of
tempt to parameterise flux from street canyons at a range athe canyon (H) was chosen to be 10 m, a typical length scale
turbulent intensities, wind speeds and canyon aspect ratiogxpected in urban environments. Smooth wall boundary con-
The coupling of surface fluxes and dynamics to neighbour-ditions were assumed. The inlet and outlet boundary condi-
hood scale fluxes for large-scale models, within the urbartions were 2H and 10H away from the canyon. The symme-
canopy, though plausible, has also received little attentiontry boundary condition was 5H above the canyon. Boundary
Finally, whilst the dominance of turbulent flux under condi- conditions were located at a distance such that they would
tions where only forced convection from the wind has beennot interfere with the numerical results within the cavity. A
demonstrated, previous studies have suggested that the velostructured mesh was used and a total of 70, 500 grid cells
ity flow pattern within the canyon varies with solar angle (i.e. were used to model dispersion in a 10 m by 10 m canyon.
time of day) (e.g. Nakaruma and Oke, 1988) due to natural Appropriate values representing a range of meteorological
convection arising from thermal effects within the canyon. conditions were used at the inlet boundary conditions where
The influence of mixed convection on the relative extents ofa uniform wind speed profile{) was imposed representing
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of the same case (Savory, et al., 2004). Ullper

wind blowing perpendicular to the canyon axis. Although Fig. 2. Compar?son of nu.merigally computated wind profile using
niform win was incorpor. he inl n _the model of this study with wind tunnel databases (Ketzel et al. ,

a uniform d speed was incorpo ated at the inlet ppu d 2004) a(a) X/W = 0.1: (b) 0.5 and(c) 0.9

ary condition, the location of the inlet boundary condition 2

H from the canyon allows a logarithmic wind profile to de-

velop due to velocity shear at the roof. It is acknowledged,;se( for such modelling studies (Sini et al., 1996; Baik and
that this method of characterisation is idealised and onIyKim, 1999, 2002, 2003; Jeong and Andrew, 2002; Solazzo
adopted for the purposes of sensitivity studies. The range of,q Britter, 2007: Kumar et al., 2009; Murena and Favale,
wind speeds (2.5 m/s to 10 m/s) selected represented the floynog) and to allow the investigation of the effects of H/W on
regime where the extent of forced convection is such that Veyentilation characteristics. Higher levels of turbulence inten-
hicular turbulence could be ignored (Kumar, et al., 2009 andsijty will conceal geometrical influences and thus hinder our
Longley, 2004). investigation (Sini et al., 1996)

The turbulent kinetic energy profile at the inlet boundary  The inlet turbulent dissipation profile was set to:
condition was set equal to:

e=CL" kot )

with C=0.09 and the length scalg) (vas taken to be 0.07 of
Values ofTI (TI, the ratio of the root-mean-square of the ve- the characteristic length scale of the velocity inlet (Versteeg
locity fluctuations, y to the mean flow velocitghosen were  and Malalasekera, 2007).
0.26, 0.1 and 0.05, representing 3 orders of magnitude of tur- To represent vehicle exhaust plumes, an elevated finite
bulence intensities, well within the range ©f commonly  cross sectional line “emission source” 0.3m above ground

k=15xTI°xU? 1)
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Symmetry

Table 1. Aerosol particle size distributions assumed at the emission

H — 5 .
2 — i point.

S ]

— Aitken  Accumulation

v N Mode Mode

— Number Concentration (particlesiin 1x10'1  1x1010

:.'/' Geometric Mean Diameter (nm) 15 150

. wall (smooth) Standard Deviation 15 1.6

= Volume Fraction (m/m3) 45x10°11

2H 10H

Table 2. Model canyon and flow characteristics at inflow boundary

Fig. 3. Computational domain. condition.

Low Medium High
was imposed with a predetermined concentration level of the Aspect Ratio /W) 050 1.0 2.00
discrete phase (Table 1). It was based on an a-priori assump-  Turbulence IntensityTl) 0.05 0.1 0.26
tion of a typical Aitken and accumulation aerosol particle Wind SpeedJ (m/s) 250 5.0 10.00

lognormal size distribution for representative concentrations
1m from a vehicle exhaust pipe (Kittelson, 1998). The char-
acteristisation of particle size distribution features will allow ] )
for future investigation into aerosol processes in subsequerfiux from the canyoudue to vertical advectiont, = [ fudx,
studies. The dilute natgre of UFP is consistent with the ON€- 14 turbulent flowF, = [ fdx, whereW is the widvtvh of the
way coupling assumption. The background UFP concentra- W
tion was assumed to be zero. The turbulent Schmidt numeanyon. Thanet UFP fluxfrom both processes along the hor-
ber was set to 1 (Kumar et al., 2009). The “zero concentraizontal axis of the canyon at roof level is thus expressed as:
tion” wall boundary condition (perfectly absorbing wall) was 9

. . . . A X
used for UFP, ignoring re-entrainment. It is a “good approx- Fnet , = / <—KX—+Xw>dx 3)
imation for commonly encountered aerosols in ambient air” 9z
(Gallis et al., 2008), although this simplified estimate may

overestimate deposition flux. Similarly, for mixed convection cases, local heat flux was

estimated at the roof of the canyon and expressed as:

3.1 Flux characterisation and parameter space aT _
FNetT=/(—KT—+TE>dx 4
3.1.1 Characterisation of turbulent and vertical advec- ‘

tive flux components whereT is temperature anffT is the turbulent diffusivity of

In this study both turbulent and vertical advective fluxes wereheat'

evaluated at the roof level of the canyon by integration acrossy 1 o parameter space: isothermal cases
the width of the canyon cavity, which is the interface of the '

canyon and free-flow regime above. A positive flux implies Natural buoyancy effects due to heated walls and exhaust
a net venting from the canyon while negative flux implies a pjymes were ignored in these cases. Table 2 summarises the
due to mean flow isf, =w; wherey is the mean UFP con-  are referred to hereafter as low, medium and high cases. The
centration andy is the mean vertical velocity at canyon roof Reynolds Number Regﬁ_H (wherep is the air density, p the
level. Implementing a first order eddy viscosity turbulence viscosity, and/, the canyon inflow wind speed measured at a

closure model, the turbulent flux may be characterised as the.tarence height, an#f is again the canyon height) is the ra-
product of the turbulent diffusivity and the vertical gradient tio of the inertial :and viscous forces and range fromd1@®
of UFP concentration. The vertical flux of UFP due to tur- ;1 e 2 106

bulent flow is thereforef, =w'x'=— K, %—’é wherey’ is the

deviation from the mean concentration antlis the devia-  3.1.3 Parameter space: mixed convection cases

tion from the mean vertical velocity, z is height in the vertical

direction andk , is the turbulent diffusivity of UFP. Integra-  To investigate the influence of thermal effects within canyons
tion of the flux along the horizontal direction yields tH&P on the UFP flux, a canyon of unity aspect ratio was
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Table 3a.Leeward heated wall conditions.

Case 1 2 3 4 5 6 7 8

U (m/s) 10 5

AT (K) 4 10 15 2 4 6 10 15

R; 0.0135 0.0338 0.0507 0.0271 0.0541 0.0812 0.1353 0.2030

low which wake-interference flow takes over) and Solazzo
and Britter’s (2007) numerical simulations, assuming smooth

Table 3b. Leeward heated wall conditions.

Case 9 10 11 12 13 wall boundary conditions. This contrasts with other stud-
ies where a dual-vortex skimming flow regime was observed

U (m/s) 2.5 at H/W~2.0 when rough wall conditions were considered,

AT(K) 4 6 8 10 15 and a transitional threshold to the wake interference flow ob-

R 0217 0325 0433 0541 0812 served aH/W~0.65 (e.g. Hunter et al., 1992 and Sini et al.,

1996). Due to this vortex flow, advection at roof level was
found to contain both the updraft and downdraft contribu-

. tions at the leeward and windward side of the canyon respec-
considered and the temperature of the UFP source exhaugte|, The relative contribution of either component deter-

approximately 1 m away from the exhaust pipe was assumeghines the net direction of vertical advective flux, as will be
to be 300K, whilst air temperature above the canopy WaSyiscussed in the following section.

290K. The highest value (0.26) was assumed for these
cases. Either the leeward or windward wall was assume% 29
to be heated. The heated wall was assumed to have a tem-

perature higher than the ambient (290K). The relative ther‘Before discussing in detail the results for UFP fluxes we
mal effects of buoyancy and forced convection within a street

4 : note in passing that previous CFD experiments (Kumar et al.,
canyon may be determined based on the Richardson Numbe : . 5
R = % the ratio of potential to kinetic energy wherés 5009) have shown varying degrees of success in represent

Iy ' ) ) ing real-world UFP concentration profiles measured in street
the gravitational constanf\7 is the temperature difference

canyons. We attempt to compare the concentration profiles
petween the heated V‘_’a” and the above canyon flow.7and  ,5¢\ye have obtained for this study with previous field mea-
is the above-canyon air temperature. At I&y the tempera-

surements of UFP concentrations (Kumar et al., 2009) and

ture difference between the heated wall and the fluid is small, i tnnel measurements of passive scalar concentrations
and the wind speed large enough so that buoyancy EﬁECtﬁ\/leroney etal., 1996).

may be ignored, but beyond a critical value, buoyancy be-

comes important enough to affect the overall fluid flow pat- tion profile predicted using this model for for théW: 1

:grsrt\é;'ables 3a-c summarises the ranges of parameter spaf::gnyon,U =2.5m/s andl'l: 0.1. The predicted profile struc-

ture can be split into three general layers; a layer near street
level where concentrations increase rapidly to a maximum
value, a middle layer where the concentration follows an ap-
3.2.1 Isothermal cases: velocity flow patterns proximate exponential decrease and a turbulent shear layer
at the top of the canyon where the concentration declines
Skimming flow was observed for all cases considered, charmore rapidly. The predicted leeward profile appears to be
acterized by a main clockwise vortex extending through-in reasonably qualitative agreement with the field measure-
out the canyon geometry and 3 minor anti-clockwise vor-ments of Kumar et al. (2009), also shown in Fig. 6a, despite
tices at the two corners of the leeward side as well as thdéhe simplifications, although such measurements we note are
bottom corner of the windward side, Fig. 4. Compared still sparse. Fig. 6b also shows the windward concentration
with other geometriesH/W=0.5 and 2.0), the corner vor- profile that has different characteristics and which should be
tices are more dominant &/W=1.0. The centre of the considered in the design and interpretation of canyon field
vortex appeared in the middle of the canyon when the asexperiments.
pect ratio /W) was 1.0 and 2.0, displacing to the wind-  An attempt was made to compare vertical concentra-
ward side when the aspect ratio was 0.5 (Fig. 4c). Thistion profile trends for this study and those obtained from
agrees with Johnson and Hunter’s (1999) observations of #Meroney et al., 1996) (Fig 6¢). For all simulation cases
skimming flow regime down to an aspect ratio of 0.4 (be- in this study, an elevated exhaust (0.3 m) was considered as

Isothermal cases: concentration profiles

Figure 6a is the leeward canyon vertical UFP concentra-

3.2 CFD model results: isothermal cases

www.atmos-chem-phys.net/10/2475/2010/ Atmos. Chem. Phys., 10, 249G-2010
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Table 3c. Windward heated wall.

Case 1 2 3 4 5 6 7 8 9

U (m/s) 10 5 25

AT (K) 4 10 15 4 10 15 4 10 15

R; 0.0135 0.0338 0.0507 0.0541 0.1353 0.2030 0.2165 0.5412 0.8119

well as the fully absorbing wall, contrary to the wind tunnel bulent diffusivity (K, ), and vertical concentration gradient,
study where the source was at ground level and depositioy/dz. For all cases, the increase T increases the mean
flux was assumed to be zero. For both studies, (Fig. 6a an&, . WhenTlI increases from 0.05 to 0.1, the overall ver-
c), a higher concentration was observed at the leeward siddical concentration gradient may increase (due to enhanced
consistent with the clockwise vortex flow. A sharp concentra-vertical advection) but, wheml increases from 0.1 to 0.26,
tion gradient within the “turbulent shear layer” near the roof the vertical concentration gradient may decrease due to the
was also observed for both cases. Some qualitative discrepenhanced turbulent mixing of pollutants.

ancies were observed: the windward structure observed by These trends are summarised in Fig. 8, for the case
Meroney et al. (1996) was homogenous, but a convex strucg/=10m/s, which shows the vertical concentration gradient
ture was observed for this study and the leeward structurgdy/dz) evaluated at the roof level along the cavity width as
of this study observed a positive gradient near the grounda function of normalised distanc&/W (centre of canyon
which is different for the Meroney et al. (1996) structure zero, leeward wall —1 and windward wall +1jcross the
where the ground level exhibited the maximum. These discanyon, and for the different canyon aspect ratios. Observ-
crepancies could be accounted for by the aerosol particle deng both theH/W=0.5 andH/W=2.0, the maximum vertical
position process and the elevated source considered withigoncentration gradient occurs just next to the leeward side
the model adopted for this work, though further investiga- of the canyon, but foH/W=1, it is further away from the
tion is needed to refine the characterisation of deposition inyall. When H/W=0.5, enhanced mixing due to increased
this model and to fully account for the differences betweenturbulence leads to a reduction of vertical concentration gra-

particulate and gaseous behaviour. dient along the entire horizontal axis, which moderates the
increase inF; due to enhancement in eddy viscosity wHén
3.2.3 Isothermal cases: UFP fluxes increases. In contrast, whéetiw = 2.0, the decrease in verti-

cal concentration gradient was found to be less apparent and
Consistent with Baik and Kim’s (2002) studies, for all cases, least sensitive tdl, taking place only at the windward side
Fnet, Was found to be positive, implying a net venting of of the canyon. This implies minimal advection of turbulent
UFP into the urban boundary layer. A positiFe(venting of ~ quantities into deeper canyons and consequently the weak-
UFP), was observed for all/W (Fig. 7). The greater mag- est sensitivity toTl. F; for the H/W=1.0 canyon, however,
nitude of turbulent flux at loweH/W suggests better ven- is the most sensitive t@l. This is because whilst there is a
tilation characteristics.F, is positive whenH/W=0.5 but  reduction in vertical concentration gradient at the windward
negative (re-entrainment of UFP) for the other geometriesside of the canyon due to turbulent mixing, there is also a
(Fig. 10). The magnitude of turbulent fluk; is higher than ~ corresponding enhancement of concentration gradient at the
the vertical advective fluxF, by at least an order of magni- leeward side in this case. This is not observed for the other
tude for all cases, consistent with the data reported by Baikwo canyon geometries and therefore accounts for the great-
and Kim (2002), except for shallow canyor$/(v=0.5) at  est sensitivity oH/W=1.0.
10 m/s when the turbulent flux is higher by 2 orders of mag-
nitude. When considering forced convection alone and wher8.2.4  Isothermal cases: turbulent and vertical advective

effects of buoyancy may be ignored, the turbulent flux domi- UFP flux
nates the ventilation process. This is consistent with the sug-
gestion of Barlow and Belcher (2002). For a givenTl, an increase i/ will result in a proportional

For a given wind speed, an increaseTinwill result in a increase inf;, Fig. 9. This strong relation is consistent with
proportional increase ifi;. For all cases considered, there is observations by Barlow and Belcher (2002) and DePaul and
an increase irF; with increasingT| as expected for a given Sheih (1986). This is because the increasé ienhances the
U, Fig. 7. It was observed that the sensitivity Bf to Tl eddy viscosity and vertical concentration gradient at the roof
is dependent om/W, being strongest for the symmetrical of the canyon.

(H/W=1.0) canyon. The reasons for the weaker sensitivity At all H/W values for a giverTl, the magnitude of in-
for HW=0.5 and 2 are different.F; is a function of tur-  creases as the infloW increases, Fig 10. This is because the

Atmos. Chem. Phys., 10, 2475490 2010 www.atmos-chem-phys.net/10/2475/2010/
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Fig. 4. Typical streamline patterns produced by the model for var- Fig. 5. Typical streamline patterns produced by model (a).
ious canyon aspect ratioslfW): (a) H/W=1.0; (b) H/W=2.0 and leeward heated walll{ =2.5m/s,AT =15K); (b): for windward
(c) H/W=0.5 (Isothermal case with/ =5m/s and medium level heated wall (mixed convection case for=2.5m/s, AT =4K)
turbulence intensityT: 0.1)). Vertical axis is normalised canyon and (c). windward heated wall showing dual-vortex flow (for
height, horizontal axis is normalised by canyon width. U =2.5m/s,AT =15K). All cases foH/W=1.0 andT1 =0.26.
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ok for H/W: 0.5, 1.0 and 2.0, and low, medium and high turbulence
= - intensities Tl) (see Table 2).
D oof ®
L -
ootk ® mean vertical velocityw is in the positive direction across
n . .. . .
: the majority of the axis at roof level, due to the displaced
TR e W vortex centre. For a gively, an increase ifTl decreases

the magnitude off, for H/W=1.0 (F, is negative). For
H/W=0.5, whenF, is positive for all cases, increases in
Tl will result in an increase irF,. This means that the ef-
Fig. 6. (a)Example of leeward normalised UFP concentration pro- fect of enhanced turbulence for both canyon geometries is
file as a function of normalised canyon height, predicted by thean increased loss of UFP at the leeward canyon side. This
model for low wind speedsl{=2.5m/s) andTl: 0.1, compared trend is similar for both cases and reflects the strong interac-
with field observations from Kumar et al. (2009h) Comparison  tjon between in-canyon dynamics and the above-roof canopy
of leeward and windward concentration profile to=2.5 m/s,TI: flow where venting-in takes place at the windward side and
0.1 andAR=1.0. (c) Comparison of leeward (squares) and wind- venting-out, at the leeward side. In constrast, for carkyt
ward (circles) concentrations of wind tunnel Studies of Meroney etvalues= 2.0 an increase i increasesF, (with increased
al. (1996) (Figure adapted from Chan et al., 2002) . ' . a. .
entrainment). This reflects the weaker interaction between
the canyon and the above-roof canopy flow, with one domi-
nant advective direction at the windward side of the canyon.

Dimensionless concentration (K)

vortex becomes more pronounced with increaginigurther,

observing Fig. 10, except fét/W=0.5, the net effect of ver- 3.2.5 |sothermal cases: net UEP fluxes

tical advection is toward entrainment of UFP into the canyon.

The positive net contribution from the canyon into the ur- The net flux, Fnet, Was then related to botfil and U
ban “surface layer” by, whenH/W=0.5 occurs because the for H/W =0.5, 1.0 and 2.0 respectively. The exponential
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Table 4. Model fit parameters.

Aspect Ratio

Coefficient values for

j;; : S proposed parameterisation.
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0 0.05 01 0.15 02 0.25 03 3.3 CFD model results: mixed convection cases

Turbulent Intensity (TI)
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3.3.1 Mixed convection cases: velocity flow patterns

Fig. 10. Advective aerosol fluxF,, vs. turbulent intensity, Tl at all

Figure 5a shows an example of flow streamlines produced
wind speedsl/ (m/s), and canyon aspect ratib§\W considered.

for a canyon withH/W=1.0 (leeward canyon wall heated,
low wind speedU =2.5m/s and temperature difference

i . AT =15K). For a given windspeed, the vortex is enhanced
relationship observed between turbulence &qet , and the \ith increasing temperature.

linear relationship betweeli and Fiet , is characteristic of Figure 5b shows an example of flow streamlines pro-
F;. This demansrates (as expected) the dominance of turbuduced for a single vortex regime with a mixed convection
lence in the overall canyon venting process. A muIti—variabIeCase for a canyon withi/W=1.0 (windward canyon wall
regression was p(_arformed, usimgble.CurveS-DTM, on the heated, low wind speetf =2.5m/s and temperature differ-
data to relate the integrated net vertical flux from the canyon, | A7 =4 K). The vortex intensity decreases slightly with

gt roc;_f level, Fet ., to different Ie(;/elsdofl'l Ian_dU. V\Sﬂel\)/feral increasing temperature due to the opposing forces of buoy-
est-fit equations were proposed and solutions witbt at -\ and forced convection. When the windward wall sur-

least 0.99 were considered. The simplest resglt, which seems .q temperature is greater than the air temperature, the air

to best represent the process, took the following form; close to the surface is heated, creating an upward buoyancy

(5) flux that opposes the direction of bulk entrainment of air at
the windward side. Due to the upward movement close to

wherea, b andc are non-dimensional coefficients for a given the heated wall, at steady state, the windward bottom vortex

source strength. This parameterisation appliesifgv=0.5,  is enhanced, with one main clockwise vortex.

1 and 2, single-vortex skimming flow regime and flow condi- At higher buoyancy levels, a change in flow regimes from

tions assumed. Table 4 summarises the coefficients obtainea single-vortex skimming flow regime to a dual-vortex skim-

in each case. Coefficiet is similar for all aspect ratios, ming flow regime was observed. Figure 5¢c shows a dual

Frety =expla+bInU +cT1T)
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Fig. 12. Aerosol flux components{ andF,,) vs. Wall Temperature  Fig. 13. Advective aerosol flux ;) vs. X/ W at different extents
DifferenceAT (K) at leeward wall, for/ =5m/s and 10 m/s. of mixed convection (leeward wall) and isothermal case.

700x10° ]

vortex flow whenAT is increased to 15K wheti =2.5m/s.
This flow regime transition takes place whar7 =10K at

U =2.5m/s R; =0.54). As the transition occurs, the upward
movement close to the heated wall splits the main clockwise
vortex into two. The upper vortex is weakened as buoyancy
is further enhanced.

600
500
400 =

300 I

3.3.2 Mixed convection: leeward heated wall

Net Aerosol Flux (# particles m* 5-1)

— B 2.5mis Net Flux (Fye=2x10'AT+1x10%

200 _— ® 5mis  Net Flux (Fye=7x10°AT+3x10%
i .

— A10m/s  Net Flux (Fye=5x10°AT+5x10%

When the leeward wall is heated, the air close to the wall . : : : ‘ : ‘ :

moves upwards, reinforcing the existing main vortex, Fig. 5a. ° : C emperature Difference AT (<) u 1
No change in flow regime is observed for all extents of mixed

convection considered. Figure 11 summarises the influenceig. 14. Net aerosol fluxFiet . V. temperature differencey,T
of buoyancy on bott¥, and F; for U =2.5m/s for increased (K) at leeward wall.

heating of the leeward canyon wall (temperature difference

AT) and Fig. 12 for caseld =5 and 10 m/s respectively.

For all cases, it was found tha is positive (net loss of Net flux, Fnet, shows a positive linear relation with in-
UFP) at the roof level of the canyon and relatively insensi- creasing buoyancy, Fig. 14. However, the rate of increase in
tive to AT. F, is a function of the vertical UFP concentra- flux is dependent on the extent of forced convectio, @s
tion gradient and turbulent diffusivity(, ). Again lookingat ~ Shown in the figure. When the temperature differencels
the variation along the horizontal canyon axis at roof level, K Fiet, is greater at 2.5 m/s than at 5m/s. This is due to the
for all cases the increase in temperature enhances the cofominance off, due to natural convection at lowéf. Nor-
centration gradient at the leeward side of the canyon. Al-malising the increase in fluF, by the original isothermal
though this should augment thg, the steady state disper- flux, Fo, we can attempt a relationship between the increase
sion pattern of the eddy viscosity is such that the mean eddyn flux with &;, i.e.
viscosity along the horizontal axis considered does not vary, A ¢ gHAT
significantly. This explains the relative stability 6f across < ) =aRj=a (UTTO>
different extents of buoyancy.

In contrast,F, was found to be a strong function &fT  As expected, a strong positive linear relationship=0.99)
and a positive linear relationship exists for all extents of betweenr; and the enhancement in UFP fluxR/Fp), due
mixed convection. When forced convection is dominant theto increasing buoyancy, was found which applies for sym-
net effect of F, is negative, with re-entrainment of UFP. metrical canyons and leeward heated walls withR)<0.81,
However, beyond a threshold level of natural convectionFig. 15. This relationship is a first step towards a sim-
(whenR;>0.1), F, is positive and would increase linearly, ple parameterisation of the UFP flux with differing extents
eventually reaching a similar order of magnitudeFasvhen  of mixed convection, but simple extension to other heated

R;>~0.43. Along the horizontal axisf, is positive at the  canyon patterns is not as straightforward as will be shown in
leeward side and negative at the windward side. At higherSect. 3.3.3.

buoyancy, the enhancement ff at the leeward side is sig-
nificant (Fig. 13), leading to a positive value Bf.

= ®)
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Fig. 15. Enhancement of net aerosol flux £/Fgp) vs. Richardson

Fig. 16. Fractional change in net aerosol fluxf/Fy, vs. Richard-
Number,R;, for the leeward heated wall case.

son Number, R;, for the windward heated wall case and for
U=5m/s and 10 m/s.

3.3.3 Mixed convection: windward heated wall
(single-vortex skimming flow regime)

250x10°

)
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® Turbulent Aerosol Flux (2.5 m/s)
A Advective Aerosol Flux (2.5 m/s)

It was found that the contribution b¥, is positive (net loss
of UFP from canyon) at the roof level of the canyon for all
cases, whilst that foF,, is negative. It was also observed that
both flux components are relatively insensitive to the temper-
ature difference, although they gently decrease in magnitude
with increasing temperature (in spite of the increase in mean
turbulent diffusivity), as there is an overall decrease in ver-
tical concentration gradient along the horizontal axis at roof T ; . . s 10 M 14 16
level due to the slightly weakened vortex. Temperature Difference AT ()

Ur_1|ike the Ieew.ard Casé_?ﬂ Is relative_ly ;table at the range Fig. 17. Aerosol flux components; and F,, vs. temperature dif-
of mixed goqvectlon con3|dered_ (deviating by no more thanference,AT (K) at windward wall forU = 2.5 m/s.
10%). This is because the main vortex and upper leeward
minor vortex is maintained. The main vortex is maintained

with no change in the location of its centre, the decrease iy forced convection and of relatively lower concentration
vertical advection at the windward side is balanced by an in-of UFP while the lower vortex circulates the region of higher
creased vertical advection at the leeward side. Therefore, thgFP concentration.

effect on Fety is not as evident, unlike the leeward wall  For windward heated wall cases, flux values at low values
heated case. Ag, is typically an order of magnitude lower of r; were found to be relatively stable until a change of flow
than#;, the escape of UFP is driven mainly by turbulent flux. regime occurred, when flux values decreased by an order of
This implies that the influence on the UFP flux will not be a magnitude, Fig. 18. This result is useful for developing pa-
directly linear function with respect t&; as was observed rameterisations for windward heated walls.

for the leeward heated wall case. The fraction of decrease

is smaller than the fraction of increase of the leeward heate®.3.5 Mixed convection: heat flux

case 10 % decrease faR; up to 0.20) for a given Richard-
son number, as illustrated in Fig. 16.

150

100

50 -

Aerosol Flux Components (# particles m

The influence of heat fluxinet 7 on UFP flux, Fnet, from

the street canyon was investigated along the width of the
canyon at roof level. It is expected thBget , will increase
with enhancedfnet r out of the canyon (and vice versa) due
to the increase in the vertical velocity arising from natural
After the transition to a dual-vortex flow regime, although convection. However, the relationship between heat flux and
the direction ofF; and F, remains the same, the turbulent net UFP flux from the canyon would not be straightforward
flux decreases by an order of magnitude (compared to that ofs will be demonstrated.

advection), Fig. 17. At transition, the effect on the vertical Figures 19 and 20 show the relationship between heat and
advection is minimal, but a decrease in the amount of UFPUFP fluxes for the leeward and windward heated canyon
re-entrained into the canyon is observed. This is because thealls respectively. UFP flux is a relatively weaker function
flux at that level is due to the upper circulatory vortex, driven of heat flux,Fnet 7, compared with wind speed. For all cases,

3.3.4 Mixed convection: windward heated wall
(dual-vortex skimming flow regime)
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Fig. 21. Modelled UFP aerosol flux compared with observed UFP
diurnal averaged measurement of aerosol flux (Data from Martin et
al., 2009), £2=0.65).

the net heat flux is negative as vertical advective heat flux IS egime. Turbulent UFP flux decreases by an order of mag-
more dominant than turbulent heat flux due to a lower ver-

. ) - nitude (Sect. 3.3.4) and the vertical advective heat flux into
tical temperature gradient at the roof level (compared with ( )

) . X ; . h . With i i h
UFP gradient). Air at 290K is entrained into the canyon att e canyon decreases. With increasing buoyancy, the upper

the windward side. Heat t ; df the heated surf vortex continues to weaken and turbulent UFP flux out of the
€ windward side. Heat transierred from he healte Suraceéanyon decreases while vertical advective heat flux into the

and the plume (300K) is re-circulated into the canyon by thecanyon increases (due to a weaker horizontal velocity and

bulkf!wd motion and the above canyon mean air ternperaturestronger vertical velocity downwards of the weakened upper
remains at 290 K. vortex)

In Fig. 19, the enhanced buoyancy due to increasing lee- g simple exercise using the first order turbulence model
ward wall temperature reinforces the vortex and increases thg, eyaluate fluxes at roof level illustrates the fact that the

vertical advective flux out of the canyon for both UFP and change in heat flux and UFP flux within canyon scales and

heat. The sensitivity to enhanced buoyancy increases Withyiterent extents of mixed convection do not necessarily cor-

decreasing wind speeds. relate positively due to the different factors that drive the flux
In Fig. 20, it is observed that for the single vortex regime of hoth components at different canyon flow conditions. The

(U=5m/s and 10m/s), an increase in temperature resultgjfferent processes driving both UFP flux and heat flux will

in an increase in net heat flux out of the canyon and dee further investigated using a wider range of turbulence clo-
crease in net UFP flux out of the canyon. This is due togyre methods and boundary conditions.

an increase in turbulent heat flux (due to enhanced verti-
cal temperature gradient) and a lower turbulent UFP flux
of a slightly weaker vortex. Nonetheless, these changes are
slight. A more pronounced decrease in UFP flux out of the
canyon is observed at 2.5 m/s when there is a change in flow
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4 Limitations of study ple, Sini et al. (1996) estimated the threshold to4#&15,
which is lower than the range of values obtained by Mes-
These studies have only considered an infinitely long canyontayer et al. (1995)+0.16 to~0.5) and Oliveria-Panao et all.
with the wind perpendicular to the canyon axis. They do not(2008) ¢0.25 to~0.33). It also suggests the sensitivity of
consider other wind directions, complex canyon geometrythe results to mesh configuration and boundary conditions,
and lateral effects which may influence flux characteristicsimplying that there is a large uncertainty in the numerically
within actual urban environments. quantified fluxes. Further work is needed to investigate rea-
Though adequate for providing insights into the govern-sons for such variability to better ascertain the transitional
ing micrometeorological factors to inform field measurementRichardson Number for purposes of parameterization into
strategies, the use of the standarde turbulence model ap- operational models.
proach has its limitations. It assumes that a time averaged,
statistically steady description of the turbulent flow may be
obtained at long timescales and does not attempt to repre5 Linking aerosol dispersion in urban canyons to
sent eddies at different scales. It was found to underpredict neighbourhood-scale emissions
turbulent diffusion (Walton and Cheng, 2002) and therefore
concentration levels may be overpredicted. It also assumeklere we will attempt a first step towards reconciling tower
isotropy of turbulence and is not appropriate for modeling micrometeorological aerosol turbulent flux (represented as
cases where anisotropy of turbulence is important, as sucli,e) measurements made above urban surfaces with the un-
impingement (Murakami, 1997). However, the limitations of derlying source processes at the street canyon scale. The
this model have been found to be less significant for simi-question that must be considered is whether micrometeoro-
lar symmetrical street canyon cases considered by Dixon antbgical tower flux measurements above cities can be useful
Tomlin (2007). in describing the net ventilation behaviour of canyons with
A wide range of turbulent Schmidt numbefz{) has been  respect to aerosol fluxes.
proposed (0.2 to 1.3) for different flow conditions, depend- There have been several field studies of neighbourhood-
ing on the skill of the RANS model in predicting the turbu- scale aerosol emissions recently, Dorsey et al. (2002);
lent eddy viscosity (Tominaga and Stathopoulos, 2007). TheMartensson et al. (2006); Martin et al. (2009). These have
Sc; was assumed to be 1.0 in all cases, ignoring potentiahttempted to investigate the relationship betwéga as a
variations toSc; due to varying extents of forced convection function of source parameters such as traffic activigy,and
and stability. Although this value is slightly higher that what meteorological factors including wind speed, turbulence, at-
is current used in commercial CFD modelling, (0.7 or 0.9) mospheric stability/and or sensible heat flux. In most cases
(Spalding, 1971 and Launder, 1978), it is consistent with Ku-the studies found strong positive correlation betwdéga
mar et al. (2009) who considered dispersion of nanoparticlesand some of these factors (generally they show a weak de-
in urban street canyons and is within the range of previouslypendence with traditional atmospheric stability parameters).
measured values of 0.18 to 1.34 (Flesch, 2002) based on field Dorsey et al. (2002) proposed a parameterisation of the
observations under different atmospheric stability and windform Fne:=Ae-674, where A is a constanffA is the traf-
conditions. Nonetheless, although the magnitude of calcufic activity (vehicles/s) and et is (#particles/cris). They
lated turbulent aerosol particle flux directly depends on thealso derived a relationship betwehet in terms of the at-
value of S¢;, qualitative observations of the relative extents mospheric stability parametey,= —(z,, —d)/L (wherez,,
of both turbulent and advective fluxes will be unchanged. is the measurement height,the urban canopy zero plane
These mixed convection model results need to be vali-displacement anél the Monin-Obukov length which param-
dated with further field measurements since to date it is beeterises the buoyancy to shear driven scales of motion, and is
lieved that numerical simulations overestimate buoyancy ef'given byL =— u?
fects due to the fact that most full scale field measurements k(g/To) (HO/pC )
do not show a strong dependence of flow patterns on ther P

mal effects (Solazzo and Britter, 2007; Louka et al., 2002;qjp16 heqt fluxes respectively, k=0.4, von Karman's constant,

Oliveria-Panao et at., 2008) although the implications of a:. i the specific heat capacity for air, g the acceleration due
change in flow regime for the overall flux pattern will still be to gravity). However the parameterisation was only effective

valid in spite of the current debate. _ for moderate to strongly unstable cases.
There are also quantitative discrepancies between numer- The study by Martensson et al. (2006) proposed a
ical models. The transitional Richardson Number is quanti-g; iiar approach but used friction speed onlyer =

tatively different from results obtained by various groups for 0.4

a given (or similar) canyon aspect ratio, although it is within £FfmT A (M*/u_*) + fo, whereEF is an emission factor
the range of most studies. Kovar-Panskus et al. (2002) foundvehicle/km —in their case they employed a mixed fleet emis-
the transitional threshold to be of the order of 1. This is ansion factor),TA (in their case) is the traffic activity per unit
order of magnitude higher than most other studies. For examarea and time (vehicle kmAfs), i, is the average friction

, see Monin and Obukov

(1954), wherdl,, andH,, are the surface temperature and sen-
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velocity and f, is the contribution to UFP flux due to non- obtained using the 3-D-eddy covariance approach, and are
traffic related sources (and would be negative for losses byotationally corrected to the locally measured mean horizon-
deposition). tal wind component so that the mean vertical velocity compo-
Martin et al. (2009) using data from the REPARTEE nent,w , is zero (e.g. Foken 2006). The following parameter-
and CityFlux studies proposed thdfyet= D (aus+bH) + ization was recoveredFyet=exp(9.92+ 1.12x 10 8InU +
c¢T A+ fo,wherea, b andc are city specific emission fac- 2.807T'7). We compared a typical parameterisation predic-
tor constants related to friction speed, sensible heat flux antgion with the measurement data which resulted in a relatively
traffic activity respectively, an® is a constantTA, in their poor correlation 2=0.65) (Fig. 21). The parameterisation
case, is the traffic activity (vehicles/s) measured either at avas found to under-predict fluxes at low wind speeds and
random point or points within or at locations thought to be over-predict fluxes at higher wind speeds although general
representative of the measured flux footprint. The reportedrends were captured. Therefore, although this parameteri-
correlations withTA andu, as expected were the strongest sation was developed based on idealised conditions within
whilst that with sensible heaf/ was the weakest. For rel- canyon scales, it may be applied as a first approximation for
atively unstable conditions a positive correlation was foundreal atmospheric flow conditions within larger scales. This
between the sensible heat flux and particle number flux butesult also suggests thaket is a stronger function of wind
correlation with local stability;, was poor (also reported by speed and friction velocity than heat flux/ stability (at least
Dorsey et al., 2002). for the city environments considered here) and is consistent
It is naturally hypothesised that if above canyon microm-with Sect. 3.3.5 as well as the observations although more
eteorological aerosol flux measurements are taken aboveork is required to refine this.
an extensive “uniform homogeneous network” of street
canyons, then coupling exists between the flux at some refe5.2  Discussion: linking aerosol emission fluxes
ence height above that network and the average net flux ex- . )
pected at the street canyon top (“urban surface” emissions) id N€ €ss than optimal correlation could be due to a number
a simple manner. The measured flux at the reference height i&f réasons. The parameterization does not account for other
usually ascribed a micrometeorological “flux footprint” (e.g. factors influencing aerosol flux behaviour: heat flux and sta-

Schuepp et al., 1990) encompassing a surface that conforn@”ty' Sgch incorporation is chaIIengi_ng due to the complex
to the above definition so that the net flux measured is arnteraction between natural convection and forced convec-
aggregation of multiple canyon “aerosol plumes”. Here we tion. Variability o_fthe source emissions_ (TA) within the mea-
will compare the flux observations reported by Martin et al. SUrement footprints, and the assumption of constant source
(2009), with our simple canyon parameterisation model. mstrength_of this parameterlsanon can a!so explain the less
this approach we assume the following simplifications as ghan optlmal. correlation. The observa'upnal Qatasets used
first approximation: here were dlu.r.nal averages encompassing different meteo—
rological conditions which may be biased towards particular
— Coupling of meteorological factors take place betweensectors of the city in terms of surface morphology and sur-
both scales and the effects of horizontal advection mayface heating which may be different from the flow patterns
be ignored; used to develop the parameterisation. More work should be
undertaken to extend the paramterisation for a greater range
of flow conditions and surface conditions to improve the re-
— The aerosol transformation processes within the urbarults.
canopy layer will not influence the characteristics of the  The role of aerosol processes between both scales is un-
UFP aerosol number fluxes: and certain. The crux of our simplification and the underlying
) o o assumption is that transport lifetimes are shorter than that of
— Sinks within the urban canopy have a minimal influence aerosol processes which modify particle number. However,
on the aerosol flux characteristics and can be ignored. \ye do not rule out the possibility of chemical transformation
5.1 Results: linking aerosol emission fluxes within urban environments. It has been suggested that dis-
persion processes alone could not account for the dynamics
If these assumptions are valid, the measured turbulent fluf nanoparticles within urban areas (Dall'Osto et al., 2009).
above the urban roughness sublayer and modelled fluxe¥ is plausible that a significant level of sub-saturation due to
within canyon scales will relate in a similar way to meteo- the dilution of partial pressure of semi-volatile content dur-
rological factors. MATLAE® routines were used via non- Ng transport between both_scales Ie_ads to evaporatipn. _Hov_v
linear curve fitting to relate the measured diurnal averaged©€rosol processes may be included in the parameterization is
aerosol fluxes (Martin et al., 2009) to the parameterisatior? tOPIC Of further study.
(Eg. 5.0), assuming. is directly proportional toTl and
that the contribution of vertical advective flux may be ne-
glected. The measured vertical turbulent fluxes '), were

— A well mixed region between both scales exists;
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