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Abstract. A practical model is developed for the vertical flux of a scalar, such as heat, from an
urban street canyon that accounts for variations of the flow and turbulence with canyon
geometry. The model gives the magnitude and geometric dependence of the flux from each
facet of the urban street canyon, and is shown to agree well with wind-tunnel measurements
described in Part 1.

The geometric dependence of the flux from an urban street canyon is shown to be deter-
mined by two physical processes. Firstly, as the height-to-width ratio of the street canyon
increases, so does the roughness length and displacement height of the surface. This increase
leads to a reduction in the wind speed in the inertial sublayer above the street canyons. Since
the speed of the circulations in the street are proportional to this inertial sublayer wind speed,
the flux then reduces with the inertial sublayer wind speed. This process is dominant at low
height-to-width ratios. Secondly, the character of the circulations within the street canyon also
varies as the height-to-width ratio increases. The flow in the street is partitioned into a re-
circulation region and a ventilated region. When the street canyon has high height-to-width
ratios the recirculation region occupies the whole street canyon and the wind speeds within the
street are low. This tendency decreases the flux at high height-to-width ratios. These processes
tend to reduce the flux density from the individual facets of the street canyon, when compared
to the flux density from a horizontal surface of the same material. But the street canyon has an
increased total surface area, which means that the total flux from the street canyon is larger
than from a horizontal surface.

The variations in scalar flux from an urban street canyon with geometry is over a factor of
two, which means that the physical mechanisms responsible should be incorporated into
energy balance models for urban areas.

Keywords: Energy balance, Sensible heat flux, Turbulent transfer, Urban street canyon, Wind
tunnel.

1. Introduction

The turbulent vertical fluxes of heat, moisture and momentum play a key role
in determining the energy balance of any surface, and therefore in deter-
mining the surface temperature and the vertical profiles of the wind and
temperature in the boundary layer. The building configuration of urban areas
is known to affect the radiative component of the energy balance (Arnfield,
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2003) and the turbulent flux of momentum (Raupach et al., 1991; Grimmond
and Oke, 1999b). The sensible heat flux from an urban area depends on the
surface type and usage (Grimmond and Oke, 2002). How this dependence
relates to differences in the building configuration remains unknown. This
knowledge is needed for studies of the near-surface urban air quality and the
formulation of the sensible and latent heat fluxes in surface energy balance
models of urban areas.

There are a range of existing models for the turbulent fluxes from urban
areas, primarily as part of models of the surface energy balance. Grimmond
et al. (1991) and Grimmond and Oke (1999a) present an urban surface energy
balance model in which the flux of energy into the building fabric and then
the turbulent fluxes are related to the evolution of the net radiation. Any
influence of the building configuration on the turbulent fluxes is dealt with
empirically by training the model with observations to each location. Best
(1998, 1999) takes a similar approach by modifying the ground heat flux and
allowing the turbulent fluxes to adjust accordingly. What these approaches
lack is treatment of how urban geometry affects the physical processes
governing the turbulent fluxes.

Many models of the atmospheric processes in an urban area are based on a
generic unit of an urban area. One such generic unit is the urban street
canyon (Nunez and Oke, 1977). This generic unit is used as the basis of many
energy balance models for urban areas (Johnson et al., 1991; Mills, 1993;
Sakakibara, 1996; Arnfield and Gimmond, 1998; Masson, 2000; Kusaka
et al., 2001; Martilli et al., 2002). Urban street canyon models parameterise
the turbulent exchange of heat from the canyon facets to the air above the
canyon. The parameterisation is commonly empirical (Kusaka et al., 2001) or
based on the turbulent transfer from a horizontal but rough surface (Masson
et al., 2002). Most models formulate the fluxes in terms of the wind speed
within the street canyon, and a range of methods are employed to para-
meterise this wind speed. These include invoking results from the studies of
flow through vegetation canopies (Masson, 2000), invoking continuity (Mills,
1993), and determining the vertical wind profile through the accumulated
effects of drag from a series of street canyons (Martilli et al., 2002). In all
cases, the parameterisation of the turbulent flux from the individual facets
and the flux from the entire canyon unit needs to be validated.

The flow (Oke, 1988; Baik et al., 2000) and turbulence (Johnson and
Hunter, 1995) within an urban street canyon varies with canyon geometry.
The turbulent flux of a scalar from the facets of a single urban street canyon
is therefore expected to be influenced by canyon geometry. Barlow and
Belcher (2002) develop a wind-tunnel method for measuring the facet-aver-
aged flux of a passive scalar in a neutral atmosphere from the street facet of
an urban street canyon. Barlow et al. (2004), hereafter referred to as Part I,
used this method to measure the facet-averaged flux from each of the facets
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of a series of urban street canyons. Narita (2003) measured the flux of a
scalar from the facets of a range of canonical geometries using a similar
method to Barlow and Belcher (2002). All of these measurements showed a
dependence of the fluxes on canyon geometry. The purpose of the present
paper is to develop a quantitative model for the turbulent flux of a scalar
from an urban street canyon, which can explain the dependence of the fluxes
on the geometry of the street canyon that was observed in Part I.

This paper therefore focusses on the geometric dependence of turbulent
exchange from an urban street canyon and the physical processes responsible
for this dependence. The urban area is represented by a series of street
canyons oriented normally to the wind. Consideration is focussed on the case
of forced convection. A model for the facet-averaged fluxes from each facet
of an urban street canyon in neutral conditions is presented for a range of
canyon geometries. The model is developed from ideas on the turbulent
transfer across developing boundary layers (Appendix A), and ideas on the
geometric dependence of the flow within and above the street canyon (Sec-
tions 2 and 3). A comparison between the model predictions and wind-tunnel
measurements of Part I then allows an assessment of which physical pro-
cesses determine the geometric dependence of the turbulent flux of a scalar
from an urban surface.

2. Flow Patterns in an Urban Street Canyon

The vertical flux of a scalar, such as sensible heat, from the surface of an
urban area in neutral conditions is studied here by considering the flux from a
two-dimensional street canyon. A street canyon consists of two parallel,
infinitely long, buildings that are uniform in height and have flat roofs. The
scalar flux from the urban street canyon is modelled here by considering the
facet-averaged flux from each constituent facet. This is done by constructing
a network of resistances to the transport of the scalar between the constituent
canyon facets and the air in the inertial sublayer (Garratt, 1992). The flow
patterns within the urban street canyon are considered now in order to de-
velop the resistance network.

The flow within the urban street canyon can be decomposed into two
regions, see Figure 1. Firstly, a recirculation region forms in the near wake of
each building. Secondly, when the street is sufficiently wide, there is a ven-
tilated region downstream of the recirculation region. The different flow
characteristics in these two regions mean that the fluxes from these two
regions scale differently. In addition, the partitioning of the flow into the two
regions depends on geometry, as shown in Figure 1. Hence the model for the
turbulent flux of a scalar from an urban street canyon developed here is based
on a parameterisation of the flows in these two regions. Figure 2 shows the
dimensions of the two regions, together with the nomenclature used.
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Figure 1. Schematic of the streamlines in the three flow regimes: (a) L, < W isolated rough-
ness flow regime; (b) L;/2 < W < L, wake interference flow regime; (¢c) W < L;/2 skimming
flow regime (flow regimes after Oke (1987)).
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Figure 2. Schematic cross-section of an urban street canyon together with characteristic
dimensions of the recirculation region.

The recirculation region is taken here to have a trapezoidal cross-section
(Hertel and Berkowicz, 1989). Measurements show that the maximum length
of the recirculation region across all canyon geometries, L, scales on the
height of the building. The value of the ratio L,/H depends somewhat on the
turbulence levels in the boundary layer above and the shape of the buildings
and roof. Oke (1987) suggests L,/H ~ 2 — 3; Castro and Robins (1977)
suggest L./H =~ 2 for cubes; Okamoto et al. (1993) suggest L,/H ~ 3.5 for
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the two-dimensional geometry considered here. Here, we therefore take the
length of the recirculation region to be L, = 3H.

Oke (1987) describes how three flow regimes arise as the canyon aspect
ratio is varied. Figure 1 shows schematically how the division of the street
canyon flow varies with geometry and hence how the flow regimes can be
related to the length scales of the two flow regions. For wide street canyons,
L. < W, so that H/W < 1/3, the recirculation region does not impinge on
the downstream building (Figure 1a); this is the isolated flow regime of Oke
(1987). For intermediate street canyons, L./2 < W < L,, so that
1/3 < H/W < 2/3, and the recirculation region begins to impinge on the
downstream building (Figure 1b); this is the wake interference flow regime of
Oke (1987). For narrow street canyons, W < L, /2, so that H/W > 2/3, and
the entire canyon canyon volume is occupied by the recirculation regime
(Figure Ic¢); this is the skimming flow regime of Oke (1987).

Within the ventilated region, when it exists, high speed air from above roof
level is brought down to street level. An internal boundary layer then
develops along the street surface, and the vertical profile of the wind adjusts
to a logarithmic layer in equilibrium with the underlying street surface.

The flow within the recirculation region is driven by the intermittent
injection of a high momentum jet associated with the shear layer that is shed
off the upstream roof. This jet decelerates as it progresses around the recir-
culation region due to the entrainment of slower moving air, and due to drag
of solid boundaries in a similar way to a rough-boundary wall jet (Townsend,
1976). This picture is supported by observations. Louka et al. (2000) show
that the mean vertical velocity at the top of a narrow street canyon is negative
in a narrow region next to the downstream wall. The compensating region of
positive vertical velocities adjacent to the upstream wall was broader and
weaker than the region of negative vertical velocities. A similar pattern of
mean vertical velocities at canyon mid-height was found by Caton et al.
(2003) in observations of street canyon flow in a water flume. Brown et al.
(2000) show that turbulent intensity varies monotonically across a street
canyon, with low values adjacent to the upstream wall and high values
adjacent to the downstream walls. Finally, Part I (Barlow et al., 2004)
showed that the facet-averaged turbulent flux from the downstream wall
facet of an urban canyon was, on average, a factor of 2.2 higher than that
from the upstream wall facet. All features are consistent with a decelerating
wall jet. The strength of the flow within the recirculation region therefore
depends on the path length of the jet, which in turn depends on the dimen-
sions of the recirculation region. These arguments explain why wind speeds
decrease as the jet circulates from the downstream wall across the street, and
then up the upstream wall.

At high canyon aspect ratios, the jet may not reach the street surface.
Numerical simulations suggest that weak counter-rotating vortices may then
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form in the lowest portion of the street canyon (e.g., Sini et al., 1996; Baik
et al., 2000). Hence the wind speeds, and turbulent fluxes, deep in the canyon
will be reduced in this flow regime. The effects of these complex processes on
the surface fluxes are modelled here by increasing the deceleration of the jet at
these high canyon aspect ratios.

3. Resistance Network for an Urban Street Canyon

The previous section described a partitioning of the canyon air flow into
recirculating air and ventilated air. This partitioning leads to three pathways
for the turbulent transport from the surface to the boundary layer above.
These pathways are, firstly, from the wall and street surfaces within the
recirculation region to the recirculating air and then aloft; secondly, from the
wall and street surfaces within the ventilation region to the ventilated air and
then aloft; and, finally, from the roof facet to the air aloft. The ventilated air
and recirculating air are each assumed to be independently well mixed and so
property X takes a single, but different, value within each of these two air
volumes (Nakamura and Oke, 1988). Figure 3 shows the resistance network
that we use to represent transport along these three pathways, from the facets
of an urban surface to the reference height, z., in the inertial sublayer.
Flux balances may now be formed for each of the pathways, as follows. Let
F; denote the flux per unit area of scalar X across the ith resistor in Figure 3.

(b)y

~
L

Figure 3. The resistance network for (a) a wide canyon, when there are distinct recirculation
and ventilation regions, and (b) a narrow canyon, when there is only a recirculation region.
The resistance network for the wake interference regime is the linear interpolation between
these two networks.
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The flux from the upstream wall and the portion of the street that lies in the
recirculation region into the recirculating air (denoted point B in Figure 3) equals
the flux out of the recirculation region into the boundary layer aloft, i.e.,

L,
HF5 + min[L,, W]F; = min [3, W] Fs. (1)

Similarly, the flux from the downwind wall and the portion of the street that
lies in the ventilated region to the ventilated air (which is denoted point C in
Figure 3) equals the flux from the ventilation region to the boundary layer
aloft, i.e.,

HFs + (W — min[L,, W))Fs = <W—min [% WDF7. 2)

The total flux density across the top of the street canyon, F., which can be
written in terms of a transfer velocity, we, i.e. F. = w. AX,, is then given by,

_ L L
Wwe AX, = <W—min[§,WDFﬁminB,W]FS. (3)

Similarly the flux density from the roof, F, = w, AX, is given by
(R—W)w, AX; = (R— W)F, = (R— W)F). 4)

Finally the total flux density from the street canyon, F, = w; AX,, is given by
- . |L . [L
Rw(AX, = RF, = (R — W)F, + min [7 W] Fs+ (W—mln [7 W} >F7.

(5)

The use of the minima of L; and Wor L;/2 and W in Equations (1)—(5) arises
as the dimensions of the recirculating region cannot exceed those of the
canyon cavity itself. AX in Equations (3)—(5) represents the difference be-
tween the value X takes at the surface, averaged over the surface area of the
individual facets concerned, and the value X takes at the atmospheric ref-
erence level, z;. This formulation shows how the value X takes at one facet
can influence the flux from the other facets by changing the value of X at the
intermediate points A, B and C.

The fluxes given in Equations (1)—(5) are expressed using the bulk aero-
dynamic formulation for fluxes (e.g., Garratt, 1992), namely

FX:AY/}’X, (6)

where ry is the resistance to transport of property X and AX is the difference
in the mean values of X across the resistance. The values of the resistances in
the network shown in Figure 3 fall into either of two generic types. The
resistance to transport from each facet to the intermediate points A, B or C in
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Figure 4. Schematic of the representative winds and their positions.

the figure is determined by that across the internal boundary layer that
develops along each facet. The resistance to transport across an internal
boundary layer takes the form

rv(2) =t ) 2 o, )

where z is the thickness of the internal boundary layer and (i(z)) the mean
wind speed at distance z away from the surface. The resistance to transport
between the intermediate points A, B or C and the reference height z, is
determined by the resistance to transport across a free shear layer. The
resistance to transport across a shear layer takes the form

ry(Az) = Air/i?, (8)

where u, is a scaling for the local turbulent fluctuations, and is approximated
here by that of the overlying inertial sublayer. Equations (7) and (8) are
derived fully in Appendix A.

Equations (7) and (8) formulate each of the resistances to transport in
terms of the local wind speeds. Therefore all that remains is the specification
of wind speeds to parameterise each of the fluxes F; in Equations (1)—(5).
Figure 4 shows the location and nomenclature used for these representative
winds. The geometric dependence of the forcing wind speed (i(z;)) and these
representative wind speeds is considered next.

3.1. WIND PROFILE IN THE INERTIAL SUBLAYER

The vertical profile of the mean wind in the inertial sublayer of the atmo-
spheric boundary layer, (i(z)), is characterised by a roughness length and
displacement height for the underlying urban surface, namely

() = (240, o)

K zZoT
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Figure 5. Normalised effective parameters for the vertical profile of the mean wind in the
inertial sublayer over a sequence of street canyons calculated from the method of Macdonald
et al. (1998). Solid line, roughness length for momentum, zor/H; dashed-dotted line, dis-
placement height of flow, dr/H; dashed line, wind speed at twice building height normalised
by the free stream flow, (#(z;))/Us. The alternative geometric ratio / is the frontal area index
(Grimmond and Oke, 1999b) which for square bar geometry is given as A = H/R.

where « is the von Karman constant, taking a value of 0.4, and u, = (7/ p)'/?
is the friction velocity, t being the turbulent stress. The dependence of the
flow in the inertial sublayer on the characteristics of the urban area can be
represented by an effective roughness length, zor, and displacement height, dr
(Grimmond and Oke, 1999a). Macdonald et al. (1998) calculate the vertically
integrated drag on an array of cubes and deduce analytical forms for the
roughness length and displacement height as functions of the morphological
characteristics of the surface. These expressions have many of the observed
features of urban roughness lengths and displacement heights (Grimmond
and Oke, 1999a). These functions are used here with the morphological
characteristics appropriate for two-dimensional street canyons. Figure 5
shows the effective roughness length and displacement height, normalised by
the building height, for a series of street canyons with the buildings repre-
sented by square bars oriented normally to the wind at varying separations.
Figure 5 also shows the wind speed at twice the building height, which we
take to be the reference height z, in the inertial sublayer, normalised by the
free-stream wind speed, Us, which we take to be the externally imposed
forcing to the scalar transport. To facilitate comparison between the model
and observations (Section 4) the free-stream wind is taken at the height of the
reference wind in the wind tunnel in Part I, i.e., zs = 9.5H. Note how, as the
canyon aspect ratio increases, there is a rapid decrease and subsequent slow
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rise in the wind speed at z; = 2H due to the combined effects of roughness
and displacement.

Cheng and Castro (2002) observe in wind-tunnel studies over an urban-
type roughness that when the vertical wind profile is spatially averaged the
logarithmic layer observed in the inertial sublayer extends right down to roof
level. The wind speed at the reference level, z, = 2H, and wind speed at
canyon top, u, are then,

() =21

Zor

@:1H<H_dT>/ln<Zé_dT). (11)
Us Z0T 20T

We shall see that this variation of wind speed at canyon top with geometry
exerts a strong control on scalar transport from the surface.

(10)

3.2. TRANSPORT FROM THE ROOF

The resistance to transport from the roof, and indeed each facet, to the
intermediate point A represents the resistance to transport across the internal
boundary layer that develops along its length. Since the depth of the internal
boundary layer grows as the length of the roof facet increases, it follows that
the resistances increase with facet length. For simplicity, the depth of the
internal boundary layer is taken to be 10% of the facet length.

As for the wind speed at canyon top the representative wind speed for the
roof facet, uy, is obtained by extrapolating the wind profile in the inertial
sublayer down to the depth of the internal boundary layer along the roof
facet, namely

<aL(l;i)> - <$> / In <Zr Z_OTdT> : (12)

The resistance to transport from the roof facet to this point A in Figure 3, is
then given using Equation (7) and the resistance from A to the air aloft using
Equation (8), which yields

5rf> < 5rf) 2
ri=Inl — ) In| — | /K uy, 13
: <20m 20x / ' ( )

ry = <u(zrzl>2_ urf’ (14)

where zg,, and zoy are the roughness lengths for momentum and X respec-
tively for the surface material of the roof facet, and u, is calculated from
the wind profile in the inertial sublayer. Finally, d,¢ is the thickness of the
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internal boundary layer developed along the roof facet, taken as
o = min[0.1(R — W),z — H|.

3.3. TRANSPORT FROM THE RECIRCULATION REGION

The measurements of Part I and the fluid dynamical ideas developed in
Section 2 motivate a description of the flow in the recirculation region as that
of a jet that decelerates as it travels round the canyon. Balancing advection,
uOu/0x, and turbulent drag, T ~ cpu? in the jet, yields a flow speed in the jet
that decelerates exponentially with distance. There are a number of more
sophisticated theoretical descriptions of the deceleration and entrainment of
a jet on a flat wall, e.g., Townsend (1976) or Hogg et al. (1997). However, the
jet within the street canyon turns corners as it circulates within the canyon
and so this work is not immediately applicable. Additionally, these more
detailed models add further parameters to the formulation of the flow with
no method of determining their value or their geometric dependence. We
therefore opt here for the simple exponential description.

First, consider the wind speed of the jet when it first impinges on the street
facet, u,. This wind speed is then that at canyon top, u., scaled down
exponentially to account for entrainment, i.e.,

Ure = Uct CXP{—OflLse/H}a (15)

where Lg is the length of the sloping edge of the recirculation region. The
strongest flow along the canyon facets is then located at the end of the
recirculation region as observed by Okamoto et al. (1993).

The jet then circulates along the street and wall facets in the recirculation
region, and the wind speed varies as

u(x) = ure exp{—onx/H}, (16)

where x is the total distance travelled by the jet from the end of the recir-
culation region. The two exponents o and o, are different due to the different
physical processes that they represent.

The wind speeds representative of the turbulent flux from the upstream
wall, uyy, from the fraction of the street facet in the recirculation region, uy;,
and from the downstream wall if it is in the recirculation region, ugy, are
taken as the average of the flow u(x) along each facet, namely

a+b
exp{—opx/H} dx, (17)

_ Ure
b Jq

where 1 is one of uw, us or dw, the total distance travelled by the jet to the start
of the facet in question is «, and b is the length of the facet. For instance, when
considering the transfer from the upstream wall, in the isolated roughness
regime a = L, and b = H, in the skimming flow regime« = W+ Hand b = H.

Uy
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Internal boundary layers of a fixed depth of 0.1H are then taken on each
facet. The resistances to transport, r3, r4, s and rg (in the skimming flow
regime) are then calculated from Equations (7) and (8) as

r3 =In <O'IH> In <0'1H> /11y, (18)
Z0m 20x
AH AH

rs = In <O > In <O )/xzuus, (19)
Z0m 20x

((zr)) — us

rg =In (0'1H> In <0'1H> /KUy, (21)

Z0m 20x

where u, is the friction velocity calculated from the wind profile in the inertial
sublayer. u,s is used in Equation (20) and not uy, or ugy, since these are
representative wind speeds for the turbulent transfer in the narrow regions
next to each wall, whereas rs represents the transfer across the top of the
recirculation region.

3.4. TRANSPORT FROM THE VENTILATED REGION

Part of the jet that impinges on the street facet moves along the street facet
into the ventilated region. Within the ventilated region high momentum air is
mixed downwards so that the jet is only decelerated somewhat. This mech-
anism is not available in the recirculation region, which therefore has lower
wind speeds. The wind speeds representative of the turbulent transport from
the downstream fraction of the street, ugy,, and the downstream wall in the
isolated roughness regime case, ugyw, are given as

Ure W=Ls
Udgs = (W— 7 ) /0 exp{—opx/H} dx, (22)
We—L+H
_ (Hre _
uaw = () /WLr exp{—x/ H)} d. (23)

As before these wind speeds are taken to be located 0.1H away from the
facets.

As explained above, the mixing of high momentum air downwards in the
ventilated region prevents the turbulent transport in the ventilated region
from decreasing to the extent that occurs in the recirculating region. Here this
process is represented by placing a minimum bound on the winds speeds
calculated using Equations (22) and (23). These bounds are taken from the
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wind profile established in an undisplaced boundary layer in equilibrium with
the surface when forced by the wind speed u at a height z = H. The minimum
wind speed for ug is the value taken from this profile at z = 0.1 H, namely

AH H
min ugs = Ue In (O >/ln< ) ) (24)
Z0m Z0m

Similarly, the equilibrated wind profile would be appropriate to air incident
on the downstream wall. The resulting turbulent transport from the wall
scales as the vertical average of this wind profile. It follows that there is a
minimum bound on the wind speed, u4y, in the isolated roughness and wake
interference regimes, which is

H
. Uct 0.1H H
w=|——— | In[ — | dz. 25
T (H_ ZOm) /Zom n( Z0m >/ n<ZOm> : ( )

The resistances to transport rg, 17 and rg (in the isolated roughness region
flow regime) are then given as

1H AH
r¢ = In (O > In <O )/Kzuds, (26)
Z0m 20x
r; = 7<M(Zr)>2— Uds , (27)
u*
0.1H 0.1H
rg = ln< > ln( >/K2udw, (28)
Z0m 20x

where u, is the friction velocity calculated from the wind profile in the inertial
sublayer.

The resistance to transport rg in the wake interference flow regime is
calculated by taking a weighted average of ugy calculated in the two regions
and then linking rg to both points B and C in Figure 3.

3.5. MODEL PARAMETERS

The model has five parameters. The surface material roughness lengths, z,,
and zoy, are determined by the underlying surface material. Here, for sim-
plicity, zox = 0.1z, is used to represent the relation between the roughness
lengths of momentum and heat for the facet surfaces (Garratt, 1992). The
two exponents, o; and o, represent the deceleration of the jet due to the
entrainment of slower moving fluid by the jet and frictional effects from the
canyon facets. These exponents are found by comparison with the observa-
tions, and take the values o =0.9 and o, = 0.15max[l,1.5H/W]. The
second factor in ¢, represents the increase in the deceleration of the jet due to
its lack of penetration deep into the canyon cavity at high canyon aspect
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ratios as described in Section 2. Here, o; is a property of the fluid, and o,
incorporates a dependence on the surface material roughness. Finally, as
explained in Section 2, L,/H is taken to be 3. The precise value of this ratio is
found to have little impact on the model results provided L, falls in the
reasonable range of two to three building heights.

4. Comparison with Observations

The results from the model are now compared with the wind-tunnel mea-
surements from Part 1. The buildings are represented as square bars; the
variation of the transfer is then measured as the building separation is varied.
For this geometry, the planar area index, 4,, and frontal area index, Ar, used
by Grimmond and Oke (1999b) and others to classify urban areas are given
by 4, = A = H/R. Results are shown here as the transfer velocity for the flux
density across a horizontal plane normalised by the wind speed at the top of
the boundary layer, Us, plotted against the canyon aspect ratio (bottom axis)
and the frontal area index (top axis). The comparisons are made by calcu-
lating the transfer velocity from the model and comparing directly with the
observations. This is done in preference to a comparison of resistances cal-
culated from the observations, as this requires prior knowledge of the model
structure. The roughness length for momentum has one value for all four
canyon facets, determined by comparison with the observations to be
Zom = 5 % 107> m.

4.1. FLUX FROM THE ROOF

Figure 6 shows the normalised transfer velocity (w,/Us) for the flux density
from the roof facet. The solid line is the model prediction and the symbols are
observations from Part I. For H/W greater than about 0.2, both the model
and observations indicate that the flux from the roof facet varies little with
canyon geometry.

The model shows how the flux varies largely because of the variation of the
wind speed in the inertial sublayer with canyon geometry (see Section 3.1 and
Figure 5). In the range of the observations, this variation in the wind speed is
small resulting in the flat profile. At small H/W, when the building separa-
tion becomes large, the wind speed in the inertial sublayer increases, and the
flux from the roof correspondingly increases. The transfer from the roof is
higher than the transfer from a horizontal surface of the same material cal-
culated using Equations (A3) and (8), which yields wq/Us = 2.50 x 1073, At
large H/W, as the buildings approach each other and the surface resembles a
horizontal surface at building height, the flux from the roof facet asymptotes
to that from a horizontal surface of the same material but displaced to roof
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Figure 6. Variation of the transfer velocity for the canyon top flux density for the roof facet
normalised by the free stream velocity, w;/Us, with canyon aspect ratio. Solid line, model
prediction; triangles, equivalent wind-tunnel measurements taken from Part I. Roughness
lengths have the values zp,, = 5 x 107> m, zoy = 5 x 107®m. Dashed line, equivalent predic-
tion from the scaled version of Masson (2000).

level (w;/Us = 2.93 x 10~3). The asymptote is approached from above and is
attained only for very large canyon aspect ratios (H/W =~ 20).

4.2. FLUX FROM THE STREET

Figure 7 shows the normalised transfer velocity (w./Us) across the canyon
top, for the flux density from the street facet and its variation with canyon
aspect ratio. The solid line is calculated from the model. The symbols are
observations from a single street canyon (squares, Barlow and Belcher, 2002)
and a series of street canyons (crosses, Part I). The model successfully cap-
tures several features in the observations including the dip at H/W =~ 0.3, the
peak at H/W = 0.6, and the almost linear decrease as the canyon aspect ratio
increases further. The transfer from the street is notably lower than from the
roof facet (Figure 6) for all canyon aspect ratios.

The model of the flux from the street facet has the correct limit as the
canyon aspect ratio tends to zero, namely that of a horizontal surface of the
same material located at z = 0, which yields wo,/Us = 2.50 x 1073, The ini-
tial decrease and subsequent general increase in w./Uj; as the canyon aspect
ratio increases from zero to 0.6 follows the variation in the wind speed in the
inertial sublayer (shown in Figure 5). The flow pattern within the street
canyon also influences the flux, as explained in Section 3. Firstly, the jet
within the recirculation region decelerates as it progresses round the canyon
cavity. The deceleration is particularly marked at high canyon aspect ratios,
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Figure 7. Variation of the transfer velocity for the canyon top flux density from the street facet
normalised by the free stream velocity, w./Us, with canyon aspect ratio calculated from the
weighted average of the flux through the recirculation and ventilated regions. Solid line, model
prediction; symbols, equivalent wind-tunnel measurements taken from Barlow and Belcher
(2002) (squares) and Part I (crosses). Roughness lengths have the values z, = 5 x 10> m,
zox = 5 x 107°m. Dashed line, equivalent prediction from the scaled version of Masson
(2000).

H/W > 0.6, due to the decreased penetration of the jet into the canyon
cavity. This explains the reduction in w./Us when H/W > 0.6.

4.3. FLUX FROM THE WALLS

Figure 8 shows the normalised transfer velocities (w./Us) across a hori-
zontal plane at the canyon top for the flux from the two wall facets. The
transfer velocities are expressed in terms of the flux density across the
canyon top for ease of comparison with the flux from the street facet. This
normalisation introduces a dependence on the relative surface areas of the
walls and canyon top, i.e. the ratio H/W, which leads to w./Us being
proportional to H/W.

The flux from the downstream wall is greater than the flux from the up-
stream wall by approximately a factor of two for all canyon aspect ratios.
The difference between the two fluxes, taking the relative surface area into
account, is increased as the canyon aspect ratio increases. These two features
relate to the variation in turbulent intensity across the street canyon. The
downstream wall experiences higher wind speeds and a higher turbulent
intensity than the upstream wall for all canyon aspect ratios. The deceleration
of the flow around the recirculation region results in reduced flow, and hence
reduced turbulent transport from the upstream wall. As for the flux from the
street facet, this deceleration is more marked as the canyon aspect ratio
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Figure 8. Variation of the transfer velocities for the canyon top flux density from the two wall
facets normalised by the free stream velocity, we/Us, with canyon aspect ratio. Lower solid
line, transfer from the upstream wall; upper solid line, transfer from the downstream wall
calculated as a weighted average of the flux through the recirculation and ventilated regions;
Symbols, equivalent wind-tunnel measurements adapted from Part I for the upstream wall
(stars) and downstream wall (circles). Roughness lengths have the values zj,, = 5 x 107> m,
Zox = 5 x 1079 m. Dashed line, equivalent prediction for both walls from the scaled version of
Masson (2000).

increases beyond H/W ~ 0.6, which increases the difference in the flux from
the two walls.

4.4. TOTAL FLUX

Figure 9 shows the contribution to the flux through a horizontal plane in the
inertial sublayer from each of the canyon facets, normalised by the transfer
velocity from a horizontal surface of the same material located at z =0,
which has wo/Us = 2.50 x 1073, Also shown is the transfer velocity, wy,
associated with the total flux from the canyon surface, calculated using the
resistance network and assuming that X takes the same value on all facets.
Since the fluxes from the individual canyon facets can interact, wy is calcu-
lated through the resistance network and is not the weighted sum of the
individual transfer velocities. Figure 9 therefore shows how much more
efficient an urban street canyon is at releasing scalars by turbulent transport
than is a flat surface.

The fluxes from each individual facet are smaller than from a horizontal
surface for almost all canyon aspect ratios (the transfer from the roof
asymptotes = 1.2). The reason is that the canyon geometry reduces the near-
surface flow and hence the flux. The total flux is however greater than that
from a horizontal surface. This increase is due to the increased surface area,
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Figure 9. Transfer velocities from each of the facets and the whole canyon surface normalised
by the transfer velocity from a flat surface of equivalent surface material properties and total
planar area (w;/wq). Circles, downstream wall; stars, upstream wall; crosses, street; triangles,
roof; solid line, total transport.

indicated by the approximately linear increase in the total flux as the canyon
aspect ratio increases from zero to about H/W = 0.7. At high canyon aspect
ratios, H/W > 0.7, the reduction in the near-surface flow is sufficient to
reduce the increase in the total flux with total surface area.

Figures 6-8 also show values for the normalised transfer velocities cal-
culated using the model of Masson (2000) with a building height of 10m
(dashed lines). The order of magnitude from the two models agree due to the
similarity in the values that common parameters take. The model presented
here accounts for the the additional physical processes of the variation of the
wind speed in the inertial sublayer as the geometry varies, and the systematic
variation in the flow field within the street canyon. Only when these processes
are accounted for do the model predictions show the variation with geometry
found in the observations.

5. Conclusions

Barlow and Belcher (2002) and Barlow et al. (2004) showed that the vertical
flux of a passive scalar from an urban street canyon under transverse flow
depends on the geometry of the canyon. The variation with canyon
geometry is as much as 50% and differs for each facet of the canyon. This
variation is sufficient to warrant inclusion in models of the urban surface
energy balance.
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The model developed here is based on a partitioning of the canyon air into
two distinct regions namely a recirculation region and a ventilated region.
The partitioning ensures the correct limit for the transfer velocities as the
canyon aspect ratio becomes very small or very large. The individual facets of
the canyon flux contribute different amounts implying the need for different
representative wind speeds. A single canyon wind speed is unable to repro-
duce the geometric dependence of all of the facets.

We have shown that there are two principal effects of urban geometry on
the flux of a passive scalar from the surface. Firstly, canyon geometry acts to
reduce the flow in the inertial sublayer and hence the wind speeds within the
vicinity of the street canyon, which then reduces the flux densities from the
canyon facets. Secondly, the total surface area of a street canyon is increased
compared to a flat surface, which therefore acts to increase the total flux from
the surface. These two processes occur regardless of the specific geometry
used to represent the urban area.

The model also accounts for streets and buildings made from different
materials through the roughness lengths of the underlying surface material.
The transfer velocities from the model depend on the ratios z,/H and
zox/H. Increasing either of these two roughness lengths increases the tur-
bulent transport and increases the magnitude of the peak in the transfer from
the street facet. The roughness of one facet can also influence the transfer
from the other facets. Increasing the roughness length of the street facet by a
factor of ten to simulate the presence of trees, for instance, increases the
transfer off the two walls by 0-5%.

The model presented here can be extended to different arrays and geom-
etries of buildings once the pattern of fluid flow is estimated. These processes
include three-dimensionality effects, corner vortices and flow separation due
to peaked roofs. Such a generalisation remains a task for future work. We
hope that our study will stimulate further measurements that can be com-
pared with the present results.

The sensible heat flux is a key term in the surface energy balance. The
present work shows how the flux of a scalar, such as sensible heat flux, varies
with geometry albeit in neutral conditions only. We suggest that a model for
the urban energy balance that is valid over the full range of urban areas will
need to account for this variation.
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Appendix A: The Bulk Aerodynamic Formulation for Surface Fluxes

The time- and spatially-averaged flux density of property X in the inertial
sublayer, Fy, is given by

Fy = (WX, (A1)

where the primes indicate the instantaneous departure from the mean values,
the overbar denotes a time average and the angle brackets a spatial average.
If the flux of X is effected entirely by turbulence, dimensional analysis shows
that the flux is proportional to the difference of the mean values X takes at
the surface and at some height above that surface and to a transport velocity.
This approach of relating the flux of X to the mean values of X is the bulk
aerodynamic formulation (Garratt, 1992). Denoting the arca-averaged value

of X at the surface by (X;) and at any height, z, in the inertial sublayer, (X),
the flux density of X at the surface, Fy, is given by

Fy = wy((Xs) — (X)) = w (A2)
where wy is the transfer velocity for property X and its reciprocal, ry, is the
resistance to transport.

For a neutrally stratified rough-wall boundary layer with zero displace-
ment height that is in equilibrium with the underlying surface, the mean wind
profile, (ii(z)), and profile of X, (X(z)), are,

() = (), (A3)

K Z0m
_ — X, z
O ] (A4
K 20x
where u, = (r/,o)l/2 is the friction velocity, X. = —Fx/u, is a scaling for X', x

is the von Karman constant and zy,, and zypy are the roughness lengths for
momentum and property X respectively. The resistance to the transport of X
therefore takes the form

ry(z) = In (i) In <ZOLX> /i (a(z)). (A5)

Within the inertial sublayer of the atmospheric boundary layer the area-
averaged flux density is uniform with height and therefore takes the same
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value as at the surface. Using Equation (AS5) at two heights, z; < z,, within
the inertial sublayer, the flux density of X at the surface can be related to the
mean profile of X by

Fy = wa((X(z1)) — (X(z2))) = <Xi<)§ :fi%» |

Using Equations (A3)—(A6) the resistance to transport between the two
atmospheric levels, rya = ryx(z:) — rx(z1), can be expressed as

A(X)
T (A7)

In a boundary layer where the mean vertical profiles of all properties can
be described by Equation (A4), as determined by the relevant rough-
ness lengths, rya takes the same value regardless of the property considered.

A boundary layer undergoing an adjustment to new surface properties
forms an internal boundary layer; the profile of X in such a region can be
considered to form three sublayers. The inner-most layer is in full equi-
librium with the underlying surface, the outer-most layer remains unaffected
by the change in surface properties, with the middle layer blending the two
profiles together. The depth of the internal boundary layer relates to the
distance downstream from the change in surface properties; this dependence
is taken to be linear. The turbulent transport from the surface to a height in
the outer layer depends on both the resistance to transport from the sur-
face, r, and the resistance to transport across the internal boundary layer,
r12, as shown schematically in Figure 10. If the wind speed at height z; is
known, r; is given by Equation (A5). The resistance to transport ry, is given
by Equation (A7) where now u, and X, are the local scaling terms. These
local scaling terms are approximated by those of the outer layer, as
transport is dominated by the larger eddies that will have this characteristic
scaling.

(A6)

r'xan =
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outer layer
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I
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Figure 10. Schematic of the resistance network across a developing internal boundary layer.
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In an adjusting boundary layer it is not immediately obvious that Equa-
tion (35) takes the same value for all properties X. In fact, assuming Equation
(35) holds for the transport of momentum, the resistance to transport of
property X depends on the ratio rya/r,,: when considering heat this ratio is
the turbulent Prandtl number. For small-scale turbulence and turbulence in a
free shear layer the turbulent Prandtl number is approximately 1 (Tennekes
and Lumley, 1997, p. 51). It follows that the resistance to transport of heat
across a free shear layer is given by rra = Au/u?, where the friction velocity is
that of the outer layer.
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