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ABSTRACT

Sensible heat fluxes over a light industrial area in Vancouver, British Columbia, Canada, are analyzed from
observed tower fluxes and modeled using a bulk heat transfer approach. The bulk transfer models are initialized
using remotely sensed surface temperatures from both airborne and ground-based observing platforms. The
remotely sensed surface temperature, in conjunction with a surface database, is used to create area-weighted
temperature estimates representative of the complete urban surface. Sensitivity analyses of the various surface
temperature estimates are performed. Estimates of kB2, the ratio of roughness length of momentum to heat,
for this area are in general agreement with theoretical estimates for bluff-rough surfaces and are larger than
those documented for vegetated and agricultural surfaces. Back-calculated values do vary depending on the
method used to determine surface temperature but vary more with the time of day. Empirical relations derived
previously for vegetated surfaces are shown to agree well with the resultsfor adry urban environment. Approaches
based on microscale variability in temperature fields are problematic.

1. Introduction

Much interest has been generated in the use of re-
motely sensed variables to estimate surface heat fluxes.
Urban areas, both in terms of surface materialsand mor-
phometry, provide a contrast to the wholly or partialy
vegetated systems that thus far have been the primary
focus of study. In this study, observed surface sensible
heat fluxes for a light industrial area within the city of
Vancouver, British Columbia, Canada, are compared
with modeled values based on bulk transfer or micro-
scale variahility approaches. The bulk transfer approach
represents the surface as a single entity and employs
bulk transfer equations applicable at the local scale (the
bulk response) (e.g., Kustas et al. 1989). The microscale
variability approach represents the surface as multiple
entities, which then are aggregated within thelocal scale
area (e.g., Sun and Mahrt 1995a).

The site chosen consists almost entirely of bluff-body
elements with very little vegetation cover. The bluff-
body elements differ less in their composition from the
plane surface upon which they are built than isnormally
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the case for vegetation upon a soil surface. The general
simplicity of the bluff elements (buildings) allowsthem
to be represented as solid rectangular objects. Thus, the
surface configuration can be simplified to a six-com-
ponent system based upon geometric configuration and
materials. roofs, four walls of given orientations, and
ground-level surfaces. This approach makes the system
more complex than the two-component system that may
be applied to vegetation (e.g., Norman et al. 1995; Sun
and Mahrt 19954a). The increase in surface components
is offset by the ability to obtain detailed temperature
observations representative of these surfaces, however.

The main objective of this study isto investigate bulk
transfer and microscale temperature variability ap-
proaches for estimating sensible heat fluxes from an
urban surface and compare the results with measured
fluxes and results from other studies. In the implemen-
tation of both of these methods, we incorporate the flux
source area model of Schmid (1994, 1997) to define
appropriate source areas on the urban surface for ex-
tracting surface temperatures from the remotely sensed
imagery. We also implement methods intended to pro-
vide more representative urban surface temperaturesthat
explicitly include vertical surfaceswithin the flux source
areas, and we assess the spatial variability of these tem-
peratures and their effect upon modeled heat fluxes. We
combine these procedures to produce estimates of the
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a. Air and aerodynamic
temperatures

b. Surface temperatures

Fic. 1. Conceptual illustration of (a) surface definitions and levels
and (b) component temperatures and remotely observed radiative
temperature Tg, showing the effect of shading by buildings.

parameter kB-* (defined below) over asimple, relatively
unvegetated urban surface.

This paper reviews the modeling approaches in sec-
tion 2 and describes the study site, observations, and
methods of temperature representation in section 3. The
results from the bulk surface modeling and microscale
variability approach are contained in sections 4b and c,
respectively. All variables used in this paper are de-
scribed in the appendix.

2. Modeling approaches
a. The bulk surface response

Thetransfer of heat to, or from, the surface encounters
more aerodynamic resistance than does momentum. To
account for this, a bulk aerodynamic excess resistance
r, is defined (Verma 1989):

= o+ 1
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FiG. 2. Cross-sectional representation of the surface layer showing
roughness lengths for momentum and heat and the resistances be-
tween different levels. The zero-plane displacement level z,isomitted
for simplicity. For some surfaces, T = T, = T may be possible.
Symbols are defined in the text.

wherer, is the aerodynamic resistance for momentum,
r.» IS the aerodynamic resistance for heat, k is von Kar-
man'’s constant (0.4), u, isthefriction velocity, and W,
is the stability correction for heat. The sensor height is
Z.. The level at which the wind speed extrapolates to
zero, viathe logarithmic wind profile, is at z, + z,, (the
zero-plane displacement length plus the roughness
length for momentum). Similarly, the aerodynamic sur-
face temperature T, is the temperature extrapolated
downto asurfacethat isat the height z, + z, (roughness
length for heat). These surfaces are depicted graphically
in Fig. 1. The local-scale surface sensible heat flux Q,,
then can be calculated from the bulk transfer equation:

QH/Ca = (TO - Ta)/rah = (TO - Ta)CHUv (2)

where C, is the volumetric heat capacity of air, T, is
the air temperature, C,, is the exchange coefficient for
heat, and U is the wind speed. To implement (2), both
T, and z,, are needed, which are difficult to measure
(Troufleau et al. 1997). However, it is possible to mea-
sure aradiometric surface temperature T and to replace
T, in (2) (Stewart et a. 1994) so that

Qu/C, = (T — TIry, 3

where, in addition, r, is replaced with r,, (Stewart et al.
1994):

rh = rah + rri (4)

and r, is the radiometric excess resistance (Fig. 2).

The excess resistance from heat is expressed com-
monly in terms of kB-* (Owen and Thomson 1963),
where B! is a dimensionless parameter. The aerody-
namic definition is

ZOm B71
—1 — o —_
kBt = In( h), r, = e (5)
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Typicaly, a radiometric surface temperature is used
rather than the aerodynamic surface temperature, and
the resistance r,, is calculated as ry, = r,,, + r; (Stewart
et al. 1994), wherer; = r, + r, represents the resistance
between z,,, and the surface (Fig. 2). Furthermore, the
stability corrections for momentum and heat (V,, and
W), which should be included in r, [Verma 1989, Eq.
(13)], rarely are incorporated. Thus, (5) is redefined as

Zom B~*|rr
kB st = In[—— ], r, = =, 6
e (z0> = ®)
where the subscripts R and T make explicit the depen-
dence of the results on the use of radiometric temper-
atures and the method for calculating theresistance[e.g.,
see also Troufleau et al. (1997)].

A number of other methods are availableto determine
kB-1, which rely to a greater or lesser extent on mea-
sured fluxes. These methods may be categorized broadly
as (a) those that use Reynolds and sometimes also
Prandtl numbers and (b) those that use additional in-
formation about the surface, for example, the aniso-
thermal roughness length for heat [Brutsaert and Sugita
1996, Eq. (18), hereinafter referred to as BS96]. An
example of the first approach is the Brutsaert [1982, Eq.
(5.29)] equation for bluff-rough situations:

Zongez — Zo[ 7.4 exp(—2.46 Reg®)], (7)

where Re, = z,,U, /v is the roughness Reynolds num-
ber, with a kinematic molecular viscosity v of 1.461 X
10 m s,

Kubota and Sugita (1994) test the assumption that z,,
= Zyry fOr four periods of growth of a mixed pasture
and conclude that *“z,, = z,x IS Not quite acceptable”
for the entire stage of vegetation growth. They obtain
the lowest correlations in the earliest and latest stages.
In their approach, z,, was determined from Brutsaert’'s
(1979) theoretical model. Although they provide alinear
regression relation, it does not have general utility. BS96
have developed an equation based on Brutsaert’s (1979)
model that expresses the roughness length for heat in
terms of canopy structure, turbulence, and temperature.
This approach takes into account the anisothermal heat-
ing, which is expressed as a function of the isothermal
roughness length z,,, with

Z Z, —
h + In( h Zd)
(z, — zy)r, Zom

where z, is the height of the roughness elements, and
r, =[a — (a? + 4C,)°%]/2. The anisothermal scalar
roughness length is then expressed as

kupo,(T.— T)| (. + b)C
Zona = Zony p{ = - (r. )C
9)

Qu rz(bz +ba— Cz)
where p is air density, c, is the specific heat capacity
of air, T, is the potential surface temperature near the

Zon = Zom EXP) . (8
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ground surface, T, is the potential surface temperature
near z, (here taken to be the roof surface temperature),
b is an extinction coefficient that ranges between 1 (iso-
thermal) and 7 (steep temperature gradient) (BS96), and
a is an extinction coefficient in the exponential shear
stress profile that is about 1 for a sparse canopy and 3
for a dense canopy (BS96). Here the complete aspect
ratio A, is used in coefficient C,:

A Gz,
2 k(z, — z4)’

where A, is the ratio of the complete surface area (the
three-dimensional areas of vegetation and buildings) to
the plan area, calculated using the method of VVoogt and
Oke (1997). The transfer coefficient Ct; is given by

Ct, = C_Re;™ Pro, (12)

where C,, m, and n are parameters that may depend on
the shape and orientation of the roughness elements,
and intensity of the turbulence which, following Verhoef
et al. (1997), were set at 0.25, 0.25, and 0.36, respec-
tively; and a Prandtl number Pr of 0.7 at 293 K (Verhoef
et al. 1997) was used.

Thew in (9) is aweighting parameter, which ensures
that there is not undue variability in z,, from the mea-
surement strategy of the surface temperature. Practical
measurement considerations usually dictate that T, as
required by (2) is replaced by a remotely sensed radi-
ative temperature T. If the surface is aerodynamically
smooth and flat, T, may equal T;. However, when the
surface consists of an array of variously oriented surface
elements, exposed to a wide array of irradiances and
wind speeds, as in the urban environment, T, will not
equal Ty (Huband and Monteith 1986; Troufleau et al.
1997). In addition, significant measurement problems
with T, areincurred because of anisotropy of the emitted
thermal radiation from rough surfaces when viewed by
a narrow field-of-view instrument (Voogt and Oke
1997). According to BS96, the scalar roughness for an
anisothermal surface (9) will remain the same as its
isothermal value (8) when

Te=WwWTl, + (1 —wT, and

W = _(rz + b)C2
r,(b2 + ba— C,)’

To estimate a representative radiative temperature of
the urban surface for the bulk surface representation,
we first use the flux source area model of Schmid (1994,
1997) to define the area of the surface, which influences
the tower-based measurement of Q. Then, within the
source area, airborne and ground-based radiometrictem-
peratures are combined in ageographic information sys-
tem (GIS) framework to estimate a representative ra-
diative source area temperature that combines temper-
atures of both horizontal and vertical surfaces. Further
details are provided in section 3e. Following the spec-

(10)

(12)

(13)
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ification of the surface temperature within the source
area, we then can use the measured values of Q,, to
back-calculate kB—*.

An aternative approach that we test is that of Sun
and Mahrt (1995b). They propose that, when radio-
metric temperatures are used in (2), C, isreplaced with
C,r- Variation in C, can be explained by

-T —H/u

R e A T
where T, is atemperature scale, and H is the kinematic
heat flux. Based on the analysis of a number of tower-
and aircraft-derived datasets of sensible heat flux and
surface radiative temperature, Sun and Mahrt (1995b)
found a,, = 0.11, and a5, = 0.12 when only the aircraft
data are used. The differences are suggested to be due
in part to different averaging methods. This result sug-
gests that C,; can be derived independently of the
roughness length for heat. The single empirically de-
termined curve suggested by (14) includes both the
height dependence of the temperature difference AT and
the effect of variable vegetation (surface) cover on AT.
However, it is suggested that these dependencies do not
strongly affect the coefficient ag,. The roughness of the
surface influences u, but exerts only a secondary influ-
ence on C,, which can be expressed in terms of the
drag coefficient C,

AT’

which from (14) implies that a5, = C%°. Similarly, Sun
and Mahrt propose arelation for the radiometric rough-
ness length for heat:

ln(ZOhR,T) = C, + C,(—AT/T,), (16)

with coefficient values of 1.53 for ¢, and —0.37 for c,.

Cr = (15)

b. Microscale surface variations

The microscale variation approach takes into account
the microscale distribution of surface radiation temper-
ature (Sun and Mahrt 19954, see also Malhi 1996). The
bulk transfer coefficient C,,; can be calculated by as-
signing the roughness length for heat equal to that of
momentum in (2). This equivalence avoids the simul-
taneous tuning of the relation for aerodynamic temper-
ature and thermal roughness length (Sun and Mahrt
1995a). The surface (within the precalculated source
area in this case) is divided into N different surface
types, each with fractional area coverage f; such that

N
>f =1
i=1

The aerodynamic temperature is related to the micro-

scale surface distribution of surface radiation temper-
atures (Tg;) by

17
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N
To = 2 G fi T, (18)
i=1
where §; isthe normalized heat conductance (theinverse
of resistance) for the ith surface type, and g; is the con-
ductance for surface type i such that

L _%_ 9
gi_g CHU!

and the product §;f, in (18) is a weighting function
subject to

(19)

N
2 gf =1
i1

The aerodynamic temperature will, in general, be dif-
ferent from the spatially averaged surface temperature,
which can be approximated as

(20)

N
Te = 2 fiTa: (21)

i=1
In an urban area, the surface can be divided into a num-
ber of fractions, each with its own surface temperature
(Fig. 1 and Fig. 12, described later): roof (f,), north
wall (f,), east wall (f.), south wall (f.), west wall (f,),
sunlit street (f,), and shaded street (fg,). If vegetation
is introduced, the fractions become more numerous.
This approach can be simplified to consider the fraction
that is sunlit (F,,) or shaded (F,,), subject to the con-
straint Fy,, + F4. = 1. The mean radiative temperature
for the surface is

I:sunTsun + FshaTsha = TR' (22)

The relative fractions will change through the day be-
cause of varying sun—surface geometry. These fractions
and the associated representative temperatures of the
components are calculated within a given source area
by using GIS and some simple rules about the presence
or absence of shading.

3. Study description
a. Study area

The study area is a light industrial (LI) area (ap-
proximately 0.65 km?) within the city of Vancouver.
The LI area is characterized by one-three-story build-
ings, most with flat roofs, and a notable lack of vege-
tation (plan area cover <5%). The buildings are ar-
ranged in city blocks, which have an east—west/north—
south orientation, with the major block axis oriented
east—west. Alleys run east—west between each street.
Several blocks have buildings that share acommon east/
west wall, thereby reducing the exposed wall area. The
average complete-to-plan arearatio (A./A,; also referred
to as the complete aspect ratio A.) is 1.4. The complete
area A, is the total area of the urban surface, which
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includes all horizontal and vertical surfaces, and A, is
the area of plan (horizontal) surfaces.

A database of building plan area was created by dig-
itizing building outlines from aerial photographs and
planning maps. The database includes 733 buildings.
Building heights were estimated from the number of
floors. The vector database was converted to a raster
image withal m X 1 m resolution, and separateimages
of building roofs and walls (assumed to be of a north,
south, east, or west orientation only) were created. For
the analyses here, a reduced subset of the study area
centered about the flux observation tower is considered.
This area (which includes 517 buildings) extends 400
m west of the tower and 300 m to the north, south, and
east, reflecting the predominant wind direction during
the day, which varies from southwest to northwest. The
average building height in this area is 6.9 m, with a
standard deviation of 2.5 m. The distribution of building
heights in the entire study area is presented in Voogt
and Oke (1997).

b. Flux observations

Measurements were conducted in the framework of
the surface energy balance. Instruments were mounted
on a 28.5-m tower. Ancillary measurements of temper-
ature, humidity, wind speed, and direction were made
from a 9-m tower in close proximity. Net allwave ra-
diation was measured using a Radiation and Energy
Balance Systems, Inc., (REBS) Q*6 net pyrradiometer,
and the turbulent sensible and latent heat fluxes were
measured directly using the eddy correlation approach.
The fast-response instruments, mounted less than 0.15
m apart, consisted of a Campbell Scientific, Inc., (CSI)
one-dimensional sonic anemometer and fine-wire ther-
mocouple system (CA27) to measure the fluctuations of
vertical wind velocity and temperature and a CSl kryp-
ton hygrometer (KH20) to measure those of absolute
humidity. The vertical wind velocity, air temperature,
and humidity fluctuations were sampled at 5 Hz. Co-
variances were determined for 15-min periods. Flux cor-
rections were made for oxygen absorption and air den-
sity (Webb et al. 1980; Tanner and Greene 1989; Tanner
et al. 1993). No corrections were made for frequency
response or spatial separation of the sensors. Fluxes and
ambient meteorological conditions were measured for a
period of 15 days, 11-25 August 1992, inclusive.

c. Flux source areas

A flux source area (or flux footprint) is the effective
area on the ground that influences the measurement of
a scalar flux. The model used here is the flux source
area model (FSAM) described by Schmid (1994, 1997).
This model calculates a source weight distribution func-
tion for a horizontal plane at the level of the zero-plane
displacement height. This function defines the relative
contribution of ground-level point sourcesto aflux mea-
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Fic. 3. Source weight function applied to composite nadir thermal
image. LI area: 1300 LST 15 Aug 1992 (92/228).

surement made at a specified height and integrates to
unity (Schmid and Lloyd 1999). The interpretation of
this function is that a flux measured by a sensor can be
represented as the weighted average of the point sources
that make up the surface and that an appropriate aver-
aging is defined by the convolution of the source area
function with the surface source strength distribution
(e.g., here temperature), by using the source area func-
tion as a linear, low-pass filter.

The source area model requires as input z,, z,., Z,,
L (Obukhov length), and the acrosswind turbulence near
the surface o /u, (Schmid 1994), where o, is standard
deviation of crosswind velocity. Dimensions of the
source area are dependent upon (in order of sensitivity):
z/z,,, (increases with height), stability [decreases as (z,
— z,)/L decreases], and o, /u, (increases for increased
crosswind turbulence) (Schmid and Lloyd 1999). The
model assumes the surface to be flat and impermeable
and does not take into account canopy geometry or with-
in-canopy flows. Rough surfaces are handled simply
through the general specification of the roughnesslength
and zero-plane displacement (Schmid and LIoyd 1999).
The radiative effects of vertical surfaces are included
in the analysis by calculating an area-weighted urban
surface temperature within the source area from off-
nadir and vehicle-traverse temperature data (see section
3e).

FSAM source weight functions were calculated for
the hourly observed conditions at the site for times that
bracket the time of the remote-sensing overflight. This
procedure yields two source areas for each of the three
overflights for which surface temperature data are ac-
quired. Typical input conditions for the majority of mid-
day and late-afternoon times tested were z,,, = 0.26 m,
zy = 3.1, o,/u, = 2.0-3.0and (z, — z,)/L = —0.68 to
—0.95, which yield source areas ranging from 18 X 103
to 32 X 103 m2.

An example of a source weight function overlain on
the composite thermal imagery is shown in Fig. 3, in
which the source weight function values take on darker
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tones for low values and are more transparent for higher
values. These tones represent the three-dimensional
shape of the source weight function, which exhibits an
increasing value upwind of the sensor along the mean-
wind direction to a maximum and then decreases further
upwind, with asymmetrical Gaussian shapein the cross-
wind direction.

d. Input variables

The variables used in calculations were derived in the
following manner.

1) Roughness parameters were calculated using Rau-
pach’s (1992, 1994, 1995) method, as reported in
Grimmond and Oke (1999a). The average values are
Zom = 026 mand z, = 3.1 m.

2) Friction velocities, with stability corrections, were
derived from tower measurements of U (log-law cor-
rected to 30 m), T, and Q,, with an iterative solution
as reported in Grimmond and Cleugh (1994).

3) Stahility corrections for momentum and heat are the
Paulson (1970) stability functions. For W,,, when L
is less than 0O, the Hogstrom (1988)-modified Dyer
(1974) equation was used, and when L is greater than
0, the van Ulden and Holtslag (1985) equation was
used. For V¥, the Hogstrom (1988)-modified Dyer
(1974) equations were used.

e. Surface temperature

Radiative surface temperature data were collected us-
ing a combination of airborne and ground-based instru-
mentation to ensure adequate sampling of the major
urban surface-component temperatures. A thermal scan-
ner (AGEMA 880 long wave band), temporarily mount-
ed in a helicopter, was used to obtain thermal images
of the study area from both nadir and 45° off-nadir
viewing angles in each of four viewing directions or-
thogonal to the main street orientation. Flights were
made three times during 15 August 1992 (denoted as
year/yearday 92/228) and four times in the period 1500
Pacific Daylight Time (PDT) 24 August 1992 (92/237)—
0500 PDT 25 August 1992. Only daytime imagery is
used in this study.

Imagery was corrected for atmospheric effects using
locally launched radiosondes. Coincident ground-based
sampling of select surfaces was performed as a check
on the accuracy of theimagery. A summary of the flight
details is provided in Table 1. Further details of the
system configuration, flights, and correction procedures
are provided in Voogt and Oke (1998a).

Corrections for surface emissivity were applied fol-
lowing image compositing (see below). In the absence
of high-resolution data on surface type and radiative
properties, a uniform surface emissivity of 0.95 was
assumed (Arnfield 1982). The hemispheric incoming
sky radiance in the scanner wave band was estimated
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TaBLE 1. Summary of helicopter flights over the study area
(year is 1992).

Year/yearday Wind Altitude PDT
Flight No. and time (PDT) direction (°) (m) plot time
1 92/228 1000 227 647-457 1000
2 92/228 1400 259 647-457 1400
3 92/228 1715 255 647-457 1700
9 92/237 1545 255 2100 1600

using the quadrature method of Lacis and Oinas (1991),
with sky radiance modeled at 5 cm~* intervals using
LOWTRAN-7 (low-resolution transmittance model and
code, Kneizys et al. 1988) and the observed vertical
profiles of temperature and humidity.

Building-wall temperatures in the study area were
sampled using an array of infrared radiometers mounted
on a vehicle (Voogt and Oke 1998b) that traversed all
streets and alleyways in the study area. Corrections for
surface emissivity were applied to the vehicle-traverse
data using the methods outlined in Voogt and Oke
(1998b). These take into account the effect of sensor
position and the temperatures of the canyon facets. In
addition, a set of fixed infrared sensors was used to
monitor continuously the individual facets of select
buildings near the flux observation tower.

Individual nadir images cover a limited area, so an
image composite of the LI area was made. This pro-
cedure consists of identifying numerous (generally be-
tween 15 and 50) control points in both the nadir im-
agery and building footprint database, followed by re-
sampling the imagery onto a common 1 m X 1 m tem-
plate. A visual inspection of the remapped images was
used to assess the suitability of the procedure. The final
nadir image composite for flights 1-3 consists of 10—
20 images. Off-nadir image composites were also made
for each of the four view directions made. The image
composite for flight 9 required only six images because
of the much higher aircraft altitude.

SURFACE TEMPERATURE REPRESENTATIONS FOR
URBAN AREAS

The composite thermal images provide high-resolu-
tion, spatially extensive surface temperature data. How-
ever, the images are limited in that each composite is
associated with aparticular view direction, which misses
or undersamples portions of the *‘complete’” urban sur-
face (the full ground—atmosphere interface). Ideally,
temperature information is required for all surfaces that
make up the atmosphere—ground interface. Voogt and
Oke (1997) generated estimates of the complete surface
temperature T, by combining frequency distributions of
temperature obtained from airborne and ground-based
observing systems, which were used to represent hor-
izontal and vertical (wall) surfaces, respectively. Single
estimates for the entire study area were calculated. To
estimate T, for a flux source area, a new method was



OcToBER 2000

developed (Voogt 2000) using the remotely sensed data
and a surface database (GIS). This method can be used
to derive representations of surface temperaturethat take
into account the three-dimensional structure of the
buildings. Each of the representations combines nadir
thermal imagery with temperatures of building walls
derived from the vehicle traverses. Off-nadir imagery
can also be used to estimate the building wall temper-
atures; these two methods show generally good agree-
ment, with some differences observed because of the
relative sensor position (Voogt and Oke 1997).

(i) Area-weighted thermal images

Area-weighted thermal images were constructed in
which individual pixels represent the area-weighted
temperature T,, for both the horizontal and vertical sur-
faces associated with that pixel. The image was created
by combining the building database, wall temperatures
derived from vehicle traverses, and the composite nadir
thermal imagery. Images of area-weighted temperature
show cooler pixels that represent building edges, be-
cause those pixels represent not only the horizontal area
of exposed roof but also the area of the wall below.
Pixelsthat form corners of buildings are the most highly
affected. Pixels that do not include a wall component
are unaffected. Variations in the general method can be
incorporated; for example, we havetested area-weighted
temperature images that add only the projected wind-
ward wall areas of the buildings to the plan imagery.

(ii) Complete surface temperature of source areas

A complete surface temperature for a given spatial
domain isthe area-weighted temperature for an areathat
is sufficiently large to include the dominant surface
structure (e.g., a building or block length). It therefore
requires (a) the complete area within the domain and
(b) temperatures of all surfaceswithinthe domain. Here,
the spatial domain used is that of the calculated flux
source area.

The method implemented to calculate T, is based
upon prior calculation of an area-weighted thermal im-
age. The area-weighted temperature image is multiplied
by the image of total pixel area to recover the correct
pixel-by-pixel temperature—area product. The sum of
these pixels over the selected domain is divided by the
total area of the domain to estimate T.. An unweighted
spatial average of the area-weighted temperature image
is not equivalent to T,. Notationally, we have

S Ai<§n: AT, 2;’*) » (2 Ai>, (23)

i=1 i=1 i=1 \i=1
where A, and T, represent the area and temperature of
surface elements i within a pixel containing n surface
elements, and the outer summations are performed over
the spatial domain defined by pixels j = I, N, which

N

T.=2

j=1
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cover the flux source area. The numerator of the inner
bracketed term in (23) represents the pixel area-weight-
ed temperature image. The source weight distribution
function can be incorporated in (23) by multiplying both
the numerator and denominator of the inner bracketed
term by the appropriate source weight for each pixel.
The final temperature representation used (T,,) cal-
culates acompl ete surface temperature for each building
in the study area (rather than the flux source areaitself)
and applies the results to the plan area of each building.
The remaining (plan) area temperature is specified by
the nadir thermal composite image. This method pro-
vides an alternate temperature representation that may
be convolved with the source weight distribution func-
tion to estimate a temperature within the source area.

4. Results
a. Surface heat flux observations

The synoptic conditions on both study days (92/228
and 92/237) were characterized by generally clear, sun-
ny skies, warm temperatures; and a sea-breeze circu-
lation—typical of the conditions for the full 15-day pe-
riod during which energy balance measurements were
made (Fig. 4). Lower-than-average air temperatures on
day 237 can be explained by the passage of a cold front
that day, which subsequently stalled and developed into
a stationary front over central British Columbia. Air
temperature on day 228 followed average conditions
very closely until 0600. For the next 4 h (0600—1000),
temperatures were warmer than average, reverting back
to average values at 1100 with the onset of the sea
breeze.

At this site, the sensible (Q,,) and storage heat fluxes
(AQg) are the most significant output fluxes. As ex-
pected, the latent heat flux Q. is very small. Daytime
B values (Q,,/Qg) were approximately 2.5. Grimmond
and Oke (1999b) present afuller discussion of the fluxes
at this site relative to other urban aress.

In terms of conditions on the specific study days, the
high sensible heat flux on day 228 at 0900 was the
largest measured at that time during the study period.
For much of the rest of day 228, however, Q,, was
depressed relative to the ensemble. The surface tem-
peratures (east and south walls especially) were warmer
than average, as was the internal wall surface temper-
ature (one facet was measured from an IR thermometer
positioned inside the building). This result is consistent
with the higher AQg flux observed that day. There were
no synoptic disturbances that can explain the variability
that was observed; the day was characterized by clear
conditions of increasing pressure following the passage
of a surface low and cold front two days earlier. This
kind of hour-to-hour and day-to-day variability in fluxes
is evident in energy balance data collected from awide
array of urban sites and is the subject of further inves-
tigation (see discussion in Grimmond and Oke 1999b).
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Fic. 4. Sensible heat flux (Q,) and net allwave radiation (Q*), wind speed (U), direction, air temperature (T,), and E-W and N-S wall
temperatures for 92/228, 92/237, and the ensemble mean (solid lines) for the full observation period. Extracted temperatures (ext.) are those

from the remotely sensed data from overflights conducted on 92/228.

The sensible heat fluxes on day 237 (Fig. 4) were much
more typical of the average conditions during the mea-
surement period.

b. Results from the bulk approach

1) SURFACE TEMPERATURES FROM DIFFERENT
METHODS

The bulk approach adopted in this paper is based upon
aremotely measured surfacetemperature. Intheanalysis
here, directional radiometric surface temperatures are
modified to incorporate corrections for (a) atmospheric
effects, (b) bulk surface emissivity effects, and (c) an-
isotropy (directional variations in observed emitted ra-
diation caused by microscale patterns of temperature
induced by the three-dimensional surface structure).
Corrections for (a) and (b) are standard practice [e.g.,
see techniques and discussion by Byrnes and Schott
(1986); Wan and Dozier (1989); Desjardinset al. (1990);

Prata (1994)]. The term “bulk’ as applied to surface
emissivity denotes the application of a single average
emissivity rather than a pixel-by-pixel varying surface
emissivity.

Because of the rough nature of the urban surface and
the combination of viewing angles for a remote sensor,
a large range of directional radiometric surface tem-
perature measurements are possible (see section 3e).
Figure 5 illustrates the range of temperature values cal-
culated for the source areas using various definitions of
the *“‘surface’” temperature. Two general categories of
temperature estimates exist: 1) direct surface estimates
from remote sensors (nadir and off-nadir temperature
estimates), and 2) area-weighted temperatures (those
which include information on the temperature of the
building walls). Anisotropy is represented in Fig. 5 by
the variability of directional radiometric temperatures
(i.e., those that include atmospheric and emissivity cor-
rections but do not take into account the surface struc-
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Fic. 5. Source area—weighted surface temperatures using various
approaches to determine Ty for the three flights conducted on day
228.

ture) for the five view directions. All temperatures have
been weighted by the source area weighting function
applicable at the time for the tower-based measurements.
These temperatures show a range of up to 5°C near
midday (Fig. 5) at the scale of the flux source area. This
range highlights the importance of surface structure and
the effective anisotropy of surface thermal emissions.
Problems associated with anisotropy are addressed by
estimating a radiometric temperature that includes the
effects of vertical and horizontal surfaces (i.e., T,,, T.,
or T,,). The effect of including vertical surfacesinto the
source area temperatures yields a decrease in temper-
ature; decreases are from 0.5° to 1°C when area-weight-
ed temperatures are compared with nadir values, 2°—
3.5°C when T, is used, and 2°-5°C when T, is used.

Spatial variability

In this section, the spatial variability of the bulk sur-
face temperature representation (temperature cal culated
for the domain of a flux source area) is assessed. Flux
source area position depends upon the wind direction,
and the source area size is a function of measurement
height, thermal stability, and crosswind turbulence in-
tensity and the surface structure (Schmid 1994).

To evaluate the effect of source area position upon
the source area—averaged temperature, two tests were
performed. In the first, a flux source distribution func-
tion (and flux source area) is calculated for a given set
of conditions (here we use those for 1400 PDT, 92/228).
This source area is rotated about the tower to simulate
the source area position for different wind directions
(but similar measurement height, stability, crosswind
turbulence, and general surface structure). The source
weight distribution function then is convolved with the
image of T,,, and the resultant source area temperature

(a)
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FiG. 6. (a) Surface temperature variability as determined by T,, for
flight 2 at 1400 (92/228). Solid line is the frequency distribution of
surface temperatures for the entire image, dashed lines are the fre-
guency distribution for the source area, histogram is the frequency
distribution of surface temperatures when the entire image is filtered
by the source weight distribution function, and open circles are the
average surface temperature for the source area rotated around the
tower. (b) Source area temperature from rotation of the source area
about the tower for flights 1-3 (T.) and flight 9 (T,.,)- (c) Fractional
component areas within rotated source area plotted vs T.. Symbols
are A;: complete area, A, roof area, A,: wall area, Ayq,,: shaded
street (ground level) area.

is recorded. These results are shown as empty circles
in Fig. 6a. The frequency distribution of T,, (from in-
dividual pixel values) for the entire study area (solid
line) as well as within the calculated flux source area
(dashed line) is also plotted for comparison. A similar
test is performed by using source areas calculated for
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each flight on 92/228 and by calculating T, for each
source area position (Fig. 6b). Results for flight 9 are
also shown in Fig. 6b; these results display the average
nadir temperature from the source area, because wall
surface temperatures were available for only a single
building on that day.

The second test uses the calculated source weight
distribution function as a filter. This filter is applied to
the entire image, and the resultant image is analyzed.
This process is analogous to a low-pass filtering oper-
ation, except the weights for the filter array in this case
are not equal but rather are specified from the source
weight distribution function (see also Schmid and LIoyd
1999). Temperatures from the resultant image are ex-
tracted (edge effects are masked) and are plotted as the
frequency distribution represented by shaded bars in
Fig. 6a. To speed the filtering operation and to accom-
modate the filter size, the image and filter resolution is
degraded to 5 m X 5 m.

The results of these two tests show spatial variability
of up to 5°C near midday based upon source area po-
sition. This variability is reduced later in the day when
the overall range of surface temperatures narrows and
the source areaincreases in size. Therotation test shows
a consistent pattern related to the temperature structure
of the ground. Temperature minima are observed when
the source area fraction of shaded area increases from
either the height and/or spacing of the buildings (Fig.
6¢). Local maxima in temperature are observed for di-
rections in which there are shorter buildings with large
plan-to-complete area ratios and/or for which street ar-
eas dominate. Some of the source area temperature var-
iability could be traced to individual buildings with ex-
treme temperature values such as a very hot roof or a
roof with a low surface emissivity, not accounted for
in the correction procedure. These tests demonstrate that
using the source area concept is an important step in
specifying the most appropriate surface temperature for
use in the bulk heat transfer equation.

Source areasizeis coupled to atmospheric and surface
conditions. Thus, direct observation of the variability
of source area temperature for changing source area
dimensions is not strictly possible without thermal im-
agery taken under each of the conditions to be tested.
In the absence of this coupled information, a test of the
variability of T, within variousdomain sizes, which have
astheir starting point different components of the urban
surface, was performed. For simplicity, square domains
ranging from 3 m X 3 mto 251 m X 251 m were used
with equal weightings applied to al points. The domain
midpoints were selected to be middle of a street inter-
section, middle of a roof, midpoint of an east—west al-
leyway, and the flux observation tower. In accordance
with previous results (Schmid and Oke 1992), the ma-
jority of variability is at small scales, in this case well
within the source area size dimension (Fig. 7). Notably,
most of the temperature variation is confined to length
scaleslessthan 60 m. Variability in T, at different spatial
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Fic. 7. Mean unweighted complete source area temperature (T.)
for increasing square domain source area sizes for four starting points
(midroof, midstreet, midalleyway, and the tower).

scales for this study areais similar to that of directional
temperature measurements (e.g., T,.q,)- This similarity
results from the fact that the dominant control on the
variability is the surface structure, and the breakpoints
at which major temperature changes occur (building,
lot, and block scales) remain the same. The effect of
including building wall temperatures does not alter the
range of observed surface temperatures, nor does it add
a new spatial scale of temperature variability.

2) DERIVED COEFFICIENTS

Calculation of kB~* was performed using three meth-
ods.

1) Method 1 (kB~Y|). Eq. (3) isused withr, =r,, +
ry, and an explicit r, in (1) is neglected. This ap-
proach is the most commonly used method (Stewart
et al. 1994) that provides a direct back-calculated
value.

2) Method 2 (kB~Y|gq,). Here zgq, is determined from
(7) proposed by Brutsaert (1982) for bluff-rough sur-
faces.

3) Method 3 (kB~Y|,, kB~,). Here z,, is determined
for the isothermal case using (8), and z,,, for the
anisothermal case is determined using (9).

When method 1 is used, the values of kB~?|;; range
from 10to 27 (Fig. 8a) and clearly depend on the surface
temperatures used. In general, the values cal cul ated with
nadir and off-nadir surface temperatures are higher than
those that use the complete temperature values. A di-
urnal pattern is evident in the kB~|z ; values cal cul ated,
similar to that observed elsewhere [for a review see
Verhoef et a. (1997)]. Higher values occur in the af-
ternoon, generally rising later in the day (Fig. 8a). The
smaller z,, 1 (larger kB~ 1) values are associated with
the largest (T — T,) values but not the largest Q,,.

For the nadir thermal imagery (without consideration



OcToBER 2000

VOOGT AND GRIMMOND

3 [ (g  Metiod1 ' LT T
X Nadir
30 ® Off-nadir N |
4 Off-nadir S
v Off-nadir E !
25 - ¢ Off-nadirW [ -
) o aw
"'_Izo L 2 e ¢ X §!—
Q o Tg A
. oi
15 —§ =
of-a§ i
5 1 1 | 1 | 1 1 1
0 11 12 13 14 15 16 17
Time (PDT)
45 ELELRALLL B e R e R e e R
40 P Method 1 ,
X Nadir 7
5L ® Off-nadir N K
4 Off-nadir S K ]
30 - v Off-nadirE e
¢ Off-nadir W .’
Eos b o T, B3 _
A0k A ch . %
D2~ o T, S A N
---- Bluff rough (Method 2) .-~ (3
15 - — Permeable rough .-~ % 7
10 o & -
10 100 1000 10000 100000
Re*
T T T
A <> % o M2
o5 D4 % Yx A M3as=1z,
A . ¢ M3a=15
{: 3: Q v M3a=2
2 &3 X X M3a=2 ZonA
20 - & M3 Off-nadir W a=2
4 A K /x ¥
p 9,
o 'S © Pev
15 |- =
a X< o
285 ¥
10 |- X ¥ -
1 1 1 1
10 15 20 25
kB '), kB s
0.0001 , — T
- (@) & ol M
® 1e005F- , 1 r L I ] X Nadir
3 @ ® Off-nadir N
T 1e-006 - X = |- -1 4 Off-nadir §
= . v Off-nadir E
g 1e-007 — . 1 e o™ ¢ OffnadirW
N o]
= 1e-008 [ 4 F ¢ 4 a 1
s 2 o T,
S te009 - © o | a1 ™ M3a=t
£ 8 P * M3a=15
= 1e-010 |~ -1 F é— ® M3a=2
< x ]
£
& 1e-011 |- -1 F ° o—
1e-012 ' L1 b
-60 -50 -40 30 40 50

E Solar elevation (°) W

1689

of wall temperatures), kB3|, values are mostly in the
range 13-27. The use of T, reduces kB~!|z+ by 3-6.
Values derived from off-nadir directional temperatures
span a wide range in accordance with the variability of
surface temperature as seen in the various view direc-
tions. The use of the off-nadir temperature in the di-
rection of the most shaded facet provides kB—| + values
that are approximately the same as the T_-based esti-
mates. This result is in accordance with the similarity
between the surface temperatures obtained using these
two methods (Voogt and Oke 1997). This use of off-
nadir temperatures to estimate the overall surface tem-
perature is similar to the obliqgue measurements rec-
ommended by BS96. The variation in the values of
kB~ using T, or nadir temperatures when the source
areas are rotated about the tower position is 4-5 (Fig.
8a), with the value from the actual wind direction being
within +£1 standard deviation in all cases except at 17
h, the time period with the smallest standard deviation.
This result suggests that the range of values that would
be obtained from the general area around the tower
would be within the other sampling error (<1.5).

The kB*|,; values reported here for the light indus-
trial sitearelargerelativeto those determined for natural
or agricultural surfaces. Most reported values of kB2,
derived for vegetated surfaces, range from 1 to 10. A
frequently cited value for natural surfacesis 2 (see, e.g.,
Stewart et a. 1994; Verhoef et a. 1997). Methods 2
and 3 provide an independent assessment of the appro-
priate size of kB=*. Using Method 2, kB=%|g4, is Simply
afunction of Re*, so the data plot on to the bluff rough
curve from Brutsart (1982) (Fig. 8b). For comparison
purposes, the permeable rough curve from Stewart et
a. (1994) dso is included. The kB—Y|zq, Values of 25—
27 obtained from (8) are at the high end of those ob-
tained from Method 1 (Fig. 8b). However, they are more
reasonable than those from the permeable rough curve.
Using Method 3 (BS96), it is possibleto begin to address
the issue of the effect of the combination of surface and
sensor angle geometry, which changes as the solar ze-
nith angle varies through the day. As the sun rises, the

—

Fic. 8. (a) kB Yz values through time (for days 228 and 237)
derived using different surface temperatures. The surface atmospheric
meteorological variables correspond to the PDT hour they are plotted
against. The values that are offset slightly against the hour are cal-
culated using source areas that are rotated at 10° intervals around the
tower and superimposed on the therma imagery. (b) Method-1
kB~ values superimposed on the bluff-rough curve of Brutsaert
(1982) (method 2) and the permeable rough curve of Stewart et al.
(1994) against Re*. (c) Comparison of kB~ values determined by
various methods against the method-1 values. The values calculated
when Ty is the off-nadir west-facing data are shown explicitly: (i)
method 2; (ii) method-3 results with three isothermal values (kB-1|)
usinga = 1, 1.5, and 2; (iii) complete method-3 values (kB~1|,) with
a = 2. (d) The zy values determined from method 1 and z,,,, method
3 against solar elevation (negative values indicate east solar azimuth;
positive values are west). Method 3 is the isothermal values deter-
mined with a = 1, 1.5, and 2.
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of the data is consistent, between time periods, for the three a values
used as shown for the 1400 data.

solar radiation penetrates deeper into the canopy (urban
canyon), and the surface temperature increases. In the
urban environment, because of the bluff-body nature of
the roughness elements, there is a strong directional
dependence (Fig. 4 and Fig. 5) in this heating. However,
in this industrial/commercial area with very little veg-
etation, we do not see the situation that others have
observed in which the bottom surface temperature ex-
ceeds the temperatures at the top of the canopy (Fig.
9a). This disparity is because the upper layer, in this
case roofs of buildings, is not transpiring. Therefore, it
continues to heat up through the day (Fig. 9a). In ad-
dition, although the top layers of the canopy are where
most of the turbulent exchange takes place (BS96), in
this environment the vertical components of the canopy
(walls) also are important. The temperature difference
between the roof (T,) and the ground (T,) decreases
through the day (Fig. 9a), whereas T; — T, has more
of a parabolic diurnal trend, with the maximum in the
middle of the day. Throughout the day, T, — T, is neg-
ative, indicating that the roof temperatureis much larger
than the composite surface temperature (irrespective of
method used to determine Tg). The size of the differ-
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ence, however, decreases through the day. The differ-
ence between T, and T, is positive in the morning, but,
by the late afternoon, with most methods it also is neg-
ative (Fig. 9a).

When z,,; is calculated from (3) and plotted against
solar elevation (Fig. 8d), we find the following:

1) With use of T,.,,, the afternoon data show a similar
pattern to BS96 (their Fig. 3) with z,,5 decreasing
with increasing solar elevation. However, the morn-
ing value of z,,; (at a zenith angle of 51°) is the
largest (based on BS96 it would be expected to be
of a similar size to that obtained late in the after-
noon).

2) The off-nadir west-facing sensor (with a view angle
of 45°) shows the least variability with solar ele-
vation. This result suggests that back-cal culated val-
ues should be the least biased by solar elevation.

3) The off-nadir north-facing sensor is the only view
angle that shows an increase in z,+ in the afternoon
with increasing solar elevation; al others show a
decrease.

We can use the BS96 method as expressed in (8) to
determine the isothermal z,,, value, which should be
independent of solar elevation and instrument geometry
used to determine T,. To use this method, a value needs
to be assigned to a (all other terms are assigned values
as outlined in section 2a). The present environment is
extremely sparse in terms of vegetation but not in terms
of roughness elements. The surface, however, is not
densely covered by roughness elements. Based on this
fact, avaluesof 1, 1.5, and 2 were assigned (from sparse
to more dense canopy), which results in z,,, values of
10-%, 107, and 10-° m and kB—Y|, values of 11, 16, and
21, respectively (Fig. 8c). These values fall in the gen-
eral range of the kB~*|z; values (Fig. 8c).

It then is possible to determine the isothermal surface
temperature (T,) that would produce the observed Q,,
in (2) with z,, used in (1). Figure 9b shows the relation
between T, and T, stratified by the a value assigned and
by the method used to determine T. The ideal method
to determine Ty is the one most consistent with T,. This
reasoning also indicates which z,,, value is the most
appropriate. Based on the mean differences and the
mean absolute differences (Table 2), it is likely that the
most appropriate value for a is 2, and the T, method
that most closely follows T, is the off-nadir sensor that
is west facing. If we relax the assessment to the mean
difference (T, — Tg), then nadir, off-nadir north facing,
and T,, all have mean values that are, on average, less
than 1°C different (but with std dev that are larger than
2.5°C).

The time period when the west-facing off-nadir ra-
diometric surface temperature is most different from T,
isat 10 h (Fig. 9b). Therefore, it is likely that the kB—*
value at 10 h (Fig. 8a) probably is too low and the
appropriate value for this environment is closer to that
at 14 and 17 h; for kB Y|z this value is 24, and from
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TABLE 2. Differences between isothermal temperature and surface temperature (determined by a range of methods) (K). The values are
the average (and standard deviation o) of absolute differences (|T, — Tx|) and the average (and standard deviation) difference (T, — Tg).

Tx method Average of
A al Ty
Off-nadir methods
a Statistic Nadir N S E w T Ta T,

1 T, — Tkl 6.32 7.49 4.21 6.05 6.17 6.05 4.16 3.76 5.56
Tm 1R 3.52 4.02 3.00 3.92 2.30 4.09 3.20 2.99 3.15

(T, — TR) -6.32 —7.49 —-4.21 —6.05 -6.17 —6.05 —3.83 -3.54 —5.49

o(n 352 4.02 3.00 3.92 2.30 4.09 3.77 3.36 3.27

15 T, — Tgl 3.72 4.18 2.39 3.80 2.86 3.86 2.94 2.54 3.30
O 1w 2.25 3.25 0.17 1.98 1.54 1.89 0.84 1.55 1.73

(T, — Tr) —-3.14 —4.18 —0.89 —2.74 —2.86 —2.74 —0.52 —-0.23 —-2.20

fo ST 3.22 3.25 2.73 3.78 154 3.83 3.65 3.46 3.06

2 T, — Tkl 2.24 2.16 2.62 2.66 0.86 2.60 3.39 3.83 2.53
[ 1.82 0.86 2.74 2.36 0.98 231 3.20 2.92 2.08

(T, — TR) 0.16 -0.73 2.56 0.71 0.59 0.71 2.93 3.22 1.23

o(n 3.16 2.63 2.83 3.93 1.25 3.84 3.82 3.87 3.08

Average [T, = Trl 4.10 461 3.07 417 3.30 417 3.50 3.38 3.80
Average O _ 1R 2.96 351 221 291 2.75 2.95 2.36 2.32 2.70
Average T - To -310 —-413  -0.85 -270 281 -269  —047 -018 216
Average o G 4.07 412 3.83 4.46 3.30 4.48 437 4.26 4.15

kB~Y, it is 21. These values correspond to zy of 7.5
X 10~ and z,,, of 4.2 X 1071 m, respectively.

With use of (12) to determine the weighting factor
w, the BS96 anisothermal z,, , can be determined from
(9). The results, shown in Fig. 8c, have a range similar
to the kB~|z; values.

The bulk radiative heat exchange coefficient C,,
ranges in size from 1.43 X 1073 to 3.38 X 103 (Fig.
10a). When compared with C,,; asin (14), the coefficient
agy 1S calculated as 0.111. This value compares favor-
ably with the value Sun and Mahrt (1995b) derived for
their data. However, it isimportant to note that the data
reported here are for amuch smaller range of conditions
than those considered by Sun and Mahrt (1995b). Thus,
the full extent of variability in this environment is not
documented.

The radiometric roughness lengths for heat (z,.5 ) are
extremely small, ranging from 10-* to 10-** m; those
Z,,, predicted by (8) are on the order of 10-° m (Fig.
8d). This result suggests that similiarity theory is pre-
dicting physicaly unrealistic values to compensate for
the inadequacy of the stability dependence of the ex-
change coefficient or aerodynamic resistance [as doc-
umented previously by Sun and Mahrt (1995b)]. These
small values have been found also by others, for ex-
ample, Sugita and Brutsaert (1990) and Malhi (1996).
The values determined here are likely to be close to the
extreme because of the lack of vegetation at the site.

When the relation between z, - and —AT/T, is an-
alyzed, after Sun and Mahrt (1995b) [(12)], the coef-
ficients are found to be ¢, = 3.22 and ¢, = —0.40
(Figure 10b). These values are similar to those derived
by Sun and Mahrt (1995b), showing consistency, once
again, with other environments.

3) MoDELED Q,

It clearly is inappropriate to use the back-calculated
kB~ values to evaluate the ability to calculate Q,,,
and insufficient data exist to evaluate independently the
performance of the Q,, model. Thus, our approach here
is to investigate the implications of assigning particular
kB~Y|z+ values on modeled Qy [using (3) and r; from
(6)]. This approach is of more general relevance, be-
cause those wishing to undertake this kind of modeling
in urban environments in situations where measured Q,,
is not available will likely select just one, or a limited
range, of kB~!|y; values. Our approach is to assign a
range of kB~!|z; values (2-60) and then to determine
the average absolute difference between the observed
and the modeled fluxes (JAQ.| = [Qumess — Qumodl)- The
data used are for the three flights on day 228 (1000,
1400, and 1700 PDT) and the one flight on day 237
(1600 PDT) (indicated in Table 1). The modeled results
are compared with the measured Q,, for the closest hour
of observations. Note that all of the measurements will
have errors that would result in different values. These
errors are not considered here; others already have ad-
dressed this issue (see, e.g., Verhoef et al. 1997).

First, the effect of the method to determine bulk sur-
facetemperaturesisconsidered (Fig. 11a). Day 237 only
has nadir temperatures, thus for all other methods only
the average of the three flights on day 228 is presented.
The lowest overall |AQ,| values (<8 W m~2) were ob-
tained using the west-facing off-nadir method source
area temperature, with a kB-* of 21 (Fig. 11a). The
second-lowest minimum [AQ,| values are from the
north-facing off-nadir method; for kB |, of 23-26,
[AQy| < 15 W m~2. The minimum [AQ,| overall occur
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FiG. 10. (a) The radiometric exchange coefficient C,; asafunction
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using the range of surface temperature data, are shown with the Sun
and Mahrt (1995b) fit.

between kB~*|; of 17 (for T.) and 25 (off-nadir north
facing). The choice of appropriate kB~!|; value, that
is, the one that minimizesthe overall difference between
measured and modeled heat fluxes, is sensitive to the
off-nadir view direction of the surface. This result is
consistent with the findings of BS96. Generally, the na-
dir and off-nadir results have alower overall difference
with measured data than those modeled using a pixel-
by-pixel approach (T, T.). The largest difference is
obtained using T, (20.1 W m~2).

If we ignore the method to determine T, and just
average the results of all methods together and examine
variations through the course of the day, interesting pat-
terns emerge (Fig. 11b). As noted earlier, based on the
discussion of Fig. 8a, a diurnal trend in kB~%|; is ev-
ident. The difference |[AQ,y| is minimized at kB~*|5+ of
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13 for the first flight, and at 2223 for flights 2 and 3.
The afternoon dataon day 237 are very similar, although
not identical, to those on day 228. The smaller |[AQ,|
on this day (Fig. 11b,c) is because there are only nadir
T, data. If we consider results for just one temperature
method, namely, the nadir method T, the minimum
|[AQ,| deviations are all less than 3 W m~2 (Fig. 11c).
Thus, the difference in results between times (Fig. 11b)
is greater than that between methods (Fig. 11a). This
result is supported when we consider all of the methods
but only on day 228. It also is notable, at the later period
(228/17), that the range of kB~!|z; values with a |AQ,|
value of lessthan 10 W m~2 becomes larger. This result
implies that the effect of selecting a slightly different
kB~Y|x valueislessfor any of the temperature methods
at this time.

Figure 11d summarizes the results across all times
and methods and illustrates the relative error in Q,, for
agiven kB Y+ (JAQ,/Qy,.)- The lowest fractional er-
ror (<18%) occurs when kB2, is 21-23. However,
the error variation around thisrange (Fig. 11d) is small;
kB~ + values from 19 to 24 all yield an error less than
20%. This result indicates that, if the general fluxes are
of interest rather than specific values for a given time,
the approach is fairly robust and insensitive to the exact
kB~1|zr value selected. These values correspond well
with those predicted using the BS96 kB-|, with a equal
to 2 (Fig. 8c, 20-22).

We can consider the implications of the exact area
that is used to determine T;. For the four flights, the
area for which the remotely sensed data were collected
is large enough to sample a series of different directions
(source areas) at 10° intervals around the tower (228/
10: 35 directions, 228/14: 36, 228/17: 36, and 237/16:
25). The calculated source area is placed over the nadir
thermal composite image, and the temperatures are
weighted by the source weight distribution function to
determine a representative temperature for the flux
source area. Thistemperature is used with the observed
Q. and T,, which are assumed to represent reasonable
local-scale estimates. Differences between measured
and modeled fluxes |JAQ,| were less than 10 W m~2 at
kB~Y|g of 11-12 for 228/10, at kB~|y; of 17 for 228/
14, at kB~ of 19-24 for 228/17, and at a kB3| of
21-24 for 237/16, when measured Q,, was 125 W m~2,
If, for each of the individual directions, we consider the
minimum difference (<10 W m~2) between measured
and modeled values, this difference occurs with a nar-
row range of kB~*|y; values [(T,) 9-11, 17-18, 22-26,
and (T.,) 22-25, for the four times, respectively].
Therefore, we can conclude that, for this study site under
the conditions analyzed, the exact area that is sampled
is not that critical; that is, the results spatialy are very
consistent.

Last, if z,,, is used to model Q,, (using all Ty as-
signment methods or using the off-nadir west-facing T,
data), as expected, the AQ,, and |[AQ,,| differences are
minimized when a is 2 and are greatest when a is 1
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(Table 3). There is a reduction in [AQ,| in al cases
when off-nadir west-facing data are used (although nis
only 3). Thisresult suggests that using aBS96 z,,,, value
would generate reasonable results, but assigning the ap-
propriate a value will have an effect on the size of the

TaBLE 3. Differences between measured and modeled Q,, (W m—2)
using z,, , for al Ty methods and for off-nadir west Tg.

Zon errors. To assign the appropriate parameter ahead of time
a=1 a=15 a=2 requires additional studies of different urban aress.
All T, n=26 AQ, -794 -257 12
[AQ,| 1035 53.6 334  C. Microscale variability
Te (off-nadir west), n=3 AQ, -85 -303 36 An alternative approach to model Q,,, proposed by

__ Sun and Mahrt (1995a), uses temperature gradients and
IAQ.] 0.0 286 32 conductances for surfaces within the domain of interest.




1694

12 + Fiight 1

~&-  Roof Mask o b
10 F -0~ Street Mask 0

— LlAra i ”, b
g | Flont3 ° Asd‘ "-,A 1

~®-  Street Mask : 0 )

Frequency (%)
)

: A
p L d A Y
!:A-AAAA-AAA ‘a -8
A OOQ
1 OO QMR

an® L 1 1

15 20 25 30 35 40 45 50
Surface Temperature (°C)

FiGc. 12. Frequency distribution of surface temperatures extracted
using the building database masks for streets, roofs, and the entire
area for flight 1, and for the street mask from flight 3.

The relative simplicity of the study area and assessment
of the temperature distribution allows a generalization
of the surface into a limited number of components,
which then can be used to assess this method. The sur-
face fractions considered are plan surfaces of roof, sunlit
street and shaded street, and each of the wall directions.

1) SURFACE TEMPERATURES

The urban surface is heterogeneous at small scales,
with large variations in surface temperature occurring
over short distances (Figs. 3 and 12). Frequency distri-
butions of image temperature are multimodal in char-
acter. Peaks within the distribution are distinguished
most strongly in the morning (Voogt and Oke 1998a)
and can be related to surface type. Figure 12 illustrates
the frequency distribution of plan surface temperatures
for flight 1. Despite the wide range in surface temper-
ature, the distributions suggest an underlying reduction
of the surface to afew main components. The uppermost
peak of the surface temperature distribution is related
to roof temperature, the middle peak to open sunlit
streets, and the lowest peak to fully shaded surfaces.
The component temperature distributions are broadened
somewhat by misregistration of pixels because of the
simplified building outlines used, errorsin compositing
the thermal imagery, and very low emissivity surfaces.
In general, the surface temperature in the shaded areas
is only slightly warmer than the air temperature, espe-
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cially prior to solar noon, whereas the sunlit areas are
much warmer. Thus, the heat flux probably is dominated
by the sunlit area.

Separation of the shaded and sunlit street surfacetem-
peratures was accomplished using a limiting tempera-
ture for shaded surfaces. This choice was made over a
more independent calculation of shaded areas using the
building database and solar geometry because of the
simple three-dimensional structure represented by the
building database. The disadvantage of the method is
misclassification of shaded surfaces. This problem is
most apparent following solar noon when hot surfaces
with large heat capacities are now shaded yet exhibit
relatively high surface temperatures in comparison with
surfaces that have been shaded throughout the day, for
example, east-facing wall temperatures (Fig. 4) and
street temperatures (Fig. 12) in the afternoon. Despite
this problem, temperature bounds for shaded surfaces,
extracted from inspection of temperature distributions,
yield qualitatively correct shading patterns when com-
bined with the masks of roof and street surfaces. Mis-
registration of pixels because of low surface emissivity
is minimized by first masking off building roofs, which
are much more likely to exhibit low surface emissivity
values.

The fraction of area that is sunlit (F,,) and shaded
(F4) Varies through time (Table 4) and also depends
on the source area size and position. This variation is
caused by the change in both the vertical and the hor-
izontal areas that are sunlit. In terms of the vertical
components, clearly, east-facing wallsare sunlit first and
west-facing walls are the last to be sunlit. The shadows
that are cast on the low-lying horizontal surfaces, pri-
marily roads, change as the sun’s position changes
through the day. However, the roof area remains pri-
marily sunlit throughout the daylight hours. The frac-
tional significance of this is dependent on the height of
the walls. In this area, in which there are large numbers
of warehouse-type buildings, the wall area is less sig-
nificant than if the site was a downtown area with taller
buildings. Theratio of wall to complete areain the study
site is 0.3, the ratio of roof to complete surface areais
0.3, and the remaining 0.4 is streets (open ground). The
fractional roof area is also dependent upon the source
area dimensions and position. Figure 13 shows some
variability of fractional roof area as source area size
increases, even at the scale of the calculated source areas
for day 228. In addition, the calculated fraction can be

TaBLE 4. Component surface temperatures and the fraction of the flux source area that they represent for 1992 yearday 228.

Temperature (K)

Fraction (%)

Wall facing Road Roof Wall facing Road Roof

Day/hr N E W S Sun Shade N E W S Sun Shade
228/1000 292.78 30451 29251 299.47 302.44 291.81 309.02 85 72 71 82 76 311 303
228/1400 29426 300.91 299.40 309.00 313.79 29444 319.74 83 61 59 80 53 304 36.0
228/1700 296.02 298.12 308.79 303.65 31112 297.27 312.34 81 61 58 81 76 286 357
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sensitive to the center position of the source area, as
indicated by the difference in the calculated fractions
for different starting points that have the same source
area.

2) VARIATION IN CONDUCTANCES/RESISTANCES
BECAUSE OF SURFACE CHARACTERISTICS

Using the methods of Sun and Mahrt (1995a), the
effect of the surface characteristics is considered (see
section 2b), with the surface divided into sunlit (Fg,,)
and shaded (F,,) fractions. The fractionsvary with time
(Tables 4 and 5), with F_,, increasing from 0.45 to 0.57
through the day. Five methods (reference numbersgiven
in square brackets) were used to determine C,z: [1] (1)
with z,, = z,,, [2] (1) with z,, = 0.1(z,,), [3] Mahi
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[1996, (30)] with z,, = z,,,, [4] Malhi [1996, (30)] with
Zy, = 0.1(z,,), and [5] (1) with zy, = z,,, (with a =
2). The z,, = z,,, assumption follows Sun and Mahrt’'s
assumption; the z,, = 0.1(z,,) iS @ common a priori
assumption for rough environments, based on Brutsaert
(1982). Case 5 is based on the results presented in sec-
tion 4b (2).

The component conductances and the aerodynamic
surface temperatures T, determined from (2), are given
in Table 5 for each time period and case. We summarize
the results as follows.

(@) Incases 14, T, generaly issimilar in size to Tg,;
the differences between T, and T, are larger (10—
23 K). The maximum TT, differences are less
than 4 K (case 2).

In cases 1-4, T, is much smaller than for case 5.
In case 5, the TT, differences are 13-18 K, and
T—T4, differences are 11-19 K, with the larger
T—T, differences associated with larger T,—Tg,, dif-
ferences.

In some situations the conductances become neg-
ative. In cases 14, these situations occur when T,
is less than T,,. However, in case 5, this situation
occurs when T, is greater than T, (228/10).

Case 2 produces no negative conductances.

In cases 1-4, the shade conductance g, is larger
than the sunlit conductance g,,. The opposite is
true for case 5.

(b)
(©

(d)

(€)
()

The results of this work clearly fall into two groups:
those with the larger z,, values (cases 1-4), and case 5.
In the first instance, the results are very different from
Sun and Mahrt’s (1995a) study of a sunlit black spruce
tree canopy and shaded ground at 1300 L ST, in which
T, was very similar to the treetop temperature. On the
other hand, the case-5 results are similar both in terms

TABLE 5. Conductances determined for sunlit and shaded fractions of the surface (see section 2b). Methods used to determine C,; are [1]

(1) with z, = Zo, [2] (1) With 2, = 0.1(z,,,), [3] Malhi [1996, (30)] with z,, =

Zoms [4] Malhi [1996, (30)] with zo, = 0.1(z,,), and [5] (1)

with z,, = z,,, (with a = 2). Assumptions are surface partitioned into seven fractions: roof (f,), north wall (f,), east wall (f.), south wall

(f.), west wall (f,,), sunlit street (f.), and shaded street (f,).

Assumptions, air and surface Gan s Gan
Yearday/h temperatures (K) Curmethod T, (K) gen (MS™?)  ggn (Ms?) CurU CurU Osa
228/1000 F. — f + f + f 1 295.07 0.0098 0.0520 0.2974 1.5767 0.1886
by 2 296.64 0.0109 0.0275 0.5456 1.3729 0.3974
a 3 29307  —0.0041 0.3637 —0.0208 1.8379 —-0.0113
Tan = 307.19 4 293.71 0.0062 0.1340 00806 17546 0.0459
Tea = 293.20 5 308.69 0.0122 —0.0010 24570  —0.1959 —12.5444
228/1400 F —f 4+ f + f 1 29651  —0.0038 0.1016 0.0704 1.9043 0.0370
T = 20652 2 298.47 0.0084 0.0569 0.2541 1.7256 0.1473
a 3 294.05  —0.0390 0.5166 —0.1608 2.1292 —0.0755
Top = 317.36 4 29497  —0.0078 02137  —00746  2.0453 —0.0365
Taa = 295.77 5 315.00 0.0141 0.0017 1.8059 0.2162 8.3576
228/1700 F  — f + f 4+ f + f 1 29668  —0.0026 0.1043 —0.0617 2.4217 —0.0255
T — 20480 2 297.80 0.0022 0.0509 0.0838 2.2267 0.0377
_— 31016 3 29527  —0.0503 0.5465 —0.2455 2.6678 —0.0920
sn : 4 29578  —0.0155 0.2234 —-0.1788 25784 —0.0693
Tea = 297.16 5 308.14 0.0081 0.0044 1.2344 0.6740 1.8451
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Line 1 2 3 4 5 6 7 8 9
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Fon 02 02 02 09 02 02 02 02 02
T -T.K) 25 15 5 5 5 5 5 5 5
T~ T.(K) 2 2 2 2 5 -5 -10 2 2

of the relative temperature differences (large Ty, — T,
and small Tg,, — T,) and the ratio of the two conduc-
tances (gqn/9¢), Which for their study was on the order
of 16. Here we can look also at two other time periods,
in addition to the middle of the day. In thelate afternoon,
the ratio of the conductances has dropped to about 2.
In the morning, the method predicts anegative g, value
that clearly leads to a negative ratio, although the ab-
solute magnitude is similar to that of the middle of the
day.

To gain more general insight into the conditions that
can yield negative conductances, a sensitivity test was
conducted using

H = Fsungsun(Tsun - Ta) + Fshagdwa(Tsha - Ta)'

Given the constraint of (17), the effect of changing the
kinematic heat flux H and the effect of the size of the
temperature gradients (AT,,, = Ty, — T, and AT, =
Tea — T.) ON g, and gy, ae investigated (Fig. 14).
Only positive conductance values (physically reason-
able) are shown. From Fig. 14, it is clear that, for con-
ditions around g4, of 0.01-1 s m=1, it is possible to
have physically unreasonable g,,, values with small
changes in ambient conditions. These results suggest
that there are wide ranges of conditions under which
this method will fail, not just limited to those we en-

(24)
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countered in this study. If AT, becomes negative, then
both g,, and g4, increase in size.

As noted earlier (section 4a), the Q,, values were low
on day 228. If the entire measurement period ensemble
Q. values are used in the calculations instead (which
also influences the C,, values used) with al other inputs
held constant, g,,./0+. becomes dlightly larger in the
afternoon. However, g,,, values remain negative for cas-
es 1, 3, and 4, and g, is negative for case 5.

From this kind of analysis, it clearly is important to
have a reasonable estimate of z,,. The isothermal value
from BS96 seemsto provide agood first approximation.
However, the results do show that there are problems
with the method at certain times of the day. These prob-
lems may be related to the definition of the fractions of
the surface. For example, the case-5 negative value
could have been avoided if the sunlit fraction had been
defined as only the roof (Tables 3 and 4).

5. Conclusions

Bulk and microscale methods of estimating surface
sensible heat flux have been examined for an urban area
almost devoid of vegetation and characterized by rec-
tangular buildings that act as bluff-rough elements. The
explicit recognition of temperatures of vertical surfaces
often undersampled by nadir remote sensorsisincluded
in thisanalysis. Thisinclusion hasthe effect of reducing
the surface temperature by 2—7 K during the daytime
observation period.

For this environment, a reasonable estimate for
kB~1|zr appears to be about 20—27, which islarger than
those observed over vegetated and agricultural surfaces
and suggests extremely small z,, values. Thisrange rep-
resents the results obtained by three independent meth-
ods. The values determined for the bluff-rough curve
(Brutsaert 1982) provide the largest values. At the lower
end are those values predicted by the isothermal method
of Brutsaert and Sugita (1996). Intermediate values (21—
23) are obtained from the back-calculation method.
From the analysis presented in Fig. 11d, theimplications
for the likely size of error in Q, can be determined.
From this analysis, we conclude that, for this kind of
urban environment with little vegetation, an appropriate
kB-* value could be obtained by using the Brutsaert
(1982) method as expressed in (7) or the isothermal
method of Brutsaert and Sugita (1996) as expressed in
(8). However, the assessment of the appropriate a value
for (8) (Brutsaert and Sugita 1996) in this environment
requires further investigation.

The exact kB, value varies, depending on the
method used to determine the surface temperatures. The
off-nadir west-facing temperature data provided the
lowest error in modeled Q,, in this study. Generally, the
nadir and off-nadir results have a lower overal differ-
ence with measured data than those modeled using a
pixel-by-pixel approach (T,,, Ts, T.). There is a very
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small difference between methods to determine wall
temperatures.

Diurnal variations in kB~%|z are evident. However,
the suggestion by Brutsaert and Sugita (1996) that these
variations may be due in part to solar elevation aso
appears to be a reasonable explanation. Solar geometry
plays an important role in creating urban local- and
microscale climates. Thisis particularly the case at this
light industrial site because of the large size of the
roughness elements, the orderly location of the elements
relative to the solar path, the large building surface area
with large thermal inertia, and low evaporative ability.
Consequently, this site provides an opportunity to con-
sider the BS96 suggestion that the variability in z,, may
be due to the interaction of solar and surface geometry.
In this study, the combined role of geometry is consid-
ered in three different ways, as follows.

1) Bulk surface temperature: A series of different com-
binations of solar and surface geometries are ob-
tained through use of different bulk surface temper-
ature representations. Representations include a
range of directly observable radiometric tempera-
tures from nadir and off-nadir view angles as well
as calculated composite temperatures that incorpo-
rate all surfaces.

2) Partitioning of the surface by position: The surface
is divided, and temperatures are determined for the
ground level and z, level. In an urban area (without
trees), the z, level is the roof. This representation
neglects the building walls. In a vegetated area, a
temperature determined for z, will inherently involve
some sort of integrated response of the top layers of
the canopy, given the porous nature of vegetative
canopies and the view angle of the sensor. The BS96
anisothermal model partitionsthe surfacein thisway.

3) Partitioning of the surface by radiative condition:
In this case, all aspects of the surface area are taken
into account but relative position is not. Thus, the
sunlit fraction constitutes roof, some ground, and
some wall areas. The actual areas and fractions vary
through time and have different thermal histories,
which, because of the thermal inertia, can be sig-
nificant. This type of partitioning is used in our ap-
plication of the Sun and Mahrt microscal e variability
method.

The coefficients proposed for relations with —T, /AT
by Sun and Mahrt (1995b) from a range of vegetated
surfaces are shown to agree well with our results for a
dry urban environment. This agreement suggests that
these empirical relations may hold across a wider range
of conditions.

In this environment, when the surface is subdivided
into sunlit and shaded fractions of the surface, the es-
timates of subcomponent conductances do not produce
meaningful results throughout the day. We attribute this
to the fact that, during the later portion of the day, there
are surfaces (both horizontal and vertical) that are no
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longer sunlit but are still very warm. Thus, the aniso-
thermal behavior suggested by BS96 and identified here
in the bulk values may explain also the inability to mod-
el the microscale conductances throughout the day.
Clearly, this result has implications in other environ-
ments where strong thermal inertia may be evident. We
also conclude that the initial assumption of the size of
Zo, is important for this method. In this environment
with large bluff bodies, the initial assumption of Sun
and Mahrt (1995a) is not appropriate.

Our results show that first-order estimates of heat
fluxes can be estimated using this approach, but careful
attention needs to be directed to the method by which
surface temperatures are defined and determined and to
the diurnal variability of model parameters, notably
kB~ |- Clearly more research in more complex urban
environments is needed.
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APPENDIX
List of Symbols
Note: all temperatures T are potential temperatures.

A, complete surface area

A area of surface typei

A, plan (horizontal) surface area

A oor roof area

Ay  Shaded street area

A, wall area

a extinction coefficient in the exponential shear
stress profile

Agy coefficient for C,; relationship from Sun and
Mahrt (1995b)

B dimensionless parameter = r, u, = In(z,./Zy)/
k

B Y+ dimensionless parameter = riu, = In(z,,/
Zowr)/K

b extinction coefficient for the vertical canopy
temperature profile

C, coefficient defined by (10) and used in (8) and
9

C. volumetric heat capacity of air

Co bulk drag coefficient for momentum

C, bulk exchange coefficient for heat

Ciur bulk radiometric exchange coefficient for heat

Ct, transfer coefficient for use with (8) and (9)

C, fitting parameter for Ct,

(o} coefficient for use with (16)

C, coefficient for use with (16)
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specific heat capacity

total shaded fraction of the surface

total sunlit fraction of the surface

fractional area of coverage by surface type i
bulk surface heat conductance

surface heat conductance for surface type i
normalized surface heat conductance for sur-
face typei

surface heat conductance for shaded surfaces
surface heat conductance for sunlit surfaces
kinematic heat flux

von Karman constant

the natural logarithm of the ratio of roughness
length of heat to momentum

kB-* derived using Brutsaert (1982) [Eq. (7)]
kB~ derived using zy+ (back-calculated val-
ue) [Eq. (3)]

kB~ derived using z,,, (BS96 isothermal case)
[Eq. (8)]

kB~ derived using z,,, (BS96 anisothermal
case) [Eqg. (9)]

Obukhov length

fitting parameter in Ct,

number count

fitting parameter in Ct;

Prandtl number

net allwave radiative flux

latent heat flux

sensible heat flux

average absolute difference between observed
and modeled sensible heat fluxes

storage heat flux

roughness Reynolds number

coefficient for BS96

aerodynamic resistance to heat transfer be-
tween the height z, + z,, and z
aerodynamic resistance for momentum

bulk aerodynamic excess resistance
aerodynamic resistance to heat

excess resistance from different heat source
and momentum sink locations

excess resistance between z,,, and the surface
Tr

aerodynamic surface temperature

air temperature

area-weighted radiometric surfacetemperature
for an image pixel

complete (or area weighted) radiometric sur-
face temperature for a specified spatial domain
complete (radiometric) temperature for an in-
dividual building

surface temperature near the ground

surface temperature near z,

temperature of surface element i within apixel
isothermal surface temperature

nadir (directional) radiometric temperature
radiometric surface temperature

radiometric sunlit surface temperature
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Tea radiometric shaded surface temperature

T. temperature scale = —H/u,

U mean horizontal wind speed

Uy friction velocity

w weighting fraction for surface temperature

Zon roughness length for heat

Zmpsz  Toughness length for heat, calculated using
Brutsaert (1982) method [Eqg. (7)]

Zona anisothermal scalar roughness length

Zop, isothermal roughness length for heat

ZorT radiometric roughness length for heat, calcu-
lated using r+

Zom roughness length for momentum

Z4 zero-plane displacement length

z, height of the roughness elements

Z Sensor or measurement height

B Bowen ratio

A complete aspect ratio = A /A,

v kinematic molecular viscosity

p density of air

o standard deviation

o, standard deviation of the crosswind velocity

v, stability correction for heat

v, stability correction for momentum
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