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ABSTRACT

The Town Energy Balance (TEB) model, which parameterizes the local-scale energy and water exchanges
between urban surfaces and the atmosphere by treating the urban area as a series of urban canyons, coupled to
the Interactions between Soil, Biosphere, and Atmosphere (ISBA) scheme, was run in offline mode for Marseille,
France. TEB’s performance is evaluated with observations of surface temperatures and surface energy balance
fluxes collected during the field experiments to constrain models of atmospheric pollution and transport of
emissions (ESCOMPTE)—urban boundary layer (UBL) campaign. Particular attention was directed to the influ-
ence of different surface databases, used for input parameters, on model predictions. Comparison of simulated
canyon temperatures with observations resulted in improvements to TEB parameterizations by increasing the
ventilation. Evaluation of the model with wall, road, and roof surface temperatures gave good results. The model
succeeds in simulating a sensible heat flux larger than heat storage, as observed. A sensitivity comparison using
generic dense city parameters, derived from the Coordination of Information on the Environment (CORINE)
land cover database, and those from a surface database devel oped specifically for the Marseille city center shows
the importance of correctly documenting the urban surface. Overall, the TEB scheme is shown to be fairly
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robust, consistent with results from previous studies.

1. Introduction

Many studies have documented aerodynamic and
thermodynamic perturbationsinduced by citiesonlocal-
scale climates (see, e.g., Cleugh and Oke 1986; Grim-
mond 1992; Grimmond and Oke 1995, 1999a; Roth and
Oke 1995; Oke et al. 1999; Christen et al. 2002; Offerle
et al. 2002; Rotach 2002). The 3D geometry of the urban
surface, the properties of the artificial materials used for
construction, and the anthropogenic emissions (Oke
1987) all have been shown to have an important influ-
ence on radiative and surface energy balance (SEB)
fluxes, resulting in important differences in surface—at-
mosphere exchanges between and within cities.

Numerical weather prediction models have only re-
cently included urban areas explicitly in the surface
schemes (Bornstein 1975; Best 1998; Taha 1999; Brown
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2000; Martilli et al. 2002). Very different approaches
are employed to describe and model the urban surface,
ranging from simple approaches that consider a city as
a concrete layer (Best 1998), to more detailed repre-
sentations of the materials and morphology of the urban
surface (Masson 2000; Martilli et al. 2002) that can
capture the local-scale spatial variability of fluxes
known to occur.

Here, the local-scale energy and water exchanges be-
tween urban surfaces and the atmosphere are parame-
terized using the Masson (2000) Town Energy Balance
(TEB) scheme, coupled with the Noilhan and Planton
(1989) Interactions between Soil, Biosphere, and At-
mosphere (ISBA) scheme. The latter is used for the
vegetated areas (more detailsin section 3). In this study,
attention is directed to TEB—I SBA's ability to reproduce
the fluxes, and to the influence of surface input data.
Previously, TEB has been evaluated offline for Mexico
City, Mexico, and Vancouver, British Columbia, Canada
(Masson et al. 2002), and coupled to the nonhydrostatic
mesoscale atmospheric model (Méso-NH; Lafore et al.
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Fic. 1. Aerial photograph of Marseille city center (provided by M. A. Velay-Dabat, Ecole d’ Architecture de Marseille-Luminy) showing
the location of the instruments.

1998) for Paris, France (Lemonsu and Masson 2002).
Here, TEB is applied to the dense city center of Mar-
seille, France (Fig. 1), and its performance is evaluated
with observations collected during the field experiments
to constrain models of atmospheric pollution and trans-
port of emissions (ESCOMPTE)—urban boundary layer
(UBL) campaign (Cros et al. 2002; Mestayer et al.
2003).

2. Field measurements

ESCOMPTE involved an extensive field campaign to
study and evaluate the emission and transport of chem-
ical species and atmospheric pollution in the Marseille—
Berre region of the south of France (Cros et al. 2002).
The study area is composed both of an industria site
(around Berre Pond) and the dense urban area of Mar-
seille [see the map of the study domain in Cros et al.
(2002)]. The proximity of the Mediterranean Sea and
the mountains surrounding the region make the geo-
graphic setting extremely complex. Coupled to ES
COMPTE, the UBL program (Mestayer et al. 2003)
documented radiative surface temperatures, surface en-

ergy balance fluxes, and the 4D structure of the bound-
ary layer of the city of Marseille.

ESCOMPTE-UBL took place during the summer of
2001, from 4 June to 16 July. The summer climate in
this region is sunny, with maximum air temperatures
about 30°-35°C inland and 25°-30°C on the coast. Sea
breezes are common and are best developed in the af-
ternoon, blowing mainly from the southwest over Mar-
seille. Mistral (strong northwest winds) and southeast
winds also affect the city. These three different wind
regimes have important influences on heat flux parti-
tioning in the city (Grimmond et al. 2002).

In this paper, TEB—ISBA is evaluated for the down-
town (43°17'N, 5°22'E) core of Marseille. During ES-
COMPTE-UBL, apneumatic tower wasinstalled on the
roof of the Administrative Court of Appeal of Marseille
(CAAM; Grimmond et al. 2002). The data collected at
this site included temperature, humidity, wind speed,
pressure, upward and downward global short- and long-
wave radiation, and the surface energy balance fluxes.
The turbulent sensible (Q,;) and latent (Q) heat fluxes
were determined by the eddy covariance method, while
the heat storage AQg was determined as the residual
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term of the SEB [AQs = Q* — (Q, + Qg), where Q*
isthe net all wave radiation]. The SEB data used in this
study are from the upper of two levels on the tower—
43.9 m above ground level (AGL) under light wind
conditions, and 34.6 m under strong wind conditions.
Grimmond et a. (2002) demonstrate that these mea-
surements are representative of the local scale in both
cases. Other data used in the analyses include the fol-
lowing:

 albedo measurements from material representative of
Marseille (T. R. Oke, University of British Columbia,
2002, personal communication);

« external surfacetemperaturesfor roads, roofs, and walls
for streets around CAAM (J. A. Voogt, University of
Western Ontario, 2002, personal communication; T. R.
Okeand S. M. Roberts, University of British Columbia,
2002, persona communication; surface temperatures
for streets with different orientations, along with tile
and gravel roofs were studied);

e internal building (wall) temperatures in buildings
without air conditioning (J. A. Voogt and T. R. Oke
2002, personal communication);

* sensible heat fluxes measured by scintillometry using
the free-convection method along three transects (Fig.
1) (Lagouarde et al. 2002); and

» a network of 20 temperature and relative humidity
sensors located in the middle of streets (Pigeon et al.
2002). [Instruments were mounted approximately 6 m
AGL, and were located as far as possible away from
walls, to minimize the effects of shaded or sunlit sur-
faces. Five of these instruments were located in the
city core, close to the tower (see Fig. 1).]

3. Numerical schemes

The models used are the TEB and ISBA (Noilhan and
Planton 1989) schemes. These models parameterize the
exchanges between artificial surfaces and the atmo-
sphere, and between natural surfaces and the atmo-
sphere, respectively.

The TEB scheme, described in Masson (2000), rep-
resents the city as an ensemble of urban canyons (Oke
1987). Some improvements were conducted and are pre-
sented in this section. To ensure that these modifications
are not just connected to the specific nature of the Mar-
seille city center, simulations from Mexico City and
Vancouver, previously presented in Masson et al.
(2002), were rerun by applying the new parameteriza-
tions (see appendix A).

Surface temperatures are resolved for each of the
three urban surfaces modeled: roads, roofs, and walls.
In order to account for heat conduction into artificial
materials, the roofs, roads, and walls are represented in
terms of several layers, as shown on Fig. 2 (in thiswork
four layers are used). The materials, their thermal prop-
erties, and the thickness of the layers are input param-
etersto TEB. In TEB, theindividual wall and road SEB
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Fic. 2. The TEB scheme.

and surface temperatures are weighted to yield the top
of the canyon SEB and canyon air temperature for the
middle of the street (see further discussion in Masson
et al. 2002) via the aerodynamic resistances (see Fig.
2), according to

Tooo y 2205w | Tar | Qnue

T = Rroad W Rwall Rtop depa(l - froof)

- 1 m, 11
Rmad W I:zwall Rtop

D
where C, is air heat capacity and p, is air density; f .
isthe roof fraction, z,, is the mean building height, and
W the mean width of the streets; Q. is the sensible
heat flux due to traffic; Tg__, Tg,,, and T, are the road
and wall surface temperatures and air temperature above
the canyon, respectively; R, and R,,, are the aero-
dynamic resistances between the canyon surfaces and
the air inside the canyon; R, is the resistance between
the air inside the canyon and above the roof level; and
R,a depends on U, a typical wind speed inside the

canyon:
Ruat = Coapa(11.8 + 4.2Uq) 1, @)

where

Uy = VUZ, + (U, + W,)2

Here, U, is a combination of the mean wind in the
canyon U_,, and of the turbulent wind u, + w,. Note
that the initial formulation of U, (Masson 2000) is now
extended to the wake interference flow and the isolated
roughness flow (Oke 1987). This modification, pre-
sented in appendix B, has no impact for Marseille's city
center, where a skimming flow is expected because of
the high aspect ratio values. The dynamical turbulent
term u, was already taken into account in the Masson
(2000) version of TEB. However, given the hot con-
ditionsin Marseillein June, the free-convection vel ocity
w, was added. This term comes from the Monin—Obu-
khov similarity theory (1954). It assumes that the ther-
mal production of turbulenceis not negligible. Here, the
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general formulation of w, isonly applied to the building
height instead of using the boundary layer height:

g 13
Wy = (T_CanQOZbld> ) (©)
where Q, encompasses both road and wall turbulent heat
fluxes. This new parameterization increases the aero-
dynamic conductance, which favors heat extraction
from the canyon surfaces.

The other aerodynamic resistances depend on the sta-
bility inside or above the canyon (Masson et al. 2002):

Roa = F(RI, Z4a/2, Ugr, Zoyr0a Zogroa)  ANA - (4)

Rep = T (Ri, Zet, U, Zotoumr Zoysany): ©)

where z is the distance between the top of the roofs
and the top of the tower, where the measurements were
made. It defines the atmospheric forcing level; Ri isthe
Richardson number (either between the road surfaceand
canyon, or canyon and above-canyon atmosphere), and
U is the horizontal wind at z,. Respectively, z, ., and
Zo,,r0a A€ the roughness lengths for momentum and heat
for the road surface. For the local-scale urban area,
Zo,onn 1S the roughness length for momentum, and
Z,,cany 1S the roughness length for heat for the canyon.
An aerodynamic resistance is also associated with the
roofs:

Rroof = f(R|1 zrefi U1 ZOMrooﬁ ZOHroof)' (6)

In TEB, the road and wall dynamic roughness lengths
are fixed to 0.05 and 0.15 m, respectively, while
Zo,onn dEPENdS oON the site. The equivalent thermal
roughness lengths are deduced by applying a constant
ratio between the dynamic and the thermal roughness
lengths. Voogt and Grimmond (2000) find values be-
tween 10° and 10 for urban surfaces. In TEB, the road
and roof heat roughness lengths were equal to 2.5 X
104 and 7.5 X 107* m, and Z,,,..,, Was calculated as
theratio z,, /200 [the ratio of 200 is the mathematical
maximum limit accepted for the equations of Mascart
et al. (1995), which approximate the Monin—Obukhov
equations in the TEB and ISBA schemes|. However,
analyses done in the present study showed that for the
canyon resistance network (see section 6a), this ratio
must be applied only between the individual surfaces
and the air, not between the canyon air and the atmo-
sphere. The new formulations express that heat is ex-
tracted with great difficulty from the artificial surfaces;
but once the heat has been released, it can be freely
vented by turbulence, in particular, from the canyon to
the atmosphere. This process has been demonstrated
experimentally by Barlow and Belcher (2002).

Even if z, ., is set to the same value as 7, t0
represent the high ventilation, the ratio between z,  and
z,,, for the overall city remains large. For medium- to
high-density urban areas, z, ., iS usually on the order
of 1 m (Grimmond and Oke 1999b); z, ..., depends on
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the thermal roughness length of the roofs and of the
canyon system. In a simple approach, if Tg_,, Tg,,, and
T, areassumed equal, and if the surfaces arein similar
proportions, the resistance network presented on Fig. 2
is equivalent to an ensemble of resistances put in series
and parallel according to the system of Fig. 3, then, this
can be substituted by an equivalent resistance. Given
that R, is negligible in comparison with R, and R
the expression of the global resistance R, is written as

Req — Rroof Rroad Rlvall
Rroad R/vall + Rroof R\Nall + 2Rroof Rroad .

Notethat R, isof the same order of magnitude as R,
even if it is not computed with a roughness length for-
mulation [see Eqg. (2)], because heat is also difficult to
extract from walls. Consequently, the value of R, is of
the same order of magnitude as R s, Roas, @d R,5- IN
the same way, the values of thermal roughness length
are comparable and the order of magnitude of z,_,,,, IS
104 m. Under real conditions, the surface temperatures
are different for roads, roofs, and walls, and the relative
fractions of each surface may vary (e.g., the wall re-
sistance will havelessimportanceif therearelesswalls).
Nevertheless, the resistance network is closeto theidea
system presented previously and the 7, can be as-
sumed to be of the same order of magnitude, that is,
104 m.

The ISBA scheme resolves the SEB for the natural
surfacesin the modeling domain. It is presented in detail
in Noilhan and Planton (1989). | SBA has been eval uated
against surface energy balance flux observations for
Field Experiments in a Desertification-Threatened Area
(EFEDA) and the Hydrological Atmospheric Pilot Ex-

()
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periment (HAPEX)-Modelisation du Bilan Hydrique
(MOBILHY) field experiments (Noilhan and Mahfouf
1996).

4. Characterization of Marseille’s city center

Both TEB and ISBA schemes need an accurate de-
scription of the surface. For 3D modeling, the TEB—
ISBA parameters are usually derived from the Coor-
dination of Information on the Environment (CORINE)
land cover classification (CEC 2000), according to Mas-
son et a. (2003). Here, an independent, detailed data-
base was developed to define the parameters for the
Marseille city center. This database included aland cov-
er map, geometric parameters of the streets, and thermal
properties of building and road materials. To create this
surface database, an aerial photograph of the downtown
areaof Marseille (Fig. 1) was used to determine average
surface cover of 11 major surface cover types for a
1000-m radius area around the tower. Four kinds of roof
(tile, gravel, white, and other roofs), with distinct ther-
mal and radiative properties, were distinguished. Roads
and courtyards were distinguished in terms of surface
cover: asphalt, concrete, and gravel. Natural cover clas-
ses consisted of trees, other vegetation, water, and bare
ground. A 2-m-horizontal-resolution database of build-
ing heights was developed independently by Long et al.
(2002), based on data of the French National Geographic
Institut (IGN).

The French Electricity Company (EDF), and the Ate-
lier du patrimoine de la ville de Marseille (1983) pro-
vided information on the most common construction
methods in the southeast of France. These were used to
define the materials used for roofs, roads, and walls,
and the thicknesses of different layers. The thermal
properties of these materials were defined using typical
values from the literature (ASHRAE 1981; Oke 1987;
McMullan 1992; Mills 1993). Albedos were measured
for new tile and gravel roofs (0.28 and 0.21, respec-
tively) and were estimated from literature for old tile
darker roofs (0.15). The latter account for about 50%
of the tile roof area.

The roughness length for momentum was estimated
as 1.9 m, based on measured turbulence data.

5. Simulation

A modeling domain, corresponding to a specific area
of the Marseille city center, had to be chosen for com-
parison against the observed fluxes. Two different ap-
proaches can be used: static and dynamic. The static
approach assumes that the surface characteristicsaround
the study site are quite homogeneous. A circular area,
centered on the measurement point, is defined and sur-
face parameters cal culated. The dynamic approach takes
into account the variable ““source areas’ of turbulent
flux measurements (Schmid and Oke 1990; Grimmond
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TaBLE 1. Cover fractions, TEB, and ISBA input parameters ini-
tialized for the static modeling domain (a 500-m radius circle around
the tower site).

Cover fractions

Natural cover 0.136
Water 0.000
Building 0.595
Urban cover 0.864 [Road 0.269
Geometric TEB parameters
Building height 15.6 m
Canyon aspect ratio z,,/W 1.63
Wall/plane area ratio 1.14
Roughness length for momentum z,,  1.90 m

Road properties
Mean materials Asphalt and concrete over

dry soil (Masson et al.

2002)
Albedo 0.08
Emissivity 0.94
Roughness length for momentum z,, 0.05 m

Roof properties
Mean materials Tile or gravel over con-

crete, wood, and insula-

tion
Albedo 0.22
Emissivity 0.90
Roughness length for momentum z,, 0.15m
Wall properties
Mean materials Stone and wood shutters
Albedo 0.20
Emissivity 0.90
Temperature initialization
Inside building temperature 25°C
Deep soil temperature 17°C
ISBA parameters
Vegetation fraction 0.950
Bare soil fraction 0.050
Leaf area index (LAI) 30 m2m=2
Water content 0.230 m3 m~3 (wilting
point)

and Oke 1991) as a function of changing wind and
stability conditions.

First, the modeling domain was defined for a static
500-m radius circle centered on the tower (Fig. 1). Table
1 presents all of the input parameters computed for this
domain. For example, the roof abedo is calculated as
the average of the new tile, old tile, and gravel albedos,
according to their respective fractions. An anthropo-
genic sensible heat flux, Qg, is included in the model
simulations in order to take into account the traffic in
Marseille. Because no measurements were available to
evaluate this term, a typical daily cycle of Q; . was
added, following Grimmond (1992). Estimates of
Q... from this simple approach are always less than

15W m~2intheday and 2 W m~ 2atmght

The TEB and ISBA models are run in offline mode.
Both old and new versions of TEB are tested to study
the impact of the modifications. The data collected at
the top of the tower are used directly to force the
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Fic. 4. Comparison between observed and simulated canyon air
temperature, averaged for 21 days. The vertical bars are the maximum
bias of observed mean canyon temperature between the different
sensors. The tower air temperatures are recorded above the roof level
at the top of the tower.

schemes with a 30-min time step. The forcing level in
the model varies between 43.9 and 34.6 m, consistent
with the (up or down) position of the tower (Grimmond
et al. 2002). Data for the third intensive observation
period (IOP 3; 2—4 July), are not included here because
they are being withheld for a blind test of the dynamic
and chemistry models (Cros et al. 2002). Because the
models are forced by the observations, two independent
simulations had to be done: 14 days (from 18 June to
1 July) before IOP 3 and 7 days (from 5 to 11 July)
after. The results obtained by the static approach are
presented in the next section. It is followed by a sen-
sitivity study of the surface characteristics (section 7a).

6. Results
a. Canyon air temperature

This is the first evaluation of TEB where modeled
canyon air temperatures can be compared with obser-
vations (Pigeon et al. 2002). Given that vegetation cover
is limited in downtown Marseille, the TEB-modeled
temperature, for the top of the center of the canyon, is
compared directly with the average temperature from
fivein-canyon stationsin the city’s center (Fig. 1). These
results, and those for the above roof temperature, are
presented in Fig. 4. The vertical bars show the variability
of observed canyon temperatures. In the initial simu-
lation, the resolved canyon temperature overestimates
the observations by 4°C during the night and by much
more during the day (between 6° and 10°C). The ob-
servations show that the difference between canyon
temperature and above-the-roof-level air temperatureis
small, while the road and the walls around the sensor
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are much warmer (surface temperatures are presented
in the next section). Mixing of air takes place in the
upper part of the canyon and explains the influence of
the atmosphere temperature on the canyon temperature.

Much urban canyon research has focused on dynamic
processes in canyons, especialy in the context of un-
derstanding dispersion of pollutants (Johnson and Hunt-
er 1995; Baik and Kim 2002). Many studies show the
development of a vortex inside the canyon, which is
related both to the flow above the roof level, and the
canyon geometry. Other studies have been concerned
with the role of thermal processesinside street canyons.
Experimentally, Nakamura and Oke (1988) found large
temperature differences between the air inside the street
and the sunlit building surfaces (about 12-14 K) but
small differences between the air in the middle and at
the top of the canyon (almost aways less than 1 K).
Vachon (2001) obtained similar results for a street can-
yon with a 1.4 aspect ratio during summer with low-
wind conditions. Kim and Baik’s (1999) simulation of
the 2D potential temperature field inside a canyon with
one heated building face found a large temperature gra-
dient close to the heated surface and a lower air tem-
perature in the middle of the street. As noted in section
3, Barlow and Belcher (2002) show that the aerody-
namic resistance between the canyon and the atmo-
sphere above the street is very small.

As presented in section 3, previous formulations of
TEB did not produce sufficiently rapid ventilation of
the heat released by the urban surfaces inside the can-
yons. With the new version of the canyon resistance,
the predictions of TEB agree much more closely with
the observations, although temperatures are consistently
overestimated by 2 K. The canyon air temperaturevaries
dlightly from one station to another, influenced by the
distance to the coastline, vegetation close to the sensor,
the aspect ratio of the street, and the exact nature of the
buildings.

b. Surface temperature

In the TEB scheme, long- and shortwave radiation
balances are resolved by integration across all the street
orientations (Masson 2000). One mean surface temper-
ature is calculated for each kind of surface: Tgoy.,
Tsootreer @ Tgpy .- IN the ESCOMPTE-UBL cam-
paign, sensors were installed in different locations in
the area around the tower (see section 2). Diurnal pat-
terns vary in response to the specifics of each site. To
compare these observations with the surface tempera-
tures resolved by the model, the average Tgoy,.,
Tsooiye aNd Tg.y, have to be calculated according to
the street orientations. The fractions of the roofs com-
posed of tile and gravel fractions are accounted for in
the computation of the mean roof surface temperature
(see Table 2). The results of the comparison of mean
observed and modeled surface temperatures are pre-
sented in Fig. 5 and Table 3.
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TaBLE 2. Sites used to calculate the mean surface temperatures, including the number of sensors, the characteristics, and the number of
days of data available. Source of data: J. Voogt, University of Western Ontario.

Roads Walls Roofs
No. of sites 3 4 5 4 3
Site 1 east—west 1 north + 1 south 1 gravel roof 1 gravel roof 1 gravel roof
+2 north—-south +1 east + 1 west +4 tile roofs +3 tile roofs +2 tile roofs
No. of days 13.3 9.8 2.3 3.0 1.0

The best results are obtained for the roof surface tem-
perature, which is modeled well, both in terms of mag-
nitude and timing. For the roads and the walls, the com-
parison shows a good agreement at night but an over-
estimation of the maximum surface temperature during
the day (with a maximum error of about 2 or 3 K). The
new parameterization of the road and wall aerodynamic
conductances (presented in section 3) improved results,
especially for the road surface temperature, where the
bias with the initial version of TEB was more than 6
K. Despite this improvement, the simulated road and
wall surface temperatures remain offset from the ob-
servations, with different daily cycles. Some of thismay
be due to fact that the observations were conducted in
narrow streets with aspect ratios of about 2, whereas for
the model simulation an aspect ratio of 1.6 (Table 1) is
used. The modeling domain has both narrow (colder)
and large (warmer) streets (Fig. 1). Unfortunately, only
three road surface temperature sites were available: two
inside east—west streets and one inside a north—south
street (see Fig. 5).

For the walls, more measurements are available, but
there was high variability observed between the sites
(see Fig. 5)—a function of the pattern of the buildings,
the canyon orientation, and the width of the streets,
which all influence when surface heating starts to occur
on roads and walls. To more fully evaluate TEB’s ability
to reproduce aggregate road and wall temperatures, a
more complete sampling of street orientations will be

Road

needed. Remotely sensed data have the advantage of
giving more complete spatial coverage, which may cor-
respond more appropriately to the model domain. How-
ever, such datatend to be temporally limited and do not
necessarily see all of the facets (Masson et al. 2002).
On the whole, the temperature results are considered
satisfactory for the three surfaces considered, duein part
to the improvement of the ventilation process resulting
from greater understanding of canyon temperatures.

c. Internal building temperature

Internal building temperatures were recorded during
the campaign at four sites. The sensors were located on
the internal wall or about 0.1 m from the wall. These
measurements were averaged and compared with the
temperature of the wall internal layer resolved by TEB,
according to Masson et a. (2002).

The modeled temperature is always cooler than the
observed internal temperature, and the magnitude of its
diurnal cycleislarger (Fig. 6). A maximum bias of about
3 K is observed at 0800 UTC. The vaue of the air
temperature inside the room defined by TEB appears to
be to low. However, a sensitivity test of thisterm shows
no major impact on the surface temperatures presented
in the previous section or on the radiative and energetic
fluxes.

Wall

50¢ 50 ¢
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— Model

* ¥ Averaged observation

— Observations
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Fic. 5. Comparison between observed and simulated road, wall, and roof surface temperatures. The black thin lines
represent al of the measurements, while the asterisks present the mean observed surface temperatures weighted by
street orientation. The gray lines represent the composite surface temperatures resolved by TEB.
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TaBLE 3. Performance statistics for road, wall, and roof surface
temperatures (K).

Bias (TEB — obs) Rmse
Troa +2.2 38
Toan +0.9 1.6
Troof -0.3 2.1

d. Radiative fluxes

The incoming and outgoing global short- and long-
wave radiation fluxes were recorded near the top of the
tower. Both incoming long- (L*) and shortwave (S*)
radiation are used to force the surface schemes (see
section 5). The fraction of incident radiation absorbed
by built and natural surfacesis computed by TEB (sep-
arately for roads, walls, and roofs) and ISBA. Both
short- and longwave upward-simulated radiation,
weighted according to natural and built surface frac-
tions, are compared with the observations in Fig. 7. In
addition, an averaged simulated albedo, determined
from the natural cover albedo (ISBA initial parameter)
and the global urban albedo, is compared with the mea-
sured one (not shown). The albedos of each urban sur-
face and the geometric parameters of the canyon are
used to calculate the global urban albedo (see appendix
C). In particular, the comparison of the averaged albedo
allows an evaluation of the computation of the trapping
effect by reflections.

The upward shortwave radiation is simulated well by
TEB-ISBA, and the mean daily albedo (about 0.14,
according to the outputs) is in good agreement with
measurements (0.160 when the tower isat 43.9 m). Nev-
ertheless, a slight underestimation is evident in the
morning: the diurnal cycle of observed radiation pre-
sents higher radiation values in the morning than in the
afternoon, while the simulated cycle is perfectly sym-
metric because the TEB scheme calculates the radiative
balance by using an ideal symmetric canyon. Sensitivity
analyses show that a strong trapping of shortwave ra-
diation occurs in the canyon (canyon abedo is around
0.04, not shown). For deep canyons, TEB is not sen-
sitiveto wall and road albedos. It is much more sensitive
to roof albedo.

The upward longwave radiation is slightly overesti-
mated by TEB. Given the geometric parameter values
used for Marseille, most upward radiation comes from
the roofs. Given the high aspect ratio of the street can-
yons, thewalls play a moreimportant role than theroads
in the radiative balance. Here, about 50% of the bias of
upward longwave radiation is apparently due to a too-
high emission from the walls, where the surface tem-
perature is overestimated by TEB (see section 6b).

e. Surface energy fluxes

The flux measurements recorded at the top of the
tower are compared with the averaged energy fluxes
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FiG. 6. Comparison between observed and simulated internal build-
ing temperatures. The black thin lines represent all the measurements,
while the asterisks present the weighted mean observed temperature.

computed by the TEB—ISBA model (Fig. 8). The bias
and root-mean-square errors (rmse) for the overal,
nighttime, and daytime periods are given in Table 4.
Generally, the agreement between the model ed and mea-
sured SEB fluxes is good, with a bias of around 10-30
W m~2, regardless of the period considered. During the
day Q* is underestimated because of the longwave ra-
diation bias presented in the previous section. Also Q,,
is underestimated. This may be connected to a lack of
mixing at the roof level. Nevertheless, the model suc-
ceeds in producing a positive sensible heat flux at night,

800 :_, Model

[ % ¥ Observations

£ 600

400 s

Fluxes (W m

200

Time (h)

FiG. 7. Comparison between observed and simulated radiative flux-
es. The black asterisks represent the observed incoming and outgoing
solar (S* and S') and longwave (L* and L") radiation recorded at the
top of the tower. The gray lines represent the simulated outgoing solar
and longwave radiation average according to surface fractions.
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Fic. 8. Comparison between observed and simulated surface energy balance. The black asterisks are the observed
fluxes at the top of the tower. The gray pluses are sensible heat flux calculated from the scintillometer data, according
to the free-convection method. The gray line is the simulated fluxes, which are the weighted fraction average of fluxes

from roads, walls, roofs, and natural surfaces.

consistent with the observations. In addition, simulated
Q: isin good agreement with observations. The daily
cycle of the storage heat flux for the urban surfaces is
relatively well simulated by TEB, with the periods of
heat uptake and heat release observed also simulated by
the model (Fig. 9).

7. Sensitivity studies
a. Source-area calculation

To evaluate the effect of a static or dynamic modeling
domain (section 5), al days of the observation campaign
were classified in terms of wind conditions: mistral days,
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TABLE 4. Performance statistics for surface energy balance fluxes.
Obs and TEB refer to the mean values for the period; bias = TEB
— obs; rmse is the root-mean-square error (W m~2).

Q* Qu Qe 4Qs

Overall period Obs 164 152 20 -23
TEB 148 129 14 -10

Bias -15 —23 -6 +13

Rmse 30 63 42 66

Daytime Obs 374 247 31 93
TEB 354 221 28 103

Bias -20 —26 -2 +10

Rmse 37 82 52 85

Nighttime Obs —69 48 11 —126
TEB -80 29 2 -109

Bias -11 -19 -9 +17

Rmse 19 31 31 44

sea-breeze days, and other days without any special con-
ditions. Source areas of the turbulent heat fluxes com-
puted by the flux source area model (FSAM) (Schmid
1997) for the different conditions were determined (Fig.
10). Flux source areas are to the northwest of the tower
during mistral winds and to the west and south during
periods with pronounced sea breeze.

To produce the spatially most consistent comparison
of modeled and measured fluxes, the modeling domain
should be based on the flux source area for each time
period of measurements. To achieve this, TEB simu-
lations should be conducted for each high-resolution
domain square (i, j), forced by the tower atmospheric
parameters. The turbulent fluxes Q,, and Qg is the sum
of the weighted (w;;) fluxes for the instantaneous foot-
print:

Fower = E w,F. (8)
i

Although this approach is computer intensive, the re-
sults can reveal whether the simulated turbulent fluxes
are strongly modified by particular source-areafootprint
characteristics.

Given the high-resolution surface database devel oped
for this study (see section 4), the TEB—ISBA input pa-
rameters of any part of the Marseille city center can be
defined with a 10-m horizontal resolution. The hori-
zontal extent of the measurement source areas remain
limited to the city center (see Fig. 10). As is evident
from the aerial photograph (see Fig. 1), the surface char-
acteristics are relatively homogeneous in this area. A
sensitivity study over the range of conditions docu-
mented here can be used to evaluate the impact of dy-
namic modeling of source areas in central Marseille. If
this impact is large, dynamic runs would be necessary.

Because the cover fractions are known for each source
area, their variability can be computed. Five simulations
(S, S,, S, S, and S;) were run, modifying fractions
of vegetation, roofs, and water by the quantity = o rel-
ative to the mean value of the fraction (see Table 5).
When the vegetation or water fraction is modified (sim-
ulations S, S,, and S;), the inverse variation is applied
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Fic. 9. Comparison between observed and simulated hysteresis
loop relating the storage heat flux to the net radiation. The black
asterisks and the gray line with pluses are the observations and the
model outputs, respectively. The observed and simulated flux values
at 0000, 0600, 1200, and 1800 UTC are labeled.

to the town fraction. Thus, the roof fraction is modified
too, but the ratio of roads and roofsis assumed constant.
When the roof fraction is modified (simulations S, and
S,), theinverse variation is applied to the road fractions,
while vegetation and water fractions stay the same. For
two supplementary simulations (S; and S,), when the
cover fractions were the same, the geometric parameters
were modified by assuming a variation of £2.5 m on
the mean building height. The aspect ratio of the canyon
and the wall fraction were calculated again, according
to the new building height values. Note that the cover
fractions and the geometric parameters calculated for
each sensitivity test stay constant for the entire period
of the simulation. Table 5 gives, for each fraction cover
case, the heat flux bias between the reference and the
sensitivity case. The impact of the variations of the cov-
er fractions and the geometric parameters on the fluxes
computed by TEB is not very important (always under
6 W m~2). The strongest effect is found in simulation
(S;) where the water fraction is increased. This corre-
sponds to those periods when winds are from the north-
west and the source area is influenced by the port (see
Fig. 10). This condition actually only occurs for a rel-
atively few 30-min periods during the measurement
campaign. For the city center of Marseille, the relative
homogeneity of the surface characteristics means that
source-area calculations with the TEB scheme have lim-
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FiG. 10. Daytime source areas for the turbulent heat flux measurements for sea-breeze and mistral wind conditions. The darker areas have
a more significant influence on the flux than the lighter areas. The areas shown are calculated for the 90% source area footprint for each 30
min of flux data under these wind conditions. The areas with greater than 0.01% influence are shown for each wind condition.

TABLE 5. Bias of simulated SEB fluxes to changes in surface frac-
tions and geometric parameters. Bias = reference (static model do-
main) — varied fraction of vegetation, roof, and water and geometric
parameters (W m~2).

Bias
Simulations New parameter Qu Qe
S1: VEG+ feg = 0.1870 —4.5 +5.3
S2: VEG— fe = 0.0856 +4.5 -53
S3: ROOF+ foor = 0.6685 +4.9 +0.0
S4: ROOF— frot = 0.5209 +1.6 +0.0
S5: WATER+ fua = 0.0405 -57 +0.3
S6: HEIGHT + Zyg = 181 m -04 +0.0
S7: HEIGHT— Zyq = 131 m -0.7 +0.0

ited impact. The use of a static modeling domain isless
computer intensive and sufficient for this case.

b. Surface characterization

Typically the surface database that is available to
model large areas is not as detailed as that available in
this study. Here we compare the results obtained using
a readily available database with the site-specific da-
tabase. In Europe, a commonly used source of surface
information is the CORINE land cover classification
(CEC 2000). Thiswas used in 3D numerical simulations
during anticyclonic conditions over Paris (Lemonsu and
Masson 2002), where TEB is coupled to the Méso-NH
atmospheric model. The CORINE database has a hor-
izontal resolution of 250 m and distinguishes 11 urban
classes within its 44 total classes, where the most com-
mon are urban dense, suburban, commercial, and in-
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TABLE 6. Cover fractions and TEB input parameters initialized
according to the urban dense class of the CORINE land cover clas-
sification (Masson et al. 2003).

LEMONSU ET AL.

323

TaBLE 7. Performance statistics for SEB fluxes (Bias = TEB —
obs) when CORINE (Masson et a. 2003) surface database is used
for input parameters (W m-2).

Cover fractions

Natural cover 0.100
Water 0.000
Building 0.450
Urban cover 0.900 {Ro ad 0.450
Geometric TEB parameters
Building height 30.0m
Canyon aspect ratio z,,/W 0.82
Wall/plane area ratio 1.00
Roughness length for momentum z,,  3.00 m
Road properties
Albedo 0.08
Emissivity 0.94
Roof properties
Albedo 0.15
Emissivity 0.90
Wall properties
Albedo 0.25
Emissivity 0.82

dustrial classes. For each class, Masson et al. (2003)
have determined appropriate geometric parameters,
thermal properties of materials, for use with the TEB—
ISBA scheme. In redlity, there are large differences in
the materials and morphology both within and between
urban areas.

The CORINE land cover classification, for the study
areain Marseille, is composed of the urban dense class.
The standard geometric parameters specified for this
class (see Table 6) are different to those determined for
Marseillein thisstudy (Table 1), notably the aspect ratio.
The SEB fluxes simulated with TEB— SBA, using these
surface data, are shown in Fig. 11 and are compared
with those from the simulations above (with the more
detailed averaged surface for the Marseille downtown
site). The net radiation flux is better simulated in the
TEB CORINE-based simulation, because the roof al-
bedo used there is small (0.15). Nevertheless, thisvalue
is not in agreement with the measurements done in Mar-
seille city center. For the TEB CORINE-based simu-
lation, the turbulent and storage fluxes are correct (in
term of bias, presented in Table 7) but with some dis-
crepancies. The Q,, is overestimated in the middle of
the day and underestimated in the morning. In contrast,
AQgistoo large in the morning. The diurnal pattern of
hysteresis is increased; the fluxes are shifted so that the
maximum storage is observed earlier. These effects are
directly induced by the modification of the aspect ratio
of the street z,,/W and the decrease of the total wall
area. In the same way, the perturbation affects the sur-
face temperatures, which globally are overestimated
(not shown). These results show that more specific
knowledge of the surface characteristics of a city im-
proves the simulated energy balance by TEB. In future
3D-modeling work on the ESCOMPTE domain, the pa-

Q* Qu Qe 4Qs

Overall period Obs 164 152 20 -23
TEB 168 157 10 -11

Bias +4 +5 -10 +12

Rmse 26 82 43 78

Daytime Obs 374 247 31 93
TEB 385 271 21 93

Bias +11 +24 -10 -0

Rmse 32 110 53 104

Nighttime Obs —69 48 11 —126
TEB —73 31 1 —104

Bias -5 -17 -9 -22

Rmse 18 30 31 43

rameters determined in this study for Marseille city cen-
ter will be applied to the urban dense class of the COR-
INE land cover classification.

c. Soil water initialization

The reference simulation assumes that all the natural
covers of the Marseille city center areirrigated, because
the water content of the ISBA hydrological layers is
initialized to the field capacity (see Table 1). A com-
plementary sensitivity test is conducted to estimate the
impact of the soil water initialization on the energy flux-
es. Thewater contentsareinitialized to the wilting point,
namely, 0.213 instead of 0.302 m® m~3. Under such
condition, the latent heat flux isalmost null (not shown).
Because the net radiation is not significantly modified,
the losses of latent heat flux are balanced by a sensible
heat flux gain of about 50 W m~2. The heat storage is
not influenced and does not change.

8. Conclusions

Running TEB in an offline mode, forced by tower-
based measurements, allowed this study to focus on
the influence of surface input parameters. Data col-
lected on air temperatures within urban canyons al-
lowed modeled and observed canyon air temperatures
to be compared for the first time. The results showed
that TEB in its original form did not simulate suffi-
ciently rapid ventilation of the air from the canyon.
When the mixing is intensified (but a very large z,,/
Z,, ratio is kept for the whole urban domain), the sim-
ulated canyon air temperature isimproved. The altered
canyon aerodynamic resistance and the realistic defi-
nition of the TEB input parameters, resulted in good
behavior in terms of road, wall, and roof surface tem-
peratures and SEB fluxes.

The Marseilleregionischaracterized by the presence
of strong winds and large net radiative fluxes during
summer. Under sea breeze conditions, a cold advection
from the sea takes place and intensifies the temperature
gradient between the ground and the atmosphere. As
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Fic. 11. Simulated and tower-based observed SEB fluxes. Simulations use the detailed surface database developed
in this study (same as Fig. 8) and the CORINE (Masson et al. 2003) database.

a consequence, the partitioning between Q,, and AQg
favors the turbulent sensible heat flux. Thisis contrary
to results from the Mexico City core, where TEB has
been evaluated previously. In both cities, TEB—ISBA
partitions these fluxes appropriately. Furthermore, at
night, it succeeds in producing a positive Q,,, as ob-
served in the measurements. All of these results are
encouraging for future 3D modeling with TEB. Future

research will involve high-resolution simulations with
TEB—ISBA input parameters defined here for the city
center, linked to the Méso-NH atmospheric model (La-
fore et al. 1998).

Last, the sensitivity studies have shown that TEB is
a robust surface scheme. The surface characteristics
are sufficiently homogeneous to allow use of a static
simulation domain. Nevertheless, the Marseille city
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center required specific attention, because their urban
parameters are totally different than those usually ap-
plied to dense city centers.
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APPENDIX A

Application of the New Resistance
Parameterization on Mexico City Downtown and
Vancouver Light Industrial Sites

In this study the Town Energy Balance has been mod-
ified to incorporate better venting of heat from the can-
yon. To ensure that this is not a site-specific improve-
ment, the revised TEB model was also reevaluated for
a downtown area of Mexico City and a light industrial
sitein Vancouver (described in Masson et al. 2002). For
Mexico City, the impact of the modification is very
small—almost nonexistent for road temperature (see Ta-
ble A1) and for surface energy budget fluxes (see Table
A2). This may be explained by the fact that sensible
heat flux has a smaller role in Mexico City than in
Marseille, and that there is arelatively small amount of

TaBLE Al. Performance statistics for surface temperatures for
Mexico City and Vancouver light industrial site with this study’s
version of TEB (K).

Mexico City Vancouver
Bias Bias
(TEB — obs) Rmse (TEB — obs) Rmse
Toom +3.1 34 Toa -04 1.2
Toos +1.9 45 Troor 2.4 7.4
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TaBLE A2. Variation of heat fluxes between the initial simulation
(Masson et a. 2002) and the simulation including the improvement
of the canyon aerodynamic resistance (this work) for Mexico City
and Vancouver light industrial sites (W m—2).

AQY) AZ,y + Qe) A(AQy)
Mexico City
Daytime +4 +15 -11
Nighttime +2 0 +2
Vancouver
Daytime +5 +13 -8
Nighttime +2 1 +3

sunlight on roads for Mexico City, due to wintertime
simulations (one can indeed note that the diurnal vari-
ation of road temperature is much smaller than for Mar-
seille).

In contrast, for the Vancouver light industrial site,
there is a major impact on surface temperatures (cf.
Table 7 and Table 3 of Masson et a. 2002), with alarge
improvement of the wall surface temperature (bias is
nearly removed and rmse is much smaller). Thisis due
to theforcing of thewall surface temperature by acolder
(and probably more appropriate) canyon air tempera-
ture. The variation of the energy fluxes, however, is not
large, with mostly a small increase of sensible heat (ap-
proximately 5%) in the daytime. Therefore, we conclude
that the new form of TEB resultsin no impact for Mex-
ico City and an improvement for the site in Vancouver.

APPENDIX B

Calculation of the Wind Speed inside the Canyon

Theinitial version of the cal culation of thewind speed
U.,, inside the canyon is presented in detail in Masson
(2000). Generaly, in the case where the mean flow
above the roof level is parrallel to the canyon orienta-
tion, the wind speed is approximated by a logarithm
profile between the high part of the canyon and the
atmospheric level, while an exponentia profile is im-
posed inside the canyon. In this parameterization, azero
U, is assumed when the mean flow is perpendicular
to the canyon orientation. This assumption corresponds
to the skimming flow (Oke 1987), where the urban can-
yons are narrow. Last, after integration on 360° (in order
to account for all street orientations), the U, expression
is

In ( Zzobm/ 3 )

2 mtown

wn = — X (—%;) —IU. (B1)
|n<zref + Zbld/‘?’)

ZOMtown
An extension to the wake interference flow and the iso-
lated roughness flow is now added in the calculation of
the wind speed. When the canyon aspect ratio is larger
than 1, the TEB parameterization stays unchanged [Eq.

w
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B1]. With an aspect ratio under 0.5, namely, in the case
of the isolated roughness flow, the wind speed inside
the canyon keeps the same magnitude, whatever the
orientation of the mean flow above the roof level:

In(—zzob'dB)
= exp(—ﬁ> U (B2
aw n (z,ef + zbld/3>
ZOMtown

The intermediate case (corresponding to the wake flow)
uses the followed formulation:

2 Zbld 1 Zbld
= —+ —_ = _ = = _—
oo [ A2 2] ool )

In( Z,4/3 )
ZOMtown

X e
m(me + zbm/3>

mtown

(B3)
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APPENDIX C

Calculation of the Global Urban Albedo

From the incoming shortwave radiation (S'), TEB
calculates the fraction of incident shortwave radiation
absorbed by built surfaces. It takes into account the 3D
urban geometry to estimate the shade effects, radiation
trapping, and absorption, according to the following
(Masson 2000):

St = (1 — oa)Sioan + (1 — o) Som

+ (1 - @)l — VY IMS,, and (C1)
Shar = (1 = aa)Siar + (1 — aa)Sua

+ (1= apa)d — 2V, )M,

+ (1 - o) — Y, a)MS,, and (C2)
Sioort = (1 = o) Sior + (1 = o) Sroars (C3)

where «; are the road, wall, and roof abedos; SP and
S are the direct and scattered solar radiation received
by roads, walls, and roofs, W, are the road and wall
sky-view factors; and M$ is the energy absorbed from
all the reflected radiation:

St —
Ivlwall -

1 - (1= 2% — (1 = Vo) Wi Qron G
Shai(0) + Wi s Sioas(0)

and (c4)

The reflected radiation at first reflection Si (0) are de-
fined in Masson (2000) as R;(0) (notation has been
clarified here). The outgoing shortwave radiation can
be resolved separately for roads, walls, and roofs, and

froadsfoad + fwallszflall + fI'OOfS?:'JOf

1-(1-2¥,)a. — (1 -

(C5)

W) W wat ot Aol

averaged according to the respective fractions of area
covers. Last, the global urban albedo is defined as the
ratio of total outgoing and incoming shortwave radi-
ation:

Qrgg = 1 —

with f.., f.a, and f,. being the respective fractions
of roads, walls, and roofs.
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