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Abstract. An urban surface scheme for atmospheric mesoscale models is presented. A generaliz-
ation of local canyon geometry is defined instead of the usual bare soil formulation currently used
to represent cities in atmospheric models. This allows refinement of the radiative budgets as well as
momentum, turbulent heat and ground fluxes. The scheme is aimed to be as general as possible, in
order to represent any city in the world, for any time or weather condition (heat island cooling by
night, urban wake, water evaporation after rainfall and snow effects).

Two main parts of the scheme are validated against published data. Firstly, it is shown that the
evolution of the model-predicted fluxes during a night with calm winds is satisfactory, considering
both the longwave budget and the surface temperatures. Secondly, the original shortwave scheme is
tested off-line and compared to the effective albedo of a canyon scale model. These two validations
show that the radiative energy input to the urban surface model is realistic.

Sensitivity tests of the model are performed for one-year simulation periods, for both oceanic
and continental climates. The scheme has the ability to retrieve, without ad hoc assumptions, the
diurnal hysteresis between the turbulent heat flux and ground heat flux. It reproduces the damping
of the daytime turbulent heat flux by the heat storage flux observed in city centres. The latent heat
flux is negligible on average, but can be large when short time scales are considered (especially
after rainfall). It also suggests that in densely built areas, domestic heating can overwhelm the net
radiation, and supply a continuous turbulent heat flux towards the atmosphere. This becomes very
important in winter for continental climates. Finally, a comparison with a vegetation scheme shows
that the suburban environment can be represented with a bare soil formulation for large temporal or
spatial averages (typical of global climatic studies), but that a surface scheme dedicated to the urban
surface is necessary when smaller scales are considered: town meteorological forecasts, mesoscale
or local studies.

Keywords: Surface scheme, Urban Canyon, Urban energy balance, Urban water balance, Urban
boundary layer.

1. Introduction

Due to the complexity and diversity of towns around the world, conclusions drawn
from experimental studies on the interaction between the atmosphere and urb-
anized areas most of the time are limited either to a particular site or physical
processes. To overcome this problem, numerical studies are aimed to simulate the
urban climatology or energy budget. However, they still follow rather simplified
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358 VAL ÉRY MASSON

approaches. Building-resolving models, i.e., models in which individual building
shapes are described, allow the detailed examination of specific processes (radiat-
ive effects, see for for example, Terjung and O’Rourke (1980), or wind channeling),
but because of computational cost, applications are limited to local urbanization
and comfort studies. Simpler building-averaged models have also been developed.
The most famous is the ‘canyon’ model, from Oke and colleagues developed during
the seventies, dedicated to urban streets, where a road is bordered by two facing
building walls. Several numerical models have been developed using the canyon
geometry (Johnson et al., 1991; Mills, 1993; Arnfield et al., 1998) to study radiative
trapping, surface energy budgets (using multiple facets for each surface) or canyon
winds.

The two model types presented above are used in urban climatology in order
to comprehend town energetics. The next modelling step is to perform a coupling
between the urban surface and the atmosphere in mesoscale atmospheric models.
The most common way to do this is to use a vegetation-atmosphere transfer model,
whose parameters have been modified (Seaman et al., 1989; Menut, 1997), as op-
posed to an urban model. Cities are then modelled as bare soil or as a concrete plate.
The roughness length is often large (one to a few metres, see Wieringa, 1993; or
Petersen, 1997). The soil moisture availability (or the soil depth) is reduced, so that
the Bowen ratio is shifted towards high values (viz. large sensible heat flux). The
most recent works tend to simulate other factors, such as heat storage, by the use of
a concrete canopy above the surface. A horizontal plate is in radiative interaction
with the surface in Best (1998), and the treatment is similar to a forest canopy in
Soux et al. (1998). The Taha (1999) mesoscale study uses a semi-empirical formu-
lation for the heat storage flux – the Objective Hysteresis Model by Grimmond et
al. (1991).

The above illustrates the gap between the state of the art in urban climatology
and its parameterization in atmospheric models. The objective of the present pa-
per is to present an urban model that links the climatologists’ approach of city
representation to an atmospheric model.

The Town Energy Budget (TEB) scheme is built following the canyon approach,
generalized in order to represent larger horizontal scales. The physics treated by the
scheme are relatively complete. Due to the complex shape of the city surface, the
urban energy budget is split into different parts:threesurface energy budgets are
considered: one for the roofs, roads, and walls. Orientation effects are averaged
for roads and walls. Up to two energy budgets are added for snow when this is
present on roofs or roads. Some of the physics were derived from the literature
(longwave radiation or thermal conduction through the surfaces), since they are
classically assumed to estimate temperatures in conditions without feedback to-
wards the atmosphere (during nights with calm wind). However, most parts of
the physics need an original approach (shortwave radiation, thermodynamical and
anthropogenic flux treatment, rain and snow), since they occur when interaction
with the atmosphere is strong.
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The TEB scheme is presented in Section 2. A validation of some aspects of
the scheme is shown in Section 3, and sensitivity experiments using single-year
atmospheric forcings are discussed in Section 4. Conclusions are given in Section
5.

2. Presentation of the Town Energy Budget Scheme

2.1. OBJECTIVES

The TEB model is aimed to simulate the turbulent fluxes into the atmosphere at
the surface of a mesoscale atmospheric model covered by buildings, roads, or any
artificial material. It should parameterize both the urban surface and the roughness
sublayer, so that the atmospheric model only ‘sees’ a constant flux layer as its lower
boundary.

The TEB scheme must be considered as part of the surface parameterization
of the atmospheric model. The fluxes should be computed for each land type by
the appropriate scheme, and then averaged in the atmospheric model grid mesh,
with respect to the proportion occupied by each type. For example, partitions
should be: (1) sea; (2) inland water; (3) natural and cultivated terrestrial surface; (4)
towns. The following fluxes are calculated: latent and sensible heat fluxes (W m−2),
upward radiative fluxes (W m−2) and component momentum fluxes (m2 s−2).

2.2. TOWN GEOMETRY DESCRIPTION

Numerous fine-scale studies on building climatology exist. In these, several indi-
vidual buildings are usually present in order to study their radiative interaction,
the wind channeling effects, or the building insulation characteristics. Thecanyon
concept, developed by city climatologists (e.g., Oke, 1987), uses such a framework:
it considers a single road, bordered by facing buildings. In these studies, models
are, at best, forced by atmospheric data (radiation, wind above the roofs) but are
not interactive with it.

The TEB model aims to parameterize town-atmosphere dynamic and thermody-
namic interactions. It is applicable for mesoscale atmospheric models (a grid mesh
larger than a few hundred metres). Then, spatial averaging of the town character-
istics, as well as its effect on the atmosphere, are necessary. The individual shapes
of each building are no longer taken into account, so that TEB geometry is based
on the canyon hypothesis. However, a single canyon would be too restrictive at the
considered horizontal scale.

We therefore use the following original city representation:

1. The buildings have the same height and width (in the model mesh), with the
roof level at the surface level of the atmospheric model.
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TABLE I

Parameters of the TEB scheme. Note thatatown is not strictly a parameter of the TEB scheme,
but is used to average the output TEB fluxes with those computed for the vegetation and water
portions of the grid mesh. Note also that some surfaces between the buildings, such as gardens or
parks, for example, arenot treated by the TEB model, but modify the canyon width,w.

Symbol Designation of symbol Unit

Geometric parameters

atown Fractional area occupied by artificial material –

abld Fractional artificial area occupied by buildings –

1− abld Fractional artificial area occupied by roads –

h Building height m

h/l Building aspect ratio –

h/w Canyon aspect ratio –

z0town Dynamic roughness length for the building/canyon system m

Radiative parameters

αR , αr , αw Roof, road and wall albedos –

εR , εr , εw Roof, road and wall emissivities –

Thermal parameters

dRk , drk , dwk Thickness of thekth roof, road or wall layer m

λRk , λrk , λwk Thermal conductivity of thekth roof, road or wall layer W m−1 K−1

CRk , Crk , Cwk Heat capacity of thekth roof, road or wall layer J m−3 K−1

2. Buildings are located along identical roads, the length of which is considered
far greater than their width; the space contained between two facing buildings
is defined as a canyon.

3. Any road orientation is possible, and all exist with the same probability. This
hypothesis allows the computation of averaged forcing for road and wall sur-
faces. In other words, when the canyon orientation appears in a formula (with
respect to the sun or the wind direction), it is averaged over 360◦. In this way,
no discretization is performed on the orientation.

These hypotheses, as well as the formulations chosen for the physics (see
hereafter), allow the development of a relatively simple scheme. The parameters
describing the city are displayed in Table I, and the scheme variables can be found
in Table II.

The TEB model does not use one urban surface temperature(representative
of the entire urban cover), butthreesurface temperatures, representative of roofs,
roads and walls. There are two reasons for this:

– Urban climatologists generally consider complex (non-flat) geometry cases, in
particular the ‘canyon’ geometry. In order to be consistent with their findings,
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TABLE II

Energy fluxes and variables in the TEB scheme.

Symbol Designation of symbol Unit

Prognostic variables

TRk , Trk , Twk Temperature of thekth roof, road or wall layer K

WR ,Wr Roof and road water interception reservoir kg m−2

WsnowR ,Wsnowr Roof and road snow interception reservoir kg m−2

TsnowR , Tsnowr Roof and road snow temperature K

ρsnowR , ρsnowr Roof and road snow density kg m−3

αsnowR , αsnowr Roof and road snow albedo –

Diagnostic variables

Tcan Canyon air temperature K

qcan Canyon air specific humidity kg kg−1

Ucan Along canyon horizontal wind m s−1

αtown Town effective albedo –

Ttown Town area averaged radiative surface temperature K

Input energy fluxes

L↓ Downward infrared radiation on an horizontal surface W m−2

S↓ Downwarddiffusesolar radiation on an horizontal surface W m−2

S⇓ Downwarddirect solar radiation on an horizontal surface W m−2

Htraffic Anthropogenic sensible heat flux released in the canyon W m−2

LEtraffic Anthropogenic latent heat flux released in the canyon W m−2

Hindustry Anthropogenic sensible heat flux released by industries W m−2

LEindustry Anthropogenic latent heat flux released by industries W m−2

Other energy input

Tibld Building interior temperature K

Output energy fluxes

S∗R, S∗r , S∗w Net solar radiation budget for roofs, roads and walls W m−2

L∗
R

, L∗r , L∗w Net infra-red radiation budget for roofs, roads and walls W m−2

HR,Hr ,Hw Turbulent sensible heat flux for roofs, roads and walls W m−2

LER, LEr , LEw Turbulent latent heat flux for roofs, roads and walls W m−2

GRk,k+1,Grk,k+1,Gwk,k+1 Conduction heat flux betweenkth andk + 1th roof, W m−2

road or wall layers

Htown Town averaged turbulent sensible heat flux W m−2

LEtown Town averaged turbulent latent heat flux W m−2
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the TEB model uses a complex surface consisting of multiple explicit energy
budgets.

– One spatially-averaged surface temperature is often used in soil-vegetation
schemes, in order to compute the turbulent fluxes towards the atmosphere
according to Monin–Obukhov similarity theory. However, over towns, the use
of only one temperature should be debatable, because it is observed that the
Monin–Obukhov similarity theory does not apply for temperature in the urban
roughness sublayer.

The second point will be addressed in more detail in Section 2.9. The parameters
of the scheme depend directly on building shapes and construction materials. This
makes the TEB scheme easy to initialize, without the need for any atmospheric
data for parameter tuning. Construction material characteristics can be found in
the literature (e.g., see Oke, 1988).

One must separately treat roads and walls, as they occur differently in all the
physical processes under consideration (sky viewing, thermal structure, source of
heating inside the buildings, or the presence of water or snow on the road). In
contrast, the sunlit and shadowed walls are not treated separately, as the two facing
walls are identical for all processes, except one, the direct solar radiation. Note
that the two walls behave similarly for the scattered solar radiation (i.e., in cloudy
conditions). The problem here is that it is not clear how to separate sunlit and
shadowed walls. The situation would be relatively straightforward if there was only
one street direction, but at the town scale, this is not so, and streets parallel or per-
pendicular to the sun direction are found. To treat separately the walls, according
to illumination by the sun, would necessitate a separate treatment for the street
directions. A discretization for the streets should be performed at least every 45
or 30◦, leading respectively to four or six energy budgets for roads, and twice as
many for walls. Furthermore, the effect of the longwave radiation non-linearities
produced by a single wall temperature is very small. Supposing a canyon with a
road width equal to the building height (leading to a sky-view factor for the walls
of 9w = 0.3, see Section 2.6) and a wall emissivity of 0.85, the difference in the
canyon-top budget between two walls at 290 K, or two walls at 280 and 300 K, is
only 1.5 W m−2. Therefore, for sake of scheme simplicity, only one energy budget
is chosen for the walls. Particular attention is still paid to the solar radiation budget,
and the validation presented in Section 3.2 shows it is accurate at canyon scale.

2.3. TEMPERATURE EVOLUTION EQUATIONS

As discussed above, the urban surface is very inhomogeneous with respect to shape
and building materials. Urban climatologists need at least four component surfaces
to describe it: the roof, the road, and two facing walls. The problem considered
here (the evaluation of the turbulent and radiative fluxes from the urban cover to the
atmosphere) allows the treatment of only three types of surfaces (roof, road, wall),
while keeping enough accuracy to correctly represent the different terms of the
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Figure 1.Discretization of the surfaces (roof, wall, road) and prognostic variables: layer temperat-
uresT?k (? = R,w, r; here three layers are displayed for each surface, sok = 1,2, 3), surface
water contentW? (? = R, r), surface snow contentWsnow? (? = R, r). The layer temperatures
are representative of the middle of each layer (dotted lines). The surface temperatures are assumed
to be equal to the surface-layer temperature:T? = T?k . The internal building temperatureTibld is
prescribed. Fractions of water or snow (δ? andδsnow? respectively) are computed from the water and
snow contents (see text). Snow density, albedo and temperature are computed independently for roof
and road by a snow mantel scheme (in this paper, a one-layer scheme was chosen).

surface energy budget. This is why the TEB model usesthreesurface temperatures,
TR, Tr andTw, representative of roofs, roads and walls, respectively.

Furthermore, in order to treat the conduction fluxes to or from the building
interiors (roof, wall) or the ground (road), each surface type is discretized into
several layers (Figure 1). By convention, the layer with subscript 1 is the one in
contact with the air (hereafter ‘surface layer’).

The equations describing the evolution of the temperatures of the layers
(representative of the middle of each layer) are based on energy budget consid-
erations. The prognostic equations for the surface layers of the roof, wall and road
respectively, read:
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CR1

∂TR1

∂t
= (1− δsnowR)

1

dR1

(
S∗R + L∗R −HR − LER −GR1,2

)
+δsnowR

1

dR1

(
GRsnow,1 −GR1,2

)
(1a)

Cw1

∂Tw1

∂t
= 1

dw1

(
S∗w + L∗w −Hw −Gw1,2

)
(1b)

Cr1
∂Tr1

∂t
= (1− δsnowr )

1

dr1

(
S∗r + L∗r −Hr − LEr −Gr1,2

)
+δsnowr

1

dr1

(
Grsnow,1 −Gr1,2

)
. (1c)

These three equations can be written in a generic way:

C?1

∂T?1

∂t
= (1− δsnow?)

1

d?1

(
S∗? + L∗? −H? − LE? −G?1,2

)
+δsnow?

1

d?1

(
G?snow,1 −G?1,2

)
, (1d)

where, the subscript? denotes eitherR, r or w, describing roof, road and wall
variables (only the roof and road for water variables) respectively. This convention
is used in the rest of the paper. Here,T?k is the temperature of thekth layer of
the considered surface (in the above equations,k = 1); C?k represents the heat
capacity,λk the thermal conductivity andd?k the layer thickness.

The fluxesS∗? , L∗?, H?, LE?, G?1,2 andG?snow,1 denotes net solar radiation, net
infrared radiation, sensible heat flux, latent heat flux, and conduction heat flux
between the surface layer and the underlying layer, conduction heat fluxes between
the base of the snow mantel and the surface, respectively;δsnow? is the snow fraction
on the surface (which is zero on the walls).

It is assumed that the surface layer of each surface is sufficiently thin such that
the layer-averaged temperature can be used to evaluate the radiative and turbulent
surface fluxes. This means that the surface temperaturesT? are computed as:

T? = T?1.

For the sake of clarity, the 1 subscript will be removed in the following sections.
The other layer temperatures evolve according to a simple heat conduction

equation. For thekth layer:

C?k
∂T?k

∂t
= 1

d?k

(
G?k−1,k −G?k,k+1

)
. (2)
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In these equations, the conduction flux between layersk andk + 1 reads (for
k < n wheren is the number of layers):

G?k,k+1 = λk,k+1
T?k − T?k+1

1
2(d?k + d?k+1)

(3)

with

λk,k+1 = d?k + d?k+1

(d?k/λk)+ (d?k+1/λk+1)
. (4)

The lower boundary conditions for the roofs and walls are given by the build-
ing internal temperature, that for the road being represented as a zero flux lower
boundary. The fluxes between thenth layer (the inner layer) and the underlying
material are then:

GRn,n+1 = λn
TRn − Tibld

1
2(dRn)

, (5)

Gwn,n+1 = λn
Twn − Tibld

1
2(dwn)

, (6)

Grn,n+1 = 0. (7)

Note that the number of layers for roof, wall and road can differ. In this study,
three layers for each surface are chosen. Due to large temperature gradients that
can exist, and because of the multi-layer structure of the walls or the roofs, it is
recommended that at least three layers are used to represent each surface.

2.4. WATER RESERVOIR EVOLUTION

Liquid or solid precipitation intercepted by urban surfaces is rarely addressed in the
literature, except for sewer system and hydrological considerations. An exception
is Grimmond and Oke (1991), however, in which the model used was initially
dedicated to forest studies, and is limited to the water budget computed from the
Penman–Monteith equation. They added anthropogenic water sources and used the
Grimmond et al. (1991) heat storage flux formulation.

Because of the presence of the surface temperatures in the TEB scheme, the sat-
uration specific humidity, and thus the turbulent latent heat flux, can be computed
more easily (see Section 2.9). The liquid precipitation is intercepted by both roofs
and roads, and there is runoff from roofs and roads to the sewer system. Roads and
roofs can be covered by a certain amount of water, parameterized by the variables
Wr andWR , respectively. These surfaces are impervious. Then, instead of defining
a relative humidity, it is more judicious to treat the fraction of surface covered by
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the water,δr andδR. This part is saturated (fractional water pools), while the other
part is assumed to be dry. Water evaporates when the air humidity is unsaturated
until all water has disappeared from the impervious surface.

The snow-free fraction of the surface occupied by liquid water is computed as
δ? = (W?/W?max)

2
3 (Noilhan and Planton, 1989), whereW?max is the maximum

water amount on the surface.
Furthermore, urban dew is taken into account (in the case of negative latent

heat flux), as its occurrence can have significant effects, as pointed out by Richards
and Oke (1998). It requires a special treatment: when conditions are present for
dew to occur (air humidity larger than the surface saturation humidity), the sur-
face is considered wet (δ∗ = 1). This allows then a negative latent heat flux, and
hence dewfall that can fill the interception reservoirs. These treatments are deduced
from those for the foliage interception reservoirs in vegetation schemes (Deardorff,
1978; Noilhan and Planton, 1989).

Addition of an anthropogenic water source was not retained in TEB, because it
does not compute evaporation from gardens or parks. Irrigation water input should
be taken into account through the vegetation scheme dedicated to these natural
surfaces. However, anthropogenic fluxes of water vapour directly into the air exist
in the scheme (see Section 2.9), in order to represent factory release, for example.

Finally, the water-reservoir evolution equation is (for roof or road):

∂W?

∂t
= R − LE?/Lv, (W? < W?max), (8)

whereR is the rain rate (kg m−2 s−1) andLv is the latent heat of vaporization.
The reservoirs are of small capacity, and the water in excess is lost as runoff.

They are set equal toWRmax = Wrmax = 1 kg m−2, which is well in the range of
values explored by Grimmond and Oke (1991). The total depletion of the reservoirs
by evaporation requires, in general, a few hours of daytime conditions.

2.5. SNOW EFFECTS

Snow is intercepted by roofs and roads, and a snow scheme is implemented on each
surface type. Snow density, albedo, temperature and thickness of water equivalent
depth are parameterized, and radiation, sensible heat flux, sublimation, conduction
and melting are taken into account.

The evolution rate of the snow albedo is enhanced (and its minimum value
lowered) in order to represent car pollution (dirty snow). A time-dependent
drainage term is included to take into account snow-plow work (if any).

The snow fraction on roof or road surfaces is set equal to a function of the
snow interception reservoir(Wsnow?): δsnow? = Wsnow?/(Wsnow? + Wsnow?max). The
parameterWsnow?max is set equal to 1 kg m−2. The snow has an effect on:

– the energy budget of the surfaces (since part of the downward heat flux arises
from the base of the snow),
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– the heat fluxes from the road towards the canyon or from the roof towards the
atmosphere,

– the radiative calculations for the canyon surfaces, because of the snow albedo,
emissivity and temperature.

2.6. LONGWAVE BUDGET

The trapping of longwave radiation by the canyon surfaces is computed with one
re-emission taken into account (from the Johnson et al. (1991) formulation).

The sky-view factors are needed, and are computed for the TEB geometry (an
infinite canyon) according to Noilhan (1981):

9r = [(h/w)2+ 1]1/2− h/w, (9)

9w = 1

2
{h/w + 1− [(h/w)2+ 1]1/2}/(h/w). (10)

These factors represent the fraction of sky seen from the road and one wall re-
spectively, compared to the sky fraction that a flat horizontal surface would see
without obstruction. The sky-factor for the roof is then equal to 1. If the buildings
are very low,9r tends to 1 and9w to 0.5 (one wall then sees one half of the sky).
In this case, longwave radiative fluxes from the roads will be unperturbed by the
walls. On the contrary, if the buildings are very tall, both sky factors tend to zero,
and radiative exchanges will mostly occur between the walls, and less energy will
escape towards the sky.

The net longwave radiation absorbed by the snow-free road and wall surfaces is
given as:

L∗r = εr9rL
↓ − εrσT 4

r + εrεw(1−9r)σT 4
w

+εr(1− εw)(1−9r)9wL↓ + εrεw(1− εw)(1−9r)(1− 29w)σT
4
w

+εr(1− εw)(1−9r)9wσεrT 4
r , (11)

L∗w = εw9wL
↓ − εwσT 4

w + εw9wσεrT 4
r

+ε2
w(1− 29w)σT

4
w + εw(1− εr)9w9rL↓

+εw(1− εw)9w(1− 29w)L
↓ + ε2

w(1− εw)(1− 29w)
2σT 4

w

+ε2
w(1− εr)9w(1−9r)σT 4

w + εw(1− εw)9w(1− 29w)σεrT 4
r , (12)

where

εr = (1− δsnowr )εr + δsnowr εrsnow,
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Figure 2.Solar radiation received in a canyon perpendicular to the sun direction; left hand: sun low
over the horizon (λ > λ0); right hand: sun high over the horizon (λ < λ0).

εrT
4
r = (1− δsnowr )εrT

4
r + δsnowr εrsnowT

4
snowr .

By inverting the snow-covered and snow-free road characteristics in Equation
(11), the longwave radiative budget on the top of the snow mantel can be defined.
To deduce Equations (11) and (12), we used the fact that, if9r represents the
contribution of the sky to the road viewing, then(1− 9r) is the contribution of
the two walls. For the budget of one wall, the sky-view factor is9w, the road-view
factor is9w (per symmetry), and the facing wall-view factor is(1− 29w).

2.7. SOLAR RADIATION

2.7.1. Direct Solar Radiation
Because of shadow effects, special computations are required to estimate the solar
flux received either by the walls or the roads.

Let S⇓ be the direct solar radiation received by ahorizontalsurface at the first
atmospheric model level; the roof surface receives this amount of radiation. Let
θ be the angle between the sun direction and the canyon axis, andλ be the solar
zenith angle (from zenith). Let us first consider a road perpendicular to the sun’s
direction (θ = π/2, Figure 2);λ0 = arctan(w/h) is defined as the zenith angle for
which the sun begins to illuminate the road. It can be noted that, whatever the sun
position, one of the two walls is in shadow, the other one is partially in light.

The mean direct solar fluxes received by both walls and by the road, for a street
direction perpendicular to the sun, are:

S⇓w
(
θ = π

2

)
=


1

2

w

h
S⇓ if λ > λ0

1

2
tan(λ)S⇓ if λ < λ0,



A PHYSICALLY-BASED SCHEME FOR THE URBAN ENERGY BUDGET 369

S⇓r
(
θ = π

2

)
=


0 if λ > λ0(

1− h

w
tan(λ)

)
S⇓ if λ < λ0.

In order to take into account the other canyon orientations, one should replacew

byw/ sin(θ) in the above expressions, and then multiply the wall fluxes by sin(θ).
Then letθ0 be the critical canyon orientation for which the road is no longer in the
light, or for which the radiation is minimum when the sun is high enough, i.e.:

θ0 = arcsin

(
min

[
w

h

1

tan(λ)
;1
])
.

Averaging a flux with respect to the canyon orientation is performed with two
integrations, one betweenθ = 0 andθ = θ0, and the other one betweenθ = θ0 and
θ = π

2 . The direct solar fluxes for walls, roads and roofs then read:

S⇓r = S⇓
[

2θ0

π
− 2

π

h

w
tan(λ)(1− cos(θ0))

]
, (13)

S⇓w = S⇓
[
w

h

(
1

2
− θ0

π

)
+ 1

π
tan(λ)(1− cos(θ0))

]
, (14)

S
⇓
R = S⇓. (15)

Note that from the previous equations, one can deduce the conservation relation
S⇓r + 2 h

w
S⇓w = S⇓.

2.7.2. Solar Radiation Reflections
The scattered solar radiation received by the surfaces(S

↓
? ) is directly deduced from

the sky-view factors. Because of the canyon shape and the possible high albedo of
the surfaces (white paint, snow), the shortwave radiative budget is computed by
resolving a geometric system for an infinite number of reflections. The reflections
are assumed to be isotropic: there is no specular reflection in this model. Details of
the following calculations are given in Appendix A.

One definesM? as the sum of the reflections against the road and wall:

Mr = Rr(0)+ (1−9r)αr (Rw(0)+9wαwRr(0))
1− (1− 29w)αw + (1−9r)9wαrαw , (16)

Mw = Rw(0)+9wαwRr(0)
1− (1− 29w)αw + (1−9r)9wαrαw , (17)

with

Rr(0) = αrS⇓r + αrS↓r ,
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Rw(0) = αwS⇓w + αwS↓w,
αr = (1− δsnowr )αr + δsnowr αrsnow.

The total solar radiation absorbed by each of the surface types is:

S∗r = (1− αr)S⇓r + (1− αr)S↓r + (1− αr)(1−9r)Mw, (18)

S∗w = (1− αw)S⇓w + (1− αw)S↓w + (1− αw)(1− 29w)Mw + (1− αw)9wMr,

(19)

S∗R = (1− αR)S⇓R + (1− αR)S↓R. (20)

Note that in these equations, a specific albedo of the surfaces (glass, wet surface)
for the direct solar radiation would change only theα?S

⇓
? terms.

2.8. ANTHROPOGENIC FLUXES

Due to human activity, heat and moisture are released towards the atmosphere.
The two main sources arise from domestic heating and from combustion. Do-
mestic heating is explicitly resolved by supposing a constant internal temperature,
whatever the external temperature. The default value is 290.15 K (17◦C). The heat
is then released towards the wall/roof surfaces and then towards the atmosphere
through the conduction flux formulation.

The combustion source is split into two contributions in the TEB model: traffic
and industry. For each, the heat and moisture fluxes, averaged on the town sur-
face (Htraffic andLEtraffic, Hindustry andLEindustry) are specified by the user (from
available information on the town activity).

However, these fluxes donot directly modify the surface energy budgets since
they are released into the air. The traffic related fluxes will modify the canyon
air budget (they are incorporated in Equation (24), see next section). The industry
fluxes are assumed to influence the atmosphere directly.

2.9. TURBULENT FLUXES

2.9.1. Treatment of the Urban Roughness Sublayer, Momentum Fluxes
In this section, the method to compute the turbulent fluxes between the surfaces
and the atmospheric model will be presented. The resolution of the atmospheric
model is far too low to be able to represent the urban roughness sublayer motions.
The atmospheric models do not usually parameterize the exchange processes in
this layer; this is done by using the surface scheme. If the first atmospheric level
is outside the roughness sublayer, the traditional surface-layer formulations can be
used to compute the turbulent fluxes. The problem is that the roughness sublayer
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can have a substantial extension over an urban surface (several tens of metres), and
the first level of the atmospheric model (often a couple of tens of metres) is often
within it.

It is therefore necessary to take a closer look at the parameterization of the
fluxes. Feigenwinter (1999) conducted measurements on a 50-m high mast in
the city of Basel (Switzerland), and found that the mechanical properties in the
roughness sublayer (such as profiles of velocity variances, non-dimensionalized
velocity variances and spectra of wind components) behave similarly to rural
surface layers. Furthermore, they concluded that these quantities are quite well-
parameterized within the Monin–Obukhov similarity theory, if the local Obukhov
length is applied.

Following their results, the TEB scheme computes themomentum fluxes for
the entire urban (or suburban) cover, with a roughness length formulation and the
stability coefficients of Mascart et al. (1995), whatever the relative positions of the
atmospheric level and the roughness sublayer depth.

In contrast, Feigenwinter et al. (1999) found that the temperature characteristics,
and in particular the turbulent heat flux, cannot be satisfactorily reproduced by the
Monin–Obukhov similitude framework. They attribute this discrepancy to ‘thermal
inhomogeneity and/or different source areas’. The use of one unique surface ex-
changing heat with the atmosphere (the classical surface-layer approach) becomes
debatable.

The approach of the TEB scheme is to suppose that there aretwomajor sources
of heat from the artificial cover towards the atmosphere, leading totwo turbulent
heat fluxes. These two different surfaces are theroofs on the one hand, and the
canyon systemson the other (see Figure 3). The two flux contributions are averaged
relative to their horizontal areas; this is a means of representing the mixing in the
urban roughness sublayer.

In suburban environments, the averaging of the sensible and latent heat fluxes
from the greenspace artificial parts is similarly supposed to parameterize the
roughness sublayer effects.

2.9.2. Considerations on the Turbulent Transfer of Moisture
Both for roof and roads, we explicitly assume that the transfer coefficients for tur-
bulent heat and moisture fluxes are identical, but different from that for momentum.
Very few direct measurements of turbulent moisture fluxes exist in the literature to
check this hypothesis.

Roth and Oke (1993) and Roth (1993) computed statistics from data (including
moisture measurements) gathered during 10 days in summer in a suburb of Van-
couver. The suburb was composed of 36% artificial cover, and of 64% greenspace.
They showed poor correlation between temperature and moisture characteristics,
and suggested this was due to spatial inhomogeneity. They concluded that, in
their case, the mixing for moisture was less efficient than for heat. However, in
the absence of rain during this period, the evaporation arose from the greenspace.
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Figure 3. Scheme options for: (a) aerodynamic resistances; (b) wind profile within and above the
canyon.

Therefore, it is not possible to draw conclusions about any specific formulation for
the moisture flux in the TEB model.

Other latent heat flux data exist, but again during dry periods. Grimmond and
Oke (1999a) gathered data from seven North American cities, but five of them
are for suburban regions. The two most purely urban cases, central Mexico city,
presented in detail in Oke et al. (1999), and an industrial site in Vancouver, show a
very small evaporative flux, equal to 4% and 10% of the net radiation (during the
day) for the two sites, respectively.

2.9.3. Roughness Length for Momentum Fluxes
The momentum fluxes are computed for the entire urban surface. However, one
difficulty lies in the determination of the roughness length to use in urban areas.
Wieringa (1993) reviewed some experimental roughness length estimations for
rather homogeneously built-up areas. Dense low building roughness lengths were
found to lie between 0.4 and 0.7 m, and those for regularly-built towns ranged from
0.7 to 1.5 m. In these experiments, they are approximately equal to 1/10 of the
house or building heights. Bottema (1997) presents a model computing roughness
lengths from building shapes and relative positions (normal or staggered). He found
the modeledz0town to be in agreement with the available measurements. Sensitivity
experiments with his model show that the ratioz0town/h ranges from 0.05 to 0.1,
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except for very sparsely built areas. Therefore, as a first approximation, the rough-
ness length in the TEB model is set equal toz0town = h/10, (with an arbitrary limit
of 5 m), but it can be specified independently, either from in-situ measurements or
from more complex formulations (see, for example, the recent review of Grimmond
and Oke, 1999b).

2.9.4. Heat Fluxes between Roofs and Atmosphere
The turbulent heat fluxes to/from the roofs are also recovered from classical
boundary-layer laws, because the roof heights are supposed uniform, using a
roughness length of 0.15 m (as observed by Sturrock and Cole, 1977). Again the
stability coefficients of Mascart et al. (1995) are used to compute the aerodynamic
resistance RESR. The effect on temperature and specific humidity of the difference
in height between the atmospheric level and the roof level is corrected using the
Exner function5 = (p/p0)

Rd/Cpd , wherep is the pressure (ps andpa are the
surface pressure and the first level pressure in the atmospheric model respectively),
p0 is a reference pressure (equal to 1000 hPa), andRd the gas constant for dry air.
We define

T̂a = Ta5s/5a,

q̂a = qaqsat(T̂a, ps)/qsat(Ta, pa).

The heat and moisture turbulent fluxes between roof and atmosphere read:

HR = Cpdρa(T̂a − Tcan)/RESR,

LER = Lvρa(q̂a − qcan)/RESR,

whereρa is the air density at first atmospheric level, andCpd the heat capacity of
dry air.

2.9.5. Wind Inside the Canyon
The computation of the wind inside the canyon is necessary to estimate the heat
fluxes between the surfaces and the canyon. The vertical wind speed along the
walls, Wcan, as well as the horizontal wind speed in the canyon,Ucan, must be
defined. Rotach (1995) presents turbulence measurements in and above a road in
the center of Zurich (Switzerland), for which the canyon aspect ratio ish/w ≈ 1.
Rotach (1995) observed that the standard deviation of the vertical wind speed,σw,
in the upper part of the canyon, is almost equal to the friction velocityu∗, whatever
the stability or wind direction above. Feigenwinter et al. (1999) finds thatσw/u∗
is, on the contrary, increasing with height for unstable conditions. However, their
value ofσw/u∗ near the roof level (extrapolated using a Monin–Obukhov function)
was approximately 1.15, which is of the same order of magnitude as the Rotach
(1995) results. They also found that for stable to weakly unstable conditions,u∗
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presents a maximum between the roughness sublayer and the inertial sublayer
above. However,u∗ does not depart by more than 10% from its value in the inertial
sublayer, and is assumed constant with height in the scheme.

Then, assuming that all this holds true for other canyon aspect ratios, the vertical
wind speed along the walls reads:

Wcan= u∗ =
√
Cd |Ua|, (21)

where Ua is the wind velocity at the first atmospheric model level. The drag
coefficient,Cd , is computed from the temperatures and humidities in and above
the canyon, and from the roughness length,z0town, taking into account the stability
effects according to Mascart et al. (1995).

The horizontal wind speed,Ucan, is estimated at half the height of the canyon.
First, the horizontal wind speed at the top of the canyon is deduced from the log-
arithmic law above it (Figure 3, right side), and the displacement height is equal to
two thirds of the building height from the road surface (i.e., ath/3 under the roof
level, which is the zero height of the atmospheric model, a classical assumption for
plant canopies). Furthermore, in order to consider all canyon orientations, and since
only the along canyon wind is considered, an integration over 360◦ is performed.
At canyon top, this gives:

Utop = 2

π

ln
(

h/3
z0town

)
ln
(
1z+h/3
z0town

) |Ua|,

where1z is the height of the first atmospheric model level above the roofs.
To calculateUcan, a vertical profile of the wind inside the canyon, is assumed.

An exponential form is chosen, as is done in vegetation canopies, e.g., Arya (1988).
Such a profile applied at half-height gives:

Ucan= Utopexp(−N/2),
whereN must be determined. Rotach (1995) finds from his case study (h/w = 1),
thatUcan≈ 0.75Utop. Studies in corn fields (h/w ∼ 4), which could be assimilated
to narrow streets, giveUcan≈ 0.4Utop (Arya, 1988). Therefore, the parameterN =
0.5h/w should be appropriate. Then

Ucan= 2

π
exp

(
−1

4

h

w

) ln
(

h/3
z0town

)
ln
(
1z+h/3
z0town

) |Ua|. (22)

2.9.6. Sensible and Latent Heat Fluxes in the Canyon
The turbulent heat fluxes between the canyon air and the atmosphere are computed
from the temperature and humidity inside the canyon. The fluxes between surfaces
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and canyon air follow an empirical formulation. The air characteristics inside the
canyon are deduced from the continuity between the fluxes arising from the sur-
faces and the flux with the atmosphere (inspired by the vegetation canopy scheme
of Deardorff, 1978).

The heat fluxes are used in the energy budget conservation equations involving
the surface temperatures. This is why a precise approach has been chosen, specific
to each surface. Figure 3 displays a summary of the TEB options.

Fluxes between canyon air and atmosphere
Above the canyon, the fluxes are estimated from classical surface boundary-layer
laws. However, in these formulae, the air characteristics in the canyon (Tcan and
qcan) are used instead of the surface characteristics. The aerodynamic resistance
above the canyon, called REStop, is calculated withz0town using the stability coeffi-
cients of Mascart et al. (1995) (this formulation leads to different drag coefficients
for momentum fluxes and for heat or moisture fluxes).

The heat and moisture turbulent fluxes between canyon and atmosphere then
read:

Htop = Cpdρa(T̂a − Tcan)/REStop,

LEtop = Lvρa(q̂a − qcan)/REStop.

Fluxes between walls, roads and canyon air
Between the canyon surfaces (road and walls) and the canyon air, the Rowley
et al. (1930) and Rowley and Eckley (1932) aerodynamic formulations are used.
They were obtained from in-situ measurements; these formulae are also used in
the canyon circulation model of Mills (1993). Other formulations of similar form
exist in the literature (see e.g., Sturrock and Cole, 1977, either from wind-tunnel or
in-situ measurements).

For simplicity, the same value is chosen for both road and walls. The resistance
is independent of the stability inside or above the canyon. It reads:

RESr = RESw =
(

11.8+ 4.2
√
U2

can+W 2
can

)−1

. (23)

Finally, the heat fluxes between the canyon surfaces and the canyon air read:

Hr = Cpdρa(Tr − Tcan)/RESr ,

Hw = Cpdρa(Tw − Tcan)/RESw,

LEr = Lvρaδr(qsat(Tr, ps)− qcan)/RESr ,

LEw = 0.
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Notice the form of the latent heat flux, where the fraction of wet road,δr , is
applied outside of the parentheses. Therefore, the evaporation from the surface
occurs whenqsat(Tr) > qa, even if very little water remains. The same humidity
treatment is performed for roofs.

2.9.7. Canyon Temperature and Humidity
These quantities can be considered as output of a meteorological forecast. They
are computed diagnostically: the equilibrium between thermodynamic fluxes for
the canyon air is assumed to be valid at each time step.The anthropogenic flux due
to traffic is also taken into account. Note that in this formula,Htraffic, representative
of the whole urban surface, has been scaled to the road surface.

Htop = (1− δsnowr )Hr +
2h

w
Hw +Htraffic

1

1− abld
+ δsnowrHsnowr , (24)

LEtop = (1− δsnowr )LEr + LEtraffic
1

1− abld
+ δsnowr LEsnowr . (25)

Then

Tcan=
(1− δsnowr )

Tr

RESr
+ 2h

w

Tw

RESw
+ T̂a

REStop
+ Htraffic

Cpd ρa(1−abld)
+ δsnowr

Hsnowr
Cpd ρa

(1− δsnowr )
1

RESr
+ 2h

w
1

RESw
+ 1

REStop

,

(26)

and,

qcan=
(1− δsnowr )

δrqsat(Tr ,ps )

RESr
+ q̂a

REStop
+ LEtraffic

Lvρa(1−abld)
+ δsnowr

LEsnowr
Lvρa

(1− δsnowr )
δr

RESr
+ 1

REStop

. (27)

2.9.8. Averaged Fluxes at Town Scale
As mentioned above, the averaging operation performed to obtain the turbulent
fluxes at town scale is in itself a way to solve the problem of the roughness sublayer:
It mimics the mixing of the different sources of turbulent heat fluxes, and then
producesfluxes that are representative of the upper part of the surface layer, above
the roughness sublayer. The energy fluxes released by the industrial activities are
also added at this stage.

The total heat fluxes from the artificial material areas towards the atmosphere
are then:

Htown = abldHR + (1− abld)Htop+Hindustry, (28)
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LEtown = abldLER + (1− abld)LEtop+ LEindustry. (29)

In order to have the total turbulent fluxesH , LE from the surface towards the
atmospheric model, these fluxes should be averaged with those computed by the
vegetation scheme for the other land surfaces (city parks, gardens, fields, forest,
bare soil) and those from water covered surfaces (rivers, lakes, sea).

3. Validation of the Radiative Aspects

3.1. HEAT ISLAND AT NIGHT

The results of the TEB model are now compared to the heat island episode in
the Grand-view district of Vancouver (Nunez and Oke, 1976, 1977; simulated in
Johnson et al., 1991). This is a calm clear-sky night. This case allows the validation
of the longwave budget and wall and road surface temperature evolutions (then the
conduction fluxes), both for the road and walls. The temperature profile is assumed
to be neutral (no thermal turbulent fluxes between the canyon and the atmosphere).
However, turbulent exchanges exist between walls and roads through the canyon
air. This is the main difference with respect to the SHIM model of Johnson et al.
(1991). Another important difference is the explicit conduction flux treatment in
the TEB model, instead of the force-restore method in their model.

The urban characteristics are adapted from Johnson et al. (1991). The road sky-
view factor is still 0.51, but the wall sky-view factors must be changed in the
TEB model, since they are identical for both walls, and are averaged. The same
initial temperatures are chosen. The thermal conductivities and heat capacities? are
estimated in order to keep the same thermal admittance (µ = (λC) 1

2 ) as in Johnson
et al. (1991). The wall depth fits the diurnal penetration depth used in the force-
restore method:D = (

λτday

Cπ
)

1
2 . The downward radiative fluxes are proportional to

the air temperature at the fourth power, starting from 339 W m−2.
Figure 4 shows the results of the TEB model, for road surface temperature and

longwave fluxes, compared with those of Johnson et al. (1991). The comparison is
performed for the road surface temperature and longwave budget, and for the wall
surface temperatures and longwave budgets.

The two models give very similar results, even with the slightly simpler TEB
geometry. The net radiation fluxes are correctly reproduced (differences less than
10 W m−2), and surface temperatures depart by less than 1 K from the observed
near-surface air temperatures. Note also that the net radiation budget for a hori-
zontal surface exposed to the sky starts at−64 W m−2 and ends at−45 W m−2,
and surface temperature ends 3 K lower than the canyon case (not shown). The ex-
change of sensible heat flux between the walls and road is on the order of 7 W m−2

? Cw = 106 J m−3 K−1; λw = 0.81 W m−1 K−1; Cr = 1.94× 106 J m−3 K−1; λr =
1.0103 W m−1 K−1).
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Figure 4.Comparison between modelled surface temperature (full line: SHIM; dotted line: TEB) and
net longwave radiation (dashed line: SHIM; dashed-dotted line: TEB) and measurements (dots): (a)
west wall, (b) east wall, (c) floor. The TEB model results are identical for both walls. Night time
situation of September 9/10 1973 (figure from Johnson et al., 1991; figure 5).
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(from the wall towards the road). This small value explains the similarities between
SHIM and TEB for such ideal conditions.

3.2. SHORTWAVE BUDGET

The relations (18)–(20) parameterize the shortwave trapping by the city geometry.
Experimental data exist to validate this representation – Aida (1982) built four
models of urban structure with cubic concrete blocks of 15-cm width, and meas-
ured the solar radiation reflected by this surface. Model 0 is the flat reference
surface; models 1 and 2 consist, respectively, of canyons oriented north-south and
east-west; finally, model 3 contains north-south and east-west crossing canyons.
The canyons and block aspect ratios are equal to unity. These geometries fortu-
nately are close to the one chosen for the TEB model. Models 1 and 2 should be
together represented in TEB by 50% roof and 50% road; model 3 contains only
25% roofs.

Figure 5 (from Aida, 1982) shows the measurements of surface albedo, as dots,
compared with the total, effective albedo (at the first model level) obtained from
the direct shortwave TEB computation results. The roof albedo is adjusted using
Aida model 0 summer observations. It varies between 0.36 and more than 0.50,
depending on solar zenith angle. The albedo for road and wall surfaces is taken as
a constant, equal to 0.40, because all reflections are supposed isotropic for these
surfaces.

The observed albedo for parallel canyons does not depend on direction; they
show an important albedo decrease, compared to the flat reference surface (model
0). The results of the TEB model nearly coincide with them. This validates both the
orientation-averaged calculations for shortwave radiation, at least at urban-scale,
and the multiple reflection computations. The TEB model slightly overestimates
the increase of radiative trapping when crossing roads are considered (Aida model
3). This probably arises from the hypothesis that roads are far longer than wide,
while it is clearly not the case in the Aida model. However, the difference is limited
to a few percent on the town albedo, five times less than the trapping effect for the
Aida study.

The effect of canyon shape on the effective canyon albedo computed in TEB
(i.e., the ratio of reflected solar energy from the canyon over the downward solar
energy) is now investigated. Figure 6 displays the effective albedo as a function of
canyon shape and zenith angle, for surfaces with albedos of 40%, as above. For a
flat surface, the albedo is then 40%, but decreases rapidly as the canyon shapeh/w

increases: forh/w = 1, the albedo is as low as 18%, and between 10 and 2% for
h/w = 3. The elevation of the sun above the horizon has no effect forh/w = 1
(Aida case); the dependence upon zenith angle found above is explained by the
flat surface albedo only. Tall buildings further increase the trapping effect, with
greater efficiency for high sun. The effective albedo always behaves as in Figure 6
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Figure 5.Urban albedo as measured by Aida (dots) for various models (see inset) and parameterized
by the TEB model (superimposed lines): (a) roof albedo fitted on Aida observations for a flat con-
crete surface; (b) and (c) albedo parameterized for uni-directional Aida models 1 and 2; (d) albedo
parameterized for crossing-roads Aida model 3;h/w = 1. Road and wall albedos are equal to 0.40
in TEB computations. Road fraction is equal to 50% in models 1 and 2, and 75% in model 3. (figure
from Aida, 1982; figure 5).

for identical wall and road albedos (not shown), even if the singular point with no
effect of zenith angle is not found for the same canyon aspect ratio.

The albedo behaviour is different for more realistic albedo values, in the pres-
ence of bright walls and dark roads (for example, with albedos of 25% and 8%
respectively, Figure 7). For the sun at the zenith, the albedo decrease is similar as
above, but when the sun directly illuminates the walls, the albedo decreases slower
with respect to canyon shape, and can even increase if the sun is low enough.
Whenh/w = 1, the effective albedo is as high as the flat road albedo for the sun
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Figure 6.Canyon effective albedo as a function of canyon shape and solar zenith angle (from zenith
to 5◦ above horizon every 5◦). Effective albedo for scattered shortwave flux is displayed using a
dashed line. Road and wall surface albedos are both equal to 40%. Note that the part of the albedo
due to the roofs is not present in this figure.

just above the horizon. Note that the effective albedo with the sun at the zenith is
always much smaller than when the sun is low. Therefore, trapping effects will be
important in summer, because the sun is high at noon, but the weaker solar energy
will not be captured as efficiently in winter.

At this stage, some of the TEB model basics – geometry, radiative (both infra-
red and solar) scheme and conduction formulation – have been validated against
observations. The two main uncertainties remaining are the turbulent flux formula-
tion, and the hydrological aspects. These will be addressed in the following section
through sensitivity experiments.
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Figure 7.As in Figure 6, except that walls are bright (albedo is 25%) and roads are dark (albedo is
8%).

4. Sensitivity Experiments

In this section, the TEB model is run using several long meteorological forcing
time series in order to investigate its ability to represent the energetics of the urban
atmosphere. This allows the study of the scheme response to a large variety of
weather conditions encountered in the real atmosphere. Unfortunately, such data
(with forcing, observed surface temperatures and area-averaged energy fluxes) are
not available for densely urbanized areas. Therefore, the measurements of two field
experiments dedicated to vegetation surface scheme studies are used as replace-
ments. The first one is the Hapex Mobilhy case (André et al., 1988), which took
place in southern France in 1986. It is representative of a mid-latitude oceanic
climate region. The second one is the first year of the 18 year-long Valdai experi-
ment (Russia, near Moscow, see Schlosser et al., 1997), representing a continental



A PHYSICALLY-BASED SCHEME FOR THE URBAN ENERGY BUDGET 383

TABLE III

Urban characteristics for the sensitivity experiments. Only the parameters different from the refer-
ence experiment are shown. Composition of the layers is displayed with the corresponding layer
thickness.

Experiment name→ Reference Buildings Suburban Insulated Insulated, Ti

parameter↓
atown 100% 70%

abld 50%

h/w 1 3 0.5

z0town (m) 5 1

Tibld (K) 290.15 Variable

dR1 (dense concrete) (cm) 5

dR2 (aerated concrete) (cm) 40

dR3 (insulation layer) (cm) 5 20 20

dw1 (dense concrete) (cm) 2

dw2 (aerated concrete) (cm) 12.5

dw3 (insulation layer) (cm) 2 8 8

dr1 (asphalt) (cm) 5

dr2 (dry soil) (cm) 10

dr3 (dry soil) (cm) 100

αR 15%

αw 25%

αr 8%

εR 90%

εw 85%

εr 94%

climate. Two comments are necessary: first, this is not a validation of the scheme
because no urban flux outputs or surface temperatures are available for these data
sets. Second, the temperature and downward radiative fluxes can be questionable
during heat island episodes. In anticyclonic periods, the countryside forcing tem-
perature data are probably lower than what would be the case in reality over the
city centres in these regions, since air is not advected from the countryside but
representative of the urban area. Consequently, the sensible heat fluxes will be
overestimated during calm cold events. They are probably correct if the wind is
large enough. This limitation probably only makes the city representative of areas
a little further north of the actual study areas, and does not alter the conclusions
drawn from the study.
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4.1. OCEANIC CLIMATE: THE HAPEX-MOBILHY CASE

A reference run is performed with the characteristics described in Table III. It rep-
resents a medium sized city, with streets as wide as the buildings are high; the roof
and road fractions are the same. The walls and roofs are made with concrete, with
a tiny insulation layer in the interior. The thermal parameters for wall and roofs are
from Oke (1987), those for roads (one asphalt layer and two dry soil layers) are
from Mills (1993). Note that road and wall albedos are the same as those used in
the Figure 7 discussion (Section 3.2). A small anthropogenic flux is added for both
the car traffic and industry (20 W m−2 during the day, and 5 W m−2 during the
night). For the vegetation part of the suburban environment run (Subsection 4.1.3),
the ISBA scheme is used (Noilhan and Planton, 1989). The run starts on 1 January
1986 and lasts one year.

4.1.1. Diurnal Cycles
The mean diurnal cycles of surface fluxes for March, June, September and Decem-
ber are shown in Figure 8. The diurnal cycles separate into two categories: cold
cycle (December) and temperate or warm cycle (others months).

In the warm season, the radiative loss during the night is mainly counterbal-
anced by the building heat release, with small heat turbulent fluxes. During the
morning, the heat storage in roads and buildings is the main budget term. Then
the turbulent sensible heat flux becomes dominant, and its maximum is two to
three times larger than the ground flux. This hysteresis behaviour is well known in
urban climatology (see e.g., Grimmond and Oke, 1995; Grimmond et al., 1991; or
Ross and Oke, 1988). The latent heat flux is very small compared to the others. It is
maximum in the morning due to the evaporation of rainfall or dew that accumulated
during the night, but is very low in the afternoon.

The partition between the turbulent heat flux and ground flux during the day is
modified when the building height is larger, as can be seen if the canyon aspect
ratio is increased toh/w = 3 (Figure 9). The storage efficiency is improved by
the increase of wall surface, and the energy amount available for turbulent heat
flux is reduced. In our case, the ground fluxes becomes the dominant term of the
daytime budget in September. Such an effect of dampening of the turbulent flux
has been observed in Mexico, and is documented by Oke et al. (1999). During
their observation period (seven days) the daytimeG/Q∗ is as large as 0.58, while
H/Q∗ is only 0.38.

During the cold season (Figure 8), this budget cycle is modified by the heat
release/storage by the buildings. During the day, the turbulent heat flux is reduced
because of the small solar input, but the main difference occurs during the night.
The air temperature being much smaller than the building interior, the heat release
is more important than the longwave loss, and a turbulent heat flux towards the
atmosphere is generated. This phenomenon is greatly enhanced in the continental
case (see Section 4.2).
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Figure 8. Monthly averaged energy budget diurnal cycles for the reference simulation for the
HAPEX-MOBILHY case ((a) March; (b) June; (c) September; (d) December). Sources are: Net
radiation (Q∗, full line); Anthropogenic combustion sources (F , dashed-triple dot). Sinks are: Sens-
ible heat flux (H , dotted), latent heat flux (LE, dashed), ground fluxes (G, dashed-dot). Negative
ground flux represents heating by the buildings’ interior.
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Figure 9. Monthly averaged energy budget diurnal cycles for the high building simulation for the
HAPEX-MOBILHY case: (a) March; (b) June; (c) September; (d) December. Same line convention
as in Figure 8.
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Figure 10.Two consecutive summer days in the reference simulation for the HAPEX-MOBILHY
case (from July 6, 0000 UTC to July 8, 0000 UTC). A rain shower occurs in the morning and evening
of the first day: (a) sensible heat flux (solid line, W m−2) and latent heat flux (dots, W m−2); (b) air
temperature (solid line, K), roof surface temperature (dots, K), road surface temperature (dashed, K);
(c) roof surface reservoir (dots, kg m−2), road surface reservoir (dashed, kg m−2).

This sensitivity experiment shows that the TEB model is then able to construct
a realistic diurnal cycle, without any ad-hoc assumption about the time hysteresis
between ground and turbulent heat fluxes. It is possible to reproduce conditions
where the heat storage during the day is sufficient to limit or even overtake the
turbulent heat flux. It also suggests that the latent heat flux can be negligible in
models dedicated to long term urban energy studies.

4.1.2. Shower Event
The fact that the latent heat flux is much lower on average than the other contri-
butions to the energy budget does not mean that it is negligiblewhen smaller time
scales are considered. For example, two consecutive days in July are presented in
Figure 10. A rain shower occurs during the morning of the first day, and a relatively
weaker one in the evening of the same day. The downward solar radiation is almost
the same during these two days (maxima are 850 W m−2 at noon, not shown).

During the first day, the latent heat flux is the main energy sink in the budget,
three times larger than the sensible heat flux. One millimetre of water is evaporated
in three hours, similarly on roofs and streets, until all the water has been consumed.
This has an effect on surface temperatures, which are unable to rise significantly
until water is evaporated.

The evaporation of the evening shower during the night is negligible for roofs,
but not for roads (20 W m−2), even if much smaller than during the day. This is
due to the exchange formulation, which allows mixing between the surface and the
canyon air, and then transport towards the atmosphere. This explains the decrease
of the water reservoir on the roads during the night, though the difference was not
present during the day.

The second day is almost dry, and shows much higher temperatures for a similar
input radiation. Differences of 5 K for roads and 10 K for roofs are simulated the
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second day. To our knowledge, no direct measurements of latent heat fluxes over
towns are available for rainy or wet surface conditions; few such measurements
exist, and only for dry conditions. Grimmond and Oke (1999a) presents urban and
suburban energy budgets for seven north-American cities, but without rain events.
However, a combined measurement of area-averaged sensible heat flux and surface
temperatures could probably be used to estimate the instantaneous latent heat flux
after shower events. At the very least, the model temperature features could be
compared to observations, providing an indirect validation of the simulated fluxes.

4.1.3. Annual Cycle and Sensitivity Experiment
Sensitivity experiments on town geometry are performed (buildings, medium town,
suburban area). The annual cycles are displayed in Figure 11.

An important feature is the similarity of the net radiative flux for high buildings
(h/w = 3) or medium sized ones (h/w = 1). This suggests that most of the
radiative trapping (both for shortwave and longwave) occurs for medium buildings.
The similarity in net shortwave radiation trapping for medium or high cities can be
explained from Figure 7: for this albedo setting, the canyon shape increase between
h/w = 1 andh/w = 3 is a little more efficient for a low or high sun than for the
mid-sky sun encountered in mid-latitude summers.

The building height has a significant impact on the sensible heat flux, courtesy
of the larger surface exchange. In winter, early spring and late autumn periods,
the sensible heat flux islarger than the net radiation. The energy is supplied by the
domestic heating (negative G terms on the figures). In our case it reaches 30 W m−2

for h/w = 1, and 70 W m−2 for h/w = 3. In summer, the diurnally averaged
ground flux is near zero, and almost all the net radiation is transferred as sensible
heat flux. Such values of anthropogenic fluxes are compatible with those listed in
Oke (1988) for mid-latitude cities (from 20 to 40 W m−2 for year averages).

In the suburban environment, due to the fraction of vegetation present, the latent
heat flux is increased and the sensible heat flux reduced (up to 40 W m−2 loss). One
can note that the net radiation is lower (10 W m−2), because radiative trapping is
reduced.

Comparison of the annual cycle reproduced for countryside crops or bare soil
is shown in Figure 12; the main difference is the much smaller radiative trapping.
The contribution due to shortwave radiation trapping is visible in summer (30–
40 W m−2 less than in the reference experiment). The smaller infrared input is
compensated by lower temperatures at night (not shown), comparable to roof tem-
peratures. When vegetation is present, the latent heat flux is the main component
of the energy budget, the plant roots extracting water from deep within the soil and
evaporating this in warm seasons. The energetic behaviour of a bare soil layer (here
20 cm deep) is much closer to the town surface energy budget, especially the sub-
urban one. This is why the urban canopy is, for the time being, often simulated by
bare soil in atmospheric research models. It is shown here that it is a good enough
approximation for climatic or large-scale runs, once the radiative properties of the
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Figure 11.HAPEX-MOBILHY case: monthly averaged energy budget for three city types: (a) high
buildings; (b) medium size city (reference simulation); (c) suburban area. Same line convention as in
Figure 8.
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soil are tuned to reproduce the trapping. An estimation of the anthropogenic flux by
domestic heating is also necessary (as is shown in the continental case). However, a
bare soil scheme can not correctly forecast the air temperatures in the canyon, and
thus heat island intensities. Moreover, small-scale studies around an urbanized area
do need a dedicated town model. The limit of the bare soil substitution is reached
when purely urban areas are resolved in the atmospheric model. The TEB scheme
is primarily aimed to these horizontal resolutions (from a couple hundred metres
to tens of kilometres).

4.2. CONTINENTAL COLD CLIMATE : THE VALDAI CASE

Extreme continental meteorological conditions are now considered, with very cold
winters, significant snow falls, and relatively warm summers. A large number of
people are affected by such weather, because such climates are typical of met-
ropoles in Canada, the U.S.A. and Asia. Domestic heating is known to play an
important role in the urban energy budget for such conditions, and the ability of
the TEB scheme to estimate this flux is now investigated. Furthermore, the import-
ance of conduction through the surfaces allows the testing of, in a better way than
with the oceanic forcing, the sensitivity of the scheme to the buildings’ internal
temperature and to the wall and roof structures.

The same qualitative characteristics about the energy flux evolution and repar-
tition are found for urban diurnal cycles as in the Hapex-Mobilhy case. The focus
of this study is on the annual cycle (Figure 13). The disparity between summer and
winter is enhanced as compared to the previous case, especially with respect to the
energy forcing: net radiation and building heat release. During winter, if buildings
are built with the same material and insulation as in the oceanic region, the heat re-
lease from the buildings is as high as 150 W m−2 averaged for the month, all of this
being transformed into sensible heat flux towards the atmosphere. The main part of
this energy loss occurs through the walls, because the snow mantel of several tens
of centimetres on the roofs acts as a supplementary insulation layer. The presence
of snow explains the nearly zero latent heat flux during winter. The amount of
energy necessary to melt it is shown by the thin solid line in Figure 13. Melting
of the roof snow occurs (in this case) one month before the total disappearance of
snow as observed in the countryside (not shown).

A sensitivity experiment on the insulation characteristics of the TEB scheme
has been performed to test its response to the extremely cold weather conditions in
winter. First, the internal wall and roof insulation layer was set four times thicker
than the default value (‘insulated’ experiment). The internal building temperat-
ure is also allowed to vary down to 283.15 K (10◦C) in winter (‘insulated, Ti’
experiment). It is seen that the TEB formulation for the heating flux (prescribed
internal temperature) is mainly sensitive to the wall and roof structure, and less to
the internal temperature. Moreover, high building experiments (not shown) produce
values up to 200 W m−2 or 250 W m−2 (insulated walls or not) for these fluxes in
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Figure 12.HAPEX-MOBILHY case: monthly averaged energy budget for three landscape types: (a)
medium size city (reference simulation); (b) bare soil (20 cm deep); (c) crops. Same line convention
as in Figure 8.
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Figure 13. VALDAI case: monthly averaged energy budget for three city construction materials:
(a) medium size city (reference simulation); (b) insulation increased (see Table III); (c) insulation
increased, and internal building temperature varies from 283.15 K (10◦C) (winter) to 290.15 K
(17◦C) (summer). Same line convention as in Figure 8. The thin solid line corresponds to the amount
of energy necessary for melting.
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winter. The building height is then a key parameter, not only for radiative trapping,
but mostly for the conduction and surface turbulent flux exchange.

These very large fluxes seem realistic. Estimates of anthropogenic fluxes exist
for some high latitude cities (Oke, 1988); for example, a value typical for Montreal
ranges from 153 W m−2 in winter to 57 W m−2 in summer. The component
dedicated to domestic heating can then be of the order of 100 W m−2 in winter;
Moscow and Manhattan annual anthropogenic fluxes can be even 25 and 50%
larger respectively.

5. Conclusion

The TEB surface scheme has been developed from various elements corresponding
to the state of the art in urban climatology, and is aimed at representing the energy
exchanges between cities and the atmosphere in a prognostic way. A simplification
of the real city geometry was necessary. To our knowledge, this is the first time
that the well-known canyon geometry is used to represent a city as part of the
surface of an atmospheric model. An additional hypothesis of isotropy for the street
directions has been added, in order to be representative of a cityquartier (as defined
in Mestayer and Anquetin, 1995). This allows the use of the scheme at horizontal
scales larger than the road width, for local to regional impact studies. This also has
the advantage that the scheme can be simplified to three surface energy budgets:
one each for the roofs, the roads and the walls. The TEB model is then relatively
easy to include in an atmospheric model, because only a few averaged parameters
are needed, and the number of prognostic variables is comparable to that present in
vegetation schemes for atmospheric models (see Tables I and II).

This relatively simple description of the town geometry is compensated by a
complete physical package, as detailed in Sections 3 and 4. All weather conditions
can be treated, day or night, and even precipitation events, without any ad-hoc
assumption or tuning of the parameters. The radiative trapping is the subject of
an original development, and is validated by comparison with specific measure-
ments. One can thenbe confident in the radiative energy inputs. The sensitivity
experiments showed that:

– the partition and diurnal hysteresis between the turbulent sensible heat fluxes
and ground fluxes are correctly recovered by the scheme.

– the heat storage during the day can be greater than the turbulent heat flux. This
effect is enhanced by high buildings.

– the latent heat can be neglected on average at the monthly time scale, but is
very important when relatively short (daily) time scales are considered.

– the energy input from the building heat release can exceed the net radiation,
especially in winter in continental climates. The model outputs are comparable
to the few available estimates of city heat release.
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The suburban experiment showed that the classical bare soil formulation used
to represent cities in atmospheric models is good enough to represent the fluxes for
large temporal or spatial averages; therefore, climatic or large-scale atmospheric
models may not need an urban scheme at the present time. The prescription of the
anthropogenic heat release still remains a problem. In contrast, town meteorolo-
gical forecasts and mesoscale regional and local studies need such a scheme, as
intensively urbanized energetics are very specific. An atmospheric model, coupled
both to an aerosol radiatively active atmosphere (to have the correct radiative down-
ward fluxes) and an urban surface scheme (to correctly distribute these fluxes), is
necessary.

Long term in-situ measurements needed to validate an urban surface scheme are
lacking. However, the TEB model behaves correctly compared to what is currently
known from urban climatology. The next step will be the study of urban induced
mesoscale flows, as validation data exist for typical situations (mainly heat-island
episodes). This work is under way.
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Appendix A: Solar Radiation Reflections

Suppose hereafter that the direct and scattered albedos for each surface are
identical. If this is not the case, only the first direct solar reflection would be
modified.

When the first reflection occurs, the fluxes stored by the road and wall,Ar and
Aw, are respectively:

Ar(0) = (1− αr)(S⇓r + S↓r ),
Aw(0) = (1− αw)(S⇓w + S↓w).
The reflected partsRr andRw are:

Rr(0) = αr(S⇓r + S↓r ),
Rw(0) = αw(S⇓w + S↓w).
After n reflections:

Ar(n+ 1) = Ar(n)+ (1− αr)(1−9r)Rw(n).
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Aw(n+ 1) = Aw(n)+ (1− αw)9wRr(n)+ (1− αw)(1− 29w)Rw(n),

Rr(n+ 1) = +αr(1−9r)Rw(n),
Rw(n+ 1) = +αw9wRr(n)+ αw(1− 29w)Rw(n).

Then,

Ar(n+ 1) = Ar(0)+ (1−9r)(1− αr)
n∑
k=0

Rw(k),

Aw(n+ 1) = Aw(0)+9w(1− αw)
n∑
k=0

Rr(k),

+ (1− 29w)(1− αw)
n∑
k=0

Rw(k),

and

n∑
k=0

Rr(k) = (1−9r)αr
n−1∑
k=0

Rw(k)+ Rr(0),

n∑
k=0

Rw(k) = 9wαw
n−1∑
k=0

Rr(k)+ (1− 29w)αw

n−1∑
k=0

Rw(k)+ Rw(0).

Solving this geometric system yields, in the case of an infinite number of
reflections,

∞∑
k=0

Rr(k) = Rr(0)+ (1−9r)αr(Rw(0)+9wαwRr(0))
1− (1− 29w)αw + (1−9r)9wαrαw = Mr,

∞∑
k=0

Rw(k) = Rw(0)+9wαwRr(0)
1− (1− 29w)αw + (1−9r)9wαrαw = Mw.

The total solar radiation stored by road and wall is then:

S∗r = (1− αr)S⇓r + (1− αr)S↓r + (1− αr)(1−9r)Mw,

S∗w = (1− αw)S⇓w + (1− αw)S↓w + (1− αw)(1− 29w)Mw + (1− αw)9wMr.
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