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Summary

In this study we present a numerical simulation of the
urban-breeze circulation observed in Toulouse, South-West
of France, during the Intensive Observation Period number
5 (IOPS5, 3rd and 4th July 2004) of the CAPITOUL ex-
periment (Feb. 2004-2005). The numerical simulation is
performed with the non-hydrostatic atmospheric model
MesoNH (Lafore et al. 1998) coupled with the urban sur-
face scheme TEB (Masson 2000). Four two-way, grid-
nested models with horizontal grid resolution of 12km,
3km, 1km and 0.25km are used.

The diurnal cycle of temperature, the nocturnal heat island
and the early morning cool island are reproduced by the
model. For the urban-breeze period, between 12.00 UTC to
18.00 UTC, the heat island structure and the simulated tur-
bulent fluxes are discussed based on the observed surface
energy balance and urban canopy temperature. The numeri-
cal simulations confirm the presence of a convergent circu-
lation at the surface towards the city centre and a divergent
counter-current 1500 m above the ground. The intensity of
the urban-breeze circulation is of the order of 1.5ms™! and
its extension, in the mean wind axis, is two times the diame-
ter of the city.

The dynamical perturbation on the ABL due to the rough-
ness of the city is only significant up to 50m of height, the
urban breeze circulation being caused by the pressure gradi-
ent due to the UHI-induced thermal effects. An evaluation of
the improvement on the ABL thermodynamics representa-
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tion when going down to 250m of horizontal resolution
instead of 1km is also presented.

1. Introduction

The urban-breeze is a mesoscale phenomenon
(Oke 2005) specific to urbanised environments.
The different response of the countryside and
the city centre surface to the diurnal cycle of
heating and cooling creates an horizontal gradient
of temperature called Urban Heat Island (UHI;
Oke 1987). The UHI, generates a differential
temperature advection from rural to city centre
and is the source of the urban-breeze circulation.

The urban-breeze is characterized by a surface
convergent flow from the countryside to the city
centre and a divergent flow at the top of the
Atmospheric Boundary Layer (ABL). Urban-
breeze can steer pollution from industrial areas
and trap it in the ABL (Sharan et al. 2000). To
ameliorate pollution peaks forecast and to evalu-
ate air quality policy in the cities it is important
to understand this type of circulation. However,
its dynamics and its structure in a hinterland city
is currently little known.

The urban-breeze circulation observed by
Hidalgo et al. (2008) the 4th July 2004 during
the IOP5 (Intensive Observation Period number 5,
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3rd and 4th July 2004) of the CAPITOUL cam-
paign (Feb. 2004-2005; Masson et al. 2008), is
studied here in detail using numerical simulation
techniques. During this experiment, Toulouse
was under a very stable high-pressure summer
system with a well developed Urban Boundary
Layer (UBL). The large-scale wind was charac-
terized by a weak velocity blowing from the
south-east near the surface and from the north-
west at upper-levels. Under such circumstances,
transport within the mixed layer is dominated
by local circulations. During the IOPS, near sur-
face convergence towards the city and divergent
return in upper levels at the top of the ABL
are observed during daytime. The intensity is of
1-2ms~! and the horizontal extension in the
axis SE-NW is 2 to 3 times bigger than the size
of the city.

High resolution numerical simulations are
used to study the 3-D mesoscale urban effects
difficult to observe with an observational deploy-
ment. Masson (2006) classifies the models which
describe the perturbation created by the urban
surfaces in the ABL structure in three main cat-
egories according to their degree of physics
description: empirical models, modified vegeta-
tion schemes and urban canopy schemes (single-
or multi-layer models). Urban-breeze circulation
shall be studied at the meso-scale (city plus its
surroundings) (Oke 2005). Single-layer urban
schemes are appropriate to describe the influence
of cities, from regional to mesoscale and urban
scale (Masson 2006). This technique was already
used by Lemonsu and Masson (2002) to study the
urban-breeze in Paris area using the MesoNH
atmospheric model (Lafore et al. 1998) coupled
with the Town Energy Balance (TEB) urban
scheme (Masson 2000).

We present here two numerical simulations
performed with the same atmospheric and urban
surface models as used by Lemonsu: a realistic
situation (URB) where urbanised areas are re-
solved and a second one (RUR) where the urban-
ized areas has been removed. These numerical
simulations are described here and evaluated us-
ing the experimental dataset from the IOPS.

An observed nocturnal +5 °C UHI during the
3rd to 4th July 2004, a daytime gradient of sur-
face sensible heat flux between the urban and
rural zones of 200 Wm™2 creating a daytime
UHI with +1 °C of intensity and a south-easterly

flow in surface changing to a north-westerly flow
in upper levels are the main characteristics of this
day. The horizontal wind field, the surface param-
eters and the vertical evolution of the ABL are
analysed. A comparison between the two numer-
ical simulations (URB and RUR) allows isolation
of the effects of the UHI on the ABL properties
and in particular on the horizontal and vertical
wind fields.

2. Numerical simulations description

Two numerical simulations were performed
using the Méso-NH atmospheric model described
in Lafore et al. (1998). A realistic situation
(URB) where MesoNH is coupled with the sur-
face scheme TEB (Town Energy Balance; Masson
2000) to simulate the urbanised areas and with the
ISBA (Interaction Soil Biosphere Atmosphere;
Noilhan and Planton 1989) to simulate natural
covers. In the second one (RUR), the urbanized
areas have been removed (the scheme ISBA
replaces the scheme TEB in each grid box, with
the characteristics of the most common rural land
use category in the zone) to display the impact of
the urbanisation on the airflow within the mixing
layer by comparison with URB.

Spatial coverage and resolution: For both sim-
ulations (URB and RUR), four two-way, grid-
nested models are used in order to obtain a high
horizontal resolution over the city of Toulouse.
The horizontal grid resolution of these models
are 12km (M1), 3km (M2), 1km (M3) and
0.25km (M4) (Fig. la—c). The high resolution
in the last domain (250m) allows the explicit
representation of the largest turbulent eddies
above the canopy for daytime urban boundary
layer. The Appendix explains the interest to ex-
plicitly represent a part of the Boundary Layer
turbulence for a better simulation of the spatial
structure (including on the vertical) of the UHI
for a city of the size of Toulouse. The horizon-
tal domains are 1800 x 1800 km, 300 x 300 km,
60 x 60 km and 30 x 30 km, respectively.

The vertical coordinate is composed of 50
levels. Stretching is used to obtain a fine descrip-
tion of the first atmospheric levels. The mesh
length in z-direction near the ground is 12m
and 400 m near the top of the model, with a
20% constant stretching. Fifteen levels are locat-
ed in the first 1000 m to finely resolve boundary-
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layer properties. The first atmospheric level is Temporal coverage and resolution: This study
situated 6 m over the natural cover or over the is focused on the IOPS (3rd and 4th July 2004) of
top canyon in the case of urbanized areas. the CAPITOUL experiment. The whole period
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Fig. 1. Horizontal domain of models at

(a) 12km (M1), (b) 3km (M2), (¢) 1km
(M3) and 0.25 km (M4) (black square)
resolution. The isolines represent the
orography in meters (above sea level in M1
and M2, above city centre level in M3).
The fraction of urban cover is presented in
a scale of greys in the M4 domain
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(48h) is simulated in a single run. The simula-
tion starts at 00.00 UTC the 3rd July with M1
and M2 grid-nested models. The first 18 h of the
simulation are considered as an initialization
period (spin-up). This is necessary in order to
represent the heat storage in the building and
roads during the day (3rd July) that will be re-
sponsible of the UHI during the following night.
The next 30h are simulated with the four grid
nested models M1, M2, M3 and M4 (18.00 UTC
the 3rd July to 24.00 UTC the 4th July).

The temporal discretization is carried out by a
leapfrog scheme and an Asselin’s filter (Asselin
1972). The time step used for the four grid-nested
models run are: 15, 3.75, 1.25 and 0.31 seconds
for M1, M2, M3 and M4, respectively.

Initial and boundary conditions: The initial
and boundary conditions of the first domain (M1)
are defined every 6 hours using the ARPEGE
global circulation model analyses (Courtier et al.
1991). For the other three models (M2, M3 and
M4) the two-way grid-nesting method is used.
Information between two successive models is
exchanged at every time step (Stein et al. 2000).
The open lateral boundary condition is given by
the Sommerfield equation for the normal com-

1.78

(LON)  Fig. 1 (continued)

ponent of the velocity proposed by Carpenter
(1982).

Parametrizations schemes: The radiation
scheme used is that of the European Center for
Medium-Range Weather Forecasts (ECMWF)
scheme (Morcrette 1991) and the ICE3 micro-
physical parameterization (Pinty and Jabouille
1998). For the first three models, the turbulence
scheme (Cuxart et al. 2000) is based on a prog-
nostic Turbulent Energy Equation and use a mix-
ing length computed using the Bougeault and
Lacarrere (1989) scheme. For the last model
M4, the turbulence scheme (also Cuxart et al.
2000) now solves the turbulent fluxes in all 3
dimensions.

Surface schemes. Characterization of Toulouse’s
city centre: In the simulation URB, the surface
schemes TEB and ISBA, are coupled to the
MesoNH model as explained in Pigeon et al.
(2006). The TEB urban scheme is a single-layer
model (the exchanges occur only at the top of the
canyon and roof (Masson 2000). TEB param-
eterizes town-atmosphere thermodynamic inter-
actions using a realistic parameterization of the
urban 3D geometry based on the “urban canyon”
geometric model (Oke 1987). For natural covers,
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ISBA parameterizes the exchanges between the
atmosphere and the surface. In the simulation
RUR, only ISBA scheme is activated to parame-
trize the surface.

For this study no Toulouse-specific database
(anthropogenic emissions, land cover map, geo-
metric parameters of the streets or thermal prop-
erties of building and road materials) was
available. To initialise both surface schemes, the
land cover for all models is described by the
1 km of horizontal resolution Ecoclimap surface
parameters database (Masson et al. 2003). The
land cover of Ecoclimap uses the CORINE
classification (Corine 2000). Corine land-cover
provides 44 classes for Europe of which 11 are
urban classes.

3. Regional forcing validation

The quality of simulated fields at the local scale
is linked to a good representation of the simulat-
ed regional forcing. The large-scale wind field,
the potential temperature and the water vapour
mixing ratio are analysed below using the results
of the model at 1km and 0.25 km of resolution
(URB(M3) and URB(M4)). The simulation’s
quality is evaluated by comparison with ex-
perimental observations of the IOP5 from the
CAPITOUL campaign.

3.1 Observational network

The IOPS5 provides boundary layer characteris-
tics for both urban and rural environments. The
MesoNH performance is tested using data from
the surface network of 21 temperature and rela-
tive humidity mini-stations. A 30 m hydraulic
tower was located on the roof of a building (sit-
uated 20 m above the ground) and two flux sta-
tions were situated at 15 km south-west (Fauga,
situated in a grassland area) and at 40 km north-
west of Toulouse (Saint-Sardos, situated in a
irrigated maize crop land). The boundary layer in-
strumentation consisted in: Ultra-High Frequency
radar (UHF) situated in the city centre, radio
soundings launched from the city and from rural
site (~15kmNW of the city) and the Meteo-
France instrumented aircraft Piper Aztec. The
whole experimental network for this IOP is de-
scribed in detail by Hidalgo et al. (2008, their
Fig. 1).

3.2 Horizontal wind field

The aircraft Piper Aztec flew legs on the after-
noon of the 4th July between 12.08 and
15.26 UTC at altitudes of 350, 1100 and
1650 m. The mean wind field provided at 350 m
(Hidalgo et al. 2008; their Fig. 8a), shows a weak
south-easterly flow with a wind velocity weaker
than 5Sms~! in the urban area and even weaker
leeward to the city. The flight leg at 1650 m
(Hidalgo et al. 2008; their fig. 8c), indicates the
existence of a stronger westerly-north-westerly
flow which creates a transition layer between the
two regions with weak wind at 1100m (Hidalgo
et al. 2008; their fig. 8b).

Figure 2 shows the horizontal wind modelled
by URB(M3) (1km of horizontal resolution,
60 x 60 km of spatial coverage). Outputs are
averaged for the same period of the flight
(12.30-15.30 UTC) in order to capture the mean
horizontal wind field in the region. It appears that
at low levels (Fig. 2a), Toulouse is under the
influence of a weak south-easterly wind flux with
intensities varying from 2 to 3.5ms~!. There is a
terrain-induced deflection of the mean flow by
the little hills situated in the SE of the analysis
area. The airflow is slowed to 1.5ms~! down-
wind of the city. At 1650 m (Fig. 2c), the influ-
ence of the city is not directly visible in the mean
wind, only the orography situated in the south
and east clearly modifies its direction and inten-
sity. MesoNH succeeds to simulate the sheared
wind profile present during this day, large-scale
wind is in agreement with flight observations for
the three flight levels (350, 1100 and 1650 m).

3.3 Potential temperature and water vapour
mixing ratio

The time series of potential temperature and mois-
ture observed by the Piper Aztec and those mod-
elled by MesoNH (URB(M4) and URB(M3) when
the aircraft goes out of the M4 domain) are shown
in Fig. 3. Potential temperature and vapour mixing
ratio are reproduced by the model for the flight
legs P1 and P2 (350 and 1100 m respectively).
These flight legs are situated inside of the convec-
tive mixed layer at this hour (Hidalgo et al. 2008).
Biases between the observations and the simula-
tion for these time series are lower than 1°C and
1 gkg™!, respectively (Fig. 3).
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For the flight leg P3 (at 1650 m of height) sit-
uated at this hour at the top of the entrainment
zone, (Hidalgo et al. 2008), potential temperature
is underestimated by about 2-2.5°C and mois-
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ture is overestimated by 2-3 gkg~!. This diver-
gence is due to a faster vertical development
of the modelled ABL during the morning. At
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higher than the one observed by the radio sound- 4. Temporal and spatial relations between
ing. This bias decreases during the afternoon and thermodynamics fields and surface parameters

at the end of the day (18.00 UTC) the ABL has a
height 100 m lower than the observed one and the

4.1 Surface energy balance (SEB)

difference on potential temperature is then 0.5 °C During this IOP, three sites were equipped to
at 2000 m. document the SEB of Toulouse and its surround-
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Fig. 4. Energy balance
components modelled (solid
line) and observed (dotted
line) by URB(M4), for the 4th
July 2004 in the central tower
(a) and in the rural sites (Saint
Sardos (b) and Fauga (c)).
Flux densities of net all-wave
radiation (Q*), sensible heat
(Qp), latent heat (Qg)
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ings. One located in the city centre, the other
two in rural areas north-west and south-west of
Toulouse (Saint Sardos and Fauga, respectively).
A detailed analysis of the observed turbulent
fluxes densities during this day is described by
Hidalgo et al. (2008).

The energy balance at the top of the street
canyon is described by Oke (1988) as:

Q" + QF = Qg + Qu + AQg + AQ4

The flux densities of net all-wave radiation
(Q™), sensible heat (Qy) and latent heat (Qq)
are measured directly (calculated with the eddy-
covariance method by Pigeon et al. (2007)). These
three components of the SEB are compared with
those simulated by MesoNH.

The anthropogenic heat flux (Qp) estimated
from inventories by Pigeon et al. (2007), the
below roof advection divergence (AQ,) and
the storage heat flux (AQs) were analysed by
Hidalgo et al. (2008).

The shape of the daily cycle of net all-wave
radiation Q™ is simulated by the model for both
environments (Fig. 4). In the city centre, there

Fig. 4 (continued)

are small biases in the simulation of the neg-
ative nocturnal values (—100 W m™2 observed
at 00.00—-04.00UTC and at 20.00-24.00 UTC,
—70 W m~2 modelled by MesoNH). It is linked
to the underestimation of the nocturnal sensible
(Qp) and latent (Qpg) heat flux densities. The
latent heat flux Qg is overestimated in the city
during daytime by about 50—100 W m~2 and in
the rural site 50-200 W m~2 from daybreak
to noon.

The model is able to accurately simulate the
diurnal sensible heat flux density for urban and
rural zones. The sign of Qg determines the sta-
bility of the near-surface air layers. During the
period of the breeze (12.00-18.00 UTC), the sen-
sible heat in the rural sites have small values (0—
100 W m~?) whereas the city centre have, during
the same period, strong Qy positive values
(350 W m~2). This difference in the distribution
of the surface energy between the urbanised and
rural zones is the key to the breeze generation.
Upward motions are generated in the urban
zone, favouring a convective circulation over
the city.
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Fig. 5. Temporal evolution of observed
(dotted line) and modelled (solid line) 2 m
potential temperature (a), urban heat island
intensity (b) and bias (c¢), the 4th July.
Output values from the simulation URB
(M4) at 2m have been extracted at grid
points corresponding to the location of

the surface stations and averaged by
urbanization class
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4.2 Night-time and daytime surface heat
and humidity islands

The ability of the model to reproduce the vari-
ability of the horizontal thermodynamics fields
over Toulouse area, is tested here by analysing
the 2 m air potential temperature and specific hu-
midity fields from the URB(M4) simulation.

The urban heat island (UHI), is a phenomenon
with a horizontal extension, under low large scale
winds, comparable to the whole city extension.
The measurement at a ground station is represen-
tative only of a small area around the station
(local scale). To obtain a good representation of
the UHI over Toulouse, the data from the net-
work of 21 temperature and relative humidity
stations situated in the city centre and suburban
areas of Toulouse, are averaged according to four
classes (urban area, residential suburban area,
non-residential suburban area and rural area;
Hidalgo et al. 2008). The output values of the
parameters from the model URB(M4) have been
extracted at grid points corresponding to the loca-
tion of the stations. Then, as for the observations,
simulation outputs have been averaged according
to the four classes defined previously.

Figure 5a compares the shape of the diurnal
cycle for the potential temperature simulated
and observed during CAPITOUL. As observed,
the difference of temperature between daytime
and night-time increases from the city centre to
the rural zone. However the high thermal ampli-
tude observed during this day (23 °C), is slightly
underestimated by the model (21 °C).

During the night from 3rd to 4th July, the rapid
cooling in the countryside and the observed
upward-directed turbulent flux densities caused
by the release of the energy stored in the ur-
ban materials, results in an observed nocturnal
UHI with an intensity between +3 and +5°C
(Fig. 5b). In the rural zone, the model overesti-
mates the temperature by 2.5°C at 00.00 UTC
(Fig. 5¢). The radiative cooling simulated during
the night, has the correct trend and at 05.30 UTC
when the temperature reaches the minimum,
its overestimation is weak (1.25°C). In the ur-
ban zone, the temperature at 00.00 UTC is 1°C
warmer to the one observed. The overestimation
decreases to 1.5°C at 05.30UTC. Despite the
bias between the temperatures simulated for the
four zones, the gradient of temperature results in

a simulated nocturnal UHI (Urban—Rural zone)
with a correct mean intensity of 4 °C for both,
observations and model (Fig. 5b).

From the daybreak until noon, the model
achieves its best performance, simulating tem-
peratures with a bias lower than 0.5°C. There
is a clear trend in the bias to underestimate
the temperature as the day goes by (Fig. 5c¢).
MesoNH succeeds in simulate the time-shift of
the atmospheric heating in the city centre in com-
parison with the rural zones. The urban cool is-
land of 1°C of intensity observed between 06.00
to 10.00 UTC is well simulated in duration but its
intensity is slightly overestimated especially at
8.00 UTC (Fig. 5b).

For the period of the breeze (12.00-18.00
UTC), the bias remains lower than 1.5°C
(Fig. 5¢) being the residential and non-residential
suburban zones the best areas simulated. The
daytime heat island observed during this period
(1-1.5°C of intensity) is simulated for the UHI
(Urban—Rural zone). This daytime UHI is an im-
portant element for the generation and persis-
tence of the urban-breeze circulation observed
this day. The gradient is inverted for the UHI
(Urban-residential zone) and UHI (Urban-non-
residential zone) due to a underestimation on
the potential temperature in surface for the city.

The same strategy is used to obtain the spe-
cific humidity at 2 m for the four representatives
zones (urban, residential suburban, non residen-
tial suburban and rural). The observed specific
humidity maintains a constant value of 7 gkg™!
until late in the afternoon (Fig. 6a). Characteris-
tic features of this day are: the gradient of humid-
ity between the city and the rural zone from
12.00 to 18.00 UTC (Fig. 6b) and the maximum
of 9.5gkg~! reached after 19.00 UTC when a
new air mass advected with the large scale west-
erly wind is incorporated to the ABL (Fig. 6a).

MesoNH simulates the observed humidity
from 00.00 to 12.00 UTC with a bias lower than
0.5gkg™! (Fig. 6¢). Sources of humidity are
weaker in urbanised zones than in rural zones,
producing a dry moisture island during daytime.
The days preceding the experiment corresponds
to a cloudy period with no rain. As a conse-
quence, there is no water available for evapora-
tion over urban surfaces while the soil is still
sufficiently moist to enable evapotranspiration
by the vegetation in rural zones. The increase
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of humidity near surface in late afternoon is over-
estimated by MesoNH in 2.5 gkg ™!, because of
the overestimated latent heat flux during the
afternoon. However humidity is of less impor-
tance concerning the urban breeze system com-
pared to temperature.

In general terms TEB is able to simulate the
surface temperature and humidity, the bias be-
tween observed and simulated temperatures
remains low in spite of the fact that no specific
database were used to describe the thermal prop-
erties of the surface of Toulouse.

5. Vertical boundary layer development:
Urban-breeze circulation

Here the features of the ABL development in
terms of wind field, temperature profile and wind
anomaly with respect to the mean wind field are
analysed.

5.1 Urban dynamical impact in the morning

The turbulence in the ABL can be produced by
buoyant convective processes and mechanical
processes. Modified artificial surfaces have a dif-
ferent response to the diurnal cycle of heating
and cooling. As seen in Sect. 4, the result is a
modified SEB and a horizontal gradient in air
temperature called urban heat island. The atmo-
sphere over hot surfaces is more unstable and
vertical motions are favoured (i.e. thermals of
warm air rising). On the other hand, the charac-
teristic roughness of the urbanized zones modi-
fies the mean wind flow in its way through the
city. The mean kinetic energy is transformed
in Turbulent Kinetic Energy (TKE) and results
in increased turbulent motions. A boundary
with strong wind shear is created at the top of
the canopy. This mechanical perturbation of the
ABL by the urban surface is analyzed hereafter
by comparing the realistic case URB(M3) and
the simulation RUR(M3) where the urbanized
areas have been removed.

The UHI between urban and rural zones
is minimal for the period 09.30-11.30 UTC
(Fig. 5b) and we assume that only mechanical
processes play a major role in the perturbation
of the wind field. The deceleration on the wind
due to the roughness of the city is of 1.5ms™!
at 6m over the urbanised area. This drag de-

creases rapidly with height. The intensity halves
at 25m and is close to zero at 110 m of height
(not shown).

5.2 Perturbation on potential temperature
in the ABL

The anomaly on the potential temperature of the
ABL created by the city, observed during the
aircraft flight (12.30-15.30 UTC) is analysed in
Hidalgo et al. (2008). The flight legs situated in
the convective mixed layer (350 m and 1100 m)
shows a heat island of 1°C and a 0.5 °C intensity
respectively. The UHI is slightly advected off-
centre to the north-west (leeward to the mean
flow). The aircraft crossed the entrainment zone
top to the free atmosphere at 1650 m (Hidalgo
et al. 2008; their Fig. 7a—c).

Figure 7a shows a 30km vertical cross-section
in the direction of the mean wind (NW-SE,
Fig. 7b). The city of Toulouse is situated in the
centre between 10 and 20km (black strip). The
mean potential temperature averaged between
13.30 and 14.30 UTC, shows a cell distribution
some kilometres downwind of the city to the
NW with a horizontal extension of approximately
7-9 km. Warm air from the surface convects over
the city until 1700 m (304.5 K). An anomaly ele-
vation (100-150m) of the ABL is advected lee-
ward to the city. The large scale gradient of
temperature pointed out with aircraft observations
by Hidalgo et al. (2008), is visible in this vertical
cross-section. The large scale gradient of temper-
ature is oriented NW-SE where a difference of
300 m between the ABL height is presented. The
daytime urban heat island of 1-1.5°C is able to
enhance up draft motions over and leeward the
city centre with mean vertical velocities on the
order of 1-1.5ms~! (not shown).

5.3 The urban-breeze circulation

Using aircraft data, Hidalgo et al. (2008) have
studied the perturbation of the wind in the ABL
created by the city. Surface convergence at 350 m
and 1100 m towards the city was observed with
an intensity of 1-2ms~! and an horizontal ex-
tension in the axis SE-NW 2 to 3 times bigger
than the size of the city. The divergent return
observed in upper levels at the top of the ABL
(1650 m), reached 2ms~! at 13.00 UTC.
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The dynamics of this local circulation is stud-
ied here comparing URB(M3) and RUR(M3).
The perturbation created by the city in the mean
wind field during the aircraft flight period
(12.30-15.30 UTC) was calculated from the sim-
ulations outputs. A temporal average of the wind
field for each grid point was done for URB and

the vertical cross-section (b)

RUR and the difference of these two mean fields
was computed. The result (URBj2n30-15n30—
RUR5130-15n30) 1S shown as a vertical cross-sec-
tion in the direction of the mean wind (NW-SE)
in Fig. 8a. The section of 30km long, crosses
Toulouse in city centre and ends near Merville
city (ER) in order to cover the two sites (urban
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0.000 the horizontal extension of Toulouse area.
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and rural) from where the radiosondes were
launched during the IOP5 (Fig. 7b).

The TEB scheme in the simulation URB al-
lows to take into account the two processes
cited in Sect. 5.1: the surface energy balance
and the roughness of Toulouse. This anomaly
contains then the thermal and mechanical differ-

vertical cross-section is in Fig. 7b

ences between both simulations. The roughness
force effect, in terms of anomaly, emphasizes the
branch of the breeze downstream of the wind
field and over the city only in the first 100 m.
Further above the convergent displacement of
air towards the city centre at low levels that is
observed from 150 m to 1100 m, is caused by the
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daytime UHI visible in Figs. 5b and 7a. The in-
tensity of this perturbation is of 0.5-1.5ms™!
with a diameter of 20 km. The mixed layer at this
hour is lower in the RUR simulation (1400-
1500 m in RUR and 1500-1700 m in URB). The
comparison between both simulations, results in
a weak divergent return current from 1500 m to
1800 m off-centre to the NW of the city centre
(Fig. 8a).

5.4 Time-evolution of the breeze

During the CAPITOUL campaign a north-west-
erly flow at the surface and a south-easterly flow
at upper-levels was identified in the radio sound-
ings of 18.00 UTC. This configuration indicated
a convergent branch from the rural site (Merville,
situated in the north-west) to the city and a diver-
gent branch from the city centre to the rural site.
The urban-breeze circulation of 5-6ms~! inten-
sity, was able to dominate the flow pattern at this
hour.

The same treatment than in Sect. 5.3 were
applied for the period 15.00-18.00UTC in
order to study the evolution of the breeze dur-
ing the afternoon. The boundary layer grew
from 1700m at 13.00UTC to 2200m in the
city centre and to 2100 m in the rural zone at
18.00UTC. This well developed ABL allows
the development of the breeze circulation both
on horizontal and vertical directions. The anom-
aly with respect to the mean wind for the same
cross section than in Sect. 5.3 is shown in
Fig. 8b. The breeze circulation becomes stron-
ger in the afternoon with an intensity of about
2-3ms~!'. A convective cell off-centre to the
NW of the city with a divergent return flow
from 1800 m is visible during the afternoon. The
cell situated leeward to the mean flux (NW of
the city centre) creates a recirculation of the air
with a diameter of 20km and 1500 m of height.

6. Conclusions

This study is focused on the numerical simula-
tion of the urban-breeze circulation observed by
Hidalgo et al. (2008) over the city of Toulouse
during the CAPITOUL experiment. High resolu-
tion numerical simulations were used to simulate
and study the 3-D mesoscale urban effects diffi-
cult to observe.

Two numerical simulations were performed
with the mesoscale atmospheric MesoNH mod-
el, a realistic situation (URB) and a second one
(RUR) where the urbanized areas have been re-
moved. Four nested models were used, with
12km, 3km, 1km and 0.25 km resolution. The
meteorological conditions simulated at the regi-
onal scale and the thermodynamical properties
of the ABL were compared with experimental
data from ground stations, wind profilers, radio
soundings and aircraft data.

For the period of the breeze (12.00-
18.00 UTC), the model is able to simulate the
surface energy balance and the surface potential
temperature for each zone (urban, residential,
non-residential and rural zones). The heat island
observed during this period with an intensity of
1-1.5°C was caused by a difference of 200-
300 Wm~2 on sensible heat flux (Qy) between
the city centre and the rural zones. This heat is-
land is an important element for the generation
and persistence of the urban-breeze circulation
observed this day.

MesoNH simulates the horizontal and the ver-
tical extension of the UHI within the ABL. The
location (advected some kilometers from the city
centre to the NW) is also well represented. The
anomaly of the ABL height leeward to the mean
flow observed by Hidalgo et al. (2008) was veri-
fied and analysed here. This anomaly of the ABL.
height (300 m) leeward to the mean flow is due to
enhanced up-draft motions over and leeward to
the city centre. The horizontal extension of this
temperature anomaly is approximately 7-9 km.
The ABL stays more developed leeward of the
city with an entrainment zone 150—200 m higher
than over the city centre due to a large scale
horizontal gradient of 1°C oriented NW-SE.

The dynamical perturbation on the ABL due to
roughness, was analysed for the period 09.30-
11.30 UTC when the UHI intensity is minimal.
The deceleration of the large-scale wind due to
the roughness of the city is of 1.5ms™! at the
surface and decreases fast on the vertical to be-
come negligible at a height of 100 m.

While the perturbation on potential tempera-
ture has a global size of the order of the whole
city size, the perturbation on the wind field due
to the buoyant convective processes is of the
order of 2 to 3 times the size of Toulouse. The
urban-breeze circulation started in the early af-
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ternoon with a convergent displacement of air
towards the city centre at low levels of 0.5-
1.5ms~! of intensity and a horizontal extension
in the axis of the mean wind (SE-NW) of 20 km.
A divergent return current from 1500m to
1800 m off-centre to the NW of the city centre
was present at upper levels. In late afternoon
the growth of the ABL height from 1700 m at
13.00 UTC to 2200 m of height in the city centre
at 18.00 UTC allowed the enhancement in inten-
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sity, horizontal and vertical extension of the ur-
ban-breeze circulation.

Appendix: Evaluation of the improvement
on the ABL thermodynamics representation
when going down to 250 m of horizontal
resolution instead of 1km

For this study four two-way, grid-nested models are used
with horizontal grid resolution of: 12km (M1), 3km (M2),
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1km (M3) and 0.25km (M4) (Fig. 1a, b and c). The res-
olution of 250 m in the last domain allows the explicit rep-
resentation of the largest turbulent motions in the diurnal
Urban Boundary Layer. A quasi-1D (on the vertical) scheme
is sufficient to represent turbulence for the first three
models. A mixing length computed using the Bougeault
and Lacarrere (1989) scheme is used. In last model horizon-
tal gradients must be solved and a 3D scheme (Cuxart et al.
2000) is used, able to see turbulence sources by shear in all
three spatial dimensions.

The objective of this appendix is to estimate the benefit
obtained in the thermodynamic fields representation of mod-
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el URB(M3) (1 km resolution) when the model M4 (0.25 km
resolution) is run in a 2-way-grid-nesting mode. In other
words, is evaluated the improvement on the simulated urban
effects (e.g. UHI) in the UBL when a higher resolution of
250 m is used instead of a resolution of 1km only. An extra
run, URB(M3)-1km, was performed using only M1, M2 and
M3 models (so domain M4 is not used and the finest resolu-
tion is 1km).

The horizontal pattern of potential temperature at 350 m
(Fig. 9a, b) and 1100m (Fig. 9c, d) of height are pres-
ented for simulations URB(M3) and URB(M3)-1km at
14.00 UTC. The UHI simulated by URB(M3) (so with the
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M4 at 0.25km of resolution runs in a 2-way-grid-nesting
mode, Fig. 9a, c) is a little advected off-centre to the north-
west of the city with an horizontal extension in the trans-
versal direction (SW—NE) comparable of that in the mean
wind direction (SE-NW). However, the UHI simulated by
URB(M3)-1 km (so without a M4 nested model, Fig. 9b, d) is
elongated in the large scale flow direction (SE-NW) spread-
ing the urban heating to much to the north-west of the city
concentrating it in a narrow band.

The model URB(M3)-1km can not explicitly solve turbu-
lent motions with a resolution higher than 1 km. The turbu-
lent scheme (1D) has problems to mix in the horizontal
direction at this resolution and, in this case, the advection
tends to lengthen the UHI in the wind direction flow. Even
using a 3D turbulent scheme the result will be similar due to
much weaker horizontal gradients.

In URB(M4) the dynamics are quasi-LES type: the largest
turbulent motions are resolved explicitly by the advection of
the model. Therefore the turbulent exchanges are more real-
istic, especially for the ones transverse to the mean wind
flow, thanks to the thermals in the UBL. URB(M3) simply
averages spatially these LES-like motions of M4. So it takes
into account correctly the turbulent exchanges down to the
scale of 250 m of resolution.

Is particularly critical here to have a good representation of
fine scale turbulent motions because Toulouse city is not very
wide. When a classical 1 km resolution alone is used, then the
lateral exchanges are smaller due to the lack of turbulent
fluxes, either resolved (there is no significant transverse tur-
bulent motions resolved by advection) or parameterized. This
explain for example why lagrangian models are often coupled
to mesoscale ones for dispersion studies: the lack of lateral
turbulence (through the thermals for example) in the meso-
scale models is replaced by a statistical representation of the
plumes (e.g. with gaussian models, see Lac et al. 2008).

However, when the process under study is not only on a
passive component of the atmosphere (as a tracer) but as here
on the small-scale thermodynamical fields themselves (UHI,
urban-breeze), then an excellent representation of the turbu-
lence in the mesoscale model is mandatory. Using LES-like
resolutions with adapted 3D turbulence schemes is a way to
solve this problem.

Acknowlegement

This research was performed with a PhD grant co-founded
by the French National Centre of Meteorological Research
and the FAO9 team of the University of Vigo in Spain
(Education and Science Ministry; DIMPRE project, Ref:
GL 2004-05187-C03-02/CLI). The authors would like to
thank the kindly help of Sue Grimmond and two anonymous
reviewers who offered a critical review of this paper.

References

Asselin R (1972) Frequency filter for time integrations. Mon
Wea Rev 100: 487-90

Bougeault P, Lacarrere P (1989) Parameterization of orog-
raphy-induced turbulence in a mesobeta-scale model.
Mon Wea Rev 117: 1872-90

Carpenter KM (1982) Note on the paper: radiation condi-
tions for lateral boundaries of limited area numerical
models. Quart J Roy Meteor Soc 110: 717-9

CORINE (2000) CORINE land cover. Technical guide, adden-
dum. Technical Report 40, European Environment Agency

Courtier Ph, Freydier C, Geleyn J, Rabier F, Rochas M
(1991) The Arpege project at Météo-France. In: Proc.
ECMWEF Workshop on Numerical Methods in Atmo-
spheric Modelling, 9—13 Sept 1991, vol 2, pp. 193-231

Cuxart J, Bougeault P, Redelsperger J-L (2000) A turbulence
scheme allowing for mesoscale and large-eddy simula-
tions. Q J Roy Meteorol Society 126: 1-30

Deardoff JW (1970) A three-dimensional numerical study
investigation of the idealized planetary boundary layer.
Geophys Fluid Dyn 27: 377-410

Hidalgo J, Pigeon G, Masson V (2008) Urban-breeze circu-
lation during the CAPITOUL experiment: observational
data analysis approach. Meteorol Atmos Phys 102: 223—-41

Lac C, Bonnardot F, Camail C, Connan O, Maro D, Herbert
D, Rozet M, Pergaud J (2008) Evaluation of a mesoscale
dispersion modelling tool during the CAPITOUL experi-
ment. Meteorol Atmos Phys 102: 263-87

Lafore JP, Stein J, Asencio N, Bougeault P, Ducrocq V,
Duron J, Fischer C, Hereil P, Mascart P, Masson V, Pinty
JP, Redelsperger JL, Richard E, de Arellano JV (1998)
The MesoNH atmospheric simulation system. Part I:
Adiabatic formulation and control simulation. Ann Geo-
phis 16: 90-109

Lemonsu A (2004) Sea-Town Interactions over Marseille: 3rd
urban boundary layer and thermodinamical field near the
surface. Theor Appl Climatol 84: 171-8

Lemonsu A, Masson V (2002) Simulation of a summer urban
breeze over Paris. Bound Layer Meteorol 104: 463-90

Masson V (2000) A physically-based scheme for the urban
energy budget in atmospherics models. Bound Layer
Meteorol 94: 357-97

Masson V (2006) Urban surface modelling and the meso-
scale impact of cities. Theor Appl Climatol 84: 35-45

Masson V, Grimmond CSB, Oke T (2002) Evaluation of the
town energy balance (TEB) scheme with direct measure-
ments from dry districts in two cities. J Appl Meteor 41:
1011-26

Masson V, Champeaux JL, Chauvin F, Meriguet C, Lacaze R
(2003) A global data base of land surface parameters at
1 km resolution in meteorological and climate models.
J Climate 16: 1261-82

Masson V, Gomes L, Pigeon G, Liousse C, Pont V, Lagouarde
J-P, Voogt J, Salmond J, Oke TR, Hidalgo J, Legain D,
Garrouste O, Lac C, Connan O, Briottet X, Lachérade S,
Tulet P (2008) The Canopy and Aerosol Particles Interac-
tions in TOulouse Urban Layer (CAPITOUL) experiment.
Meteorol Atmos Phys 102: 135-57

Morcrette JJ (1991) Radiation and cloud radiative properties
in the European center for forecasts forecasting system.
J Geophys 96: 9121-32

Noilhan J, Planton S (1989) A simple parametrization of
land surface processes for meteorological models. Mon
Wea Rev 117: 53649

Oke TR (1987) Boundary layer climates, 2nd edn. Methuen,
London, New York



262 J. Hidalgo et al.: Urban-breeze circulation during the CAPITOUL experiment: numerical simulations

Oke TR (1988) The urban energy balance. Prog Phys Geogr
12: 471-508

Oke TR (2005) Towards better scientific communication in
urban climate. Theor Appl Climatol 84: 179-90

Pigeon G, Lemonsu A, Barrié J, Durand P, Masson V (2006)
Urban thermodynamic Island in a coastal city analysed
from an optimized surface network. Bound Layer
Meteorol 232: 1-37

Pigeon G, Legain D, Durand P, Masson V (2007) Anthro-
pogenic heat release in an old European city (Toulouse,
France). Int J Climatol 27: 1969-81

Pinty J, Jabouille P (1998) A mixed-phase cloud parametri-
zation for use in mesoscale non-hydrostatic model: simu-

lations of a squall line and of orographic precipitations.
Proc. Conf. of Cloud Physics, Everett, WA, USA, Amer.
Meteor. Soc., pp. 217-20

Sharan M, Gopalakrishnan S, McNider R, Singh M (2000) A
numerical investigation of urban influences on local
meteorological conditions during the Bhopal gas accident.
Atmos Environ 4: 539-52

Stein J, Richard E, Lafore J, Pinty J, Asencio N, Cosma
S (2000) High-resolution non-hydrostatic simulations
of flash-flood episodes with grid-nesting and ice-phase
parameterization. Meteorol Atmos Phys 72: 203-22

Steyn D (1998) Scaling the vertical structure of sea breeze.
Bound Layer Meteorol 86: 505-24



