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GAME/CNRM Météo-France and CNRS, Toulouse, France

LESLIE NORFORD

Massachusetts Institute of Technology, Cambridge, Massachusetts

VALERY MASSON
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ABSTRACT

Urban canopy models (UCMs) are being used as urban-climate prediction tools for different applications

including outdoor thermal comfort and building energy consumption. To take advantage of their low com-

putational cost, UCMs are often forced offline without being coupled to mesoscale atmospheric simulations,

which requires access to meteorological information above the urban canopy layer. This limits the use of

UCMs by other scientific and professional communities, such as building engineers and urban planners, who

are interested in urban-climate prediction but may not have access to mesoscale simulation results or ex-

perimental meteorological data. Furthermore, the conventional offline use of UCMs neglects the fact that the

urban boundary layer can be affected by the surface and that the same forcing conditions may not be suitable

for studying different urban scenarios. This paper presents a physically based and computationally efficient

methodology to calculate forcing air temperatures for UCMs from meteorological data measured at opera-

tional weather stations. Operational weather stations are available for most cities in the world and are usually

located in open areas outside the cities. The proposed methodology is satisfactorily evaluated against me-

soscale atmospheric simulations and field data from Basel, Switzerland, and Toulouse, France.

1. Introduction

The urban heat island (UHI) effect, increase in air

temperature observed in urban areas relative to the un-

developed rural surroundings (Oke 1987), can affect the

energy performance of buildings (Bueno et al. 2012) and

negatively influence the health and well-being of urban

residents (Tan et al. 2010). The UHI effect is mainly

caused by the different morphology of the urban terrain

relative to the rural terrain, which has an impact on the

radiative budgets and the convective heat removal at the

surface. Added to this is the lower evaporation due to

the reduction of vegetated areas and the heat gain due to

anthropogenic sources in cities.

Urban canopy models (UCMs) have been developed

to represent urbanized surfaces in atmospheric numer-

ical simulations and are being used as urban-climate

prediction tools. The Town Energy Balance (TEB)

scheme (Masson 2000) is a well-established example of

a physically based UCM (Masson and Grimmond 2002;

Lemonsu et al. 2004; Pigeon et al. 2008). These urban

models can be coupled with a mesoscale atmospheric

model (online approach) or forced with meteorological

information above the urban canopy layer (offline ap-

proach) (Masson and Seity 2009). The offline approach
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takes advantage of the low computational cost of UCMs

to effectively perform parametric analyses of urban de-

sign criteria. However, this approach generally assumes

that forcing conditions are not affected by changes in the

urban surface, which is a restrictive assumption if one is

interested in contrasted scenarios of urban heat fluxes.

Furthermore, forcing meteorological information above

the urban canopy layer is only available through short-

term experiments, a few permanent urban stations, and

mesoscale atmospheric simulation results. This limits the

use of UCM by other scientific and professional com-

munities, such as building engineers and urban planners,

whomay be interested in urban-climate prediction but do

not have access to this type of information. On the other

hand, meteorological information can be easily found in

weather data files obtained from measurements at oper-

ational weather stations, usually located in open areas

outside the city (e.g., airports).

This paper presents a methodology to calculate forc-

ing air temperatures for UCMs from meteorological

information measured at operational weather stations.

Other studies that calculate urban weather information

through meteorological modeling can be found in the

literature. Erell and Williamson (2006) presented a

rural-to-urban weather transformation [the canyon air

temperature (CAT) model] based on the local-scale ur-

ban meteorological parameterization scheme (LUMPS;

Grimmond and Oke 2002), which requires the calibra-

tion of empirical parameters at the location of analysis.

Based on similarity theory, Hidalgo et al. (2010) de-

veloped a correlation for the daytime UHI effect at

mesoscale level under calm conditions. This correlation

depends on the city size, the capping inversion height,

and the urban–rural surface heat flux difference. Pre-

viously, Lu et al. (1997) had proposed an equivalent

correlation for the nighttime case.

The methodology presented here is physically based

and has a computational cost equivalent to UCMs. It

integrates nighttime and daytime boundary layers and

includes the wind impact. At each time step, an urban

boundary layer (UBL) model calculates air tempera-

tures above the urban canopy layer by solving an energy

balance for a control volume inside the urban boundary

layer. The model requires meteorological information

measured at an operational weather station (air tem-

perature at 2 m and wind speed at 10 m); surface sen-

sible heat fluxes, which can be measured or provided by

aUCMmodel and a soil–vegetation–atmosphere transfer

(SVAT) model; and air temperatures at two different

heights above the weather station provided by a vertical

diffusion model (VDM). The VDM calculates vertical

profiles of air temperature by solving a one-dimensional

transient heat diffusion equationwith the parameterizations

of Hong et al. (2006) and Louis (1979). The VDM re-

quires measurements at the operational weather station

and rural sensible heat fluxes.

This paper first describes the physics behind the UBL

model and the VDM. Then, both models are evaluated

separately by comparing them with three-dimensional

high-resolution numerical simulations of an idealized

city carried out with the Nonhydrostatic Mesoscale

(Méso-NH) atmospheric model (Lafore et al. 1998). A

second evaluation is presented by comparing the cou-

pled VDM–UBL scheme with field data from the Basel

Urban Boundary Layer Experiment (BUBBLE), car-

ried out in Basel (Switzerland) in 2002 (Rotach et al.

2005), and the Canopy and Aerosol Particles Inter-

actions in Toulouse Urban Layer (CAPITOUL) exper-

iment, carried out in Toulouse (France) during 2004 and

2005 (Masson et al. 2008). A discussion of the limitations

and prospects of the proposedmethodology is presented

at the end.

2. Model description

The objective of this model is to describe the diurnal

evolution of the UHI effect at mesoscale level based on

an idealized conceptual model of rural and urban

boundary layers as described in Hidalgo et al. (2010)

(Fig. 1). At nighttime, rural and urban boundary layers

usually have different stability regimes: the air is strati-

fied at the rural site and mixed at the urban site. At

daytime, the solar radiation heats the rural and urban

surfaces and the atmosphere is well mixed up to a high

altitude (Stull 1988). Additionally, the urban terrain

delays the diurnal wave of air temperature because there

is more surface exposed to the environment, increasing

the effective thermal inertia (Erell and Williamson

2007). As a result, the UHI effect (urban–rural air tem-

perature difference) presents a marked diurnal cycle with

positive values at nighttime, negative values during the

morning, and weak positive values during the afternoon

(Oke 1987).

a. Urban boundary layer model

The UBL model is based on an energy balance

for a selected control volume inside the urban bound-

ary layer delimited by the blending height zr, at which

the influences of individual obstacles on vertical

profiles or fluxes become horizontally blended, and

the boundary layer height zi (Fig. 1). It differenti-

ates between nighttime and daytime urban bound-

ary layers and between the advection effect driven by

a geostrophic wind (forced problem) and by the urban-

breeze circulation (buoyancy-driven problem) (Hidalgo

et al. 2008b).
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The energy balance of the UBL model is expressed as

VCVrcy
duurb
dt

5Hurb 1

ð
urefrcp(uref 2 uurb) dAf , (1)

where VCV is the control volume, r is the air density, cy
is the air specific heat at constant volume, cp is the air

specific heat at constant pressure, uurb is the average

potential temperature of the control volume, Hurb is

the sensible heat flux at the surface of the control vol-

ume (W), uref is a reference potential temperature

outside the control volume, uref is a reference air ve-

locity, and Af is the lateral area of heat exchange be-

tween the control volume and its surroundings (see

Table 1 for a description of all terms). In Eq. (1), the

term on the lhs represents the thermal inertia of the

control volume and the second term on the rhs repre-

sents the advection effect. The model assumes that the

potential temperature is uniform inside the control

volume and that there is no significant heat exchange at

the top of it. The later assumption implies that the

model neglects the longwave radiation exchange be-

tween the boundary layer air and the upper atmosphere

and the entrainment of air at the top of the boundary

layer. These effects are generally small and counteract

each other.

At daytime, a control volume of the size of the city and

height (zi)day is selected. The reference temperature of

FIG. 1. Representation of a city and the physical domain of the

VDM and the UBL model. Required surface heat fluxes can be

measured or provided by a SVAT model and a UCM. Idealized

nighttime and daytime vertical profiles of potential temperature

are shown at rural and urban sites (not at scale). The characteristic

height zc is the canopy height between the ground and the height of

obstacles; zr is the blending height, at which the influences of in-

dividual obstacles on vertical profiles or fluxes become horizontally

blended; and zi is the boundary layer height.

TABLE 1. Nomenclature.

Acity City horizontal area, m2

Af Lateral heat exchange area, m2

cp Air specific heat at constant pressure, J kg21 K21

cy Air specific heat at constant volume, J kg21 K21

Cvk von Kármán constant

dx Length of the control volume parallel to the main

wind direction, m

D City characteristic length, m

E Turbulent kinetic energy, m2 s22

g Gravity acceleration, m s22

Hrur Rural sensible heat flux at surface W

of control volume, W m22

Hurb Urban sensible heat flux at surface W

of control volume, W m22

kw Urban-breeze circulation scale constant

Kd Diffusion coefficient, m2 s21

lk Length scale, m

L Monin–Obukhov length, m

Pcity City perimeter, m

Ri Richardson number

t Time, s

ucirc Urban-breeze circulation velocity, m s21

uref Reference wind speed in the UBL model, zonal

wind force in the mesoscale simulations, m s21

uwind Wind air velocity, m s21

u* Friction velocity, m s21

VCV Control volume, m3

ws Mixed-layer velocity scale, m s21

w* Convective velocity scale, m s21

W Width of the city orthogonal to the

wind direction, m

z Vertical space component, m

zc Canopy height, m

zi Boundary layer height, m

zinv Capping inversion height, m

zm Air velocity measurement height, m

zr Blending height, m

zref Reference height at which temperature

profiles are uniform, m

z0 Roughness length, m

b Buoyancy coefficient, m s21 K21

SH Difference between urban and rural sensible heat

fluxes during one day of simulation, W h m22

d Simulation time step, s

u Potential temperature, K

r Density, kg m23

fm Wind profile function
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Eq. (1) is taken as the potential temperature outside

the city at a height at which the vertical profile is con-

sidered uniform, urur(zref). This temperature is pro-

vided by the VDM.

In presence of geostrophic wind, the reference velocity

is taken as the air velocity measured at the weather sta-

tion uwind(zm) (zm 5 10 m) and the lateral area of heat

exchange Af includes the width of the city orthogonal to

the wind directionW. Under urban-breeze circulation at

daytime, Hidalgo et al. (2010) proposed the following

expression for the characteristic circulation velocity

ucirc:

ucirc 5 kw

 
bzi

Hurb 2Hrur

rcp

!1/3

, (2)

where kw is a constant (kw ; 1), b is the buoyancy co-

efficient (b 5 gu21), and Hurb and Hrur are the sensible

heat fluxes (W m22) from the urban and the rural sites,

respectively. The problem is assumed to be driven by

buoyancy if the circulation velocity is greater than the air

velocity measured at the weather station. For this situa-

tion, the circulation velocity [Eq. (2)] is used in the energy

balance and the lateral area of heat exchange includes its

entire perimeter Pcity.

At night, in presence of geostrophic wind, the urban

boundary layer is horizontally divided in various control

volumes (Fig. 2). For the first control volume, the one

upstream of the city, the reference potential tempera-

ture andwind velocity are assumed to have the following

linear vertical profiles:

urur(z)5 [urur(zi)2 urur(zr)]
z

zi
1 urur(zr) (3)

and

uwind(z)5 uwind(zm)
z

zm
, (4)

where urur(zr) is the air temperature measured at the

weather station (zr 5 2 m). The urur(zi) is provided by

the VDM, where the boundary layer height zi is an input

of the model. For simplicity, Eq. (4) assumes that the air

velocity is 0 at zr. For the control volumes downstream

of the first one, the reference temperature is assumed to

be uniform and given by the temperature of the control

volume immediately upstream.

Under urban-breeze circulation at nighttime, the cir-

culation velocity obtained by Eq. (2) is also used for the

reference air velocity of Eq. (1), although this velocity

scale was initially developed for daytime conditions

[indeed, the circulation velocity scale proposed by Lu

et al. (1997) for nighttime is equivalent to Eq. (2)]. The

reference air temperature is assumed to have also a lin-

ear vertical profile [Eq. (3)].

To simplify the mathematical formulation of the UBL

model, the height reference is taken at zr [e.g., (zi)model 5
(zi)real2 (zr)real and (zr)model5 0]. The numerical method

used to solve Eq. (1) is implicit Euler, in which

duurb/dt5 (uurb 2 u2urb)/d, where d is the simulation time

step. Then, Eq. (1) can be expressed as

uurb 2 u2urb 5Csurf 1Cadvueq2Cadvuurb , (5)

where Csurf, Cadv, and ueq are calculated for each sce-

nario according to Table 2.

b. Vertical diffusion model

The VDM calculates the vertical profiles of potential

temperature above the weather station by solving the

following heat diffusion equation:

TABLE 2. Surface coefficient Csurf, advection coefficient Cadv,

and equivalent temperature ueq used in Eq. (5) for each scenario.

Here urur is the potential temperature outside the city at different

heights (zr, zi, and zref); un21 is the average potential temperature

of the control volume upstream of the one considered; Hurb is the

urban sensible heat flux (W m22).

Csurf Cadv ueq

Night

Forced (first)
Hurbd

zircy

uwind(zm)zidcp
2zmdxcy

2

3
urur(zi)1

1

3
urur(zr)

Forced (rest) un21

Buoyancy driven
Hurbd

zircy

Pcityucircdcp

Acitycy

1

2
urur(zi)1

1

2
urur(zr)

Day

Forced
Hurbd

zircy

Wuwind(zm)dcp
Acitycy

urur(zref)

Buoyancy driven
Hurbd

zircy

Pcityucircdcp

Acitycy
urur(zref)

FIG. 2. Representation of the nighttime-forced scenario of the

UBL model, in which the urban boundary layer is horizontally

divided in various control volumes.
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›u(z)

›t
52

1

r(z)

›

›z

�
r(z)Kd(z)

›u(z)

›z

�
, (6)

where z is the vertical space component, r is the air

density, and Kd is a diffusion coefficient. The lower

boundary condition of Eq. (6) is the temperature mea-

sured at the weather station u(zr). The upper boundary

condition accounts for the fact that at a certain height

(zref ; 150 m), the profile of potential temperature is

uniform and (›u/›z)zref 5 0.

The difficulty of calculating vertical temperature

profiles through a diffusion equation lies in the calcula-

tion of the diffusion coefficient Kd. In some atmospheric

models, such as the Méso-NH model, this coefficient is

related to the turbulent kinetic energy (TKE) at each

vertical level (Bougeault and Lacarrere 1989):

Kd 5CklkE
1/2 , (7)

whereE is the TKE,Ck is amodel parameter set equal to

0.4, and lk is a length scale. In these models, a prognostic

equation for the TKE is then solved as a function of the

temperature and velocity fields (Martilli et al. 2002), so

coupled equations for the air velocity components have

also to be computed. This approach adds excessive

complexity and computational cost to this particular

application, in which the uncertainties associated with

urban-climate prediction limit the reachable accuracy

level. A simpler approach, proposed byHong et al. (2006),

calculates Kd based on correlations as a function of a

mixed-layer velocity scale and the planetary boundary

layer height, which has to be calculated iteratively.

The VDM proposes an alternative and robust solu-

tion, which combines the two approaches mentioned

above. The diffusion coefficient is calculated by Eq. (7)

and the TKE at each vertical level is approximated by

E5max(w2
s ,Emin) , (8)

where ws is the mixed-layer velocity scale and Emin is set

equal to 0.01 m2 s22. Atmospheric models usually estab-

lish a minimum TKE given the difficulties of predicting

very stable boundary layers (Bravo et al. 2008). A com-

prehensive description of the VDM is presented in the

appendix.

3. Model evaluation

a. Comparison with mesoscale atmospheric
simulations

This section presents a separate evaluation of the

VDM and the UBL model through a comparison with

idealized three-dimensional simulations carried out with

the Méso-NH atmospheric model. The horizontal do-

main is 80 km3 80 km with a circular city in the middle

(D5 10 km). The effects of the perturbations created by

the city in the mean flow typically have a horizontal

extent 2 to 3 times the size of the city (Hidalgo et al.

2008a), so the horizontal domain was large enough to

prevent interferences from the cyclic boundary condi-

tions. The horizontal grid resolution was set to 500 m.

The vertical coordinate was composed of 56 levels over

a vertical domain of 4 km. Vertical resolution varies

from 4 m near the surface to 250 m on the top of the

domain. The subgrid turbulence was parameterized

following the scheme of Cuxart et al. (2000) and the

mixing length of Bougeault and Lacarrere (1989).

Figure 3 shows the diurnal cycles of urban and rural

surface heat fluxes imposed in the simulations, which

represent typical scenarios observed in rural and urban

areas. The integral of the difference between urban and

rural sensible heat fluxes during one day of simulation

(SH), the capping inversion height zinv, and the zonal

wind force uref were used as external forcing parameters

(the capping inversion height is the same as the bound-

ary layer height at daytime). A set of these three pa-

rameters was chosen and fixed for each simulation.

Simulations are carried out for SH 5 (1350 W h m22

and 650 W h m22 ), zinv 5 (1000 m and 1500 m), and

uref 5 (0 m s21, 4 m s21, and 8 m s21). The roughness

length was set to z0r 5 0.01 m for rural surfaces and

z0u 5 1.0 m for urban surfaces. The meteorological con-

text was an idealized anticyclonic summer situation

representative of southern France.

The simulation results used in this analysis corre-

spond to a vertical plane passing through the city center.

Rural conditions at different heights are taken as the

FIG. 3. Diurnal cycles of rural and urban sensible heat flux im-

posed in themesoscale simulations for the cases of aggregated urban–

rural difference SH 5 [1350 W h m22 (urb1) and 650 W h m22

(urb2)]. The model considers daytime whenHurb reaches 80 W m22

in the morning and nighttime whenHurb drops below 30W m22 in

the afternoon.
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horizontal average of themesh points contained in a line

of lengthD centered on a distanceD/2 upwind of the city

edge. Urban conditions are taken as the average of the

mesh points contained in a plane of widthD centered on

the city center and height zi.

Figure 4 shows the contours of potential temperature

above and around the idealized city at nighttime. It can

be seen that the urban boundary layer presents a hori-

zontal distribution of air temperature due to the ad-

vection effect. Although this distribution could be

captured by the discretization of the UBL model at

nighttime (Fig. 2), in this study we are interested in the

average air temperature above the city resulting from

the average sensible heat flux over the city surface. It

can also be noted that the effect of the heat source (the

city) on the surface layer (first 15 m) is restricted to its

horizontal area. This effect was already observed by

Klysik and Fortuniak (1999) and implies that, exclud-

ing microclimate effects, a weather station located

outside and downstream of the city would measure sim-

ilar conditions as one located upstream of the city. An

asymmetrical urban boundary layer, typically observed

when the geostrophic wind is not negligible, may in-

fluence downstream rural areas but above the mea-

surement height (2 m for temperature and 10 m for

wind speed).

Figures 5 and 6 compare the vertical profiles of po-

tential temperature at the rural site for different zonal

wind forces. It can be seen that the VDM is able to re-

produce the daytime and nighttime vertical distribution

of potential temperature calculated by the mesoscale

simulations. Some differences appear in the night–day

transition period because of the different turbulence

models used by the VDM and the Méso-NH model.

The capacity of the VDM to predict u[(zi)night] and

u[(zref)day], which are the parameters required by the

UBL model, is evaluated in Table 3. The root-mean-

square error (RMSE) of u[(zi)night] and u[(zref)day] be-

tween the VDM and the mesoscale simulations ranges

between 0.4 and 0.9 K, which is slightly lower than the

error of the UBL model (Table 5).

The input parameters used by the UBL model for

the comparison with mesoscale simulations are de-

tailed in Table 4. The model requires rural air tem-

peratures at three different heights fu(zr), u[(zi)night],

FIG. 4. Lower atmosphere nighttime contours of potential air

temperature over a city of diameterD and its surroundings (top) in

the presence of a geostrophic wind (uref 5 4 m s21) and (bottom)

under urban-breeze circulation (uref 5 0 m s21) calculated by the

mesoscale simulation for the case SH 5 1350 W h m22 and zinv 5
1000 m.

FIG. 5. Vertical profiles of potential temperature at (top) day-

time and (bottom) nighttime calculated by the VDM and by the

mesoscale simulations for the case SH 5 1350 W h m22, zinv 5
1000 m, and uref 5 0 m s21.
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and u[(zref)day]g, which are provided by the mesoscale

simulation results at the rural site (for the purpose of

this comparison since they are normally provided by

the VDM). The same diurnal cycles of surface heat

fluxes imposed to the mesoscale simulations are used

in the UBL model (Fig. 3).

Figures 7 and 8 compare the average potential tem-

peratures of the urban boundary layer calculated by the

UBL model with the average urban and rural boundary

layer temperatures calculated by themesoscale simulation

for different situations in terms of capping inversion

height, surface heat flux, and zonal wind force. Differ-

ences in air temperature, computed as RMSE andmean-

bias error (MBE) between the model and the mesoscale

simulations, are presented in Table 5. TheRMSE ranges

between 0.6 and 1.0 K, where the daily maximum UHI

effect calculated by the mesoscale model ranges between

1.8 and 2.5 K. Note that this UHI effect does not make

use of the near-surface air temperature, which would

come from an UCM. The MBE is generally low indi-

cating that there are no systematic errors in the model.

The error of the VDM and the UBLmodel is related

to their hypotheses and is acceptable given the im-

portant uncertainties associated with urban-climate

predictions.

b. Comparison with field data from Basel,
Switzerland, and Toulouse, France

In this section, the VDM–UBL scheme is compared

with field data from two boundary layer experiments:

the intensive observational period (IOP) of the BUBBLE

experimental campaign, carried out in Basel (Switzerland)

between 10 June and 10 July 2002 (Rotach et al. 2005),

and the CAPITOUL experimental campaign carried out

in Toulouse (France) from February 2004 toMarch 2005

(Masson et al. 2008).

In both experiments, weather data are measured si-

multaneously at rural and urban sites. At the urban sites,

measurements include above-canopy air temperatures.

The evaluation of the VDM–UBL scheme consists of

introducing rural weather data as inputs in the model and

comparing the calculated and observed forcing air tem-

peratures above the urban canopy layer.

FIG. 6. As in Fig. 5, but for the case SH 5 650 W h m22, zinv 5
1500 m, and uref 5 4 m s21.

TABLE 3. RMSE and MBE between the potential temperature

calculated by the VDM and by the mesoscale simulation at (zi)night
and (zref)day for different zonal wind forces (uref), aggregated sur-

face heat fluxes (SH), and capping inversion heights (zinv).

Mesoscale

cases

uref
(m s21)

zinv 5 1000 m

SH 5 1350 W h m22
zinv 5 1500 m

SH 5 650 W h m22

RMSE (K) MBE (K) RMSE (K) MBE (K)

(zi)night
0 0.6 0.3 0.4 20.3

4 0.9 0.5 0.5 20.2

8 0.8 0.3 0.7 20.3

(zref)day
0 0.6 0.4 0.6 0.3

4 0.6 0.5 0.7 0.4

8 0.7 0.5 0.8 0.5

TABLE 4. Modeling inputs used in the comparison of the UBL

model with mesoscale simulations. Other inputs of the model are

rural air temperatures at three different heights fu(zr), u[(zi)night],
and u[(zref)day]g and the wind speed at zm calculated by the me-

soscale simulation. The same diurnal cycles of rural and urban

surface heat fluxes are imposed to the UBL model and to the

mesoscale simulations.

Parameter Settings

Simulation time step 300 s

Characteristic length of the city D, W 5 10 000 m

Perimeter of the city Pcity 5 4D

Horizontal area of the city Acity 5 D2

Horizontal discretization for dx 5 D/4

scenario night forced

Nighttime boundary layer height (zi)night 2 zr 5 30 m

Daytime boundary layer height (zi)day 5 1000 m

Reference height (zref)day 5 150 m

Rural roughness length z0r 5 0.01 m

Circulation velocity coefficient kw 5 1.2
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In addition, during the CAPITOUL experiment, ra-

diosondes (Vaisala RS92) were launched from various

rural and urban locations. As the balloons ascended,

meteorological data were recorded each second. This led

to a vertical resolution of approximately 5 m. In this

analysis, themeasurements from radiosondes launched at

a rural site 17 kmnorthwest fromToulouse are compared

to the VDM.

From thenetworkofweather stations of theCAPITOUL

experiment, the station located atMondouzil is assumed

to be representative of rural conditions, and the station

located next to the Monoprix building in the dense ur-

ban center of Toulouse is selected as representative of

urban conditions.

The main urban experimental site in BUBBLE is

Basel-Sperrstrasse. The site represents a heavily built-

up part of the city center of Basel, mainly composed of

residential buildings. The Grenzach weather station,

inside the valley of the Rhine River, is used as the ref-

erence rural station.

Modeling input parameters are detailed in Table 6.

City characteristic lengths of 7.5 and 5 km for Toulouse

and Basel, respectively, are estimated based on aerial

views of the cities. Measured rural and urban sensible

heat fluxes are imposed to the simulations.

Vertical profiles of potential temperature obtained

with the VDM are compared with measurements from

the radiosondes. Figure 9 compares calculated and

measured vertical profiles for a day in winter and a day

in summer, respectively. Given the simplicity of the

VDM, the results show a reasonably good agreement

with observations. The vertical shape of the profiles is

reasonably well captured by the model, although the

temperature values at the weather station, which are

used as boundary conditions by the VDM, were not

measured at the same location as where the radiosondes

were launched.

The capacity of the VDM–UBL scheme to predict

forcing air temperatures above the urban canopy layer

is evaluated. Calculated monthly average diurnal cy-

cles are compared with observations at the urban site

for summer, fall, and winter in CAPITOUL (Fig. 10)

and for summer in BUBBLE (Fig. 11). Air temperature

measurements at 2 m at the rural site are also repre-

sented. As can be seen, the VDM–UBL scheme is able

to capture both the UHI effect observed at night and

the urban cool island (UCI) effect observed in the

morning. Here, the UHI and UCI effects are defined as

the difference between the forcing air temperatures

FIG. 7. Diurnal cycle of the average potential temperature over

the urban boundary layer calculated by the UBLmodel and by the

mesoscale simulation for the case SH 5 1350 W h m22, zinv 5
1000 m, and uref 5 [(top) 4 m s21, (bottom) 0 m s21]. The diurnal

cycle of the average potential temperature over the rural boundary

layer calculated by the mesoscale simulation is also represented

(rur).

FIG. 8. As in Fig. 7, but for the case SH 5 650 W h m22,

zinv 5 1500 m.
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above the urban canopy layer and the rural air tem-

perature measured at 2 m.

Statistical results of this comparison are presented in

Table 7. The RMSE between themodel and observations

ranges between 0.8 and 1.2 K for both experiments,

where the average daily maximumUHI effect is 4.4 K in

BUBBLE, 2.3 K in summer in CAPITOUL, and about

1.5 K in fall and winter in CAPITOUL. The MBE is

generally small, which indicates that there are no system-

atic errors in the model.

A sensitivity analysis of the model indicates that

values of (zi)night between 30 and 100 m and (zi)day be-

tween 800 and 2000 m have an impact of60.1 K on the

results.

4. Conclusions

This paper presents a physically based and computa-

tionally fast two-model scheme to obtain forcing air tem-

peratures above the urban canopy layer. The scheme

requires meteorological information measured at an op-

erational weather station and surface sensible heat fluxes

at rural and urban locations. The vertical diffusion model

calculates vertical profiles of potential temperature at the

rural site by solving a one-dimensional heat diffusion

equation. The diffusion coefficient is calculated dynami-

cally by approximating the TKE to the square of a mixed-

layer velocity. Values of potential temperature at different

heights calculated by the VDM are used in the urban

boundary layer model, which calculates air temperatures

above the urban canopy layer by applying an energy

balance to the urban boundary layer (or subdivisions).

The VDM–UBL scheme requires the rural and urban

sensible heat fluxes calculated by the canopy models.

TABLE 5. RMSE and MBE between the average potential temperature of the urban boundary layer calculated by the UBL model

and by the mesoscale simulation for different aggregated surface heat fluxes (SH), capping inversion heights (zinv), and zonal wind

forces (uref). Errors are compared with the daily maximum urban–rural temperature difference calculated by the mesoscale simula-

tion (UHImax).

Mesoscale cases

uref (m s21)

zinv 5 1000 m

SH 5 1350 W h m22
zinv 5 1500 m

SH 5 650 W h m22

RMSE (K) MBE (K) UHImax (K) RMSE (K) MBE (K) UHImax (K)

0 0.6 0.1 2.4 1.0 0.1 2.4

4 0.8 0.0 2.5 0.9 20.1 2.0

8 0.7 0.0 2.1 0.7 20.1 1.8

TABLE 6. Modeling inputs used in the comparison of the VDM–

UBL scheme with field data from the experiment CAPITOUL.

The scheme also requires u(zr) and u(zm) from measurements at

the rural site. Here u[(zi)night] and u[(zref)day] are provided by the

VDM to the UBL model. Rural and urban sensible heat fluxes are

imposed from observations.

Parameter Settings

Location CAPITOUL: Toulouse

BUBBLE: Basel

Characteristic length of the city CAPITOUL: 7500 m

BUBBLE: 5000 m

Simulation time step 300 s

Weather data time step 3600 s

Nighttime boundary layer height (zi)night 2 zr 5 50 m

Daytime boundary layer height (zi)day 5 1000 m

Reference height (zref)day 5 150 m

Rural roughness length z0r 5 0.01 m

Circulation velocity coefficient kw 5 1.2

FIG. 9. Vertical profiles of potential temperature calculated by

the VDM and observed during the CAPITOUL experiment on

(top) 2 Mar 2005 and (bottom) 4 Jul 2004.
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TheVDM–UBL schemehas been comparedwith three-

dimensional mesoscale atmospheric simulations and

with field data from the experiments BUBBLE (Basel,

Switzerland) and CAPITOUL (Toulouse, France). The

comparison shows a reasonable good agreement, given

the important uncertainties associated with urban-climate

predictions. The application of the proposed methodology

has some restrictions in terms of the location of the ref-

erenceweather station. This can be situated in any location

in the periphery of the city as long as is not surrounded by

urbanization and is not affected by site-specific micro-

climate conditions produced by the orography or by the

presence of large bodies of water.

The UBL model is being incorporated into the offline

model of the Surface Externalisée (SURFEX) scheme

(Masson et al. 2012) in the context of a French project of

climate change impact on urban energy consumption

[Modélisation Urbaine et Stratégies d’adaptation au

Changement climatique pour Anticiper la Demande et

la production Energétique (MUSCADE); http://www.

cnrm.meteo.fr/ville.climat/spip.php?article85]. This

makes it possible to carry out long-term analyses of fu-

ture climate scenarios without having to run computa-

tionally expensive mesoscale simulations. SURFEX is

implemented with the urban canopy model TEB

(Masson 2000), and the soil–vegetation–atmosphere

transfer model Interactions between Soil, Biosphere,

and Atmosphere (ISBA; Noilhan and Planton 1989). As

an alternative to the VDM, this application uses an it-

erative procedure with the ISBA scheme to calculate air

temperatures above the weather station (Lemonsu et al.

2013). The VDM–UBL scheme has been coupled with a
FIG. 10. Monthly average diurnal cycle of forcing air temperatures

above the urban canopy layer calculated by the VDM–UBL scheme

and observed during the CAPITOUL experiment for (top) July and

(middle)October 2004, and (bottom) January 2005, in thedense urban

area of Toulouse. Monthly average diurnal cycles of measured rural

air temperatures (rur) for the same period are also represented.

FIG. 11.Monthly average diurnal cycle of forcing air temperatures

above the urban canopy layer calculated by the VDM–UBL scheme

and observed during the BUBBLE experiment between 10 Jun and

10 Jul 2002. Monthly average diurnal cycle of measured rural air

temperature (rur) for the same period is also represented.

TABLE 7. RMSE andMBE between the forcing air temperatures

above the urban canopy layer calculated by the UWG and ob-

served during BUBBLE experiment between 10 Jun and 10 Jul

2002; and between the urban air temperatures calculated by the

UWG and observed during CAPITOUL experiment in July and

October 2004, and January 2005. Errors are compared with the

average daily maximum UHI effect (UHImax) observed during

each period, defining the UHI effect as the difference between the

forcing air temperatures above the urban canopy layer and the

rural air temperature measured at 2 m.

Month RMSE (K) MBE (K) (UHImax) (K)

BUBBLE

Summer 0.9 0.2 4.4

CAPITOUL

Summer 0.8 0.2 2.3

Fall 1.1 0.4 1.5

Winter 1.2 0.2 1.4
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SVATmodel and a UCM to be used as an urban-climate

prediction tool for the analysis and design of buildings

and urban areas (Bueno et al. 2013).
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APPENDIX

The Vertical Diffusion Model

The length scale lk used in Eq. (7) is determined by

solving the following set of equations (Bougeault and

Lacarrere 1989):ðz1l
up

z
b[u(z)2 u(z0)]dz05E(z) , (A1)

ðz
z2l

down

b[u(z0)2 u(z)] dz0 5E(z) , (A2)

and

lk 5min(lup, ldown) , (A3)

where lup and ldown are the distances that a parcel orig-

inating from level z, and having the turbulent kinetic

energy E(z), can travel upward and downward before

coming to rest because of buoyancy effects. The term

ldown cannot be greater than the height above the ground.

The mixed-layer velocity used in Eq. (8) is calculated

according to Hong et al. (2006):

ws 5 (u3*1fmCvkw
3
*z/zi)

1/3 , (A4)

where u* is the friction velocity, Cvk 5 0.4 is the von

Kármán constant, fm is a wind profile function,w* is the

convective velocity scale, and zi is the boundary layer

height.

For unstable and neutral conditions (Hrur . 0), the

wind profile function and the convective velocity scale

are calculated as

fm5

�
12 8

0:1zi
L

�21/3

, (A5)

and

w*5

"
g

u(zr)

Hrur

rcp
zi

#1/3
. (A6)

For stable conditions, w
*
5 0 and

fm 5 11 5
0:1zi
L

, (A7)

where L is the Monin–Obukhov length, calculated as

L5
u3*u(zr)

Cvk

rcp

Hrur

. (A8)

The friction velocity u* is calculated according to

Louis (1979):

u*5 au(zr)f
1/2
m , (A9)

where a5Cvk/log(zr/z0) is a drag coefficient, u(zr) is

calculated from u(zm) assuming a logarithmic profile,

and fm is a coefficient that accounts for the atmosphere

stability and is given by

fm 5
1

(11 4:7Ri)2
(A10)

for stable and neutral conditions (Ri $ 0) and by

fm5
12 9:4Ri

11 c(2Ri)2
(A11)

for unstable conditions Ri , 0. In Eq. (A11), the con-

stant c is given by c5 69:56a2(zr/z0)
1/2, and the Rich-

ardson number is calculated as

Ri5
gzr[u(zr)2 usoil]

u(zr)u(zr)
2

. (A12)
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