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ABSTRACT

The Montreal Urban Snow Experiment was dedicated to furthering the understanding of micrometeoro-
logical processes involved in the late winter—early spring transition period in a Canadian city. A surface energy
budget (SEB) measurement site was installed in a dense residential area of Montreal for several weeks in 2005
and 2006. This paper focuses on the last 6 days of the 2006 experiment (2328 March 2006), after snowmelt and
before vegetation became active, with the objectives of providing a better understanding of physical processes
involved during this transition period and examining their impact on the SEB. The Town Energy Balance
urban canopy model and the Interactions between Soil, Biosphere, and Atmosphere force-restore land
surface model are used in stand-alone mode and are forced with meteorological data measured at the top of
a20-m AGL instrumented tower. Preliminary results reveal deficiencies in the models’ ability to simulate the
surface energy budget partitioning, and in particular show overestimation of the sensible heat flux. Sensitivity
studies indicate that a large portion of these problems is related to the latent heat transfer involved in natural
soil freeze/thaw processes, which has a significant effect on the surface energy budget in this urban area. It is
also found that the SEB in this particular situation is very sensitive to the thermal roughness length used for
local energy exchange over the roof and road surfaces.

1. Introduction

Accurate estimation of the urban surface energy bud-
get (SEB) is of great importance for atmospheric mod-
eling in urban areas, as physical processes occurring in the
surface layer largely influence the urban boundary layer
development and are responsible for urban heat islands
(Oke 1982). The complex three-dimensional arrange-
ment of cities, which typically includes various types of
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surfaces and obstacles (e.g., buildings, paved surfaces, as
well as natural covers including soil, grass, and trees),
represents an enormous challenge to the numerical
modeling of the SEB.

The most commonly used methods to provide lower
boundary conditions over urban areas for atmospheric
models are based on urban canopy models (Masson
2000; Kusaka et al. 2001; Kondo et al. 2005; Lee and
Park 2008), or on more simplified surface schemes (De
Ridder and Schayes 1997; Dupont and Mestayer 2006).
Some models also directly resolve the flow inside the
canopy, independently from the atmospheric model
(Hamdi and Masson 2008) or as a module integrated
with it (Martilli et al. 2002; Dupont et al. 2004). In general,
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these models are able to reproduce the main features of
the urban SEB, such as the phase lag between the different
fluxes with respect to the net radiation. The resulting
asymmetric surface energy budget typically observed
during daytime in urban areas is due to shadowing effects
and radiative trapping within the canyon-like geometry
(Oke et al. 1999; Grimmond and Oke 1999a).

Field campaigns (including in North America:
Grimmond and Oke 1995; Oke et al. 1999; Grimmond
and Oke 1999a; in Europe: Mestayer et al. 2005; Rotach
et al. 2005; Offerle et al. 2006; in Africa: Offerle et al.
2005; and in Asia: Moriwaki and Kanda 2004) in various
cities and climatic conditions have expanded our knowl-
edge of the urban SEB and helped in the evaluation of
urban models (Masson et al. 2002; Lemonsu et al. 2004;
Roulet et al. 2005; Dupont and Mestayer 2006; Hamdi
and Schayes 2007; Lee and Park 2008; Leroyer et al.
2010).

Recently, such a study, called the Montreal Urban
Snow Experiment (MUSE), was conducted to examine
the surface energy budget during eastern Canada’s late
winter and early spring (Bélair et al. 2006; Lemonsu
et al. 2008). Using similar protocols, the MUSE obser-
vational configuration was deployed during two con-
secutive winters (2005 and 2006) in a dense residential
district of Montreal, Canada. The first results of the 2005
experiment (Lemonsu et al. 2008) revealed the impor-
tance to the SEB of snow melting through the significant
latent heat required to melt large amounts of snow. It
was found that the energy budgets in the presence of
snow did not display any phase lag between the different
fluxes, compared with the more asymmetric budgets
found for the period after snowmelt.

A more recent study by Lemonsu et al. (2010) exam-
ined the ability of the Town Energy Balance canopy
model (TEB; Masson 2000; Masson et al. 2002) and the
Interactions between Soil, Biosphere, and Atmosphere
surface model (ISBA; Noilhan and Planton 1989) to
simulate the urban micrometeorology during the MUSE-
2005 experiment for periods with and without snow.
Results obtained for the snowy environment were in fair
agreement with measurements, and the evolution of the
urban snowpacks was shown to be well simulated. Some
questions remained, however, concerning the SEB for
days following the snowmelt, when unexpected and per-
sistent low values of the sensible heat flux were still ob-
served, and when important discrepancies between the
models’ results and observations were noted.

Our main objectives in this paper are thus to correctly
represent the surface energy budget during this transition
period (after snowmelt and before vegetation becomes
active) and to examine the sensitivity of this energy
budget to specific physical processes. In the next section,
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the MUSE-2006 experiment, which provides observa-
tional data for this study, is described. It is followed in
section 3 by a description of the modeling tools and of the
experimental setup. Results for the control experiment
are described in section 4, together with the elaboration
of working hypotheses. Results from two sensitivity ex-
periments are discussed in sections 5 and 6, which are
followed by a summary and conclusions in section 7.

2. The Montreal Urban Snow Experiment 2006

The MUSE program was set up in 2005 and 2006 to
study the evolution of the surface characteristics and
energy exchanges between the surface and the atmo-
sphere in an urban environment characterized by cold
and snowy conditions, and to evaluate the new numer-
ical tools for urban modeling recently developed at the
Meteorological Service of Canada (MSC; see section 3).
Two consecutive winters were documented: the first part
of MUSE took place from 17 March to 14 April 2005,
and the second part from 7 February to 29 March 2006,
with energy budget sites located in the Montreal dense
residential district of Rosemont-Petite-Patrie.

As can be seen in Fig. 1, the district where measure-
ments were taken is quite homogeneous, with arrays of
blocks mostly oriented southeast-northwest. Those el-
ements form two different street canyons that feature
residential houses of two or three stories (the mean
building height is about 9.5 m). As is often the case in
North American cities such as Montreal, there are es-
sentially two types of canyon in this part of the urban
area. The first type is characterized by a two-lane paved
road where traffic flows, with car parking along the sides
of the roadway, sidewalks, and regular arrays of trees,
and with small front yards mostly covered by grass (this
type is hereinafter referred to as STREET canyons). The
second type includes a narrow paved access road for
residents (with substantially less traffic), small backyards
with grass cover, paved paths connecting houses to the
road, and sometimes paved parking spots (this type is
hereinafter referred to as ALLEY canyons). For tech-
nical reasons, the site used for MUSE-2006 was different
from the one used for MUSE-2005 described in Lemonsu
et al. (2008). Nevertheless, both sites are very close (about
500 m away) and have nearly identical characteristics.

Measurements in MUSE-2006 were made according
to the same protocol as in MUSE-2005 (Lemonsu et al.
2008). The instrumentation and position of the sensors
for MUSE-2006 are summarized in Table 1. The main
element of the site was a 20-m above ground level (AGL)
tower upon which all the instrumentation required to
document the surface energy budget was installed. The
tower was located in a private backyard of Marquette
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FIG. 1. Aerial photograph of the Montreal Rosemont-Petite-Patrie district. The locations of
the MUSE-2006 measurement tower and the surroundings parks are indicated. An example of
the STREET and ALLEY canyon samples representing the residential area is delimited by the
blue and purple lines [the photograph was taken on 28 Feb 2008, in the framework of the
EPiCC program (http://www.epicc.uwo.ca/), and is provided through the courtesy of J. Voogt
at The University of Western Ontario].

Street (as seen in Fig. 1) and had sensors at different
heights to measure meteorological variables. In contrast
with the MUSE-2005 experiment, however, in which
intensive observing periods (IOPs) included manual
measurements of temperatures for different surface
types (i.e., roofs, walls, and roads), these measurements
were automatically done in MUSE-2006 using thermal
radiative sensors operating in a continuous mode. In
addition, an infrared camera was mounted at the top of
the tower, providing thermal images that were used to
obtain spatially averaged surface temperatures of walls,
roads, and roofs. Net radiation and snow depth were
automatically measured on the roof closest to the tower.
It is worth noting that the thermal images did not reveal
strong differences between this particular roof and ad-
jacent roofs. A Webcam installed on the same roof took
pictures of the Marquette Street canyon during the last
two weeks of the experiment. In 2006, manual mea-
surements were done only for snow depth and albedo on
the road parts of the STREET and ALLEY canyons.
The top of the tower was about twice as high as the
mean building height in order to have measurements of
the turbulent fluxes in the inertial sublayer and avoid
local effects associated with individual roughness ele-
ments (Roth 2000; Arnfield 2003; Grimmond 2006; Oke
2007). The 30-min average sensible (Qp) and latent
(Qk) heat fluxes were obtained by the eddy covariance

technique (Baldocchi 2003) using a three-axis sonic ane-
mometer and an open-path infrared gas analyzer. For the
instrument used in this study (i.e., net radiometer model
CSATS3 from Campbell Scientific, Inc.; Table 1) the
measurement error has been evaluated as 5% for the
sensible heat flux and 10% for the latent heat flux
(Mauder et al. 2006). The net radiative flux (also called
the net radiation) OQ* can be written as

Q*=8 -8, +L L, 1)

where S| and L are the incoming solar and longwave
radiative fluxes, respectively, S; is the reflected solar
radiative flux, and L, is the longwave radiative flux
emitted upward. Kohsiek et al. (2007) found that mea-
surements of Q* have an accuracy of about 20 W m >
using the net radiometer model CNR1 from Kipp and
Zonen, Inc., as in MUSE-2006 (Table 1). The radiative
budget can also be written in terms of the complete surface
temperature [T, as defined by Voogt and Oke (1997)], the
composite surface albedo («), and emissivity (&) as
O*=S8(0-a)t+el — aT?), 2)
where o is the Stefan—-Boltzmann constant. It is possible
to adapt Eq. (2) for each individual facet of the urban
elements. A part of this energy is converted into turbulent
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TABLE 1. Summary of automatic measurements in MUSE-2006; z, is the height AGL. The front wall of the main house is a northeast-
oriented wall and is a part of the STREET canyon. The back wall is a southwest-oriented wall and is a part of the canyon ALLEY.

Variables Sensor and model z;, (m) Location
Fluxes Radiations Four-component radiometer, CNR1 20.1  Tower
U, v, w, Us 3D sonic anemometer, CSAT3 20.7
0'q’ Thermocouple, ASPTC (10 Hz) 19.8
[H,0], [CO,] Open-path gas analyzer, Li-Cor, Inc., LI-7500  20.7
Meteorological ~ Air temperature, HMP45C 19.8  Tower
humidity
Wind RM Young 05-305 213
Canyon Air temperature, HMP45C 3.9 Marquette Street, balcony,
air humidity 3.7 m from the front wall
3.7  ALLEY canyon, 12.6 m away
from the back wall
Roof Radiative fluxes CNRI1 1.5  Middle of the roof
Snow depth SR50
Surface temperature  Thermovision A40M 19.8  Tower top, direction controlled
Wall Surface temperature Ray MI 3.9 3.7 m from the front wall, pointing
toward the NE-oriented wall
3.9 3.7 m from the front wall, pointing
toward the SW-oriented wall
3.7 12.6 m from the back wall, pointing
toward the NE-oriented wall
3.7 12.6 m from the back wall, pointing
toward the SW-oriented wall
1.7 3.55 m from the sidewall, pointing
toward the SE-oriented wall
1.7 3.85 m from the sidewall, pointing
toward the NW-oriented wall
Thermovision A40M 19.8 Tower top, direction controlled
Road Surface temperature Ray MI 3.9  Marquette Street, balcony,
3.7 m from the front wall
3.7 ALLEY canyon, 12.6 m from
the back wall
Thermovision A40M 19.8  Tower top, direction controlled
Natural Surface temperature Ray MI 3.7  ALLEY canyon, grassland, 12.6 m

from the back wall

fluxes, and the surface energy budget closure equation at
the measurement height can thus be expressed using
a residual term Q¢ as follows:

Q*=0u+ 0+ 0 3)

In the absence of snow, the residual term (Q,.s) repre-
sents the contribution of the storage heat flux into the
canopy (AQys), the anthropogenic heat flux (Qf), and
the net advective heat flux (AQ 4) so that Qs = AQg +
AQ 4 — Or More specifically, the term AQg contains the
heat stored in buildings, into artificial and natural grounds,
and into the canopy air layer. The anthropogenic heat flux,
Op, represents the heat released by traffic vehicles and
industries and the energy consumption for space heating.
The advective heat flux term AQ 4 should be negligible in
the horizontally homogeneous environment of MUSE.
In his review of over 20 years of research on surface
energy balance closures, Foken (2008) argued that im-

balances between radiative and turbulent components
often observed in past experiments over land surfaces
are likely attributable to the scale considered. Some
experimental and modeling studies (e.g., Beyrich et al.
2006; Kanda et al. 2004) have suggested that the in-
fluence of large-scale eddies on turbulent fluxes (in ad-
dition to that from the small eddy fluctuations) may be at
least partially responsible for an underestimation of
turbulent fluxes measured by the eddy covariance method.
Current observational studies lack the ability to account
for such scale-generated underestimation of the turbulent
fluxes within the surface energy balance.

The residual term is influenced by any observational
errors from the other terms of the SEB (Oke et al. 1999;
Grimmond and Oke 1999a; Kanda 2007). For instance,
the possible underestimation of turbulent fluxes associ-
ated with the eddy covariance method may induce an
overestimation of the residual term. Another potential
source of errors is related to unequal footprint areas for
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the radiative and turbulent fluxes. Indeed, the radiative
footprint area is fixed, and is different from the turbulent
flux footprint, which varies depending on wind speed,
roughness length, and atmospheric stability (Schmid
et al. 1991).

3. Modeling tool and experimental setup

A new urban modeling system has been developed at
MSC (Mailhot et al. 2006) for research purposes and for
near-future implementation within its operational ac-
tivities. In this system, surface schemes are used to de-
fine the lower boundary conditions of the atmospheric
model. These boundary conditions are in fact the surface
turbulent fluxes obtained from Monin—-Obukhov simi-
larity theory (MOST), taking into account static stabil-
ity. Each urbanized model cell is split into two distinct
surface types: a built-up area, represented with TEB
(Masson 2000; Masson et al. 2002), and a natural surface
area described by the force-restore ISBA model origi-
nally developed by Noilhan and Planton (1989) and
implemented with some modifications in the Canadian
regional and global operational weather forecast system
(Bélair et al. 2003a,b). The effective surface fluxes pro-
vided to the atmospheric vertical diffusion scheme are
thus a linear combination of both urban and natural
sources, based on the fraction of built-up and natural
surfaces.

TEB is a single-layer canopy model for which the
built-up area is composed of a roof area and a street
canyon, and includes the air volume within. The energy
budget of the three impervious surface types (roof, road,
and wall) is resolved individually. The shadowing effects
and radiative trapping in the canyon are taken into ac-
count in the radiative energy budget, considering iso-
tropic street orientations. Thermal diffusion into the
artificial materials is then considered using thermal
properties and thicknesses of the specified layers (three
in this study). The momentum flux is calculated for the
whole canopy, whereas thermal and hydrological fluxes
for built-up areas are computed using an aerodynamic
resistances network that considers local energy ex-
change within and above the canyon [see Masson (2000)
for the original resistances network and Masson et al.
(2002); Lemonsu et al. (2004) for further updates].

The land use and canyon morphology of the con-
sidered area are determined using orthophotographs
obtained from the Navigateur Urbain of the City of
Montreal (http://www.navurb.com/). An example of the
regular arrangement of the samples of STREET and
ALLEY canyons that are defined for this study is given
in Fig. 1. Details of the urban cover types and structures
(following the definition of Oke 2006) for those two

VOLUME 49

TABLE 2. Fractional coverage of urban cover type [cover fraction
of natural, road (i.e., paved area), and roof surfaces]| and corre-
sponding structural features (mean building height z;, canyon as-
pect ratio z/w, with w as the mean distance between the buildings;
frontal aspect ratio ap = Aya/Apian With Ayay as the wall surface
and App, as the total horizontal surface; the plane area density
ap = Aol Aplan With A o as the roof surface; canopy aerodynamic
roughness zgm,) of the STREET and ALLEY canyons (with their
respective fraction in the cell aggregation).

Natural Road Roof zy zpy/w ar ap Zom
Canyon type - - - m - - - m

STREET (0.51) 0.15 050 035 9.5 037 048 0.35 1.24
ALLEY (0.49) 029 037 034 95 034 045 034 1.24

different canyons are specified by considering four sam-
ples around the tower (Table 2). The resulting whole
urban district sample is composed of 22% natural cover
and 78% built-up surfaces. In Table 2, the aerodynamic
roughness length was found using the plan area density
and Fig. 1 of Grimmond and Oke (1999b).

The study period is the last 6 days of the 2006 field
experiment, from 23 to 28 March (hereinafter referred
to as yeardays 82-87). This period followed a cold spell
of 8 days during which temperatures were below 0°C.
The period started several hours after the last episode of
snow and rainfall that was documented during the ex-
periment. During these six days, the air temperatures
measured at the top of the tower were always above 0°C,
except early in the morning on days 82, 86, and 87.
Pictures taken during the experiment show that all sur-
faces were nearly snow free and that only small residual
snowpacks were present in the area.

Stand-alone simulations were carried out using atmo-
spheric forcing obtained with 30-min averaged meteoro-
logical measurements at the top of the tower (temperature,
specific humidity, incoming solar and longwave radia-
tion, wind speed, and pressure). No precipitation was
observed during this period according to measurements
made at Montreal’s international airport (about 14 km
away from the tower location).

To consider the different effect of the two main can-
yons, two separate simulations were conducted for the
STREET and ALLEY canyons according to the pa-
rameters given in Table 2. Results were then aggregated
according to the relative area covered by each canyon
type. The urban fabric characteristics, that is, the con-
struction and natural materials considered (Oke 2006),
are given in Table 3. For built-up surfaces, these char-
acteristics are based on relatively old residential build-
ings (mostly made of wood, walls covered by bricks, and
roofs covered with gravel and tar) and on paved surfaces
of asphalt and concrete. Vegetation was not yet active
during the study period, as the trees had no leaves. The
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TABLE 3. Urban fabric (radiative and thermal properties of constructions and natural materials; Oke 2006) specified for TEB and ISBA:
pcp is heat capacity, A is thermal conductivity, « is albedo, & is emissivity, and zo, is aerodynamic roughness length of the surface.

Constructions (for TEB)

Depth pe, (X10°) A Zom

Layer m Material JK tkg! Wm ! K! e e m

Roof 1 0.05 Gravel + tar + asphalt 3 1.51 0.14 0.92 0.15
2 0.4 Wood 1.5 0.15 — — —

3 0.1 Insulation + light wood 0.29 0.05 — — —

Wall 1 0.02 Bricks 1.55 0.934 0.35 0.9 —
2 0.125 Bricks 1.55 0.934 — —

3 0.05 Wood 0.29 0.05 — — —

Road 1 0.04 Asphalt + concrete 1 0.7 0.16 0.95 0.05
2 0.2 Soil 3 1.8 — — —

3 1 Soil 13 0.3 — — —

Natural materials (for ISBA)

Sand density Clay density Silt density Vegetation fractions Z0m o €

Layer - - - - m - -
Soil 1 0.19 0.50 0.31 0.67 short grass/0.33 forbs 0.015 0.2 0.9
2 0.16 0.45 0.39 — — — —

temperature inside houses was assumed constant (at
20°C) because of temperature control with heating during
this cool season. Thus, the anthropogenic source of heat
from residential heating is indirectly taken into account in
the surface energy budget calculated by TEB by consid-
ering heat conduction through the building walls and
roofs (as opposed to explicitly having an additional term
for QO defined in section 2). Vehicle traffic releases are
the only contribution to Qpf directly represented here,
since industries (which also contribute to this term in
TEB) are not present in the neighborhood of the MUSE
observation site. The contribution from traffic in this
residential neighborhood is also considered small and is
thus neglected in this study.

Because of the problem of the measurement footprint,
special care is given to the wind direction and speed
when analyzing the data. It is safely assumed that the
turbulent footprint’s horizontal extension is similar to
that of the MUSE-2005 experiment, which has been
investigated by Lemonsu et al. (2008). For MUSE-2006,
problems may arise for southeasterly flow situations,
which may include contribution to the turbulent fluxes
from the Pere-Marquette Park (see Fig. 1). Wind di-
rection measurements indicate that this type of situation
only occurred during days 83 and 87, and the wind speed
was less than 2 m s ' in these cases.

The footprint for radiative measurements, on the other
hand, is determined by the view angle of the measure-
ment sensor, that is, about 150° (170°) for shortwave
(longwave) radiation. It is centered over the nadir axis of
the radiometer (Schmid 1997). In this study, the ground
surface at the base of the tower is dominated by grass

because 1) the tower is installed in a backyard and
2) exceptionally in this area, the two closest houses are
separated with a yard.

4. Control experiment

The surface energy budget obtained every 30 min
from days 82 to 87 with the model setup described in the
previous section [referred to as the control simulation
(CTRL)] is compared with observations in Fig. 2. In-
terestingly, measurements for this period show a re-
sidual term that is considerably larger than the sensible
heat flux. Overall, the observed energy budget in Fig. 2 is
similar to that presented in Lemonsu et al. (2008) for
days without snow in MUSE-2005 (their Fig. 13). It can
be noticed in Fig. 2 that the net radiation during the first
four nights is larger than during the last three nights,
most likely because of larger incoming longwave radia-
tion (not shown). A comparison of mean values for both
measurements and simulation outputs is reported in
Table 4, with biases and root-mean-square errors
(RMSE). Periods when Q* > 0 and Q* < 0 are con-
sidered separately. In a manner consistent with the
literature, these two periods are hereinafter referred to
as daytime and nighttime, respectively, even though
a more correct criterion should be related to incident
shortwave radiation at the surface S| .

Results from Fig. 2 and Table 4 indicate that the
sensible heat flux O in CTRL is largely overpredicted,
with a simulated mean value 59% larger than mea-
surements. A significant bias of 61 W m ™2 for the sensi-
ble heat flux is found during daytime, which largely
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CTRL experiment: Q* is net radiation, Qy is sensible heat flux, QO is latent heat flux, and Q.
is the residual term: (a) PERIOD-I and (b) PERIOD-II.

contributes to an RMSE of 77 W m ™2, in contrast to an
RMSE of only 6.9 W m ™2 during nighttime. This results
in a large underestimation of the residual term, as it is
determined from Eq. (3) for both measurements and
simulation. Daytime RMSE for the residual term is
about 105 W m™?; the value is 10 W m ™2 at night.

The latent heat flux, on the other hand, is slightly
overpredicted with a bias of 7 W m~ % and an RMSE of
12 W m~? during daytime. This bias, however, is not
observed during days 85 and 86 during which the simu-
lated latent heat flux is in a fair agreement with mea-
surements (Fig. 2b). The simulated net radiation Q* is
slightly underestimated during daytime, with a bias of
—16 W m 2 and RMSE of 19 W m 2. As seen in Fig. 2,
this behavior is observed each day. When considering
separately the contributions from TEB and ISBA (not
shown), results indicate that the O* maxima from ISBA
are smaller than the corresponding measurements whereas
O* maxima from TEB are closer to measured values
(even though still underestimated). This is the case de-
spite the fact that the radiative footprint area should be
slightly more representative of natural surfaces than the
urban surfaces, as mentioned in section 3. It thus seems
that land surface processes are not correctly simulated
over the natural surfaces.

The mean value of the residual term for the six days is
about 36 W m 2 in the measurements, whereas it is
close to zero in CTRL (Table 4). Clearly, the cause for
this large energy excess is not taken into account by the

model. Simple calculations indicate that the energy used
for melting the sparse residual snowpacks and the an-
thropogenic fluxes from vehicle traffic release cannot
explain this large discrepancy between model results
and observations. One hypothesis is that this large re-
sidual term is associated with heat storage in the natural
ground (i.e., related to latent heat required for thawing
and freezing of soil water).

Surface temperature measurements on the natural
ground in the ALLEY canyon seem to support this

TABLE 4. Mean values of the surface energy budget components
from measurements (MEAS) and from the control simulation for
all data, when Q* > 0 (i.e., daytime) and when O* < 0 (i.e.,
nighttime), together with bias and RMSE (W m2).

MEAS CTRL Bias RMSE

All data

Q% 92.81 86.51 —6.30 13.74

Oy 48.83 77.42 +28.59 51.79

Ok 8.25 9.32 +1.07 8.75

Ores 35.73 —-0.23 —35.96 70.38
Q% > 0 (daytime)

o* 282.47 273.15 —15.86 19.28

Ou 107.95 171.38 +60.64 77.30

Or 13.13 20.74 +7.24 11.61

Ores 161.39 81.03 —83.75 105.01
Q* < 0 (nighttime)

Qo —58.92 —56.62 +1.34 6.52

On 1.54 5.30 +2.94 6.90

Or 4.34 0.57 —3.86 5.46

Ores —64.8 —62.55 +2.26 9.66
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FIG. 3. Measurements of backyard surface temperature (solid line) and air temperature
(dashed line) in the ALLEY canyon, and natural covers’ surface temperature simulated in
CTRL (diamonds). The hatched area corresponds to the transition between PERIOD-I and

PERIOD-IL

hypothesis (Fig. 3), since they feature a plateau near 0°C
for the first few days of the period, that is, until approx-
imately the middle of day 84 (hereinafter PERIOD-I).
For the following days (hereinafter PERIOD-II), this
temperature exhibits a diurnal cycle of larger amplitude,
with the maximum temperature increasing day by day.
This behavior most likely corresponds to soil ice grad-
ually thawing during PERIOD-I, which would be con-
sistent with energy received on the natural surfaces
being used for ice melting. It can be noticed that the
measurements of the surface temperature (Fig. 3) ex-
hibit fluctuations that may be due to the sensor (they are
observed all along the experiment). Surface temperature
simulated in CTRL for natural covers over the whole
footprint area is represented in Fig. 3 for comparison, and
is indeed overestimated during PERIOD-I. Note here
that, in contrast, measurements are representative of
a much smaller area.

The energy partitioning is quite different for the two
periods, as shown in Table 5 for the mean daytime
measured values of Qy,/O*, Qr/Q%, and Q,./O%, that is,
the energy components normalized by net radiation to
avoid the influence of radiative forcing (note that here,
averages are restricted to the interval 0800-1600 LST to
avoid large ratios resulting from the division of small
numbers near sunrise and sunset). The contribution of
the sensible heat flux (and of the residual term) is larger
(smaller) for PERIOD-II than for PERIOD-I. The
contribution of the latent heat flux is also larger for
PERIOD-II, but this flux still represents only a small
part of the net radiation (6% ). The residual term plays
a particularly important role in the energy distribution,
as it represents 65% of the net radiation for PERIOD-I
and 52% for PERIOD-II. Table 5 also shows that the
Bowen ratio Qpy/Qpf is large for both periods (with
a value around 10). By comparison, Lemonsu et al.
(2008) found that the energy budget for the snow-free
period of MUSE-2005 was similar to that of PERIOD-II,

with daytime respective contributions of 44%, 4%, and
52% for sensible heat, latent heat, and residual fluxes.
The Bowen ratio was also found to be close to 10 in their
study.

The difference of situations during these two periods
is confirmed when separating the mean residual term
Ores. For PERIOD-I, this term is 53 as opposed to
23 W m 2 for PERIOD-II (not shown), indicating that
less energy is stored in the ground during PERIOD-II,
and that there may be less (or no) ice thawing during
PERIOD-IL

In summary, results from this section indicate that in
the CTRL experiment the surface temperature is in-
correctly simulated over natural surfaces (in particular
for PERIOD-I) with an overestimation during daytime
that likely resulted in the simulated overestimation of
sensible heat flux. It is suggested that soil water melting
and freezing may be responsible for this discrepancy
between model results and observations. To improve the
simulation of the urban SEB, several aspects of the
modeling system were examined and tested, from geo-
metric and thermal parameters of the urban fabric to
physical processes represented in TEB and ISBA. Of all
these tests, two aspects were found to be particularly
important: soil freezing and thawing, and the parame-
terization of aerodynamic resistances in TEB that are
crucial for the sensible heat flux computation. These two
aspects are discussed in the next two sections.

TABLE 5. Mean measured values of surface energy budget
partitioning and Bowen ratio during the daytime interval 0800-
1600 LST.

PERIOD-I PERIOD-II
OulQ* 0.31 0.42
00O 0.04 0.06
Ores/ OF 0.65 0.52
OnlQk 9.64 11.39
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FIG. 4. As in Fig. 3, but with the surface temperature simulated in the ICE experiment
(diamonds).

5. Role of soil moisture freezing and thawing

Considering that initialization of soil water content is
quite challenging, particularly for its solid (ice) compo-
nent, an additional run was performed to examine the
sensitivity of the simulated surface energy budget to
initial conditions of soil ice content.

To achieve this, the ISBA land surface scheme was
first slightly modified to better represent the effect of soil
freeze—thaw on the surface temperature. This modifica-
tion consisted of the inclusion of an additional term in the
prognostic equation for the surface temperature, which is
then given by

ar™

27
__ ohat ~nat nat
S =GN (T Ty)

P, Lf' d—Wfreeze—melt ' (4)
(P C)soﬂ dt
On the right-hand side of Eq. (4), the first term repre-
sents the heat stored into the natural surfaces (i.e.,
the forcing term), with G™" as the ground heat flux and
C™ = [(£JC,) + (1 = £,)/C,] ", where C, and C, are the
heat capacity of vegetation and ground respectively, and
fv 1s the proportion of vegetation on the natural surface.
The second term represents a restoring process based on
amean soil temperature (75), representative of a deeper
layer in the soil, and on 7 (24 h), a characteristic time
scale. The third term, added for this study, represents
the latent heat absorbed or released because of water
phase change, with p,, as the density of water, (pc)*" as
the volumetric heat capacity of the soil, L, as the latent
heat of fusion, and dW™¢** ™!/t a5 the phase change
of soil water, with positive values if soil is freezing and
negative values if soil is thawing. This last term is
bounded to ensure that 7" does not increase above 0°C
when solid soil water is still available for melting.

Two simulations are examined for this sensitivity ex-
periment. The differences between the control run and
the new run termed ICE are listed hereinafter. In CTRL,

the initial soil water is entirely liquid. In ICE, the initial
conditions of soil ice were specified so that it completely
melts by the end of PERIOD-I (i.e., at about the same
time that measurements from the sensor in the backyard
seem to indicate that all near-surface soil ice had melted;
see Fig. 3). It should be noted that the initial equivalent
water content is the same for the two cases, and that only
the partitioning of soil water between liquid water and
ice varies. In ICE (Fig. 4), during PERIOD-I, ice melts
during daytime from about 0700 to 1600 LST, and water
freezes during the night. During PERIOD-II, small
amounts of frozen water appear again in ICE at about
0400 LST of days 86 and 87 because of lower air tem-
perature (see ALLEY canyon air temperature in Fig. 4),
but it has completely melted by 0800 LST. Figure 4
clearly shows that the new surface temperature simu-
lated in ICE over the natural surfaces is in much better
agreement with measurements in the backyard.

The surface energy budget for ICE is shown in Fig. 5
and can be compared with CTRL (Fig. 2). Evaluation
against observations of the net radiation, the sensible heat
flux, and the residual term shows some improvement in
this case, as also confirmed by the RMSE computations
shown in Fig. 6. It can be noted, however, that the sensible
heat flux is still overestimated in ICE (Figs. 4a, 5a), in
particular during daytime. Also, the simulated latent heat
flux is near zero when ice is present in the soil, even though
measurements exhibit small positive values. Different
factors could explain these small values for observed la-
tent heat fluxes: evaporation may occur somewhere in the
footprint area where ice has melted previously, an an-
thropogenic moisture source may be present (traffic re-
lease), and sublimation of residual snowpacks may be
expected. Net radiation is larger for ICE than for CTRL,
in better agreement with measurements (Fig. 6a), be-
cause of lower surface temperature for the natural ground
related to the presence of ice in the soil (see Fig. 4).

For PERIOD-II, results from CTRL and ICE display
small differences (Figs. 2b, 4b) that can be more easily
observed with the RMSE values (Fig. 6b). The slight
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FIG. 5. As in Fig. 2, but simulated in the ICE experiment.

improvement observed is due in part to the lower nat-
ural ground surface temperature simulated in ICE at the
beginning of PERIOD-II because the melting process
during PERIOD-I has slowed down the natural ground
heating. It is also due to the effect of water freeze/thaw
that is observed in ICE between 0400 and 0800 LST of
days 86 and 87. Furthermore, the RMSE computed for
ICE is larger during the daytime for PERIOD-II than
for PERIOD-I (Fig. 6), with a value of about 70 W m 2
as compared with 50 W m~? for the sensible heat flux
and 95 W m ™2 as compared with 50 W m ™~ for the re-
sidual term.

Results thus indicate that the surface energy budget is
sensitive to soil thawing, even if natural surfaces only
represent 22% of the area. The soil ice melting process
tends to largely decrease the sensible heat flux and in-
crease the storage heat flux into the ground. Taking into
account this physical process seems to be crucial for
PERIOD-I. The experimental setup of the ICE run does
not allow the significant improvement of the SEB par-
titioning computed for PERIOD-II. It can be noticed
that the sensor used for measuring ground surface tem-
perature (see Fig. 3) was located close to the southwest-
oriented wall (Table 1) and clearly received more solar
energy than the other side of the ALLEY canyon. It is
worth emphasizing, though, that this situation is not yet
represented in the coupled TEB-ISBA, which does not
consider interactions between built-up and natural sur-
faces. Therefore, the assumption made in the ICE ex-
periment that no ice persists at the end of PERIOD-I
needs to be reexamined.

It should be mentioned that even with the inclusion of
soil thawing/freezing, the simulation results still show
large daytime overprediction of the sensible heat flux
and underestimation of the residual term, for almost all
days, indicating that soil thawing is not responsible alone
for the discrepancy between the control simulation and
observations.

6. Influence of aerodynamic resistances over
built-up surfaces

a. Current approach and literature overview

The evaluation of the current aerodynamic resistances
network in TEB is made using Fig. 7, which compares
observed and simulated net radiation on the main roof
of the MUSE-2006 experiment. (Note that simulated
results for this particular variable are the same for
CTRL and ICE because no interactions between TEB
and ISBA are represented in the offline system used in
this study.) Although fair agreement is found between
simulations and observations, Fig. 7 reveals that daytime
maxima are overpredicted for several days.

This discrepancy between model results and obser-
vations has to be related to the way in which either solar
or longwave net radiation is handled by the model. Be-
cause the albedo used for the roof is directly derived
from measurements of downwelling and upwelling short-
wave fluxes in clear sky conditions (see Table 3), it is un-
likely that the overprediction of net radiation is caused by
the solar component of the radiation budget. This suggests
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that the net longwave radiation is overestimated by Itis not easy to determine whether the emissivity used
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FIG. 7. Roof net radiation measured (symbols) and simulated (line) in the CTRL and ICE
experiments.
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experiments on the (a) roof and (b) road surface type (including roads and sidewalks) in the
STREET canyon. Measurements were not available after the middle of day 87.

even though the simulated surface temperature on the
paved areas (i.e., on the road surface and on the side-
walks) in the STREET canyon compares well with mea-
surements on Marquette Street (see Fig. 8b). Therefore, it
is difficult to argue that the sensible heat fluxes are over-
estimated because of surface temperatures (which are in
fact underestimated). This suggests another possible rea-
son for the overestimation of Qy, related to an under-
estimation of aerodynamic resistances used in the
transfer equation.

Except for the walls, the aerodynamic resistances in
TEB are computed using the roughness length for mo-
mentum (zo,,) and roughness lengths for heat and hu-
midity (zon and zoq, considered equal) (Masson 2000;
Masson et al. 2002; Lemonsu et al. 2004). Thermal and
moisture roughness lengths are generally lower than the
aerodynamic roughness length because the mechanisms
involved in the transfer at the surface are not the same.
Momentum transfer is mostly performed by pressure
forces on the individual rough elements, whereas heat and
scalar transfers are dominated by molecular diffusion.

The resistance between the air canyon and the air
above is calculated in TEB using the same values for
momentum and heat roughness lengths, because in this
case, the transfer is not from a solid surface. The canyon
is well ventilated and heat is easily exchanged between
the canyon air and the atmosphere (Lemonsu et al.

2004). For the roof and road surfaces, the resistances in
the control experiment are computed using a fixed ratio
of zom/Zon = 200 representing the upper limit of the
validity range of the analytical scheme of Mascart et al.
(1995) used in TEB, which approximates the MOST
equations. A fixed ratio is also considered in the ISBA
land surface, with zgm/zon = 5.

Interestingly, the specification of zg, depends on
the definition of the surface temperature (Voogt and
Grimmond 2000; Mahrt and Vickers 2004; Kanda et al.
2007). The aerodynamic surface temperature is relevant
in the MOST framework, but it is difficult to measure
(Trouffleau et al. 1997). Meteorological models gener-
ally use radiometric surface temperature instead, which
is also used for the SEB and storage heat flux into the
building and the deeper ground layers. As this solution
tends to overestimate the sensible heat flux (Sun and
Mahrt 1995), a specific formulation of zq, is required
(Sun and Mahrt 1995; Voogt and Grimmond 2000;
Kanda et al. 2007; Baklanov et al. 2008).

This difference between momentum and heat rough-
ness lengths is commonly expressed by kB~' = In(zom/
Zon), Where k is the von Karman constant and B is the
nondimensional sublayer Stanton number (Owen and
Thomson 1963). Theoretical studies had suggested a
dependence of kB~ ' on the roughness Reynolds number
Re, = (zomlts)/v, Where uy is the wind stress velocity
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FIG. 9. As in Fig. 2, but simulated in the BRUS82 experiment.

and v is the air viscosity. Brutsaert (1982) determined
a parameterization for rough bluff surfaces,

kB! =aRe}® -2, 5)
where a = 2.46, as found using experimental data cov-
ering the range of Re, < 10°.

In a recent study, Kanda et al. (2007) compared this
formula with long-term data obtained from urban-scale
model experiments. Regression of their data covering
arange of about 10 < Re, < 10* gave a = 1.29in Eq. (5),
and suggested lower values of kB~! than the original
Brutsaert (1982) formulation. They compared also the
results obtained from former experimental datasets
conducted in urban areas over a Vancouver, Canada,
light industrial district (Voogt and Grimmond 2000) and
a Tokyo, Japan, dense residential district (Moriwaki and
Kanda 2006) covering larger values of Re,. Particular
attention is given here to the data obtained for the
Vancouver district as the urban fabric likely has more
similarities to the area presently studied (i.e., Vancouver
and Montreal are both North American cities).

Values of kB~' found by Voogt and Grimmond
(2000) were obtained from observed tower and modeled
fluxes using a bulk heat transfer approach and different
surface temperature estimations. The area of study had
a very small vegetation fraction (<5%). The results
obtained were composed between the original Brutsaert
(1982) model (largest values obtained) and the Kanda
et al. (2007) regression (lowest values obtained) (see
Fig. 6 of Kanda et al. 2007). It is difficult to link those

experimental results of kB~ with the aerodynamic
resistances network in TEB, as they are obtained con-
sidering the whole turbulent source area, including the
various surfaces (e.g., walls, roads, and roofs). In con-
trast, the modification of the aerodynamic resistances
in TEB may concern the local heat transfer on the roof and
road horizontal surfaces only, as mentioned previously.

b. Evaluation of Brutsaert (1982)

In this study, the Brutsaert (1982) parameterization
was implemented in TEB to calculate thermodynamic
resistances for roof and road surface types. This exper-
iment, referred to as BRUS2, was conducted with the
same initial conditions for soil ice as the ICE experi-
ment, but using the new resistances network. The sur-
face energy budgets simulated with BRUS2 are shown in
Fig. 9. The RMSE are plotted in Fig. 10, together with
the results from the ICE experiment for comparison.

During PERIOD-I, BRUS?2 exhibits results in much
better agreement with measurements (Fig. 9a) when
compared with ICE (Fig. 5a). Lower values of the sen-
sible heat flux are simulated, with daytime RMSE close
to 22 W m™? as compared with 52 W m ™2 using the for-
mer parameterization (i.e., Zom/Zon = 200; Fig. 10a). The
residual term also fits the measurements better, with the
daytime RMSE decreasing from about 50 to 32 W m 2.
The partitioning between sensible heat flux and the re-
sidual term is now correctly simulated compared with
measurements. The latent heat flux arises mostly from
the natural surfaces and is therefore not affected by this
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in the ICE and BRUS2 experiments: (a) PERIOD-I and (b) PERIOD-II.

new parameterization (built-up surfaces are dry). The
net radiation is decreased as surface temperature is in-
creased on roofs and roads, because the aerodynamic
resistances are larger. This leads to an increase in the
RMSE values, from about 8 to 25 W m™? for daytime.
However, except for a slight underestimation after

sunset, the net radiation maximum simulated on the roof
now compares very well with measurements (Fig. 11),
which suggests a correct estimation of the roof temper-
ature. Moreover, O* calculated on the natural surfaces
with ISBA gives a maximum closer to measurements
(not shown). It should be recalled here that the radiative
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FIG. 11. As in Fig. 7, but simulated in the BRUS82 experiment.
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sensors ‘‘see’” more natural surfaces than urban covers
for this area. Thus, this situation could partly explain the
underestimation of Q* in the simulation.

For PERIOD-II, significant improvement is observed
for the Qp simulation (Figs. 4b, 8b), with daytime
RMSE of 70 W m ™ in ICE reduced to 30 W m™ in
BRUS2 (Fig. 10b). The residual term is also better
simulated, with daytime RMSE of about 95 W m ™2 in
ICE decreasing to 70 W m ™2 in BRUS2. It should be
noted that a significant underestimation of Q.. is ob-
served after about 1100 LST for days 86 and 87 (Figs. 4b,
8b). The latent heat flux is also in good agreement with
measurements, except for day 87 when Qg is slightly
overpredicted.

The results also indicate that the mean residual term
simulated in BRUS82 is about 40 W m ™2 for PERIOD-I,
whereas it is 53 W m~? for the measurements (not
shown). The difference of 13 W m ™2 could be reason-
ably linked to the neglected terms (i.e., anthropogenic
heat fluxes from traffic release and energy used for
melting residual snowpacks). For PERIOD-II, however,
the simulated value is about —2 W m ™2, although it is
still 23 W m ™2 for the measurements.

In summary, this section has shown the role of the
thermal roughness length used over horizontal built-up
surfaces in the urban surface energy budget partitioning.
The inclusion of the Brutsaert (1982) model has signif-
icantly improved the results, for both periods. It should
also be mentioned here that various tests with different
parameterization of kB! found in the literature did not
provide better results than the ones presented in this
section. For instance, results obtained with the re-
gression by Kanda et al. (2007) still exhibit overesti-
mation of the sensible heat flux even if the results are
better than in the ICE simulation. Interestingly, the re-
sults obtained using the model of Zilitinkevich (1995),
which depend on the root of Re.. and when setting the
proportional constant to 0.7 or 0.8 [instead of the value
0.1 chosen by Chen et al. (1997) and Dupont and
Mestayer (2006)] provide similar results than the model
of Brutsaert (1982). These tests suggest the need to con-
sider a relation that connects kB~ ! to Re,.

7. Summary and conclusions

The MUSE-2006 experiment dataset has been used to
investigate the urban surface energy budget partitioning
in a typical dense residential district of Montreal, at the
end of winter during the period after snowmelt and be-
fore vegetation became active. The urban scheme TEB
is used for the built-up fraction (78%) while the land
surface ISBA scheme is used for the natural surfaces
(22%). Stand-alone simulations had been conducted,
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considering both STREET and ALLEY canyons that
characterize the district, for the last 6 days of the ex-
periment during which the area was almost without snow
cover. Meteorological forcing was provided by mea-
surements taken at the top of a 20-m AGL tower.

Results from a control simulation reveal that the
sensible heat flux is significantly overestimated when
compared against observations, whereas the residual
term obtained by closing the SEB is underestimated.
The large positive values of the residual term from ob-
servations taken during the six days, together with the
evolution of the surface temperature measured over the
natural ground, suggest that ice was melting in the soil,
a process not included in the offline modeling system.
The analysis highlights two distinct periods, with more
evidence of the influence of the soil ice thawing found
during PERIOD-I than during PERIOD-II. The prog-
nostic equation for the land surface temperature has
been improved in ISBA to better account for the water
phase change in the soil. The simulated energy budget is
noticeably improved when ice melting is represented in
the simulation, in particular for PERIOD-I.

This modification, however, is not sufficient to sig-
nificantly improve the energy budget for both periods.
Based on net radiation measurements on the roof, the
assumption is made that the thermodynamic exchanges
over roofs and roads are overestimated. Following pre-
vious theoretical and experimental studies, the param-
eterization of the roughness length for heat of Brutsaert
(1982) has been introduced in TEB for roof and road
aerodynamic resistances. This modification to TEB has
significantly improved the RMSE values by about 50%—
55% for the sensible heat flux and by about 25%-30%
for the residual term, for both periods.

There is some evidence that the ice freeze/thaw pro-
cess is still not well represented during PERIOD-II in
the BRUS2 experiment, as suggested, for example, by
the underestimation of the residual term for the last
two days, by the values of the mean residual term that
are underestimated, and by the overestimation of the
latent heat during the last day. Nevertheless, a simula-
tion with more initial soil ice was also tested (not shown
in this paper), in which the freeze/thaw process continued
during all of PERIOD-II; however, this caused the per-
formance of the simulation to deteriorate.

This study has indicated that some improvements are
necessary to the TEB and ISBA surface schemes to
better represent the complex physical processes present
in urban areas. Although we have achieved good success
in better parameterizing these surfaces, several other
modifications to these two schemes could lead to further
improvements. For instance, a more direct inclusion of
natural covers inside urban canyons and consideration
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of main street orientations would potentially allow the
simulation of surface heterogeneity in early spring. This
could also be very important during other seasons, when
tree leaves may play an important role in the energy
budget, an impact recently examined by Lee and Park
(2008). Despite the good agreement found between
measurements and model results with the new param-
eterizations of the soil freeze—thaw process and of the
thermal roughness lengths over roads and roofs, un-
certainties remain about these processes and further
studies are still necessary. In particular, the possible
underestimation of the observed turbulent fluxes, due to
the eddy correlation technique used in MUSE, may have
an impact on the interpretation of the results obtained in
this paper, and may influence the choice of the param-
eterization for the thermal roughness length over built-
up covers. Moreover, the use of these parameterizations
should also be investigated for nonurban (i.e., natural)
surfaces.
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