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Abstract. Accurate simulation of the spatial and temporal
variability of tracer mixing ratios over urban areas is a chal-
lenging and interesting task needed to be performed in or-
der to utilise CO2 measurements in an atmospheric inverse
framework and to better estimate regional CO2 fluxes. This
study investigates the ability of a high-resolution model to
simulate meteorological and CO2 fields around Paris ag-
glomeration during the March field campaign of the CO2-
MEGAPARIS project. The mesoscale atmospheric model
Meso-NH, running at 2 km horizontal resolution, is coupled
with the Town Energy Balance (TEB) urban canopy scheme
and with the Interactions between Soil, Biosphere and Atmo-
sphere CO2-reactive (ISBA-A-gs) surface scheme, allowing
a full interaction of CO2 modelling between the surface and
the atmosphere. Statistical scores show a good representa-
tion of the urban heat island (UHI) with stronger urban–rural
contrasts on temperature at night than during the day by up
to 7◦C. Boundary layer heights (BLH) have been evaluated
on urban, suburban and rural sites during the campaign, and
also on a suburban site over 1 yr. The diurnal cycles of the
BLH are well captured, especially the onset time of the BLH
increase and its growth rate in the morning, which are essen-
tial for tall tower CO2 observatories. The main discrepancy
is a small negative bias over urban and suburban sites dur-
ing nighttime (respectively 45 m and 5 m), leading to a few
overestimations of nocturnal CO2 mixing ratios at suburban
sites and a bias of +5 ppm. The diurnal CO2 cycle is gen-
erally well captured for all the sites. At the Eiffel tower, the
observed spikes of CO2 maxima occur every morning exactly

at the time at which the atmospheric boundary layer (ABL)
growth reaches the measurement height. At suburban ground
stations, CO2 measurements exhibit maxima at the beginning
and at the end of each night, when the ABL is fully con-
tracted, with a strong spatio-temporal variability. A sensitiv-
ity test without urban parameterisation removes the UHI and
underpredicts nighttime BLH over urban and suburban sites,
leading to large overestimation of nocturnal CO2 mixing ra-
tio at the suburban sites (bias of +17 ppm). The agreement
between observation and prediction for BLH and CO2 con-
centrations and urban–rural increments, both day and night,
demonstrates the potential of using the urban mesoscale sys-
tem in the context of inverse modelling

1 Introduction

It has been widely reported that atmospheric CO2 concentra-
tion has increased by more than 30 % since the pre-industrial
era mainly due to human activities and this increase is very
likely at the root of the observed temperature rise of 0.6◦C
over the last century (Forster et al., 2007). Although we have
good estimates of the CO2 fluxes on a global basis, and have
a relatively well-established observation network to detect
the large-scale trends, regional information (10–500 km) is
needed if society is ever to manage or verify carbon emis-
sions (Dolman et al., 2006). We must improve our under-
standing of regional variations in sources and sinks of CO2
to identify possible sequestration or emission management
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options. It is necessary to discriminate between the anthro-
pogenic and biospheric sources which overlap very strongly
in European countries. In this context, the project CO2-
MEGAPARIS aims at the quantification of the CO2 emis-
sions of the megacity Paris and consequently the simulation
and assessment of the anthropogenic CO2 plume over the
Ile-de-France province (corresponding to the Paris adminis-
trative region) (Xueref-Remy et al., 2012). Indeed, with 12
million of inhabitants, Paris is the third largest megacity of
Europe (after London and Moscow), and is estimated to emit
about 14 % of national emissions. Moreover, it is an ideal test
location due to its relatively well defined boundaries and the
lack of other major CO2 emitters in its immediate vicinity.
The former experiment ESQUIF (Vautard et al., 2003) gave
a fair understanding of the atmospheric dynamics in this area
and the impact on air quality.

The quantification of continental sources and sinks of CO2
can be improved by regional inversion (the so-called top-
down method). In this approach, the variability in atmo-
spheric CO2 concentrations are observed to better under-
stand the causes of variability in the source–sink distribution
by inverting the atmospheric transport. Recent urban CO2
studies have been pursued with different objectives: for in-
stance,Kort et al. (2012) quantified the urban CO2 dome
over Los Angeles and Mumbai using satellite data,Gurney
et al. (2012) aimed the quantification of CO2 emissions at
Indianapolis, andStrong et al.(2011) studied urban CO2 cy-
cles within Salt Lake Valley. A number of studies have used
inverse modelling tools at global and regional scales (Ent-
ing, 1993; Rödenbeck et al., 2003; Gurney et al., 2002; Lau-
vaux et al., 2008, 2009) together with global networks of ob-
servations which also recently include tall tower observato-
ries. But the scarcity of concentration measurements and er-
rors in simulating atmospheric transport can introduce large
uncertainties. Furthermore, the spread in fluxes induced by
transport model differences was found to be almost as large
as the uncertainties arising from the lack of adequate ob-
servations (Gurney et al., 2002). Using high-resolution at-
mospheric models to retrieve CO2 sources and sinks at the
regional scale represents major progress, as shown by the
model intercomparison study over Europe led byGeels et al.
(2007).

The major uncertainties in CO2 modelling are related to
model errors in horizontal wind (Lin and Gerbig, 2005)
and vertical transport within the atmospheric boundary layer
(ABL) (Gerbig et al., 2008; Kretschmer et al., 2012). The
boundary layer height (BLH) is a key variable in modelling
atmospheric CO2 since surface fluxes are mixed up to this
height (“first order” approximation), causing the atmospheric
CO2 concentration to be underestimated when the BLH is
overestimated, and vice versa, assuming a constant surface
source.Geels et al.(2007) showed that in inversion CO2
studies at low-altitude sites, only the afternoon values of con-
centrations can be represented sufficiently well and are there-
fore more appropriate for constraining large-scale sources

and sinks in combination with transport models as the stable
boundary conditions are highly difficult to represent by the
meteorological models (Seibert et al., 2000). Therefore, in-
version studies usually tend to impose less statistical weight-
ing (larger uncertainty) or implement temporal data filtering
(e.g. selection of afternoon data).Lauvaux et al.(2008) also
found that improving the transport simulation for nocturnal
CO2 concentrations at tower sites would lead to large error
reduction in CO2 inversions. In this context a correct rep-
resentation of the ABL during the night and the morning is
challenging.

Also during daytime,Sarrat et al.(2007b), in an intercom-
parison study of five mesoscale models, showed that BLHs
between models revealed considerable discrepancies. The
BLH can also be affected by entrainment from overshoot-
ing thermals that is often underestimated in mesoscale mete-
orological models (McGrath-Spangler and Denning, 2010).
De Arellano et al.(2004) have shown that the CO2 concentra-
tion in the ABL is reduced much more effectively by the ven-
tilation with entrained air than by CO2 uptake by the vegeta-
tion, especially in the morning hours during the rapid growth
of ABL in a rural site in the Netherlands.

Detailed validations of high-resolution forward models
using networks of atmospheric measurements are therefore
needed to assess how well the transport and variability of
atmospheric tracers are represented. A number of studies
using high-resolution models showed substantial improve-
ments in simulating atmospheric CO2 concentrations under
various mesoscale flow conditions (Sarrat et al., 2007a; Ah-
madov et al., 2009; Perez-Landa et al., 2007). In this context,
urban areas are challenging to represent for CO2 inversion
studies: first, emissions are very heterogeneous, and second,
BLH is also spatially variable.Angevine et al.(2003) pointed
out the important implications of urban–rural contrasts for
air quality. However, the nocturnal boundary layer (NBL) is
mixed compared to the rural one. If the urban effects are well
represented, this can limit the errors of the model generally
associated to the stable conditions. The challenge is here to
be able to simulate all the urban effects with an appropriate
urban model. The performance of urban parameterisations
are therefore crucial in simulating the urban boundary layer
(UBL) (Lemonsu et al., 2006; Lee et al., 2008).

This work, as part of the CO2-MEGAPARIS project, uses
a high-resolution modelling approach with the Meso-NH
model to investigate the variability of CO2 concentration as
well as BLH over Paris agglomeration. During the CO2-
MEGAPARIS campaign from 21–26 March 2011, anticy-
clonic weather conditions prevailed (clear sky, moderate tem-
peratures and light winds).Pal et al.(2012) already inves-
tigated in detail the spatio-temporal variability of the ob-
served BLH without including CO2 measurements, and they
focussed mainly on the first 4 days of the campaign to asses
the impact of the urban heat island (UHI) on the boundary
layer circulations.

Atmos. Chem. Phys., 13, 4941–4961, 2013 www.atmos-chem-phys.net/13/4941/2013/
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(a) (b)

Fig. 1. (a): Domain of simulation with orography (in m a.s.l.). (b): Zoomed-in-view on Ile-de-France
province with urban fraction. The observational stations (Montge, Gonesse, Eiffel, Jussieu, Trappes,
SIRTA, Gif) and airports (CDG and Orly) are labelled on both panels.
figure
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Fig. 1. (a): Domain of simulation with orography (in m a.s.l.).(b): Zoomed-in view on Ile-de-France province with urban fraction. The
observational stations (Montge, Gonesse, Eiffel, Jussieu, Trappes, SIRTA, Gif) and airports (CDG and Orly) are labelled on both panels.

The main goals of our study are (1) to test the ability of
high-resolution models to represent the spatial and tempo-
ral variability of BLH and CO2 over urban and suburban ar-
eas, (2) to evaluate the dynamical effect of urban–rural con-
trasts on the atmospheric CO2 field, and (3) to assess the
possibility of using these modelling tools in future inver-
sion studies. This paper begins by providing an outline of
the modelling strategy and the CO2-MEGAPARIS dataset,
including a description of the specifics of the model setup
and the experimental domain (Sects. 2 and 3). This is fol-
lowed by a validation and discussion of the meteorological
predictions against observational data (Sect. 4). The ability
of the mesoscale modelling system to reproduce the variabil-
ity of CO2 concentration is then examined in urban, suburban
and rural sites (Sect. 5). Impact studies of urban surface pa-
rameterisation and anthropogenic emissions are led to help
in analysing CO2 emissions and dilution. A summary and a
discussion on dominant uncertainties in inverse modelling of
CO2 fluxes follow in Sect. 6.

2 Brief presentation of the CO2-MEGAPARIS March
campaign

The CO2-MEGAPARIS March experiment field served as
a testbed for the project (seehttp://co2-megaparis.lsce.ipsl.
fr), which started on 21 March and ended on 26 March
2011. The meteorological network (described inPal et al.,
2012) was constituted of 3 vertically pointing aerosols li-
dars and a ceilometer observing quasi-continuous evolution
of the BLH operating at the Jussieu (hereafter JUSS) cam-
pus in the centre of Paris (Fig.1b), at the SIRTA observa-
tory representative of a suburban site and located at about
20 km south of Paris, and at Trainou (hereafter TRN) located
at a distance of around 100 km to the south of Paris , which is
used as a rural background reference site (Fig.1a). Addition-
ally, radiosounding measurements with a frequency of twice

a day (00:00 and 12:00 UTC) were performed at the French
operational station Trappes (hereafter TRAP) located in the
western suburb of Paris (15 km west of SIRTA). Also, the
French operational meteorological surface network includes
270 stations on the simulation domain to evaluate temper-
ature and relative humidity at 2 m and wind fields at 10 m
(Fig. 2). The CO2 monitoring network includes ground CO2
mixing ratio measurements at the following sites: Gif-sur-
Yvette (GIF) located 30 km to the south-west of Paris and
8 km west of Orly Airport; at Gonesse (GON) on the north-
east of Paris, 3 km west of Paris-CDG airport; at Montge-en-
Goelle (MON), a rural station located 10 km east of Paris-
CDG airport; and also at the rural site of TRN (only for 21
March). Additionally, CO2 mixing ratio measurements were
carried out on at the top of the Eiffel tower (310 m, EIF).
The CO2 monitoring stations at GIF and TRN are part of
the ICOS infrastructure (http://www.icos-infrastructure.eu/),
while the EIF, GON and MON instrumentations were de-
ployed in 2010 within the CO2-MEGAPARIS project (http:
//co2-megaparis.lsce.ipsl.fr) and integrated into AIRPARIF
network infrastructures. In each station, a ring-down cavity
analyser from PICARRO model G1301 was deployed. In the
3 CO2-MEGAPARIS stations, the observations were made
wet and a correction on water vapour was applied using the
dedicated Picarro analyser software. All observations were
calibrated against the NOAA X2007 scale. Each station was
equipped with a calibration and target gas tanks unit owning
specific peculiarities. Concerning the GIF and TRN stations,
as part of the ICOS infrastructure, an automated gas chro-
matographic system (HP-6890) was operated for CO2 mea-
surements of ambient air (Gibert et al., 2007). A detailed ex-
planation on the calibration strategy and accuracy/precision
estimates is under preparation in an article from Xueref-
Remy et al.(2013). The precision for the different datasets
is given in Table1. The temporal sampling is 1h for GIF and
TRN stations, and 5 min for EIF, GON and MON.
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. MESO-NH predictions for 2 m relative temperature (in oC) (a and b), 2 m relative humidity (in
%) (c and d) and 10 m wind (e and f) with observations shown by coloured squares/arrows for 23 March
at 04 UTC (on the left) and 11 UTC (on the right).
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Fig. 2.MESO-NH predictions for 2 m relative temperature (in◦C) (a andb), 2 m relative humidity (in %) (c andd) and 10 m wind (eandf)
with observations shown by coloured squares/arrows for 23 March at 04:00 UTC (on the left) and 11:00 UTC (on the right).

The meteorology during the first 4 days of the study pe-
riod was characterised by anticyclonic conditions over the
north-west of Europe, maintaining dry and sunny weather
over most of France. In the Paris area it led to weak north-
easterly winds and temperatures progressively increasing and
reaching a maximum of 21◦C on 24 March. On 25 March
the winds became very weak due to the formation of a ridge
between high-pressure regions stretching from the north-
west of Ireland, through France, and past the southern tip of
Italy. This ridge began to break up on 26 March as a low-
pressure cell moved in from the Atlantic. In the Ile-de-

Table 1.Precision of the dataset (in ppm).

EIF GON MON GIF TRN
Precision 0.382 0.065 0.101 0.500 0.500

France province, the wind rotated to the south-west and the
sky became cloudy. This has resulted in two meteorological
regimes during the study period, with the transition day be-
tween them on 25 March.

Atmos. Chem. Phys., 13, 4941–4961, 2013 www.atmos-chem-phys.net/13/4941/2013/
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Table 2.Dynamical and physical options used in the Meso-NH model.

Vertical coordinates Gal-Chen and Sommerville
Basic equations Non-hydrostatic, anelastic
Grid type Arakawa C-grid
Transport schemes WENO 3rd order for momentum

PPM for meteorological and scalar variables
Time integration 2nd order Runge–Kutta split explicit
Time step 60 s for the physics

15 s for the advection

Radiation ECMWF scheme: rapid radiative transfer model longwave
and Fouquart shortwave

Microphysics Single moment class 5Pinty and Jabouille(1998)
Turbulence 1-DCuxart et al.(2000)

with Bougeault and Lacarrere(1989) mixing length
Shallow convection eddy-diffusivity mass-flux scheme

Pergaud et al.(2009)

3 Modelling strategy with MESO-NH

The MESO-NH model (Lafore et al., 1998) is a non-
hydrostatic mesoscale model developed by Meteo-France
and Laboratoire d’Aerologie for research purposes (seehttp:
//mesonh.aero.obs-mip.fr/mesonh/). The model has been
widely used to investigate the CO2 cycle (Sarrat et al.,
2007a,b, 2009; Noilhan et al., 2011). In this study the model
has been run at 2 km horizontal resolution over a domain of
500 km× 500 km covering Northern France, the southeast of
England and most of Belgium, as shown in Fig.1a. The ver-
tical resolution is minimum (18 m) near the surface and 2 km
at the top of the domain above 20 km, leading to 46 levels
with 21 levels in the first 2 km. An overview of the model set
up, dynamical parameters and model physics used is given
in Table2. The atmospheric model assumes the CO2 mixing
ratio transported as a passive scalar.

The MESO-NH model runs in line with the land-surface–
atmosphere interaction model SURFEX (Masson et al.,
2012), including four components representing ocean, in-
land waters, urban areas and vegetation, corresponding to
the surface types in the land cover ECOCLIMAP II (Mas-
son et al., 2003), which has a resolution of 1 km and includes
273 ecosystems. The most important components included in
the surface model for this study are the urban and vegetation
schemes, the Town Energy Balance (TEB) (Masson, 2000)
and Interactions between Soil, Biosphere, and Atmosphere
(ISBA-A-gs) (Calvet et al., 1998; Noilhan and Planton, 1989)
respectively. The TEB model was previously validated and
has shown to reproduce well surface fluxes in urban areas
both in offline mode (Hamdi and Masson, 2008) and online
with MESO-NH (Masson, 2006; Lemonsu et al., 2006; Hi-
dalgo et al., 2008). ISBA-A-gs includes CO2 assimilation by
the vegetation and ecosystem respiration to compute online
the surface energy and CO2 fluxes. The latent heat flux as
well as the carbon flux are computed through a stomatal con-

ductance. ISBA-A-gs uses a tile approach in which each grid
cell is divided into a maximum of 12 patches of natural or
vegetation types (bare soil, snow, rock, tree, coniferous, ev-
ergreen, C3 crops, C4 crops, irrigated crops, grassland and
parks).Noilhan et al.(2011) have shown a significant im-
provement of the ABL representation by fully coupling CO2
between surface and atmosphere using the tiling approach.
The SURFEX scheme diagnoses the 2 m temperature and hu-
midity, and 10 m wind with a specific algorithm (Masson and
Seity, 2009) that implements a 1-D prognostic turbulence
scheme on 6 vertical levels inserted between the surface and
the lowest atmospheric model level (9 m here).

The anthropogenic CO2 emissions are obtained from an
inventory (10 km and 1 h resolutions) provided by the Uni-
versity of Stuttgart (Dolman et al., 2006). Oceanic CO2
fluxes are parameterised followingTakahashi et al.(1997),
at the resolution of the model.

Each day of the campaign is simulated by a single 24 h
model run, initialised and coupled every 3 h with the analy-
sis from the 2.5 km resolution operational model of AROME
(Seity et al., 2010) for the meteorological fields. The first
day’s CO2 field was initialised with the CO2 background
mixing ratio measurement at the Eiffel Tower (minimum
value of the day), with a homogeneous vertical profile, hor-
izontally consistent across the entire model domain, while
the other days used the predicted CO2 field from the end of
the previous day as a starting mixing-ratio field. The bound-
ary conditions CO2 profiles during each day’s simulations
were also taken from the Eiffel Tower measure, consider-
ing a homogeneous vertical profile. A sensitivity test on lat-
eral boundaries for CO2 has been led by using CO2 fields
from LMDZ model (with a horizontal resolution of 0.83◦ per
1.25◦ (latitude per longitude) over Europe), like inAhmadov
et al. (2009), but shows no significant impact on CO2 pre-
diction fields over the Paris region. In the future, this aspect
could be improved by restoring the lateral boundaries toward

www.atmos-chem-phys.net/13/4941/2013/ Atmos. Chem. Phys., 13, 4941–4961, 2013
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a large-scale analysis of CO2, like MACC analysis (Enge-
len et al., 2009, seehttp://www.gmes-atmosphere.eu/about/
project structure/global/gghg/). Also, it is thought that for
such anticyclonic situations, the effect of large-scale advec-
tion of CO2 in the boundary layer is probably weak com-
pared to the vertical turbulent diffusion. Additionally, the
simulation domain is sufficiently large to minimise the lat-
eral boundary condition effects in the domain of interest as
it includes the main pollution sources influencing air quality
over the Paris region, like Lille, industrial areas of Benelux
and port activities of the Normandy coast.

Three simulations are performed using the same model
configuration, i.e. same domains, initialisation fields and
physical parameterisations: (1) the first simulation (hence-
forth REF, as the reference) is performed with the whole sur-
face schemes; (2) the second simulation (RUR hereafter) is
conducted without the TEB urban scheme in order to quan-
tify the effect of the urban parameterisation: the urban land-
use covers are replaced by rock, treated by ISBA, as the rock
does not induce evapotranspiration that would modify the dy-
namics of the BL, and presents a significant roughness and
non-erodible elements, like vegetation; (3) the third simula-
tion corresponds to REF for the surface schemes, but with-
out CO2 anthropogenic emissions (hereafter NAN). In order
to generalise the evaluation of the BLH, the REF simulation
has been daily run for 1 yr (1 August 2010–31 July 2011)
over the same domain, in exactly the same configuration.

4 Meteorological results

The performance of the Meso-NH simulations is first evalu-
ated against boundary layer observations. The meteorolog-
ical measurements considered are the following: (1) The
2 m air temperature (T2M) and relative humidity (HU2M)
and 10 m wind fields observed at numerous meteorologi-
cal stations: 235 stations reporting hourly data for T2M and
HU2M and 114 stations reporting daily wind speed and wind
direction are considered every day extending over the do-
main (Fig.2). (2) T2M at urban (Paris-Montsouris), suburban
(SIRTA) and rural (TRN) stations during the campaign. (3)
The potential temperature vertical profiles and the BLH from
the radiosounding (RS) at TRAP. (4) The BLH measured by
the lidar systems at the 3 stations (TRN, SIRTA, JUSS).

4.1 Reference simulation evaluation: urban heat
island (UHI)

Evaluating meteorological simulations against T2M, HU2M
and 10 m wind fields is a very common practice in opera-
tional weather prediction centres. The scores against screen-
level variables are generally difficult to improve and can be
considered as very informative of the quality of the surface
and boundary layer simulation. A synthesis of the mean bi-
ases and root-mean-square errors (rmse) is given in Fig.3

(a)

(b)

[(c)

(d)

Fig. 3. Daily variation of the bias (solid line) and rmse (dashed line) for the REF simulations for the
2 m temperature (a), 2 m relative humidity (b), 10 m wind speed (c) and direction (d), considering all
the stations (in blue), or decomposed between urban (in red) and rural stations (in green). Urban stations
represent 35 stations over 235 stations for T2M, 33 stations over 182 stations for HU2M and 27 stations
over 113 stations for the 10 m wind fields.
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Fig. 3.Daily variation of the bias (solid line) and rmse (dashed line)
for the REF simulations for the 2 m temperature(a), 2 m relative
humidity (b), 10 m wind direction(c) and speed(d), considering all
the stations (in red), or decomposed between urban (in blue) and
rural stations (in green). Urban stations represent 35 stations over
235 stations for T2M, 33 stations over 182 stations for HU2M and
27 stations over 113 stations for the 10 m wind fields.

for the REF simulation. In order to evaluate separately TEB
and ISBA schemes, the scores are separated between urban
and suburban stations on one side (corresponding to a town
fraction greater than 0.1, leading to 35 stations over 235 for
T2M) and rural stations (town fraction less than 0.1) on the
other side. Statistical scores show a good behaviour of the
REF simulation, with a bias less than 1.8◦C for T2M, 6 %
for HU2M, 0.8 ms−1 and 20◦ for the wind speed and di-
rection, respectively. The deviation from the measurements
(rmse) is a bit higher. There is an indication of diurnal trend
in the statistics of bias: for all stations (red curve), the pre-
dicted atmospheric regime is slightly too cold and too wet
during the day, but in very good agreement at night, as il-
lustrated on Fig.2 for 23 March at 04:00 and 11:00 UTC.
For urban stations, a small positive bias appears on tempera-
ture and humidity during the whole day except the morning,

Atmos. Chem. Phys., 13, 4941–4961, 2013 www.atmos-chem-phys.net/13/4941/2013/
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Fig. 4. Diurnal variation of hourly near surface air temperature (in ◦C) at urban, sub-urban and rural
stations measured (from Pal et al., 2012) (a), predicted with REF simulations (b) and RUR simulations
(c).

35

Fig. 4.Diurnal variation of hourly near-surface air temperature (in◦C) at urban, suburban and rural stations measured (fromPal et al., 2012)
(a), predicted with REF simulations(b) and RUR simulations(c).

meaning that the TEB scheme tends to overpredict the UHI
by up to 0.5◦C during the night. A possible explanation is
that the surrounding of urban stations is often characterised
by a high portion of urban vegetation that is underestimated
at 2 km horizontal resolution and by the 1 km ECOCLIMAP
data. Also, the parks and vegetated spaces embedded in an
urban/suburban surrounding are not considered by the TEB
scheme; this will be a further improvement of the urban pa-
rameterisation (Lemonsu et al., 2012). On the contrary, the
excessive surface cooling and moistening during the day is
probably relative to the ISBA scheme. Deviations from the
measurements (rmse) are equivalent for urban and rural sta-
tions. The wind speed is slightly overestimated during the
night, especially on the rural stations, and underestimated
at the end of the morning, particularly for urban stations.
The error in the wind direction is small and fluctuating,
with a high deviation, due to the fact that the wind speed
is very weak during the period, making the prediction diffi-
cult. Scores are very similar for all the days of the period (not
shown).

Figure 4 shows the time series of the near-surface
air temperature measured and predicted at urban (Paris-

Montsouris), suburban (SIRTA) and rural (TRN) stations
during the campaign. The upper panel exemplifies the classi-
cal diurnal cycle of observed temperature, with here an in-
creasing trend over all sites until 25 March and a change
during 26 March. The daily maximum temperature observed
at Paris increased from 15◦C on 21 March to 21◦C on 25
and decreased to 17◦C on 26, while the minimum tempera-
ture increased from 5◦C on 21 March to 14◦C on 25 March,
and remained constant on 26 March. The higher increase of
minimal temperatures than maximal temperatures is a sig-
nature of the thermal accumulation effect in the urban area
(Pal et al., 2012). The observed differences of temperature
between the urban site on one side, and the suburban and
rural sites on the other side, representative of the UHI, are
presented on Fig.5. They were most of the time positive and
can reach 5◦C and 7◦C, respectively. They were stronger at
night than during day and, mostly, the contrast between the
three sites was negligible during sunrise. The highest noctur-
nal UHI between urban and rural sites occurred on 26 March
with a difference of 7◦C, whereas the difference was slightly
negative 12 h before, during 25 March afternoon, due to the
absence of wind inducing a generalised strong heating over
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Fig. 5.Diurnal variation of hourly differences of temperature at 2 m (in◦C) between urban and suburban stations(a) and between urban and
rural stations(b) from observations (in black), REF (in blue) and RUR (in red) simulations.

Table 3.Evaluation of the mean bias, rmse (in◦C) and correlation
coefficient (R2) between observations and REF and RUR simula-
tions on T2M at Montsouris (URBAN), SIRTA (SUBURBAN) and
Trainou (RURAL) sites

URBAN

BIAS RMSE R2

REF + 0.8 1.6 0.9
RUR − 3.0 2.9 0.75

SUBURBAN

BIAS RMSE R2

REF 0.0 1.0 0.96
RUR − 0.5 1.4 0.92

RURAL

BIAS RMSE R2

REF − 0.2 1.5 0.93
RUR − 0.2 1.5 0.93

all the domain. Also, the dry conditions that prevailed the
previous days reduced the soil moisture at the rural site, and
evapotranspiration by the vegetation became therefore small
during daytime.

The middle panel of Fig.4 represents the predicted tem-
perature on the same sites for the REF simulation. The dis-
continuity sometimes present at 00:00 UTC for the different
days corresponds to the analysis from AROME model that

initialises the new Meso-NH daily simulation. It is notewor-
thy that, between the 3 sites, only the measurements at Paris-
Montouris are included in the data assimilation in AROME,
inducing the same T2M between observation (Fig.4a) and
initial conditions of the run (Fig.4b) at 00:00 UTC – con-
trary to the measurements at SIRTA and TRN sites, which do
not include the operational meteorological surface observa-
tion network, so are not taken into account in the data assim-
ilation system to produce the operational analysis. The REF
simulation reproduces well the increasing trend in tempera-
ture (Table3, with correlationR2 between 0.9 and 0.96 for
the 3 stations), with nevertheless a systematic overestimation
of the maximum temperature at the urban site of 2◦C (in-
ducing a mean bias of +0.8◦C). Indeed, Montsouris station
is a good example of an urban station embedded in a park,
whose effects on surface fluxes are not considered, as men-
tioned before.

The UHI intensity is fairly well represented by the REF
simulation (Fig.5), with a good range of values, and max-
ima during the nights and minima during the days. The main
discrepancy concerns the absence of urban–rural contrast ob-
served during the day of 25 March, which is not captured by
the model, and the maximum observed UHI during the fol-
lowing night that is underestimated (5◦C instead of 7◦C).

These results illustrate the fact that the REF simulations
closely match the observations and can capture the urban–
rural contrasts in temperature fairly well.

Atmos. Chem. Phys., 13, 4941–4961, 2013 www.atmos-chem-phys.net/13/4941/2013/



C. Lac et al.: CO2 dispersion modelling over Paris 4949

(a) (b)

Fig. 6. Vertical profiles of potential temperature (in ◦C) above the Trappes location for 12:00 UT (a) and
00:00 UT (b) for the measurements (black dashed lines) and REF simulations (solid red lines).
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Fig. 6. Vertical profiles of potential temperature (in◦C) above the Trappes location for 12:00 UTC(a) and 00:00 UTC(b) for the measure-
ments (black dashed lines) and REF simulations (solid red lines).

4.2 Boundary layer height (BLH)

Figure 6 shows vertical profiles of potential temperature
above TRAP at 00:00 and 12:00 UTC for the REF simula-
tion, compared to the daily soundings. The sonde drifting has
been neglected for the simulation comparison as the wind
in the ABL is weak during the period. In agreement with
the previous scores, the surface temperature at this subur-
ban site tends to be slightly underestimated during the day
and overestimated during the night. At midday the convec-
tive mixing is fairly well reproduced, except on 21 March,
where the BLH is slightly underpredicted. At midnight the
nocturnal positive potential temperature gradient is generally
well represented with, however, a small underestimation on
25 and 26 March inherent to the small positive bias on sur-
face temperature.Steeneveld et al.(2008) have underlined
the frequent underestimation of the stratification of nighttime
surface inversions in mesoscale models, pointing out the dif-
ficulty in parameterising stable boundary conditions. How-
ever, the model tends to capture well the potential temper-
ature profiles. To evaluate more accurately the BLH predic-
tions, BLH are extracted from lidar and ceilometer measure-
ments, following the method discussed inPal et al.(2010),
and compared to the model diagnostics. The diagnosis of the
BLH in the model is based on the bulk Richardson number
approach (Seibert et al., 2000), considering a critical value of
0.25 (Sorensen et al., 1996). For 25 and 26 March the lidar
was not working at SIRTA site due to technical problems and
therefore only the ceilometer was used, reducing the quality
of BLH estimation. Also, the lidar system was not opera-
tional over the rural site during nighttime since full overlap
of the lidar system is reached at a height of around 150 m
AGL.

Figure 7 shows time series of the BLH for the urban
(JUSS), suburban (SIRTA) and rural (TRN) sites, with com-
parison between observations and simulations. During day-
time, measurements show significant contrasts between the 3

sites with the deepest mixing for JUSS, followed by SIRTA
and then TRN. However, for the first 4 days, these differ-
ences were limited (maximum of 200 m between JUSS and
TRN), and the maximum BLH remained quite constant for
all the days even if the near-ground temperature increased
(Fig. 4a). The highest contrast on BLH between urban and
rural sites during daytime occurred on 25 March with a dif-
ference of 600 m at 14:00 UTC, while near-ground surface
temperatures differed only from 1◦C between rural and ur-
ban sites. This was probably due to high values of daytime
evapotranspiration at TRN. 26 March was characterised by
a weaker BLH than the previous day and some fluctuations
at SIRTA and TRN due to the change in the prevailing meteo-
rological regime. During nighttime, where the BLH is deter-
minant for the pollutant mixing ratios, measurements showed
maximum BLH differences between JUSS and SIRTA sites
of the order of 100 m.

The REF simulation captures reasonably well the BLH
for all the sites with correlation coefficients between 0.89
at JUSS and 0.71 at TRN (Table4). During daytime, biases
are negative between 8 m (at TRN) and 70 m (at JUSS). This
can be explained for the rural site by the small negative bias
on T2M (Fig.4). In the morning the onset time of the ABL
mixing and the growth rate of the BLH are particularly well
reproduced (Fig.7). Maxima of BLH are also well captured,
except a large underprediction on the 1st day for the 3 sites
(up to 300 m at JUSS) and a small one on the 4th day at JUSS
and TRN. The increase of daytime BLH on 25 March, com-
pared to the other days, is predicted at the 3 sites, but slightly
underestimated at SIRTA and overestimated at TRN. During
nighttime the REF simulation represents fairly well the shal-
low mixing depth over urban and suburban sites, but tends
to underestimate it slightly (negative biases of 45 m and 5 m
respectively, Table4).

The evaluation of BLH has been generalised over the 1 yr
period by comparisons against BLH from daily soundings at
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(a) (b)

(c)

Fig. 7. Time series of BLH (in meters a.g.l. (AGL)) for 21–26 March at JUSS (a, urban site), SIRTA (b,
sub-urban site) and TRN (c, rural site).
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Fig. 7. Time series of BLH (in metres a.g.l. (AGL)) for 21–26 March at JUSS ((a), urban site), SIRTA ((b), suburban site) and TRN ((c),
rural site).

Table 4.Mean observed, bias, rmse and correlation coefficient (R2)
of the BLH for the REF and RUR simulations. Nighttime is consid-
ered from 19:00 UTC to 08:00 UTC.

JUSSIEU

Mean Day Mean Night
OBS 867 222
Simul. Bias Day Rmse Day Bias Night Rmse NightR2

REF −70 222 −45 131 0.89
RUR −226 320 −117 132 0.78

SIRTA

Mean Day Mean Night
OBS 731 155
Simul. Bias Day Rmse Day Bias Night Rmse NightR2

REF −34 256 −5 127 0.76
RUR −160 313 −44 106 0.68

TRN

Mean Day
OBS 661
Simul. Bias Day Rmse Day R2

REF −8 303 0.71
RUR −23 293 0.72

TRAP, also estimated with the same critical bulk Richard-
son number. Correlation are presented in Fig.8 with the re-
gression line included, and biases and rmse are reported in
Table5. Statistics reveal very good agreement at this subur-
ban site, with biases of +19 m and−6 m for 12 h (12:00 UTC
soundings) and 24 h (00:00 UTC soundings) forecasts, re-
spectively. But we can underline that statistics on SIRTA and
TRAP agree on the fact that the model tends to underestimate
slightly the nocturnal BLH at suburban sites. The mean diur-
nal cycle exhibits good agreement between observation and
REF at noon and midnight (Fig.8c).

4.3 Importance of the urban scheme

The evaluation of the RUR simulations is compared to the
REF ones for T2M, HU2M and 10 m wind at the urban sta-
tions (Fig. 9). The absence of an urban scheme logically
translates the bias curve to weaker temperatures (higher hu-
midities) similarly for each hour, increasing the negative bias
of T2M (positive bias of HU2M) during the day and reduc-
ing the positive bias of T2M (negative bias of HU2M) dur-
ing the night. It also increases slightly the negative biases of
the wind speed during the day, meaning that the absence of
urban–rural contrasts on temperature reduces the wind. The
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(a) (b)

(c)

Fig. 8. a and b : Correlation between observed (noted RS) and simulated BLH at Trappes for the REF
simulation for one year (August 2010-July 2011) for 12H forecast (12 UT sounding) and 24H forecast
(00UT sounding) . The regression is indicated by the continuous line. c : Diurnal cycle over the year of
the BLH at Trappes predicted by REF (blue line for the Mean and blue area for the standard deviation)
with the observed values marked by dots for the mean and by bars for the standard deviation.
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Fig. 8. (a)and(b): Correlation between observed (noted RS) and simulated BLH at Trappes for the REF simulation for 1 yr (August 2010–
July 2011) for 12 h forecast (12:00 UTC sounding) and 24 h forecast (00:00 UTC sounding). The regression is indicated by the continuous
line. (c): Diurnal cycle over the year of the BLH at Trappes predicted by REF (blue line for the mean and blue area for the standard deviation)
with the observed values marked by dots for the mean and by bars for the standard deviation.

Table 5. Statistical scores of the BLH at Trappes from observation (mean and standard deviation, noted STD DEV) and from the REF
simulation over 1 yr (August 2010–July 2011).

TRAPPES (BLH in m)

MEAN 12:00 UTC STD DEV 12:00 UTC MEAN 00:00 UTC STD DEV 00:00 UTC
OBS 883 515 296 265
REF 902 473 290 213

BIAS 12H Forecast RMSE 12H Forecast BIAS 24H Forecast RMSE 24H Forecast
REF + 19 337 − 6 191

discrepancies in the wind direction are also increased without
the urban scheme. The absence of an urban scheme has there-
fore a negative impact as it removes the urban–rural con-
trasts, and the associated circulations (Hidalgo et al., 2008).
On Fig. 4c the RUR simulation underestimates systemati-
cally the urban temperature (Table3 with a negative bias of
−3◦C), the corrections by the analysis at 00:00 UTC are im-
portant and it removes the UHI (Fig.5 in red line). However
some contrasts between the three sites remain that are only
linked to the orography effect of the Paris Basin and to the

cooling associated to the evapotranspiration for the rural site
compared to the rock replacing the urban area in the RUR
simulation.

The comparison between REF and RUR simulations on
the BLH (Fig.7) shows a systematic reduction of the BLH at
the urban site during the day and during the night, degrading
significantly the negative biases and the correlation (Table4).
At the suburban site, the difference between both is reduced
compared to the urban site but not negligible, as evidenced
by the statistics, especially on the maximum of the afternoon
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(a)

(b)

(c)

(d)

Fig. 9. Daily variation of the bias (solid line) and rmse (dashed line) for the REF (in blue) and RUR
simulations (in green) for the 2 m temperature (a), 2 m relative humidity (b), 10 m wind speed (c) and
10 m wind direction (d) only for the urban stations
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Fig. 9.Daily variation of the bias (solid line) and rmse (dashed line)
for the REF (in blue) and RUR simulations (in red) for the 2 m tem-
perature(a), 2 m relative humidity(b), 10 m wind direction(c) and
10 m wind speed(d) only for the urban stations.

underestimated. At the rural sites curves are superimposed.
This comparison demonstrates the effectiveness of the TEB
scheme in representing urban–rural contrasts on the BLH.

5 CO2 distribution in regional scale

CO2 mixing ratio predictions are investigated herein using
time series of predictions from REF, RUR and also NAN
simulations against observations for the Eiffel Tower (here-
after EIF), Gonesse (GON), Montge-en-Goelle (MON), Gif-
sur-Yvette (GIF) and Trainou (TRN). The NAN simulation
allows distinguishing the sites quasi-fully influenced by an-
thropogenic emissions (EIF) and those strongly influenced
by anthropogenic emissions (GON and GIF), as well as the
site both exposed to anthropogenic and biogenic emissions
(MON) and finally the rural site quasi-fully driven by pho-
tosynthesis and plant transpiration (TRN). It is worth not-
ing that peak values of anthropogenic emissions over Paris

and its airports occur during rush hours – between 05:00
and 08:00 UTC (local wintertime), and 18:00 and 22:00 UTC
(not shown). But nocturnal emissions remain important at
CDG Airport as it is today the airport with the leading Eu-
ropean night traffic, with an average of 170 movements per
night (almost 15 % of the total of the airport traffic over 24 h).

5.1 Evaluation at the urban site: Eiffel Tower

The mean diurnal cycle is presented in Fig.10a. for EIF.
The observed CO2 maxima occur much later than for the
other sites, generally between 09:00 UTC and 11:00 UTC.
While the other sites record the highest concentrations when
the BLH is fully contracted, the Eiffel Tower concentrations
show maxima during the late morning as the ABL expands.
As JUSS is close to EIF, observed and predicted BLH evolu-
tions at JUSS are used to help in analysing CO2 observations
and predictions at EIF (Fig.11). The observed CO2 spikes
trigger exactly at the time (vertical dashed line) at which the
growing BLH reaches the measurement height of the Eif-
fel Tower (310 m, as shown in Fig.11a). These spikes have
a very short duration as the ABL grows quickly, favouring
the rapid mixing of pollutant in a deeper layer, and conse-
quently the rapid CO2 mixing ratio decreases. In terms of
timing and temporal evolution, the modelled mixing ratios
can be seen to agree well with observations: predicted and
observed maxima occur at the same time, meaning that the
predicted BLH reaches 310 m at the right time. The predicted
CO2 peaks are also very brief, in agreement with measure-
ments. The correct timing is confirmed on the mean diur-
nal cycle (Fig.10a). However, a few discrepancies appear
in the temporal evolution. Firstly, the longest period of high
observed mixing ratios has occurred during the night of 22–
23 March. It is underestimated by the model, probably due
to an underprediction of the BLH (measurements at JUSS
were not available), even if the REF simulation tends to pro-
duce higher BLH than for the other nights, reaching punc-
tually the EIF measurement height. Secondly, another dis-
crepancy occurs on 25 March at 02:00 UTC as the model
predicts a peak of 450 ppm that does not occur in reality,
associated to a reservoir of pollutant in the simulated resid-
ual layer. All of this can explain that statistically, the com-
parison model vs observation gives a negative bias of 6 ppm
(rmse of 17 ppm) and a middling 0.35 correlation coefficient
(Fig. 12a). In terms of intensity, another discrepancy con-
cerns the strongest peak event measured at EIF during the
campaign (25 March at 11:00 UTC), slightly underestimated
by the model. This peak is a consequence of the negligible
wind during all the night and the early morning (Fig.13): an-
thropogenic CO2 accumulates over Paris Intra-Muros in the
Seine Valley in the shallow early morning ABL (Fig.13c at
08:00 UTC) and this reservoir reaches 300 m height with the
ABL growing at 11:00 UTC (Fig.13d). The model underpre-
dicts the maximum over the Eiffel Tower, even if predicted
winds are in agreement with observations at the ground and
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(a) (b)

(c) (d)

(e)

Fig. 10. Mean temporal evolution (over 6 days) of the CO2 mixing ratios (in ppm) measured (black line)
and predicted with REF (blue line), RUR (red line) and NAN (green line) simulations at EIF (a), GON
(b), GIF (c), MON (d) and TRN (e). The yellow area is between the minimum and maximum of the
measurements, and the blue area between the minimum and maximum of the REF simulation.
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Fig. 10.Mean temporal evolution (over 6 days) of the CO2 mixing ratios (in ppm) measured (black line) and predicted with REF (blue line),
RUR (red line) and NAN (green line) simulations at EIF(a), GON (b), GIF (c), MON (d) and TRN(e). The yellow area is between the
minimum and maximum of the measurements, and the blue area between the minimum and maximum of the REF simulation.

at 300 m height (Eiffel station), but reproduces CO2 mixing
ratio magnitudes at 300 m comparable to the measurements
magnitude over the eastern part of Paris city (Fig.13f with
measurement in coloured square). The predicted plume mix-
ing ratios are directly linked to the CO2 emissions that are
higher on the eastern part of Paris. It is therefore likely that
the underestimation at EIF is partly due to the too coarse an-
thropogenic emissions as the correct mixing ratios have been
produced on another part of Paris, and partly to horizontal
transport errors, frequent with weak winds. Moreover, the
simulated ground level mixing ratios closely match the lower
observed mixing ratio values at the suburban sites (Fig.13e).
So the general anthropogenic pollutant accumulation over
Paris city on 25 March is correctly reproduced, and its rep-
resentation at local scale could probably be improved with
finer emission inventories.

The RUR tends to delay by 30 min the peak of CO2 (Fig.10a)
as the growing phase of the BLH is delayed by the same time
(Fig.7a). The misrepresentation of nocturnal UBL with RUR
does not impact CO2 concentration at EIF as the measure-
ment is located above. Overall, the statistics are worse, with
a correlation coefficient of 0.05 (Fig.12b).

5.2 Evaluation at the suburban and rural sites

CO2 mixing ratio observations and predictions at the subur-
ban and rural sites are presented in Fig.10 in terms of di-
urnal cycle and compared for statistics in Fig.12. Contrary
to the EIF altitude station, the surface suburban sites (GON
and GIF) always measure maxima in the second part of the
night and in the early morning, when the BLH is strongly
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Fig. 11. (a) Time series of BLH predictions and observations at JUSS (in m a.g.l., AGL) for REF (blue)
and RUR (red) simulations. (b) Time series of CO2 observations and predictions (in ppm) at EIF for REF
(blue), RUR (red) and NAN (green) simulations, hourly averaged. The vertical dashed lines correspond
to the time in the morning at which observed BLHs reach 310 m (Eiffel measurement height).
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Fig. 11. (a) Time series of BLH predictions and observations at
JUSS (in m a.g.l., AGL) for REF (blue) and RUR (red) simula-
tions.(b) Time series of CO2 observations and predictions (in ppm)
at EIF for REF (blue), RUR (red) and NAN (green) simulations,
hourly averaged. The vertical dashed lines correspond to the time in
the morning at which observed BLHs reach 310 m (Eiffel measure-
ment height).

contracted. They exhibit a strong temporal variability of CO2
mixing ratio (yellow area in Fig.10).

At GIF site (Fig.10c), the REF simulation reproduces cor-
rectly the timing of the diurnal cycle of CO2 mixing ratio.
But if the minimal CO2 mixing ratios are well captured by
the model, the nocturnal maxima tend to be overestimated,
inducing a positive bias of 9 ppm and a correlation coeffi-
cient of 0.6 (Fig.12c). This can be directly linked to the ver-
tical transport error as SIRTA exhibited a negative bias of 5 m
on the BLH. The RUR simulation degrades significantly the
statistics (R2 is equal to 0.22 and bias to +17 ppm) as shown
on the diurnal cycle: the reduced mixing in the BL without
TEB extends the period of strong CO2 in the morning and

at the end of the afternoon, and the lower nocturnal BLH in-
creases the concentrations.

At GON, observation and REF simulation are in fairly
good agreement with a correlation of 0.95 and a small neg-
ative bias of 4 ppm (Fig.12e), and the diurnal cycle is well
reproduced (Fig.10b). The discrepancies mainly concern the
maximum of the CO2 peak in the early morning and the
temporal evolution insures that only 25 March morning is
imputed (not shown). On 25 March at 08:00 UTC, the near
ground temperature on the north-east of Paris (Fig.13a) is
underestimated, inducing an error on the vertical transport
leading to an overestimation of the mixing ratio (Fig.13b).
On the contrary, REF tends to underestimate the nocturnal
concentrations (Fig.10b). During a major part of the March
period, GON experienced the plume of CDG airport during
the night, in an east flux, as the airport kept up its night traffic
activity. Therefore, the horizontal transport on one side and
the uncertainties on the emission on the other side are two
main potential sources of error of CO2 at this station.

The MON station is classified as a rural site, but is nev-
ertheless influenced by anthropogenic emissions from Paris
and CDG airport as the difference between REF and NAN
simulations is not negligible (Fig.10d). The period exhibits
two regimes, with a quite regular diurnal cycle the first 4 days
and north-east winds that protect the site from Paris and CDG
plumes, as on Figs.14a and15a, and a stronger variability the
last 2 days due to the weak winds with variable directions,
including mainly westerly winds (Figs.14b and15b). The
model reproduces fairly well the CO2 concentration, with a
correlation of 0.7 and a negative bias of 4 ppm (Fig.12g), but
the second period was more exposed to horizontal transport
errors and emission uncertainties. This is underlined by the
statistics on the RUR simulation, which unusually does not
degrade the scores (Fig.12h), meaning that vertical transport
errors are less involved.

While almost no observations are available for the rural
site of TRN during this period, the measurements at the be-
ginning of the period allow verification of the predicted mix-
ing ratio. The CO2 diurnal cycle is almost identical each day
of the period, with a nocturnal maximum due to the ecosys-
tem respiration (Fig.10e), and a CO2 mixing ratio decrease
in the ABL when the BLH increases, due not only to CO2
vertical mixing but also to photosynthesis activity which de-
pletes the boundary layer CO2 mixing ratio. The three simu-
lations REF, RUR and NAN are almost superimposed, mean-
ing that the vegetation fully drives the diurnal cycle of car-
bon.

5.3 CO2 horizontal heterogeneity in the afternoon and
the night for inversion purposes

Figure 10 shows that the model reproduces well the mid-
day lower CO2 mixing ratios at the different sites. Even if
strong convective mixing in the ABL during daytime induces
lower mixing ratio values, the horizontal flow can lead to
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 12. Scatter plots of the observed (on the horizontal) vs. predicted CO2 mixing ratios for EIF,
GIF, GON and MON for REF simulation (on the left) and RUR simulation (on the right), with a linear
regression 43

Fig. 12.Scatter plots of the observed (on the horizontal) vs predicted CO2 mixing ratios for EIF, GIF, GON and MON for REF simulation
(on the left) and RUR simulation (on the right), with a linear regression.
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(a) (b)

(c) (d)

(e) (f)

Fig. 13. MESO-NH predictions: for 25 March at 08:00 UT (a) 2 m temperature (in ◦C), (b) Horizontal
cross section of CO2 mixing ratio (in ppm) near the ground. (c) Vertical cross section of CO2 mix-
ing ratio (in ppm) according to the axis given in (b) for 25 March at 08:00 UT, and for 25 March at
11:00 UT (d), with wind vectors superimposed. The Eiffel tower is symbolized by a stick, with a length
corresponding to its measurement height. Horizontal ticks indicate meters. For 25 March at 11:00 UT:
Horizontal cross-section of CO2 mixing ratio (in ppm) near the ground (e) and at 300 m height (f) with
wind arrows superimposed. Coloured squares mean observed CO2 mixing ratio. Coloured squares cor-
respond to observed CO2 mixing ratio.
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Fig. 13.MESO-NH predictions: for 25 March at 08:00 UTC(a) 2 m temperature (in◦C), (b) Horizontal cross section of CO2 mixing ratio (in
ppm) near the ground.(c) Vertical cross section of CO2 mixing ratio (in ppm) according to the axis given in(b) for 25 March at 08:00 UTC,
and for 25 March at 11:00 UTC(d), with wind vectors superimposed. The Eiffel tower is symbolised by a stick, with a length corresponding
to its measurement height. Horizontal ticks indicate metres. For 25 March at 11:00 UTC: horizontal cross section of CO2 mixing ratio (in
ppm) near the ground(e)and at 300 m height(f) with wind arrows superimposed. Coloured squares mean observed CO2 mixing ratio.

significant horizontal differences in CO2 concentration. The
first 4 days, the north-east flux induces a CO2 concentra-
tion increase from GON to GIF, as illustrated on Fig.14a,
whereas it is reversed the next 2 days in the south-west flux
(as illustrated on Fig.14b). For instance, on 25 March at
15:00 UTC, observed horizontal CO2 increments reach up

to 15 ppm between GIF and GON, and this is quite well re-
produced by the model (Fig.14b). The predicted mixing ra-
tio over MON is overpredicted by 10 ppm, but the station
is located on the border of the predicted plume. Both the
insufficient spatial accuracy of the anthropogenic emissions
and errors on the horizontal transport (observed winds are
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Fig. 14. Horizontal cross-sections of CO2 mixing ratio (in ppm) and predicted wind arrows (in m/s) near
the ground for (a) March 23 at 15:00 UT (b) 25 March at 15:00 UT
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Fig. 15. Horizontal cross-sections of CO2 mixing ratio (in ppm) and predicted wind arrows (in m/s) near
the ground for (a) March 22 at 03:00 UT , (b) 26 March at 03:00 UT .
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03:00 UTC,(b) 26 March at 03:00 UTC.

in turquoise arrows) could explain it. The situation differs
from the previous days when the well-established northeast-
erly winds dilute the pollutant, smoothing the CO2 incre-
ments and inducing the maximum mixing ratio values of the
measurement stations at GIF site (Fig.14a). During the first
4 days, errors on the predicted winds are small as well as on
CO2. Table6 presents mean CO2 mixing ratios along a rural-
urban transect during the period 13:00–17:00 UTC for the 6
days with non-negligible increments. These differences are
fairly well represented by the model. This demonstrates the
possibility to apply inversion during daytime on urban and
suburban area for ground and altitude stations.

Rural–urban contrasts on CO2 are stronger during the
night, as shown in Table6 for the period 00:00–06:00 h.
Note that unfortunately EIF should not be considered here
as it is located above the UBL. Therefore, there is no dense
urban station available here to compute urban–suburban in-
crements. The increments are fairly well reproduced by the
model, especially when the flux is well established like dur-
ing the first 4 days, which limited the horizontal transport

Table 6.Mean CO2 mixing ratios (in ppm) for the 2 periods 13:00–
17:00 UTC and 00:00–06:00 UTC, observed and predicted for the 5
sites TRN, GIF, EIF, GON and MON.

13:00 UTC–17:00 UTC

TRN GIF EIF GON MON
OBS 396 401 408 403 401
REF 396 400 403 403 400
RUR 396 402 405 406 402

00:00 UTC–06:00 UTC

TRN GIF EIF GON MON
OBS 408 430 404 446 414
REF 406 436 404 434 411
RUR 406 438 404 434 411
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errors (Fig.15a). The complex wind circulation on 26 March
at 03:00 UTC, corresponding to the maximum UHI of the
period (Fig.5), involves a stronger variability on CO2. It is
mostly represented by the model, but the complex mesoscale
circulation, associated to the UHI, is a source of transport
errors, as illustrated by the observed wind arrows (Fig.13b).
Applying inversion in the nocturnal UBL is more appropriate
on urban than rural sites due to the vertical mixing, caught by
the urban parameterisation, but it must rely on a significant
period of well-established flux to limit horizontal transport
errors.

6 Conclusions

In order to better understand the effects that mesoscale trans-
port has on atmospheric CO2 distributions in urban and sub-
urban areas, the mesoscale atmospheric model Meso-NH
coupled with the Town Energy balance (TEB) urban canopy
scheme and with the Interactions between Soil, Biosphere
and Atmosphere CO2-reactive (ISBA-A-gs) surface scheme
was run for the period from 21 March to 26 March in 2011
covering the campaign of CO2-MEGAPARIS project. The
validation of forward modelling of CO2 transport is essen-
tial to validate the system and also to show its potential in
the context of inverse modelling when using high-frequency
CO2 mixing ratio data. For rural stations, it is well known
that only afternoon values of CO2 mixing ratio are well ap-
propriate for estimating carbon sources/sinks on land, and
preferentially for data sampled several hundred metres above
ground as they are representative of regional fluxes and also
as they can be represented substantially more robustly in at-
mospheric models (Geels et al., 2007). In this context, the
objective of our study was to assess the capability of the
modelling system to be used on urban and suburban area in
inverse studies.

During daytime, the model captures well the onset time of
the BLH thickening in the morning as well as the growth
rates at all the different sites. Indeed, the timing of CO2
mixing ratio spikes at the Eiffel Tower, occurring when the
BLH reaches the measurement height, is remarkably well re-
produced corresponding to the growing phase of the ABL.
Also, at the ground stations, minimum predicted and mea-
sured mixing ratios are in agreement, with significant hor-
izontal increments linked to urban–rural contrasts on BLH.
This suggests to apply inversion during daytime in the urban
and suburban area not only in the afternoon but also includ-
ing the morning, and not only for tower sites but also for
ground stations.

During nighttime in the urban area, the difficulty for the
models to reproduce the vertical transport correctly is not as
strong as for the rural area due to the NBL mixing avoid-
ing the stable boundary layer conditions. However, observed
nocturnal CO2 mixing ratios show a high spatio-temporal
variability on the suburban area with strong maxima at rush

hours (at the beginning and at the end of the night) in the
contracted ABL, which is challenging to simulate. Meso-
NH succeeds in reproducing the timing of the nocturnal CO2
mixing ratio at urban and suburban sites. Discrepancies on
nocturnal CO2 mixing ratios are consecutive to vertical trans-
port errors, with a mean negative bias of 5 m on the BLH
over SIRTA during nighttime, and also maybe to horizon-
tal transport errors and to the spatio-temporal inaccuracy of
anthropogenic emissions over the city and the airports. The
urban parameterisation scheme TEB proved crucial in re-
producing the UHI, the urban–rural contrasts on BLH and
the CO2 diurnal cycle. The limited duration comparison be-
tween CO2 observation and modelling does not allow gener-
alisation of the model performance, but the daily runs over
1 yr provide a very good evaluation of the BLH in the subur-
ban area, which gives confidence in the modelling database.
This 1 yr of Meso-NH forward modelling can now be used
for inverse methods based on the CO2-MEGAPARIS mea-
surement network. The study also demonstrates the poten-
tial of the CO2-MEGAPARIS stations to be used for inverse
methods as the stations offer an adequate and comprehensive
database to quantify surface fluxes and are devoted to mon-
itor long-term measurements of CO2. However, additional
CO2 stations, especially ground stations in denser parts of
the city, would be beneficial.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
4941/2013/acp-13-4941-2013-supplement.pdf.
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Rödenbeck, C., Houweling, S., Gloor, M., and Heimann, M.: CO2
flux history 1982–2001 inferred from atmospheric data using a
global inversion of atmospheric transport, Atmos. Chem. Phys.,
3, 1919–1964, doi:10.5194/acp-3-1919-2003, 2003.

Sarrat, C., Noilhan, J., Dolman, A. J., Gerbig, C., Ahmadov, R.,
Tolk, L. F., Meesters, A. G. C. A., Hutjes, R. W. A., Ter
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