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a b s t r a c t

Horizontal resolution of grid-based chemistry-transport models is limited to a few square kilometers
which has been proved insufficient for assessing human exposure and health impact. We propose
a general methodology, applicable on any kind of grid-based air-quality model, that combines subgrid
scale information on emission and land-use data in order to disaggregate the grid-averaged emission flux
into a set of source-specific components (subgrid-environments). Different subgrid concentrations are
calculated inside each one of these environments providing a direct estimate of pollutant variability
along with the ‘standard’ grid-averaged model output. The method was first validated over a controlled
emissions case by comparing concentrations modeled in the subgrid-environments with concentrations
modeled directly at higher model resolution and next over a real case-study, where subgrid concen-
trations were compared with monitor data from sites representing different types of urban environments
(i.e. roads and residential blocks). It was shown that the method is capable to yield accurate estimates of
small scale pollutant variability.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The estimation of human exposure inside urban environments
requires information onpollutant concentrations at local scale, that is
typically the scale of an administrative unit such as a census tract or
a conveniently defined neighborhood (Georgopoulos et al., 2009).
Regional scale chemistry-transport models (CTMs) cannot provide
concentrations at such resolution due to uncertainties related their
inputs (Hanna et al., 2001) or/and limitations in model parametri-
zations (e.g. Vilà-GueraudeArellano et al., 2004).Monitor data on the
other hand represent pollutant levelswithin small distances from the
sources but cannot capture the sharp gradients in concentration
fields, for example near roads (Zhu et al., 2002). Different methods
have been developed to overcome this problem from modeling
efforts to combine the outputs of regional scale CTMswith local scale
dispersion models (Isakov et al., 2007) to spatio-temporal statistical
analysis methods for interpolation of observed or predicted data to
local scales (Christakos and Serre, 2000) or by fitting monitor data
into predicted fields (Denby et al., 2009) by either simple kriging of
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model error (Blond et al., 2003) or applying complex data assimila-
tion methods (Elbern et al., 1997). Several problems have been noted
in these applications, e.g. difficulties in handling chemical trans-
formations inside the reactive plume, the dispersion around build-
ings (Touma et al., 2006), orfiltering out extreme events in the case of
data interpolation (Georgopoulos et al., 2005).

The method proposed here attempts to capture subgrid scale
variability features of pollutant concentrations by readapting the
CTM calculation in order to include existing d but commonly
unexploited d small scale information on emissions and land-use
data. The innovation of the approach is the suggestion that with an
appropriate combination of subgrid scale information it is possible to
create a set of emission scenarios that represent the heterogeneity of
emissions between the different urban environments found in the
same CTM model grid-cell (e.g. roads, residential blocks, parks etc.).
This set of emission scenarios may be used to drive the CTM simu-
lation and provide concentration estimateswithin the corresponding
spaces (referred to as subgrid-environments hereafter) for both
primary and secondary pollutants (e.g. NOx and PM10 or O3). Our
hypothesis here, is that expressing the concentration field as a set of
these subgrid estimates provides a more realistic representation of
the distribution of pollutants inside grid-cells compared to the
‘standard’ CTM assumption of a uniform distribution.

The approach follows the same line of thought as the recent
works of Galmarini et al. (2008) and Cassiani et al. (2010) since the
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goal is to model the subgrid scale variability of pollutant concen-
trations induced by heterogeneous surface emissions without
explicitly resolving the finer scale. The substantial difference is that
here we attempt to simulate directly the concentrations inside
specific urban environments rather than to account for the bulk
amount of variability that is generated inside the grid-cell. The
advantage of this approach is the ‘natural’ linkage between the
concentrations modeled inside these subgrid-environments and
the micro-environments where human activities take place. This
makes the method very adequate for use in human exposure and
health impact applications.

We present the method and its implementation, validation over
an idealized computational experiment comparing subgrid
concentrations with concentrations explicitly resolved over the
same surfaces at finer resolution and over a real case-study
(summer, 2006) over the greater Paris region in France, where the
model is compared with monitor data at sites designated by the
local air-quality network as impacted by traffic or residential and
finally synthesise the conclusions and discuss further improve-
ments and applications.

2. Methodology

Pollutant concentrations modeled with regional scale CTMs
represent ameanvalueoverareas typically 1e100km2, dependingon
the application, over which emission distribution is considered to be
uniform.However, over the urban environment those areas consist of
a mosaic of emitting surfaces. Chemical reactions of time-scales
smaller or similar to the characteristic time-scale of turbulence
modify pollutant concentrations locally before get mixed (e.g. Krol
et al., 2000). These subgrid scale features are not explicitly captured
byCTMsandunless parametrized (e.g. Vinuesa and Porté-Agel, 2008)
they are bound to lead to errors in modeled concentrations.

Our aim is to force the CTM simulation with a set of emission
fluxes that represent the subgrid scale variability of emissions
released from different emission sectors. This is done through the
concept of the ‘subgrid-environments’ defined as a combination of
(i) emissions per sector and (ii) land-use area fractions in two steps:
the source apportionment step where the commonly used grid-
averaged emission fluxes are re-distributed into the different
activity sectors. This step requires highly resolved emission data in
order to estimate the emitting activity of each sector inside every
grid-cell. For each chemical species and each model grid-cell we
summedup the emission fromall the sources of the same sector and
‘stored’ them separately as different emission fields per unit area
and unit time. Note that the described disaggregation of emissions
into the contribution of different sectors does not recover the
location of sources inside the grid-cells since all sources of the same
sector are summed up to a single value. The accurate representation
of the emissions in each subgrid-environment requires also infor-
mation on whether the emitted mass is released from a narrow
surface (e.g. by a road) or from awider area (e.g. a residential block).
Thus, in the second step, the disaggregated emission components
are scaled with land-use area fractions representing the grid ratios
covered by each different emission sector (i.e. roads for traffic,
residential blocks for residential, parks for natural emissions etc.).

Let us consider a model grid-cell with total area A km2 where N
different emission surfaces (Ai) co-exist, each one occupying an area
fraction equal to ai ¼ Ai/A (so that

PN
i ai ¼ 1), with Mi the corre-

sponding emitting activity (molecules per unit time and unit area).
Instead of grid-averaging the emittedmass into a uniform unit time
and unit area emission flux E ¼ PN

i MiAi=Ai; as in the common
modeling procedure, we rather create a set of N different emission
fluxes each one combining the intensity of the emission and the area
fraction (land-use) occupied by the ith sector: Ei ¼ Mi/ai (unit time
and unit area). Therefore, the set of the Ei should be interpreted asN
different emission scenarios representing the emission forcing
inside N virtual 3-dimensional spaces (subgrid-environments)
where the N sectors act independently. Subgrid concentrations Ci
are calculated under each emission forcing (or scenario) Ei providing
an estimate of the concentration subgrid scale variability. The grid-
averaged concentration is reconstructed from the different subgrid
concentrations as C ¼ P

ai Ci.
Scalingemissionswith thearea fractions (land-use) are equivalent

to considering uniform surface coverage by a unique emission sector.
Therefore, each emission scenario Ei represents the hypothetical case
where the entire surface of the grid-cell is coveredwith the ith sector.
The realization of these emission scenarios is bound to result in
exaggerated estimates of concentration variability because in reality
pollutant concentrations are expected to decreasewith distance from
the source as they gradually get mixed with the ambient air. These
scenarios are at the opposite extreme of the ‘standard’ CTM
assumption, where emissions are instantly mixed and homogenized
in the entire grid-cell volume.We represent this gradient inpollutant
concentrations with a subgrid scale mixing process implemented
into the model with the addition of a relaxation term in the advec-
tionediffusionereaction equation solved by the CTM. The term
contributes to the concentration balance with an exponential profile
of the subgrid concentration Ci towards the grid-averaged value C
controlled by a characteristic time-scale Tmix. Such an implementa-
tion is consistentwith concentration gradients estimated in previous
analysis of near-roads field studies (e.g. Zhu et al., 2002). The
advectionediffusionereaction equation expressed in terms of the
subgrid concentrations Ci:

vCi
vt

þ U
vCi
vx

¼ � v

vz

�
Kz

vCi
vz

�
þ Ei þ Rþ LCi þ

ðCi � CÞ
Tmix

(1)

where the evolution of the concentration inside the subgrid-envi-
ronment i is determined from the balance between advection,
turbulent advection parametrized by gradient diffusion, emissions
of the subgrid-environment i, source and loss terms accounting for
chemical transformations and deposition and the ‘new’ subgrid
scale mixing term. The role of the mixing term in our imple-
mentation is double: 1) to prevent from modeling unrealistically
high variability by accounting for a partial mixing between subgrid-
environments and 2) to ensure that the subgrid concentrations have
reached the grid-averaged value beyond the grid-cell borders
(Ci/C for x > Dx, where Dx is the grid resolution). Our imple-
mentation is based on the assumption that this last condition is
satisfied since we estimate grid-to-grid concentration gradients as
the difference between subgrid for the concerned (local) and grid-
averaged concentrations for the adjacent cells. At each model time-
step we estimate (i) the grid-averaged concentration C under the E
emission forcing following the standard model calculation, (ii) the
subgrid concentrations under the N emission scenarios Ei and (iii)
the recombination of the different Ci to the updated grid-averaged
concentration. We note here that the vertical resolution of the grid
will also have an impact on modeled variability. The same degree of
emissions heterogeneitywould lead to higher pollutant variability if
these emissions are released in thinner model layers. However, for
the present implementation we focus our study on the horizontal
variability in modeled concentrations and the vertical resolution
has beenfixed to the one considered sufficient to correctly represent
the vertical profile of grid-averaged pollutant concentrations.
2.1. Mixing between subgrid-environments

The method is implemented in the CHIMERE model (Schmidt
et al., 2001, see also http://www.lmd.polytechnique.fr/chimere/)

http://www.lmd.polytechnique.fr/chimere/
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Fig. 2. Difference between the concentrations of the Tracer modeled under the
emission forcings of the Environments 1 and 2 (Variability) as a function of the subgrid
scale mixing time-scale (expressed as fractions of the model time-step).
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and with the first application over an idealized case-study we aim
at establishing a selection criterion for the characteristic time-scale
of the subgrid scale mixing. A passive tracer is released at
a constant rate from a heterogeneous emission surface in the first
vertical layer of a 36 km � 36 km � 5500 m gridded domain. 1 km2

area emission surfaces of four different sectors are distributed over
the 1 km grid laid upon the modeling domain: Sectorsi¼1, 4 with
emitting activities Mi¼1, 4 respectively, characterized as ‘High’,
‘High-Medium’, ‘Low-Medium’ and ‘Low’ (Fig. 1). As in Galmarini
et al. (2008), Vinuesa and Galmarini (2009) and Cassiani et al.
(2010), the case-study consists of constructing on top of this high
resolution grid (left) emissions for a coarser, 3 km resolution
simulation (right). The wind speed is fixed at 1 m s�1 with
a constant south-west direction across the model domain and the
boundary layer height is subjected to a diurnal cycle with
a maximum of 2000 m at 15:00 UTC. Boundary conditions for the
tracer concentrations are fixed at zero. A first ‘reference simulation’
is conducted with the model running in its standard configuration
over the 1 km grid and then the subgrid method is applied over the
coarser, 3 km resolution grid where several simulations are run
using different values of the subgrid mixing time-scale parameter
(Tmix). The selection criterion set for the parameter Tmix is the point
where the variability modeled with the subgrid approach matches
the explicitly resolved variability at 1 km from the reference
simulation. We focus on the 3 km grid-cell at the center of the
modeling domain and express the variability from the 1 km refer-
ence simulation as the concentration difference between Sectors 1
and 2 and the subgrid variability as the concentration difference
between the subgrid-environments E1 and E2. Concentrations
modeled at the 1 km grid were averaged over larger surfaces to
match the 3 km cells and make results obtained at different model
resolutions comparable. In Fig. 2 modeled variability is plotted as
a function of Tmix at the 12th hour of the simulation. For low Tmix
the mixing is fast rendering the air rapidly homogenous (low
variability). As Tmix increases the mixing becomes less efficient,
subgrid-environments stay isolated for longer periods andmodeled
variability increases. The selection criterion (i.e. the variability
modeled with the ‘reference simulation’) is reached for Tmix¼ 0.8Dt
(where Dt the model time-step). This is the value that has been
used for all the simulations presented hereafter. Fig. 2 also implies
a low sensitivity of model results to this parameter, with a 10%
variation in Tmix inducing a 5% variation in modeled variability. As
a consequence, an error in the selection of this parameter is not
bound to provoke large differences in the estimation of the vari-
ability under similar conditions. We note here, that this selection
criterion is reached for Tmix < Dt which is also consistent with our
Fig. 1. Idealized case-study of the heterogeneous emission of a chemically inert species rele
Emission activities of the four Sectors are M1 ¼ 2.2E11 (High), M2 ¼ 1.5E11 (High-Medium),
subgrid emission scenarios (E1, 2, 3 and 4) created on top of these Sectors to drive CTM simul
assumption that the air within the adjacent grid-cells may be
considered as homogeneous.

3. Evaluation of the method based on a controlled case

3.1. Overall results

The numerical experiment presented in the previous section is
extended here to include emissions of chemical reactive species.
Idealized simulations are run over this controlled emissions case-
study at 1 km model resolution (reference simulation) and then at
three different coarser resolutions, namely at model grids of 3, 6
and 12 km resolution. The same spatial pattern is used for the
distribution of the four emission sectors over the model domain as
in the case of the inert gas (see also Fig. 1) but here we assign to
each one of the four Sectors a ‘meaningful content’ representing the
typical chemical composition of emission sectors present in the
urban environment: Sector 1: Traffic; Sector 2: Residential; Sector
3: Parks; Sector 4: Other (representing the contribution of point
sources, mainly industrial stacks in the emission total) with relative
NOx emissions equal to 100:75:50:25 respectively. Following the
subgrid approach implemented here, these sectors are represented
in the 3 km resolution with four subgrid-environments, combining
the emission intensity with the area fraction occupied by each
sector, and where four different subgrid concentrations are
modeled.

Meteorological conditions are the same as in Section 2.1. Under
such low wind conditions the reactants stay long enough inside
each model grid-cell so that subgrid features of emission variability
ased over a (left) 1 km resolution grid and (right) averaged over a 3 km resolution grid.
M3 ¼ 0.57E11 (Low-Medium) and M4 ¼ 0.015E11 (Low) molecules m�2 s�1. The set of
ation at the 3 km resolution grid instead of the area-aggregated value (E) is also shown.



Table 1
Comparison between passive tracer (ppb), NO2 (ppb), PM10 (mg m�3) and O3 (ppb)
concentrations modeled explicitly from the 1 km grid of the reference simulation
and with the subgrid method at 3, 6 and 12 km resolution grids for Sectors 2 and 1
(residential and traffic respectively). ‘Diff’ columns represent concentration differ-
ences between Sectors 2 and 1 and the last column is the percentage of the vari-
ability (‘Diff’) modeled explicitly from the reference simulation (1 km resolution)
that is captured with the subgrid method.

Tracer Reference at 1 km Subgrid at 3, 6, 12 km %

Sector 2 Sector 1 Diff Sector 2 Sector 1 Diff

3 � 3 km2 0.87 0.94 �0.07 0.89 0.95 �0.06 86
0.80 0.94 �0.14 0.76 0.82 �0.06 43

6 � 6 km2 1.092 1.133 �0.041 0.964 1.00 �0.036 88
0.773 0.878 �0.105 0.726 0.763 �0.037 35

12 � 12 km2 0.84 0.93 �0.09 0.83 0.87 �0.04 44

NO2 Resid Traffic Diff Resid Traffic Diff %

3 � 3 km2 4.09 4.55 �0.46 4.79 5.22 �0.43 94
6.24 7.45 �1.20 5.93 6.34 �0.41 34

6 � 6 km2 5.86 6.56 �0.70 5.60 6.04 �0.44 63
5.92 7.07 �1.15 6.12 6.56 �0.44 38

12 � 12 km2 6.32 6.96 �0.63 6.33 6.78 �0.45 71

PM10 Resid Traffic Diff Resid Traffic Diff %

3 � 3 km2 3.78 3.98 �0.20 3.64 3.84 �0.20 100
1.22 2.49 �1.27 2.21 2.61 �0.20 16

6 � 6 km2 2.66 2.85 �0.19 2.59 2.80 �0.21 110
3.59 4.24 �0.65 3.66 3.87 �0.21 32

12 � 12 km2 3.02 3.41 �0.39 3.19 3.40 �0.22 56

O3 Resid Traffic Diff Resid Traffic Diff %

3 � 3 km2 24.87 24.47 0.40 24.57 24.21 0.36 90
23.38 22.36 1.02 23.84 23.49 0.35 34

6 � 6 km2 22.37 22.02 0.35 23.33 22.97 0.36 103
23.58 22.67 0.91 23.78 23.41 0.37 41

12 � 12 km2 23.38 22.80 0.59 23.99 23.61 0.38 64
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Fig. 3. Surface concentrations (ppb) of (left) NO2 and (right) O3 at 14:00 UTC estimated by the controlled case simulation over the 1 � 1 km2 grid.
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are transferred to modeled concentrations locally. Also, this allows
us to better compare model results at different resolutions because
the impact of the cross-domain transport on concentrations is low
compared to the influence of emissions. Boundary conditions are all
fixed at zero except for ozone, for which a constant value of 30 ppb
is uniformly assigned to represent typical background levels. For all
resolutions and model configurations, 24 h of pollutant concen-
trations are simulated. The characteristic time scale for the subgrid
mixing between subgrid-environments is fixed to the value 0.8Dt,
where Dt is the model time-step (see also Section 2.1).

Fig. 3 gives a snapshot of the simulation at the 1 km domain for
an emitted species (NO2) and for a secondary pollutant (O3). Apart
from transport-related variability in modeled concentrations, with
low upwind and high downwind NO2 concentrations and
decreasing ozone concentration in the downwind direction due to
titration by NO, local features of variability are also captured with
local minima of ozone concentration over ‘traffic’ sector grid-cells
and local maxima over grid-cells covered by ‘parks’. The local effect
of emission heterogeneity on emitted species such as NO2 is the
opposite with local concentration minima over ‘parks’ and maxima
over cells dominated by traffic emissions.

Concentrations modeled from the reference simulation over the
1 km resolution grid (explicit) are compared to subgrid concen-
trations estimated over the coarser resolution grids (subgrid) for
the ‘traffic’ and ‘residential’ sectors (Table 1). The variability is
expressed as the concentration difference between Sectors 2 and 1
(‘residential’ and ‘traffic’ respectively). We use as indicator of the
method’s performance the percentage of the explicit variability
(reference simulation at 1 km) captured by the subgrid method
(last column). For the simulations over the 3 and 6 km resolution
grids we present the results for two model grid-cells: those where
this performance indicator is maximum and minimum.

The subgrid method is able to capture around 35%, for the worse
cases, up to 100%, for the best cases of concentration differences
modeled explicitly with the reference simulation at the 1 km grid.
These ranges of model performance apply to both the tracer and the
reactive gases. For the ‘residential’ sector (Sector 2), the concen-
trations of PM10, NO2 and tracer are lower than those modeled for
the ‘traffic’ sector (Sector 1). The opposite is true for ozone
concentrations. These remarks are general and apply to both the
reference simulation and subgrid estimates at all resolutions. For
the species emitted directly from the underlying surfaces (NO2,
PM10 and tracer) this is due to the higher emissions released from
the ‘traffic’ sector than over residential areas. On the other hand
ozone is titrated by NO over roadways resulting in low ozone
concentrations for the ‘traffic’ sector. Results for reactive species
(NO2 and O3) are little affected by model resolution whereas
insufficient resolution has a large impact on passive species (tracer
and PM10) for which transport process is the main source of
concentration variability.

3.2. Time-series at selected grid-cells

Fig. 4 shows concentration time-series for the four Sectors
modeled from the ‘reference simulation’ at 1 km (left) and from the
subgrid method at the 12 km grid (right). Comparing the mean
concentrations from the 1 and 12 km resolution grids we note that
recombination of the subgrid concentrations represents accurately
the 12 km grid-averaged values. The overall variability, seen as the
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Fig. 4. Time-series of sector-specific concentration of a passive tracer, O3, NO2 and PM10 modeled (left) with the reference simulation at 1 km resolution and (right) with the subgrid
method over the 12 km resolution grid.
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deviation of the sector-specific concentrations from the mean
value, is underestimated in all cases in the subgrid method and
especially in the case of the passive species (tracer and PM10).
This was expected considering that only variability in emissions is
accounted for by our method. In cases where concentration vari-
ability is driven by other processes, such as transport, (e.g. tracer)
enhanced underestimation is observed with the subgrid method.
‘Residential’ concentrations (Sector 2) are very close to the mean
value in both the reference and subgrid simulations. This is due to
the large area fraction covered by this land-use class. For species
emitted from the surface (i.e. tracer, NO2 and PM10) highest subgrid
concentrations are modeled where emissions are highest (i.e.
‘Sector 1’ or ‘traffic’). Ozone concentrations are low where NOx

emissions are high due to enhanced titration by NO (‘traffic’) and
high for sectors where NOx emissions are low (‘other’ and ‘parks’).
These interpretations apply to both the reference simulation at
1 km and the subgrid calculation over the 12 km resolution grid
showing an accurate representation of the local chemical regimes
with the subgrid approach.

3.3. Sensitivity to other meteorological parameters

For all the presentedmodel simulations wind speed was fixed to
1 m s�1. Under such conditions concentration is less affected by the
transport process and variability induced by local emissions
dominates allowing us to capture small scale features of pollutant
variability. The response of the implemented subgrid calculation to
variable meteorological conditions is studied here for the tracer
case-study with the mixing time-scale fixed to 0.8Dt (Section 2.1).
Several simulations are conducted by varying the i) wind speed and
ii) boundary layer height (BLH). The results are presented for the
3 km resolution grid (Fig. 5), where variability is expressed as
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concentration differences between Sectors 1 and 2. Subgrid
concentration variability decreases as the wind speed becomes
higher because emissions are rapidly mixed and the induced vari-
ability is homogenized. On the contrary subgrid concentration
variability at surface level increases as the BLH becomes higher. In
the CTM used here, the vertical diffusion coefficient (Kz) at the first
vertical level is derived from the BLH so that high boundary layers
are associated with strong upward drafts (Vautard et al., 2001).
Stronger upward diffusion over heterogeneous emissions results in
higher concentration variability at surface level, where vertical
motion overweighs horizontal transport. These interpretations
apply to either the reference simulation or the subgrid method
showing that both calculations respond in the same manner to
changes in the meteorological parameters considered in the study.
4. Application of the method in realistic atmospheric
conditions

The implementation of the method in the CHIMERE model is
tested on a real case-study over the greater Paris region. Hourly-
averaged pollutant concentrations are modeled for the 3-months
period from June 1st to August 31st 2006 with the model running
over a 3 km� 3 km resolution gridded domain of 159 km� 129 km
(53 � 43 grid-cells) with ten vertical layers from the surface to
500 hPa. The model has been evaluated versus measurements over
the same region for ozone and PM10 (e.g. Rouil et al., 2009; Vautard
et al., 2007; Van Loon et al., 2007). Meteorology is provided by the
non-hydrostatic WRF-Version 3 model (http://www.wrf-model.
org). The model is run at three-level two-way nested grids at
horizontal resolutions of 45, 15 and 5 km, with 31 vertical layers
from surface (i.e. 900 hPa) to 100 hPa. Gridded emission data are
provided from the 1 km resolution inventory of AIRPARIF (Vautard
et al., 2003), from which hourly-averaged emission rates per
species and per emission sector were derived. Emissions were
scaled with land-use fractions (see Section 2) and aggregated into
the four classes: ‘traffic’, ‘residential’, ‘natural’ and ‘other’ with the
latter representing emissions from all sectors not falling into the
other three classes. Fig. 6 shows the 3 km grid-averaged emission
rates of NOx as well as the relative contribution of the ‘traffic’ and
‘residential’ sectors over the entire modeling domain (left) and
zoomed in on the cells representing the city of Paris (right). The
subgrid calculation was applied only on this area of the modeling
domain, where almost the 20% of the region population lives and
from where the largest and more heterogeneous part of the emis-
sion total is released.

The linear recombination of subgrid concentrations to a mean
value is compared to the grid-averaged concentration modeled
with the CTM in its ‘standard’ configuration (i.e. forced by the grid-
averaged emissions). The distributions of the differences between
these two mean values are shown in Fig. 7. The histograms are
calculated overall the grid-cells and for all the hours in the 3-
months’ simulation. Ozone calculated as the mean of the subgrid
concentrations is always higher than ozone modeled under the
‘standard’ grid-averaged emissions. This should be considered as an
improvement relative to the ‘standard’ CTM configuration where
ozone concentrations are typically underestimated over heteroge-
neous NOx emission surfaces such as urban areas (Seinfeld and
Pandis, 1998). The strictly positive difference between subgrid
and grid-averaged calculations implies that the non-linear aspect of
ozone chemistry is better represented by modeling separately
ozone concentrations inside different subgrid-environments rather
than inside grid-cells of uniform emission surfaces (grid-average
approach). The distribution of NO2 concentration differences is
roughly symmetrical to the one of ozone differences with negative
values. This reflects the same non-linear effect of O3eNOx chem-
istry. Less NO is converted to NO2 when chemistry is calculated in
separate subgrid-environments before emissions get mixed (sub-
grid approach) than in the grid-average model where chemistry is
calculated over uniform emission surfaces. The distribution of PM10
differences implies that the subgrid calculation has little effect on
the mean concentration value. Most of the time differences are
close to zero, with a slightly larger spread towards negative values.
PM10, as a family of chemicals, is much less reactive than gases such
as NOx or ozone. The mean concentrations modeled either way are
therefore very close.

4.1. Comparison with surface measurements

Here, we will compare ‘residential’ and ‘traffic’ subgrid concen-
trations with monitor data collected at sites designated by the local
air-quality network of AIRPARIF (http://www.airparif.asso.fr/) as
‘residential’ or ‘impacted by traffic’ respectively. There are five
‘residential’ and three ‘impacted by traffic’ monitor sites available
over the area of interest, namely the part of the region surrounded
by the capital beltway (Fig. 8), where more than 2 million people
live. Ozone ismeasured at four of the ‘residential’ sites but at none of
the ‘traffic’ stations (near-roads ozone levels are close to zero due to
fast titration by NO), PM10 is measured at two ‘traffic’ and two
‘residential’ monitors and NO2 is measured at five ‘residential’ and
three ‘traffic’ sites.

4.1.1. Overall comparisons
For each one of the available monitors we conducted a quantita-

tive error analysis using standard error indicators and compared
these indicators between the grid-average and the subgrid model
configurations. Daily maximum NO2 and O3 concentrations and
mean daily PM10 levels during the 3-months study period are used
for the error analysis (see also Honoré et al., 2008). According to all
indicators and for the three pollutants subgrid concentrations are

http://www.wrf-model.org
http://www.wrf-model.org
http://www.airparif.asso.fr/


Fig. 6. Emissions used for the CTM simulations at 3 km � 3 km resolution grid over the city of Paris. Left panels: (top) grid-averaged NOx emissions used for a ‘standard’ CHIMERE
model simulation, (middle) the ‘traffic’ sector contribution to the emission totals per km2 and per hour, (bottom) the ‘residential’ sector contribution. Right panels: zoom in on the
cells where the subgrid method is applied. (Top) Grid-averaged emissions, (middle) emissions for the ‘traffic’ subgrid-environment, (bottom) emissions for the ‘residential’ subgrid-
environment.
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Table 2
Skill scores for modeled NO2 and O3 daily maxima and PM10 daily mean concen-
trations averaged separately over the ‘residential’ and ‘traffic’monitor sites over the
three-months period from June 1st to August 31st. Model scores are evaluated for
the grid-averaged (Mean) and subgrid (Sub) concentrations.

NO2 PM10 O3

Traffic Residential Traffic Residential Residential

Mean Sub Mean Sub Mean Sub Mean Sub Mean Sub

Mean bias �21.9 �6.0 12.9 3.0 �10.7 �2.08 4.8 0.9 �11.7 �8.8
N. Mean bias �28% 21% 30% 7% �31% 17% 33% 25% 21% 19%
RMSE 38.2 28.2 25.1 21.8 13.9 8.8 8.9 7.0 29.3 26.5
N. MSE 41% 28% 39% 36% 43% 24% 37% 32% 31% 27%
Correlation 0.59 0.73 0.57 0.57 0.46 0.51 0.48 0.51 0.81 0.82

Mean bias ¼ ð1=NÞPN
i¼1ðPi � OiÞ,

Normalized mean bias ¼ ðð1=NÞPN
i¼1 jðPi � OiÞj=ð1=NÞ

PN
i¼1 OiÞ � 100;

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=NÞPN

i¼1ðPi � OiÞ2;
q

NMSE ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=NÞPN

i¼1ðPi � OiÞ2=PO
q

Þ � 100;

Correlation ¼ ð1=NÞPN
i¼1ðPi � PÞðOi � OÞ=sPsO:
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Fig. 7. Difference (%) between the mean surface concentrations of ozone, NO2 and
PM10 averaged over the 4 source-specific concentrations and under the ‘standard’ grid-
averaged emission forcing.
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closer to measurements than the grid-averaged concentrations
(Table 2). The impact of the applied method is higher for emitted
species (PM10 and NO2) than for ozone. For these species the use of
‘traffic’ subgrid concentrations reduces significantly the large nega-
tive bias observedwhen the ‘standard’ grid-averagedmodel output is
compared tomeasurements at sites impacted by traffic. On the other
hand, concentrationsmodeled at ‘residential’ sites are overestimated
by the grid-averaged concentrations. When the ‘residential’ subgrid
concentration is used instead of the grid-averaged value, the bias
decreases for both PM10 and NO2. The temporal correlation with
Fig. 8. 3 km resolution grid over the city of Paris, showing the locations of ‘residential’
(R) and ‘traffic’ (T) monitors and the corresponding model grid-cells.
monitor data also increases, especially for the ‘traffic’ sector. It is
important to note that even if the impact of the method on ozone
concentrations is lower than for emitted species it is however
significant (z25 and 10% for the mean bias and RMSE respectively).
These results show that the subgrid method provides a realistic
representation of pollutant concentrations in urban environments
under the direct influence of local emission sources.

4.1.2. Focus on specific monitors
The standard error indicators provide an overall estimation of

model skills over the three-months simulation period. Here wewill
zoom in on specific monitor sites andmodel cells and present time-
series of hourly-averaged predicted and measured concentrations.
We will focus on a period of a few days, which is typical of short-
term pollution events (Fig. 9). On the left panels we compare
‘residential’ subgrid concentrations with data measured at ‘resi-
dential’ sites inside the corresponding model grid-cell. The subgrid
representation of modeled concentrations is more realistic than the
grid-average value through the illustrated period and for all three
pollutants. PM10 ‘residential’ predictions deviate more from the
grid-averaged value than ‘residential’ concentrations modeled for
the highly reactive NO2 and O3. This is due to the influence of
surface emissions on PM10 hourly concentrations being higher than
for NO2 and O3 whose concentrations are also very much affected
by chemical transformations.

‘Traffic’ subgrid concentrations (right column) deviate more
from the grid-averaged value than ‘residential’ concentrations.
Residential blocks cover a much higher percentage of grid-cell
surfaces than the roads. It is therefore not surprising that the
impact of the subgrid methodology would be lower in this kind of
environment. NO2 and PM10 ‘traffic’ concentrations are higher than
the grid-averaged values. On the contrary less ozone is modeled in
the ‘traffic’ subgrid-environment compared to the grid-averaged
simulation. These observations show that by separating the emis-
sion forcing per sectors with the subgrid approach it is possible to
represent the variability in the chemical regimes determined by the
VOC/NOx ratios. Close to roadways (VOC/NOx emission ratios < 1),
ozone is consumed by the NO oxidation to NO2 leading to high NO2
and low ozone concentrations. Over residential areas, where VOC/
NOx emission ratio is high, organic peroxides are used for the
oxidation of NO to NO2 instead of ozone. With the commonly used
grid-averaged approach this difference in not captured and ozone
titration is often overestimated over highly urbanized areas. Here
the separation in the emission forcing leads to realistic concen-
trations over the different emission surfaces without perturbing
the grid-averaged calculation.
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Fig. 9. Time-series of surface pollutant concentrations modeled with the ‘standard’ grid-averaged emission input and with the subgrid method inside the (right) ‘residential’ and
(left) ‘traffic’ subgrid-environments. Time-series of concentrations measured at ‘residential’ and ‘impacted by traffic’ monitor sites are also shown.
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5. Discussion

In this paper we propose a novelmethod capturing subgrid scale
features of pollutant variability between different types of urban
environments. Over cities, environments under the direct influence
of local emission sources (roads, residential, industrial, etc.) are so
close that even the finest resolution of chemistry-transport models
is unable to resolve the variability in pollutant concentrations.
Increasing the model resolution in order to represent explicitly the
scale of emissions’ variability is computationally too expensive and
also increases model uncertainties, especially considering the
difficulty in defining accurately the location and rate of emissions
from various sources, many of them being mobile sources (Russell
and Dennis, 2000). We examine the possibility to represent the
variability of concentrations at subgrid scale by modeling sepa-
rately concentrations inside different subgrid-environments. We
tested the method by comparing it to model results obtained
directly at higher model resolution and on a real case-study where
subgrid concentrations were compared to monitor data at sites
representing different types of urban pollution. In both cases the
method was found capable of capturing realistic features of subgrid
scale pollutant variability.

With this first application of the method we showed that the
approach provides relevant results of pollutant variability over the
urban environment. The performance of the application strongly
depends on how representative are the ‘subgrid-environments’
accounted for by the model of the ‘real’ urban environments
encountered over the city. Further improvements can be done in
that direction such as, developing a different parametrization of the
mixing process for each different type of environment. Also a more
realistic representation of point sources can be considered.

Several practical applications of this method are: from assessing
the residual nonattainment of air-quality standards by providing
concentration distributions rather than single concentration values
over grid-cell areas, and addressing the issue of model comparisons
with monitor data of very different spatial representativeness and
exposure assessment by providing concentration estimates directly
inside the micro-environments where human activities take place.
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